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Abstract 
 

A novel extraction and clean-up method has been developed for the determination of 

paralytic shellfish poisoning (PSP) toxins in shellfish samples. Raw shellfish material 

was extracted with an acidic acetonitrile/water (80:20, v/v) solution, whilst being 

homogenized. During the homogenization the sample extraction solution was cooled with 

ice water. Subsequently, the extract was frozen at -20 oC for at least four hours. During 

freezing, two layers were formed, only the lower predominantly aqueous layer was used 

for the determination. The final extract solution was cleaned-up using a combination of 

Oasis HLB and Carbograph activated carbon SPE columns. The developed extraction and 

clean-up methods combined with gradient elution liquid chromatography (LC)-mass 

spectrometry/mass spectrometry (MS/MS) has resulted in a method which can determine 

GTX 1-5, C 1-2, DcGTX 2-3, DcSTX, Neo, STX in a single analysis with an overall 

detection limit of 313 µg/kg STX-equ shellfish. The use of the developed extraction 

method with the post-column high performance liquid chromatography (HPLC) with 

fluorescence detection (FLD) method provided an overall limit of detection of 89 µg/kg 

STX-equ shellfish for the same toxins. 

 

A combination of post-column HPLC-FLD and LC-MS/MS was used to investigate the 

Norwegian PSP toxin profile. If was found that the PSP toxins could be detected in 

shellfish samples from the Norwegain coastline for ten months of the year, from March 

till December. The toxin profile consisted mainly of the carbamate toxins, GTX 1-4, Neo 

and STX, in terms of both concentrations and contribution to the overall toxicity. In 

addition, several of the n-sulfo-carbamoyl toxins were either detected in the samples at 

relatively low concentrations or their in presence the samples were indicated but, could 

not be confirmed by the post-column HPLC-FLD and LC-MS/MS analyses. 
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1 Introduction and background 
 

1.1 Paralytic shellfish poisoning 
 

Paralytic shellfish poisoning (PSP) is caused by a group of 26 naturally occurring potent 

neurotoxins (Luckas, et al., 2003). Saxitoxin (STX) is the most potent of the known PSP 

toxins, Figure 1. The toxicity of the other compounds included in the group are expressed 

in relation to STX, as shown in Table 1. 
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OHR −=4  

Hydroxybenzoate toxins   

OHHCOOCOOCR 564 −−−=  

Figure 1. Structure of PSP toxins. 
 
Table 1. PSP toxins and their relative toxicities (See Figure 1 for structures).  Saxitoxin (STX), 
Neosaxitoxin (NEO), Gonyautoxin (GTX), Gyymnodinium catenatum (GC), Relative toxicity (Rel. 
Tox.), no relative toxicity data available (-). 
 

Carbamate N-Sulfo- Decarbamoyl Hydroxybenzoate       
toxins carbamoyl toxins toxins toxins       

Toxin  
Rel. 
Tox. Toxin  

Rel. 
Tox. Toxin  

Rel. 
Tox. Toxin  

Rel. 
Tox. R1 R2 R3 

STX 1 GTX5 0.01 dcSTX 0.51 GC3 - -H -H -H 
GTX2 0.36 C1 0.01 dcGTX2 0.15 GC2 - -H -H -OSO3

- 
GTX3 0.64 C2 0.01 dcGTX3 0.38 GC1 - -H -OSO3

- -H 
NEO 0.92 GTX6 0.06 dcNEO - GC6 - -OH -H -H 
GTX1 0.99 C3 0.01 dcGTX1 - GC5 - -OH -H -OSO3

- 
GTX4 0.73 C4 0.06 dcGTX4 - GC4 - -OH -OSO3

- -H 
11 α-

OH-STX 
-       -H -H -OH 

11 ß-
OH-STX -       -H -OH -H 
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PSP toxins specifically block the excitation current in nerve and muscle cells, finally 

resulting in paralysis or other illness in consumers of contaminated shellfish (Luckas, et 

al., 2003). The level of PSP toxins in shellfish can increase when they filter feed from 

water containing toxic algae, this can lead to levels of PSP toxins which are dangerous to 

human health. Further more, species which prey on shellfish, such as crabs, may also 

become contaminated as the toxins accumulate in the food chain.  

 

The molecular formula of STX is C10H17N7O4 as the free base, with molecular mass of 

299 g/mol. STX is commercially available as a hydrochloride salt with a molecular mass 

of 372 (Shimizu, 1984). Saxitoxin is very soluble in water, only partly soluble in 

methanol and ethanol. PSP toxins are insoluble in most organic solvents such as ethyl 

ether and petroleum ethers. 

 

1.1.1 The origin of the PSP toxins 
 

It is important to note that none of the toxins described in the present thesis originate 

from the shellfish themselves (Wright, 1995), but instead are produced naturally by 

certain microalgae and with some exceptions that are thought to originate from bacteria 

(Kodama et al., 1988). Environmental conditions can cause rapid growth of microalgae, 

these rapid growths are called blooms. Blooms can be so dense that they discolour 

seawater and are often referred to as “red tides” (Coe, 1957). Toxins present in the 

microalgae can accumulate in shellfish, as they filter-feed. This link was confirmed by 

Sommer and Meyer (1937), who showed that certain microalgae caused the same toxic 

symptoms and death in laboratory mice as did extracts of toxic shellfish and that non-

toxic shellfish, after exposure to the toxic algal, also became toxic. Marine algae toxins 

were separated into groups according to the symptoms they induce in humans, the three 

main groups being, PSP, amnesic shellfish poisoning (Quilliam and Wright, 1989) and 

diarrhetic shellfish poisoning (Yasumoto et al., 1978). Recently, a move towards 

separating the toxins by chemical properties in of the symptoms they induce in humans 

has been made (FAO. 2005). 

 

 10



1.1.2 Toxicity 
 

Toxicological data for the PSP toxins is mainly restricted to their acute toxicity in 

mammals and humans. There are several well described human intoxication events 

(Acres and Gray, 1978). Many of the PSP toxins are potent sodium channel blocking 

agents, especially the carbamates. PSP toxins hinder the formation of an action potential 

by the blocking of the influx of sodium ions (Na+) through excitable membranes. PSP 

toxins can cause severe illness, paralysis and death in humans, when present in seafood in 

sufficient concentrations. Therefore, PSP toxins are a risk to public health. 

 

As STX is very rarely the sole toxic component, and variations in the structure of the 

other toxins in the group lead to a specific toxicity of each toxin, toxicity is generally 

compared with pure STX and expressed in terms of STX equivalents (Shimizu, 1987), 

see Table 1.  

  

1.1.3 Clinical signs and symptoms 
 

Acute toxic effects of PSP toxins represent the main human health significance. The most 

common symptoms are numbness of the lips, tongue and throat, and appear first (Bond 

and Medcof, 1958). The altered sensation spreads to the face and neck and to the 

extremities. Muscular weakness normally precedes other symptoms because sensory 

nerves  are more susceptible than motor nerves to blocking agents and are thus affected 

first (Kao, 1993). Victims may suffer weakness of the upper and lower limbs, this can be 

followed by with ataxia, loss of motor coordination, and finally paralysis, after 1-2 hours. 

Death can result from paralysis within 2-24 hr, depending on the dose. If victims survival 

for 24 hr, the prognosis is good. In addition mechanical ventilation (an iron lung) gives an 

excellent chance for a full recovery, even at high doses.  
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1.1.4 History 
 

PSP intoxication events have probably been occurring since time immemorial, a possible 

reference to harmful algal boom can be found in the Bible (Exodus 7:17-21) “…and all 

the water was changed into blood. The fish in the Nile died, and the river smelled so bad 

that the Egyptians could not drink its water...” The earliest documented report of 

intoxication by PSP occurred in Canada in 1798 and involved the poisoning by mussels 

of several crew members of a ship exploring the British Columbia coastline in 1793 (Kao, 

1993). 

 

1.1.5 Regulatory limits 
 

The regulatory limit for PSP toxins in shellfish is set at 800 µg/kg STX-equ for sale to the 

public by shellfish farmers. In addition, the Norwegian food safety authority operates a 

public surveillance program. The surveillance program is used to give advice to the 

public about the safety of eating self picked blue mussels (Mytilus edulis). The 

surveillance program works by taking samples from several areas along the Norwegian 

coastline for chemical analysis and combining that information with algal data from 

water samples. The limit for PSPs in the surveillance program is set at lower level (400 

µg/kg STX-equ) than the main regulatory limit because the data is used to give advice for 

large areas (Asp et al., 2004). However, a recent joint report by the Food and Agriculture 

Organization of the United Nations (FAO), World Health Organization (WHO) and 

International Oceanographic Commission of UNESCO (IOC) report (FAO, 2005) 

recommended a regulatory limit of 170 µg/kg STX-equ based on the consummation of 

250g Shellfish by an individual. Further developments in PSP toxin analysis need to be 

considered in the light of the downward pressure on the regulatory limit.  

 

It is important to remember that the regulatory limit is expressed as a function of total 

toxicity, and therefore that the limit of detection of a method (the overall limit of 

detection) is the sum of the detection limits for each toxin which can be determined by 
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the method in question. This represents a worst case limit of detection, where all 

detectable PSP toxins present at their respective detection limits.   

 

1.2 Analytical methods 
 

1.2.1 Extraction  
 

Historically the extraction of PSP toxins from shellfish has been conducted to allow the 

injection into laboratory mice. The mouse bioassay (MBA) involves the extraction of 

homogenised raw shellfish with a hydrochloric acid (HCl) solution which is then boiled 

(AOAC, 1984). The use of mice prohibits the use of organic solvents and high molarity 

acid or base solutions in the final extract. As HPLC methods were developed and 

implemented the use of the HCl extraction continued. This is partly due to the simplicity 

of the method and partly that its continued use allowed for the comparison of the MBA 

and the high performance liquid chromatography (HPLC) with fluorescent light detection 

(FLD) methods with limited shellfish material and resources (Asp et al., 2004). The 

extraction limitations imposed on the method because of the use of mice may mean that 

the extraction efficiency is not optimal. In addition, the use of acidic solutions at high 

temperatures may induce conversion of the n-sulfocarbamyl toxins (low relative toxicity) 

(see Figure 1) to the corresponding carbamate toxins (high relative toxicity) by hydrolysis 

(Indrasena and Gill, 2000; Indrasena and Gill, 1999; Lassus et al., 1993; Anderson et al., 

1996; Laycock, 1995). However, in terms of risk assessment the conversion of PSP 

toxins in acidic conditions may mimic the same conversions in the stomach acid of 

someone who has consumed contaminated shellfish. Recently, two other extraction 

methods have been proposed. An extraction similar to the AOAC method has been 

developed by Lawrence (2005), this method employs acetic acid instead of HCl. The use 

of a weaker acid may limit toxin conversion. This method also makes use of multiple 

extractions of the same material to improve efficiency. The second extraction method was 

developed for liquid chromatography-mass spectrometry (LC-MS) analysis by 

Dell’Aversano (2005). The major differences between this method and the two 

previously discussed methods are, that the sample and extraction solution are cooled 
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during extraction, that the extraction solution contains a large organic component as well 

as a weak acid and that the sample is homogenised before and for the duration of the 

extraction. This combination of characteristics should both limit toxin conversion and 

improve extraction efficiency. Further development of this method will be investigated in 

this study.      

 

1.2.2 LC based methods 
 

There are several reversed-phase liquid chromatography (LC) based methods for the 

determination of the PSP toxin group (Asp et al., 2004; Dell'Aversano et al., 2005; 

Lawrence and Niedzwiadek, 2001; Lawrence et al, 2005; Oshima, 1995). The method 

currently in use at the Norwegian School of Veterinary Science (NSVS) utilises post-

column derivatisation HPLC-FLD (Asp et al., 2004; Oshima, 1995).  

 

 

1.2.2.1 Post-column derivatisation HPLC-FLD 

 

The post-column derivatisation method can be used for the routine determination of 

seven of the PSP toxins (GTX 1-4, Neo, DcSTX and STX) in shellfish samples in a 

single analysis (Oshima, 1995). The method utilises a reversed-phase column with ion-

pairing to give adequate retention of the PSP toxins. The use of two additional, different, 

mobile phase compositions allows the determination of C1-C4 and DcGTX 2-3 and GTX 

5-6. However, standards for these toxins were not available when the method was 

originally validated at NSVS. This method employs a 0.1M HCl extraction procedure 

based on the American Organization of Analytical Chemist (AOAC) mouse bioassay 

(AOAC, 1984). However, the interpretation of the results can be complicated by the 

presence of naturally fluorescent compounds which co-elute with the GTXs on the HPLC 

column. Samples containing only these interfering compounds (which shall be referred to 

as ‘interferences’ for the purposes of this thesis) have been tested using the mouse 

bioassay and have given a negative response (unpublished data, algae group, NSVS) 

indicating that the interferences are either non-toxic or have much lower toxicity relative 
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to STX. The sample clean-up employed in the routine method used at NSVS (Asp et al., 

2004), does not remove such fluorescent compounds which are found in some matrices. 

However, the use of ‘purely’ C18 solid phase extraction (SPE) has been shown to remove 

80% of the naturally occurring fluorescent compounds present (Bire et al., 2003; Oshima, 

1995). The fluorescent compounds are thought to be produced by bacterial strains in 

saxitoxin-producing dinoflagellates (Baker et al., 2003). 

 

1.2.2.2 Post-column electrochemical oxidation HPLC-FLD 
 

The post-column electrochemical oxidation method involves the use of an 

electrochemical cell to oxidise the saxitoxin ring system to produce a fluorescent 

derivative (Boyer and Goddard, 1999). The method is more sensitive to matrix effects 

than the post-column derivatization method, however when analysing algal samples it 

gave similar limits of detection to the post-column derivatisation method (Boyer and 

Goddard, 1999). This method also utilises a reversed-phase column with ion-pairing. 

 

1.2.2.3 Pre-chromatographic oxidation HPLC-FLD 
 

The pre-chromatographic oxidation as described by Lawrence (2005) employs an acetic 

acid extraction, which is milder than the HCl extraction and, therefore, gives limited 

conversion of the n-sulfocarbamoyl toxins. One of the main advantages of this method is 

that it can be used to calculate the ‘native’ concentration of PSP toxins in a shellfish 

sample. However, due to the lack of analytical standards for some the PSP toxins, they 

can be detected but not quantified. The use of pre-chromatographic oxidation results in 

oxidation products that give adequate retention on a C18 reversed-phase column without 

the need for ion-pairing. However, the pre-chromatographic oxidation of the PSP toxins 

often results in several oxidation products for each toxin. In addition, several different 

toxins give the same oxidation products, this makes quantification more complex. The 

ratios between different oxidation products are needed to calculate the concentration of 

some of the toxins. It is also important to note that full implementation of the method 

requires the use of two different types of SPE cartridges as well as nine HPLC analyses 
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of each sample. This could be reduced to seven if the only one oxidation is used to screen 

for positive samples and no check is made for naturally fluorescent interferences. This 

method has been proposed by the European reference laboratory as a replacement for the 

MBA as the European reference method.    

 

1.2.2.4 LC-mass spectrometry/mass spectrometry (LC-MS/MS) 
 

The development of a LC-MS method has been undertaken by Dell’Aversano (2005). 

The analytical column used is a Hydrophilic Interaction Chromatography (HILIC) based 

column. This type of column gives excellent retention of the PSP toxins. The use of mass 

spectrometric detection offers several advantages over fluorescence detection, as it is 

more selective when used in selected reaction monitoring (SRM) mode and can be used 

to help identify the structures of unknown compounds as well as the qualitative 

determination of toxins for which standards are not commercially available. The limit of 

detection of this LC-MS/MS method is similar to the regulation limit, therefore even 

when a state-of-the-art LC-MS/MS instrument is used, the method does not have the 

required sensitivity to be used for routine analysis (Dell'Aversano et al., 2005). 

Modification of the extraction and clean-up produces of this method may improve 

sensitivity thus enabling its use for routine analysis. 

 

1.3 Capillary electrophoresis 
 

The application of capillary electrophoresis with ultra-violet detection (CE-UV) has 

shown to be very promising when used to analyse PSP toxin standard mixtures (Pineiro et 

al., 1999). CE-UV gave sharp peaks and good separation within a reasonable analysis 

time. However, the analysis of contaminated mussel samples gave significantly poorer 

results. The combination of high salt content and the complexity of the matrix resulted in 

a loss of resolution of the GTX toxins (Pineiro et al., 1999). Additionally, CE-UV as a 

technique suffers from relatively poor sensitivity. Therefore, the development of 

improved clean-up and extraction steps and a pre-concentration step is necessary to allow 

the analysis of shellfish extracts to be accomplished by CE-UV.   
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1.4 Biological assays  
 

1.4.1 Mouse bioassay 
 

The MBA based on the AOAC (1984) method has traditionally been the method used to 

analyse shellfish for PSP toxins; it is still used by over 50 percent of the national 

reference laboratories that took part in a recent European Economic Area proficiency test. 

However, as other analytical methods have improved, the trend has been to replace the 

mouse bioassay with a HPLC-FLD method. This trend exists because of ethical concerns 

about the use of animal in routine testing and the fact that the analytical techniques 

provide more information about the sample in question, for example the toxin profile. A 

response on the MBA is observed when samples extracts containing approximately 350 

µg/kg STX-equ are injected into the mice. At NSVS, routine analysis is conducted using 

the post-column HLPC-FLD method. However, as the MBA is the currently the 

European reference method the skills base has been retained to conduct the bioassay.   

 

1.4.2 Antibody test kit  
 

An antibody based test kit is currently commercially available from Jellett Biotek 

(Chester Basin, Canada). The method uses a scaled down version of the AOAC (1984) 

HCl extraction procedure. 100 µL of the extract is mixed with 400 µL of the supplied 

running buffer; 100 µL of this mixture is then added to the test cassette. The test is read 

after 20 minutes (Jellett et al., 2002). These test kits have been used as a screening 

method along the Californian coast (Oshiro et al., 2006). Only samples found to be 

positive on the test kits were then analysed using the mouse bioassay. Using this method 

they were able to approximately half the number of samples that needed to be analysed 

using the mouse bioassay (Oshiro et al., 2006), and this represents a major reduction in 

the number of animals used in testing.        
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1.5 Norwegian surveillance program  
 

Toxic dinoflagellates have been found in most latitudes, and PSP has been reported in 

many parts of the world (Wright, 1995). The first documented toxic event in Norway 

occurred in 1901, it resulted in the death of two people (Thesen, 1901). The algae toxin 

surveillance program was started in 1962 and has since been developed and expanded. In 

2006, the program started in week 14 and included six stations where one sample is taken 

every other week and 50 stations were one sample is taken every month. Approximately 

90 percent of the samples analysed at NSVS are blue mussels. The other 10 percent is 

made up of several different species which are sometimes analysed for PSP toxins, as 

shown in Table 2.  

 
Table 2, Names of different species of shellfish analysed at NSVS in English, Latin and Norwegian 
 

English Latin Norwegian  
Blue mussel Mytilus edulis  Blåskjell 
Flat oyster Ostrea edulis Østers 

Great scallop Pecten maximus  Kamskjell 
Horse mussel Modiolus modiolus O-skjell  

Common cockle Cardium edule  Hjerteskjell 
Edible crab Cancer pagurus  Brunkrabbe  

Common whelk  Buccinum undatum Kongsnegler 
Sand gaper Mya arenaria  Sandskjell 

 
 
1.6 Aim of the study 
 

MS/MS would be the preferred detection method of PSP toxins in shellfish as MS/MS is 

more selective than FLD based methods. However, the previously reported LC-MS/MS 

method (Dell'Aversano et al., 2005) can not be used for regulatory purposes as the 

detection limit of that method is approximately the same as the regulatory limit. 

Therefore, the main objective of this study was to develop a more effective extraction and 

clean-up method, so that LC-MS/MS analysis can be used for routine regulatory 

determination of PSP toxins in shellfish. In addition, any improvements made to the 

extraction and clean-up methods would also be implemented in the current post-column 
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HPLC-FLD method (Asp et al., 2004), to further lower the limit of detection for this 

method. The second objective of this study was to determine the Norwegian PSP toxin 

profile in shellfish, in terms of which PSP toxins are present in Norwegian shellfish and 

which toxins contribute most to the overall toxicity. A detailed description of the toxin 

profile would aid in risk assessment evaluation. 
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2 Materials and methods 
 

2.1 Chemicals 
 

All chemicals and solvents used were of analytical or HPLC grade. The water was grade 

1 from a Milli-Q Academic system from Millipore (Milford, IL, USA) with a QGard 1 

packing. The acetic acid, hydrochloric acid, 85% phosphorous acid, 25% ammonium 

hydroxide, periodic acid and di-potassium hydrogen phosphate were from Merck 

(Darmstadt, Germany), the sodium salt (dehydrate) of tungstic acid from Sigma 

(Steinheim, Germany), the sodium salt of 1-heptane sulfonic acid from Acros Organics 

(Geel, Belgium), while methanol, acetonitrile, acetone, dichloromethane, ethyl acetate 

and tetrahydrofuran were from BDH Laboratory Supplies (Poole, England). Tetra-n-

butylammonium phosphate, 99% was obtained from Alfa Aesar (Karlsruhe, Germany). 

STX, DcSTX, Neo, GTX1-5, C1-2 and DcGTX 2-3 were purchased from National 

Research Council of Canada, Institute for Marine Biosciences (Halifax, Canada).  

 

2.2 Solid phase extraction cartridges  
 

The SPE cartridges used were Bakerbond carboxylic acid from J.T.Baker (Bellefonte, NJ, 

USA), Supelclean strong anion exchange cartridges from Supelco (Phillipsburg, PA, 

USA), Extract-Clean Carbograph cartridges from Alltech (Deerfield, IL, USA) and Oasis 

HLB from Waters (Milford, IL, USA) 

 

2.3 Sample material 
 

2.3.1 Shellfish samples from Norway 
 

All shellfish samples were collected from around the Norwegian coastline as part of 

either the Norwegian Food Safety Authority surveillance program or shellfish farmers’ 

pre-sale controls. The shell contents were removed, pooled and homogenized. An aliquot 
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of the homogenate was used for analysis and the rest stored at -20 oC for later use. 

Although, occasional samples arrived pre-extracted, none of these samples were used for 

method development or validation.     

 

2.3.2 Control samples 
 

As there is no certified reference material (CRM) currently available for the PSP group of 

toxins, two shellfish samples from a collaborative study (CRL, 2006) were used as 

control samples.   

 

2.4 Sample extraction 
 

2.4.1 AOAC HCl extraction 
 

The hydrochloric acid extraction was performed according to the AOAC method for 

paralytic shellfish poisons (AOAC, 1984). In short, 20 mL of a 0.1M HCl solution was 

added to 20 gram of homogenised raw shellfish material and then boiled for five minutes. 

The sample was cooled in a water bath for a further five minutes and then volume and pH 

adjusted to 40 mL and pH 3.0 ± 0.5, respectively. The sample was then centrifuged at 

3000 rpm for 15 minutes. The supernatant was then stored at -20 oC until analysis.  

 

2.4.2 Developed extraction method 
 

In this study, major modifications have been made to the LC-MS extraction method 

(Dell'Aversano  et al., 2005). As described in that method, 5g shellfish homogenate was 

extracted with 10 mL of acetonitrile/water (80:20, v/v) with 0.1% formic acid. The 

mixture was homogenised at 10000 rpm for 5 min with an ultra-turrax T25 from IKA-

Werke (Staufen, Germany). During homogenisation the flask containing the sample was 

cooled with ice water. The sample was then centrifuged at 3500 rpm for 15 min. 

However, instead of repeating the extraction two more times with two portions of the 
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extraction solution, the extract was placed in a freezer at -20 oC for at least four hours. 

During this time period two distinct layers were formed. A lower frozen layer of 

predominantly water and an upper liquid layer of predominantly acetonitrile. The upper 

layer was then decanted and discarded. The lower layer was reduced to less than 3 mL 

with a flow of air at 40 oC and then made up to 3mL with water. The sample was stored at 

-20 oC until analysis.      

 

2.5 Preparation of calibration samples 
 

Previously analysed negative blue mussels samples, were spiked with PSP standards. 

Three batches of matrix assisted spikes were made; one contained GTX 1-4, Neo, 

DcSTX, STX (labelled STX batch) and the other GTX 5, DcGTX 2-3, C1-2 and DcNEO 

(labelled Dc Batch), and a batch was also made up which only contained GTX 5 (labelled 

GTX5). The shellfish material was spiked at five different concentration levels for the Dc 

and GTX5 batches and seven for the STX batch and the samples were extracted 

according to the described procedure (2.4.2). 550 μL aliquots of each spike level were 

frozen for later use. The spiked samples were used to generate the calibration curves. An 

aliquot of unspiked material was also extracted and used as a method blank. Calibration 

samples were also made for use with the HCl extraction (2.4.1). Previously analysed 

negative blue mussel samples were spiked with PSP standards at three concentration 

levels. The blank shellfish material was only spiked with GTX 1-4, Neo, DcSTX and 

STX in this case.  

 

2.6 Solid phase extraction 
 

2.6.1 Oasis HLB clean-up 
 

The sample clean-up was performed as described in Asp (2004) with minor modification. 

The proteins in 500 μL of the HCl extract were precipitated with 50 μl 5% sodium salt of 

tungstic acid.  450 μL (instead of 400 μL) of the supernatant was subjected to solid phase 

extraction on an Oasis hydrophilic lipophilic balanced (HLB) SPE (pore size 80Å, 
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particle size 30μm) cartridge and filtered through Spin-X microcentrifuge 0.2 mm filters 

Coster (Corning, NY, USA). The Oasis HLB SPE sorbent consists of a macroporous 

copolymer with a mixture of divinylbenzene and n-vinylpyrrolidone (Waters 

Corporation, 2007).  

 
2.6.2 Activated carbon SPE clean-up 
 

400 μl of the sample extract which had previously been subjected to the Oasis HLB 

Clean-up was loaded on a 150 mg active carbon SPE column (particle size range 38-125 

μm, surface area 100m2/g), conditioned by with 2.5 mL dichloromethane:methanol 

(80:20, v/v), followed by 2 mL methanol and finally 2.5 mL 0.5% sodium salt of tungstic 

acid. The column was then washed with 1 mL of a 0.01M ammonium acetate solution. 

The PSP toxins were eluted with 1000 μL of 0.5M citrate buffer in 10% acetonitrile. The 

eluent was reduced to 500 μL with a flow of air at 40 oC before the HPLC-FLD analysis 

or 200 μL before LC-MS/MS analysis. 

 

2.7 Instrumentation 
 

2.7.1 Post-column derivatisation HPLC-FLD 
 

The post-column derivatisation HPLC-FLD analyses were carried out according to the 

method described by Oshima (1995) with minor modifications using a Agilent 1200 

series system Agilent (Santa Clara, Ca, USA) with two extra series 200 micro pumps 

Perkin–Elmer (Waltham, Ma, USA) and an Eppendorf oven (Hamburg, Germany) with a 

reaction coil between the column and the detector in order to perform the post-column 

derivatisation (Figure 2). The toxins were separated on a Chrompack C8 Varian (Palo 

Alto, CA, USA) silica based reversed-phase column (150 mm * 4.6 mm i.d., 5μm 

particles). Three mobile phase solutions were used as described by Oshima (1995) with 

minor modification to mobile phase A. Mobile phase A, consisted of 1 mM tetra-n-

butylammonium phosphate in 5 mM ammonium phosphate adjusted to pH 6.3 with acetic 

acid. Mobile phase B consisted of 2 mM sodium 1-heptanesulfonate in 10 mM 
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ammonium phosphate buffer (pH 7.1). Mobile phase C was 2 mM sodium 1-

heptanesulfonate in 30 mM ammonium phosphate buffer (pH 7.1): acetonitrile (96.5:3.5, 

v/v). After separation of the toxins on the column, they were oxidized by 7 mM periodic 

acid in 50 mM sodium phosphate buffer (pH 9.0) in a polypropylene reaction coil (0.5 

mm * 10 m) set to 90oC. The reaction was stopped by adding 0.5 M acetic acid and the 

oxidised toxins were detected using a fluorescence detector with λex = 330 nm and λem = 

390 nm. In addition the detector was also set to scan emission wavelengths from 360 nm 

– 500 nm in 2 nm steps. 

Reaction coil 

 
Pump 

 
Auto 

Sampler 

Micro 
Pump 

Column 

Micro 
Pump 

 
Waste 

Fluorescence 
Detector 

PC 

 

Figure 2. HPLC Instrument for post-column derivatisation FLD. 

 

2.7.2 (No derivatisation) HPLC-FLD 
 

The HPLC-FLD analyses without derivatisation were also carried out according to the 

method described by Oshima (1995) using an Agilent 1200 series system but without the 

extra micro pumps and reaction coil. Fluorescence detection with λex = 330 nm and 

emission wavelengths scanned from 360 nm – 500 nm in 2 nm steps was used. This setup 

was used to check for naturally fluorescent interfering compounds. 
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2.7.3 LC-MS/MS 
 

The LC-MS/MS instrumentation consisted of an Agilent 6410 Triple Quad MS/MS, an 

Agilent 1200 model LC system and Masshunter® workstation software (B.01.00). The 

method according  to Dell’Aversano (2005) was used, but using a gradient elution (see 

Table 3) instead of isocratic elution at 65% B. The analytical column was a 5 μm TSK-

Gel Amide-80 column (250mm * 2mm i.d.) from Tosoh Bioscience (Tokyo, Japan). 

Mobile phase (A) was 100% aqueous, where as (B) was 95% organic (acetonitrile). Both 

mobile phases (A) and (B) contained 2.0 mM ammonium formate and 3.6 mM formic 

acid. The MS/MS transitions were those described by Dell’Aversano (2005), as shown in 

Table 4.  

 
Table 3, LC-MS/MS gradient elution. 

 
Time (mins) % Mobile Phase B 

0 75 
10 75 
30 55 
35 55 
40 75 
65 75 

 

 

All MS parameters were optimized using pure standard solutions. If pure standard 

solutions were not available, then parameters such as collision energy were estimated. 

The estimations were based on the values of similar toxins, e.g. the values for DcGTX 2, 

DcGTX 3 were used for DcGTX 1 and DcGTX 4. The target SRM transitions were either 

the only transition reported (Dell'Aversano  et al., 2005) or the SRM transition which 

gave the best signal-to-noise ratio.   
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Table 4, MS/MS transitions (m/z >m/z) (Dell'Aversano et al., 2005), Target SRM transition was used 
for quantification. 1st and 2nd qualifier were used for conformation, 1st gives a higher intensity then 
2nd. 
 

 Target SRM transition  1st Qualifier   2nd Qualifier 

Toxin Q1 Q3 Q1 Q3 Q1 Q3 

C1 396 316 396 298 493 316 

C2 396 298 396 316 493 298 

C3 509 332 412 332 412 314 

C4 412 314 509 314 509 332 

GTX 1 412 332 412 314     

GTX 2 396 316 396 298     

GTX 3 396 298 396 316     

GTX 4 412 314 412 332     

GTX 5 380 300 300 204 300 282 

GTX 6 396 316 396 298 300 204 

DcGTX 1 369 289 369 271     

DcGTX 2 353 273 353 255     

DcGTX 3 353 255 353 273     

DcGTX 4 369 271 369 289     

Neo 316 298 316 220     

DcNeo 273 255         

STX  300 282 300 204     

DcSTX 257 239         

11-OH-STX 316 298 316 220     

 

 

 

2.7.4 HPLC with diode array detection 
 

An Agilent 1100 series, Agilent (Santa Clara, Ca, USA) HPLC with an Agilent 1100 

series UV diode array detector was set-up with the same mobile phase conditions (65% B 

or gradient elution) and column type as the LC-MS/MS (Dell'Aversano et al., 2005). The 

diode array detector was set to scan between 200 to 400 nm in 2 nm steps. This system 

was used to check how well the Carbon SPE clean-up removed non-fluorescent 

compounds from the sample extracts. 
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2.8 Overview of the combination of analytical method 
 

Figure 3, is a flow diagram showing the combination extraction, clean-up and analytical 

methods used in this thesis.  
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Developed 
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extraction (2.4.1)  

Oasis HLB Clean-
up (2.6.1)  

Oasis HLB + Carbon 
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Figure 3.  Flow diagram of analytical method combinations used in this thesis. 
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3 Results and discussion 
 

PSP is a public health risk. This study focuses on development of extraction and clean-up 

methods for shellfish sample, the improvement of which should lead to lower detection 

limits for the PSP toxins. These developments along with a detailed overview of the 

Norwegian toxin profile will assist in the weekly risk management assessments 

conducted at NSVS. 

 

3.1 Sample extraction  
 

In an attempt to improve the limit of detection of the PSP toxins, major modifications 

were made to the extraction method described by Dell’Aversano (2005). Instead of using 

multiple extractions, a single 10 mL extraction with 80:20 (v/v) acetonitrile:water with 

0.1% formic acid was used, as the first extraction step was found to contain the highest 

concentration of PSP toxins. Although the PSP toxins are not very soluble in acetonitrile, 

the use of a high percentage of acetonitrile has the advantage of precipitating out most of 

the proteins in the sample. When an extract was exposed to a temperature of -20 oC for at 

least four hours, two distinct layers were formed. The upper liquid layer is predominantly 

acetonitrile and the lower ice layer is predominantly water. As the PSP toxins are only 

slightly soluble in acetonitrile, the acetonitrile is discarded. To compare the standard HCl 

extraction method and the modified method, a naturally contaminated blue mussel sample 

was extracted six times using both methods. The peak areas of the four toxins present in 

the sample (GTX 2, GTX3, NEO and STX) found using the HPLC-FLD method is 

displayed in Table 5 and Figure 4, This modified extraction method produces extracts 

that contains significantly higher concentration of PSP toxins than the standard HCl 

extraction (AOAC, 1984). The results demonstrate that the modified method is 

repeatable, giving relative standard derivation (RSD) values below 10% for all 4 toxins.   
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Table 5. Comparison of extracts methods (2.4.1 and 2.4.2) using peak areas from HPLC-FLD (2.7.1). 

(n=6) (P=0.05, critical value=2.31, degrees of freedom=10)  
 

HCL GTX 2 GTX 3 NEO STX 
Mean Peak Area 54*105 56*105 1.6*105 61*105 
SD 4.5*105 5.3*105 0.2*105 1.6*105 
% RSD 8.4 9.4 13.1 2.7 
          
Modified  GTX 2 GTX 3 NEO STX 
Mean Peak Area 101*105 152*105 2.7*105 124*105 
SD 5.8*105 6.2*105 0.2*105 7.1*105 
% RSD 5.8 4.1 8.6 5.8 
     
T-Test 15.7 28.8 9.5 21.2 

 

 

Figure 4. Peak area (HPLC-FLD) for each toxin detected using the two extraction methods (HCL 
extraction (H, 2.4.1) and acetonitrile (A, 2.4.2)). Error bars show plus or minus one standard 
deviation, (n=6).  
 

Extraction solutions consisting of different ratios of acetonitrile and water were also 

tested, and it was found that increasing the acetonitrile concentration over 80% reduced 
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the extraction efficiency (data not shown). An important limitation was also observed for 

some sample extracts when the percentage of acetonitrile was reduced to 70%. At this 

percentage, when some samples were frozen, two distinct phases did not form where as 

all samples formed two layers after freezing when extracted with 80:20 (v/v) 

acetonitrile:water. In addition to acetonitrile, the extraction was also attempted using 

ethyl acetate, dichloromethane, tetrahydrofuran and acetone as the organic modifier but 

none were as effective as acetonitrile (data not shown). Overall, the modified extraction 

method gave extraction yields which were significantly higher than the HCl method, and 

this should give this method a lower limit of detection. In addition, the extraction of the 

amnesic shellfish poisoning toxins (also water soluble algae toxins) from shellfish using 

this method was conducted, preliminary testing was very positive (data not shown) but 

this could not be pursued further due to time limits. It is hypothesized that the acetonitrile 

layer of the extract, which is currently discarded, could contain diarrhetic shellfish 

poisoning toxins (lipophilic toxins) if they were present in the shellfish sample. 

Therefore, further development of this extraction method could lead to a ’universal’ 

extraction for algae toxins. 

 

3.2 SPE clean-up 
 

The Bakerbond carboxylic acid column, used in the pre-chromatographic method by 

Lawrence and Niedzwiadek (2001), and Supelclean strong anion exchange columns were 

tested. These cartridges displayed sufficient retention of the analytes when analytes were 

in diluted standards solutions, however when the clean-up of sample extracts was 

attempted with ion exchange SPE cartridges, they gave very poor retention of the PSP 

toxins. This maybe due to the high ion content in the sample extracts compared to PSP 

toxin standard solutions. The active carbon SPE material was found to give the best 

analyte retention, when sample extracts had been previously been clean-up with Oasis 

HLB material (results not shown). The Oasis HLB cartridges remove many of the matrix 

compounds with a high affinity to reverse phase systems. However, several different 

shellfish matrices contain naturally fluorescent interfering compounds which often are 

not totally removed by the Oasis HLB columns. In these instances, and where additional 
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clean-up has performance benefits (LC-MS/MS), the active carbon SPE cartridge can be 

used after the Oasis HLB clean-up. 

 

3.2.1 Naturally fluorescent interferences  
 

Naturally fluorescent interferences can be present in the sample extracts after they have 

been cleaned up using only the Oasis HLB SPE stage, and they will normally elute in the 

GTX range using a reversed-phase column with ion-pair mobile phase. When only a 

single emission wavelength is monitored by the fluorescent detector, these compounds 

cause problems in compound identification and in the worst cases, can cover a large part 

of the GTX elution range. A change in mobile phase composition (mobile phase B), as 

described by Oshima (1995) can resolve some of these problems but not all. The use of 

emission scan can be used to help confirm interferences. Figure 5 is a collection of 

fluorescent emission scans from samples analysed by the post-column derivatization 

HPLC-FLD system as described in 2.7.1. It shows emission scans from common 

interferences from three different matrices (great scallop, horse mussel, edible Crab) in 

the GTX elution range (all of these interferences had the same retention time with the 

same mobile phase conditions), as well as scans of standards solutions of GTX 1-4. As 

shown in Figure 5, the interference and GTX toxins have different maxima and scan peak 

shapes. Figure 6 shows scans taken of the interference peaks from the same three 

matrices with and without post-column derivatization. The spectra of the interferences do 

not match those reported earlier by Baker (2003). Interestingly, the presence of 

interfering compounds appears to be species dependent. A blue mussel sample and an 

oyster sample taken from the same location at the same time contained both high levels of 

PSP toxins, Figure 7. Only the oysters extract contained a GTX interference peak. As 

both samples were exposed to the same environmental conditions, it is theorised that blue 

mussels don’t take up some of the interfering compounds or that the uptake/excretion rate 

is significantly lower/higher than that of other shellfish species. Although, further 

investigate would be needed to confirm this.  

 

 31



 

Interferences 

GTX 1 - 4 

Figure 5. Fluorescent emission scans from three interferences and GTX 1-4 (at chromatographic 
peaks apexes (minus background)) after HCl extraction (2.4.1) and Oasis HLB clean-up (2.6.1), 
analysed by HPLC-FLD with oxidation (2.7.1) 
 
 
 

 

Inferences with and 
without post-column 

oxidation 

Figure 6. Fluorescent emission scans from three interferences (at chromatographic peak apexes 
(minus background)) from three different matrices after HCl extraction (2.4.1) and Oasis HLB clean-
up (2.6.1) analysed by HPLC-FLD with and without post-column oxidation. Methods described in 
2.71 and 2.72, respectively, were used. 
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Figure 7. Fluorescence chromatograms of contaminated blue mussel (diluted five times) and oyster 
samples from the same location. Analyses by post-column HPLC-FLD after developed extraction 
(2.4.2) and Oasis HLB clean-up (2.6.1). Naturally fluorescent interference (i), GTX 3 (a), GTX 2 (b) 
and STX (c) 
 

 

3.2.2 Carbon SPE clean-up 
 

The retention mechanism of the Carbograph active carbon cartridges is primary reversed-

phase one (Alltech Associates, 2007). However, under certain conditions the column 

displays anion exchange characteristics (Alltech Associates, 2007). The cartridges were 

initially conditioned according to the manufacturer. However, it was found that a higher 

pH (7.2) (instead of  grade 1 water, adjusted to pH 2 with HCl) in the final conditioning 

step gave better retention of the PSP toxins (data not shown). Therefore, the final 

conditioning step consisted of 2.5 mL 0.5% (w/v) sodium salt of tungstic acid pH 7.2. 

The sample extract loading investigation indicated that the 150mg carbon cartridges 

could be loaded with 400 μL of sample extract which had previously been cleaned-up 
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using the Oasis HLB procedure. After loading the cartridges, they were washed with 1 

mL of a 0.01M ammonium acetate solution. Several elution solutions were examined, 

including combination of strong acids and bases and with varying amounts of organic 

modifiers. A solution of 0.5M citrate buffer in 10% acetonitrile was found to give the best 

recoveries. Figures 8 and 9 show how changing the composition of the elution solution 

affects the extraction yield from a sample extract containing GTX 2, GTX 3 and STX.  
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Figure 8. Effect of acetonitrile concentration in the elution solution on extraction yield measured as 
toxin peak height when analysed by post-column HPLC-FLD (2.7.1), mobile phase C. 
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Figure 9. Effect of buffer molarity (M) on extraction yield measured as toxin peak height using a 
Carbograph SPE cartridge, when analysed by post-column HPLC-FLD (2.7.1), mobile phase C. 
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Optimisation of the elution volume was carried out using a previously analysed blank 

sample spiked with GTX 1 and 4, Neo, DcSTX and STX. 400 μL of the previously HLB 

cleaned up extract were loaded onto a pre-conditioned Carbon SPE column. After 

washing, the PSP toxins were eluted in 200 μL fractions using the optimised elution 

solution, shown in Figure 10. From this experiment it was decided that 1 mL should be 

used to elute the toxins. This is a compromise between toxin recovery from the SPE and 

the volume of and hence concentration in the eluent.    

 

To improve the limit of detection, the eluent was evaporated with a flow of air. However, 

resolution problems arise on the post-column HPLC method when the eluent is 

evaporated to less than two times its original volume. To demonstrate this, 900 μL of the 

elution solution was added to 100 μL of a standard solution containing seven PSP toxins. 
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Figure 10.  Percentage of total peak area for five PSP toxins against elution fraction number for 
fractions from a Carbograph SPE cartridge (2.6.2) after analysis by post-column HPLC-FLD (2.7.1), 
mobile phase C. 
 

This solution was then divided in aliquots which were reduced to three different volumes 

by evaporation to, a half, a forth and a sixth of the original volume. Figure 11, shows the 

HPLC-FLD chromatograms for the evaporated solutions, as well as the original. The 

degree to which the solution was evaporated has a major impact of the resolution of the 

ion-pair chromatography. Therefore, to maintain adequate separation the eluent from the 
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Carbograph SPE should only be evaporated to half its original volume before HPLC-FLD 

analysis.      

 

 

Figure 11. Fluorescence chromatograms of PSP toxins as described in 2.7.1, mobile phase C. 
Standard solution plus elution solution (1). (1/2), (1/4), /1/6) denote the final volume compared to the 
initial volume, respectively. GTX 1 (a), GTX 4 (b), GTX 3 (c), GTX 2 (d), Neo (e), DcSTX (f), STX 
(g). 
 

3.2.3 Removing naturally fluorescent interferences  
 

The use of Oasis HLB SPE cartridges has been demonstrated to clean-up blue mussels 

extracts (Asp et al., 2004). Blue mussels represent approximately 90 percent of all 

samples analysed at NSVS. However, the Oasis HLB cartridges do not remove all of the 

naturally fluorescent interferences found in several other shellfish types, this can cause 

problems in quantification. Figure 12 shows two Fluorescence chromatograms of a 

positive oyster sample analysed by post-column oxidation HPLC-FLD, one after Oasis 

HLB clean-up, the other after both clean-up steps.  The sample contains a naturally 

fluorescent interference at 4.32 minutes after Oasis HLB clean-up, this interference could 
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affect the determination of GTX 5, if GTX 5 was present in the sample. Although it is 

sometimes possible to separate these compounds by using a weaker mobile phase as 

described in Asp (2004). The weaker mobile phase does not always provide a satisfactory 

solution, as the interferences elute over several minutes (unpublished data, algae group, 

NSVS). 

 

 

Figure 12. Fluorescence chromatograms of a contaminated oyster sample, analysed by post-column 
HPLC-FLD (2.7.1), with the developed extraction method (2.4.2). Clean-up by Oasis HLB SPE (2.6.1) 
and Oasis HLB follow by active carbon SPE (2.6.2). Naturally fluorescent interference (i), GTX 3 (a), 
GTX 2 (b) and STX (c) 

 

 

The use of active carbon SPE columns can completely remove the naturally fluorescent 

interference from this oyster sample. The removal of naturally fluorescent interferences 

has also been accomplished from flat oyster, great scallops, horse mussel, common 

cockle, edible crab, common whelk and sand gaper samples (data not shown).  
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3.2.4 Matrix removal 
 

As well as removing the naturally fluorescent compound, the activated carbon column 

can also be used to remove other matrix effects. Figures 13 shows isoabsorbance plots of 

the same sample extract after clean-up with the two different clean-up methods 

 

 

a 

b 

Figure 13, Isoabsorbance plots (time against wavelength) from HPLC-DAD analysis (2.7.4, 65 % B) 
of a great scallop extract after HLB (a) and HLB and Carbograph clean-up (b) (evaporated from 1 
mL to 0.5 mL).  Colour represents absorption, red (high), yellow, green, and blue (low).  
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When the instrumental set-up described in section 2.7.4 was used the GTX toxins elute 

between 10 and 12 minutes and the Neo, DcSTX and STX elute between 26 and 28 

minutes. The isoabsorbance-plots demonstrate that the carbon columns remove more of 

the matrix that absorbs between 200 nm and 400 nm than the HLB column. This may 

well help lower the limit of detection when using the LC-MS method by reducing matrix 

effects. However, there is still relatively high absorption in the GTX range.  

 

 

3.3 HPLC-FLD method validation 
 

 Due to the lack of an available CRM and the cost of the toxin standard solution, it was 

not possible to fully validate neither the modified HPLC-FLD nor the modified LC-

MS/MS methods. However, calibration samples made using blank blue mussel 

homogenate were used to calculate the recoveries for each toxin at five different 

concentrations against standard solution for both clean-up methods (see Appendix I and 

II). It was not possible to determine the recoveries for the other relevant matrices (Table 

2) due to cost. The limit of detection (LOD) for each toxin was determined using the level 

1 calibration sample for the Oasis HLB clean-up and level 3 for the combined Oasis HLB 

and carbon clean-up (Table 6, see Appendix III for calibration curves). The overall LOD 

for the modified extraction with HLB only clean-up is lower than the previous method 

(Asp et al., 2004) even though more PSP toxins (DcGTX 2, DcGTX 3, GTX 5, C1 and 

C2) have been included in the method. The reduction in overall LOD is due to the 

improvement of the extraction method. The LOD (µg STXdiCl equ/kg) for GTX 1, GTX 

4 and Neo was higher than the other toxins, presumably due to a combination of high 

relative toxicity and poor response on the post-column method. One of the key 

advantages of the pre-chromatographic method (Lawrence et al., 2005) is that two 

different oxidation reactions are conducted. One of the reactions is specifically designed 

for GTX 1, GTX 4 and Neo, thus giving a better response. Therefore the combination of 

the pre-chromatographic method with the extraction technique developed in this study 

could prove to be optimal for the detection of PSP toxins by HPLC-FLD. The overall 

limit of detection for the carbon SPE clean-up method was considerably higher than the 
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HLB only method when the solutions were analysed by the post-column HPLC-FLD 

method. This is due to the loss of toxins during the carbon SPE step. 

 
Table 6, LOD (using peak area) for the HPLC-FLD analysis of spiked blue mussel material after 
extraction according to 2.4.2 and clean-up by either 2.6.1 or 2.6.2. *LOD determined using peak 
height due to co-elution. 
 

  Oasis HLB (2.6.1) Oasis HLB + Carbon (2.6.2) 

Toxin cLOD (nmol/g) cLOD (µg STXdiCl equ/kg) cLOD (nmol/g) cLOD (µg STXdiCl equ/kg) 

GTX1 0.04 13.1 0.14 51.0 
GTX2 0.01 <1 0.02 2.2 
GTX3 0.01 1.3 0.01 3.3 
GTX4 0.06 17.1 0.23 61.0 
GTX5* 0.12 2.6 0.33 7.3 

DCGTX 2 0.01 <1 0.01 <1 
DCGTX 3* 0.01 1.9 0.05 7.7 

C1 0.01 <1 0.02 <1 
C2 0.01 <1 0.03 <1 

STX 0.02 8.8 0.22 83.2 
DcSTX 0.02 3.5 0.13 24.5 

Neo 0.11 39.3 0.42 146.0 

 cLOD Total 89 cLOD Total  387 

 
 

The proposed use of the carbon SPE step in this context would be the clean-up of samples 

containing both PSP toxins in concentrations approaching the regulatory limit (800 µg/kg 

STX-equ) and naturally fluorescent compounds. Therefore, it is deemed fit for this 

purpose. To gain an impression of the accuracy of the method, two control samples 

(CRL, 2006) were extracted (n=6) using the developed extraction and clean-up with the 

HLB cartridges. The toxins which were detected as well as information regarding 

repeatabilities are shown in Table 7. The assigned values for each sample as well as the 

standard deviations from the collaborative study (CRL, 2006) were used to calculate the 

z-scores for each of the samples. Z-scores of less than 2, between 2 and 3 and over 3, as 

considered satisfactory, questionable and unsatisfactory, respectively. The calculated z-

scores are within satisfactory limits. This demonstrates that the developed extraction 

gives comparable results to the acetic acid extraction (Lawrence et al., 2005) used in the 

collaborative study (CRL, 2006). 
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Table 7, Toxins detected laboratory trial samples by post-column HPLC-FLD (2.7.1) using the 
developed extraction method (2.4.2) with Oasis HLB clean-up (2.6.1) 
 

CRL//06/P/07 Toxins Detected Total Toxicity  
Sample J. Nr.2145/06 DcSTX DcGTX2 DcGTX3 GTX5 C1 C2 µg STXdiCl equ/kg 

Average Conc. (nmol/g) 0.62 0.07 0.23 0.76 2.63 0.94 183 
Standard Deviation  0.04 0.003 0.04 0.14 0.24 0.08 9.0 

% RSD  6.7 4.6 16.1 18.6 9.3 8.5 4.9 
  Assigned value from study 181 
   Z-Score 0.03 

CRL//06/P/08 Toxins Detected Total Toxicity  
Sample J. Nr.2146/06 DcSTX DcGTX2 DcGTX3 GTX5 C1 C2 µg STXdiCl equ/kg 

Average Conc. (nmol/g) 3.05 0.99 1.82 14.56* 7.62* 3.36* 1262 
Standard Deviation  0.06 0.01 0.08 0.82 0.32 0.23 27.3 

% RSD  1.9 1.2 4.6 5.6 4.2 6.9 2.2 
  Assigned value from study 1811 
   Z-Score -0.87 

 

It is interesting to note that sample CRL/06/P/08 contains high concentrations of GTX5, 

C1 and C2, whilst STX, GTX 2 and GTX 3 were not detected. This would suggest that 

the developed extraction method only converted a small amount, if any, of the n-sulfo-

carbamoyl toxins to their carbamate counterparts (Figure 1). Equations 1 was used to 

calculate the maximum percentage of GTX 5 converted to STX, using the developed 

extraction. 

[ ]
[ ] 100*

5
%

Sample

STX

GTX
LOD

MaxConversion =    Equation 1. 

100*
56.14
02.0% =MaxConversion       

%14.0% =<MaxConversion        

 
Although the calculated percentage is only a very rough estimate of the possible toxin 

conversion, approximately the same percentage was calculated for the conversion of C1 

to GTX 2 and C2 to GTX 3. The calculated percentage gives an indication of the degree 

to which toxin conversion could occur. This limited toxin conversion may affect how the 

toxin analysis data is interpreted on a risk management level, as the HCl extraction 

method (AOAC, 1984) is thought to convert the n-sulfo-carbamoyl toxins to their 

carbamate counterparts. This conversion is also thought to occur during the digestion 

process in humans who have eaten shellfish containing the n-sulfo-carbamoyl toxins. It 
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should also be noted that the overall limit of detection would be sufficient to allow this 

methods use for regulatory purposes, even if the regulatory limit was reduced to 170 

µg/kg STX-equ as recommended by the FAO/WHO/IOC expert report (FAO 2005). 

 
 
3.4 LC-MS/MS method development 
 

The LC-MS/MS was setup according to Dell’Aversano (2005) and all the MS parameters 

were optimised using a standard solutions. It was found that the described set-up, gave 

good separation for standard solutions and sample extracts. However, the ionisation of 

sample extracts were suppressed compared to the standard solution. This was especially 

the case for GTX 1 and DcGTX 2. In an attempt to reduce this effect a gradient elution 

method was developed, such that a smaller amount of matrix material eluted, when the 

analytes such as GTX 1 and DcGTX 2 eluted. The use of a gradient allows for the 

separation of the early eluting PSP toxins (C1, C2 and GTX 1-4) from the sample front. 

Figures 14 and 15 show SRM transition traces for the calibration samples. 

 

 

GTX 3 

GTX 2 

Neo 

STX 

DcSTX 

GTX 4 

GTX 1 

Figure 14. Target SRM transitions traces from the LC-MS/MS analysis (2.7.3, gradient elution) of a 
calibration sample (STX batch).  Data smoothed once (Gaussian). The toxin (name to right) 
corresponds to shaded peak in each trace. 
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C1 

C2 

GTX 5 

DcGTX 3 

DcGTX 2 

Figure 15. Target SRM transitions traces from the LC-MS/MS analysis (2.7.3, gradient elution) of a 
calibration sample (DC batch). Data smoothed once. The toxin (name to right) corresponds to shaded 
peak in each trace. 
 
 

It should be noted that the SPE eluate composition had a negative effect on analyte 

ionisation during the LC-MS/MS analysis, when the eluent was evaporated to a large 

degree, Figure 16. The suppression of ions was most prominent for compound that elute 

early in the chromatogram. Overall, the use of the Carbograph cartridge results in a 

cleaner extract, as shown in Figure 17 
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Figure 16. Peak area from LC-MS/MS analysis as a function of the degree of evaporation of the 
active carbon SPE eluate (2.7.3) for a contaminated blue mussel sample.   
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a 

b 

Figure 17, Isoabsorbance plot (time against wavelength) of the HPLC-DAD analysis (2.7.4, with 
gradient from Table 2) of a great scallop extract after HLB (a) and HLB and Carbograph clean-up 
(b) (evaporated from 1 ml to 0.5 ml). Colour represents absorption, red (high), yellow, green, and 
blue (low). 
 

To determine the degree to which the final evaporated elution solution either suppresses 

or enhances the electrospray ionisation of the PSP toxins, a pre-analysed blank Blue 
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mussel sample was extracted (2.4.2) and cleaned-up (2.6.2) according to the developed 

method. A small amount of concentrated standard solution containing C1, C2, GTX 1-5, 

DcGTX 2, DcGTX 3, Neo, DcSTX and STX was then added to the evaporated eluate of 

the blank sample. An aliquot of the standard solution was diluted to give the same 

concentrations as the spiked eluate. Both solutions were analysed by LC-MS/MS, the 

results of which are shown in Table 8 and Figure 18.  

 
Table 8. Effect of SPE eluate on peak area and retention time of the toxins, when analysed by LC-
MS/MS (2.7.3), retention time (RT). 
 

  Transition Standard Standard + Blank eluent Percentage Difference 
Toxin mz>mz RT Peak Area RT Peak Area RT Peak Area 

C1 396 > 316 13.7 1.77E+05 14.4 7.17E+04 4.9 -59 
C2 396 > 298 16.8 4.29E+04 17.1 3.25E+04 1.9 -24 

GTX 2 396 > 316 19.1 1.37E+04 19.3 1.02E+04 0.6 -26 
GTX 1 412 > 332 19.5 9.98E+03 19.4 6.84E+03 -0.6 -32 
GTX 3  396 > 298 22.1 1.17E+05 22.1 9.65E+04 0.1 -18 
GTX 4 412 > 314 22.5 5.01E+04 22.5 4.23E+04 0.2 -16 

DcGTX 2 353 > 273 20.5 1.40E+04 20.6 2.09E+03 0.4 -85 
DcGTX 3 353 > 255 23.3 5.44E+04 23.4 4.49E+04 0.6 -17 

GTX 5 380 > 300 26.8 5.98E+04 26.9 3.47E+04 0.3 -42 
STX 300 > 204 35.8 7.19E+04 35.5 7.89E+04 -0.8 10 
Neo 316 > 220 36.5 1.94E+04 35.8 2.92E+04 -1.7 51 

DcSTX 257 > 239 36.9 4.65E+04 36.3 4.02E+04 -1.9 -14 
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Figure 18. The relative difference in peak area between a standard toxin solution and the spiked 
blank blue mussel SPE eluate, when analysed by LC-MS/MS (2.7.3).   
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In general, as shown in Figure 15, the toxins with shortest retention suffer the most from 

ion suppression. The exception being DcGTX2, which was suppressed compared to 

GTX4 and DcGTX3 (nearest toxins in terms of retention time). Both STX and Neo 

showed signs of ion enhancement.  The evaporated SPE eluate solution also had a small 

effect on peak maxima retention time and chromatographic efficiency, an example of 

which is shown in Figure 19.  

 

1 

2 

3 

Figure 19. SRM transition (300.2 > 204.1, STX) traces from the LC-MS/MS analysis (2.7.3) of a 
blank mussel SPE eluate (1), a standard solution (2) and a spiked blank mussel SPE eluate (3).   
 

3.5 LC-MS/MS method validation 
 

As with the HPLC-FLD method, calibration samples were used to calculate the limit of 

detection for the LC-MS/MS method. Table 9 shows the limit of detection for each toxin 

was determined using the level 3 calibration sample for the both Oasis HLB clean-up and 

the Oasis HLB + carbon clean-up (see Appendix IV for calibration curves). When the 

calibration samples were analysed by LC-MS/MS, the two stage clean-up has significant 

benefits in terms of overall detection limit. The detection limit for GTX1 when 

determined using the LC-MS/MS showed an over five fold improvement. 
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Table 9. LOD (using peak area) for the LC-MS/MS analysis (2.7.3) of spiked blue mussel material 
after extraction according to 2.4.2 and clean-up by either 2.6.1 or 2.6.2. 
 

  Oasis HLB Oasis HLB + Carbon 
Toxin cLOD (nmol/g) cLOD (µg STXdiCl equ/kg) cLOD (nmol/g) cLOD (µg STXdiCl equ/kg) 
GTX1 0.63 233.1 0.12 43.0 
GTX2 0.18 23.9 0.13 17.9 
GTX3 0.02 4.2 0.01 2.8 
GTX4 0.04 11.1 0.02 11.1 
GTX5 0.03 <1 0.05 1.2 

DCGTX 2 0.38 21.4 0.48 26.8 
DCGTX 3 0.02 2.9 0.02 2.6 

C1 0.04 <1 0.02 <1 
C2 0.02 <1 0.01 <1 

STX 0.06 22.7 0.11 41.6 
DcSTX 0.30 57.6 0.69 132.0 

Neo 0.12 42.9 0.10 33.5 

 Total 421 Total  313 

 

The overall limit of detection of the developed LC-MS/MS method was calculated to be 

313 µg STXdiCl equ/kg. The toxin loss during the carbon SPE step was not as an 

important factor in the LC-MS/MS analysis as it was for HPLC-FLD method. In LC-

MS/MS methods, matrix effects played a must greater role than they do in fluorescence 

methods. Therefore, the removal of more of the matrix components by the carbon SPE 

columns has a greater affect than the low extraction yields from the carbon SPE columns. 

The best previously reported limit of detection for a LC-MS/MS method was around 800 

µg STXdiCl equ/kg. The improvements made in this study, allow for the routine use of 

LC-MS/MS for regulatory purposes (current regulatory limit).  

 

The LC-MS/MS method compares favourably to the pervious reported methods 

(Lawrence et al., 2005; Oshima, 1995) in terms of total analysis time for full 

quantification of a sample. The possibility exists to reduce the analysis time by using a 

silica based hydrophilic interaction chromatography column instead of the polymer based 

column used in this study. This would allow the use of a higher flow rate and steeper 

gradient, which might result in a shorter analysis time. The combination of HILIC 

column and FLD may provide the best solution in terms of LOD and overall analysis 

time. 
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3.6 Toxin mapping 
 

During 2006, 729 shellfish samples were analysed for PSP toxins using the post-column 

derivatisation HPLC-FLD method (Asp et al., 2004). The overall limit of detection for 

this method is 170 µg/kg STX-equ shellfish (Asp et al., 2004). Figure 20 shows the 

number of shellfish samples determined to contain PSP toxins for each week of the year. 

It is important to note that between week 1 and 13, a limited number of samples 

(approximately 6) were analysed each week. After which, on average 20 samples were 

analysed from around the Norwegian coastline each week. 
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Figure 20. Week number against number of positive samples analysed at NSVS during 2006 
according to Asp (2004). 
 

 

Of the 729 samples analysed, 17 were determined to exceed the regulatory limit of 800 

µg/kg STX-equ shellfish. There was enough material remaining from twelve of the 

samples to conduct further analysis. The location of these samples is recorded in Figures 

21 and 22.  
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Figure 21. Map of Norway with the marked locations of shellfish sample exceeding the regulatory 
limit during 2006 
 
 

 

Figure 22.  A smaller scale map of the region around aalesund, Norway. Locations of shellfish sample 
exceeding the regulatory limit during 2006 are marked. 
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Only samples exceeding the regulatory limit were used to determine the ‘native’ toxin 

profile of Norwegian shellfish. The twelve samples were extracted and cleaned-up using 

the developed method and analysed by both post column HPLC-FLD (Oshima, 1995) and 

the developed LC-MS/MS method. The toxins detected by post column HPLC-FLD are 

shown in Table 10. The HPLC-FLD method was used where toxin standards were 

available because it offers the best limits of detection. Where toxin standards were not 

available, a combination of LC-MS/MS and post-column HPLC-FLD methods were used 

to evaluate the possible presence of a toxin in the samples (Table 11). The post-column 

HPLC-FLD analysis showed that GTX 1-4 and STX were present above the limit of 

detection in all the samples, Neo was also detected in all but one sample. Both C1 and C2 

were detected in approximately a quarter of the samples. GTX 5, DcGTX 2, DcGTX 3 

and DcSTX were not detected in any of the sample extracts. The combination of post 

column HPLC-FLD and LC-MS/MS suggests that C3 and C4 were present in the 

majority of the sample extracts. The use of the LC-MS/MS analysis suggests that GTX 6 

was present approximately half the samples but a peak corresponding to GTX 6 was not 

detected by post-column HPLC-FLD in these samples. The presence of C3, C4 and GTX 

6 can not be confirmed as standard solutions for these toxins were not commercially 

available. 

 
 
Table 10. The presence of PSP toxins in the 12 samples analysed by post-column HPLC-FLD (2.7.1).  
Toxin detection (√), toxin not detected above LOD (x) 
 
Location C1 C2 GTX1 GTX2 GTX3 GTX4 GTX5 DcGTX2 DcGTX3 Neo DcSTX STX 

VAF302 √ √ √ √ √ √ x x x √ x √ 

MST301 x x √ √ √ √ x x x √ x √ 

SFG320 x x √ √ √ √ x x x √ x √ 

Cap Clara x x √ √ √ √ x x x √ x √ 

MVA 303 x x √ √ √ √ x x x √ x √ 

MRA 306 x x √ √ √ √ x x x x x √ 

NBR 323 x x √ √ √ √ x x x √ x √ 

NØ 319 √ x √ √ √ √ x x x √ x √ 

NVV 321 √ x √ √ √ √ x x x √ x √ 

TTN 307 √ √ √ √ √ √ x x x √ x √ 

TN 301 √ √ √ √ √ √ x x x √ x √ 

TN 301 √ √ √ √ √ √ x x x √ x √ 
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Table 11. The presences of PSP toxins (no standard available) in the 12 samples analysed by post-
column HPLC-FLD (2.7.1) and LC-MS/MS (2.7.3).  Both methods showed a peak at the estimated 
retention time (√*), One method shows a peak at the estimated retention time (x*), not detected by 
either method (x). 
 
 

Location C3 C4 GTX 6 DcGTX1 DcGTX4 DcNeo 11-OH-STX 
VAF302 √* x* x* x x x x 
MST301 √* √* x x x x x 
SFG320 √* √* x x x x x 

Cap Clara √* √* x x x x x 
MVA 303 √* √* x x x x x 
MRA 306 √* √* x x x x x 
NBR 323 √* √* x x x x x 
NØ 319 x* x* x* x x x x 

NVV 321 x* x* x* x x x x 
TTN 307 x* x* x* x x x x 
TN 301 √* √* x* x x x x 
TN 301 √* √* x* x x x x 

 

The concentrations of the toxins which were detected in the twelve samples were 

calculated using calibration curves generated from the calibration samples. The calculated 

concentrations are expressed in nmol/ml (Table 12). The percentage of the total sample 

toxicity (µg STXdiCl equ/kg) was then calculated for each toxin in each sample, as 

shown in Table 13. 
 
Table 12. Concentrations of the detected PSP toxins determined by HPLC-FLD (2.6.1). Sample 
extracts were diluted to give concentrations within the calibration curve (*), not detected (nd). 
 

  Concentration (nmol/ml) 
Location C1 C2 GTX1 GTX2 GTX3 GTX4 Neo STX 
VAF302 0.30 0.16 0.97 0.82 0.68 0.33 0.31 0.75 
MST301 nd nd 0.43 4.07* 3.78* 0.48 0.54 7.67* 
SFG320 nd nd 0.17 1.24 1.67 0.36 0.15 3.10 

Cap Clara nd nd 2.60 4.26* 5.35* 2.94* 2.63 6.21* 
MVA 303 nd nd 0.13 3.41 2.09* 0.68 0.27 4.48* 
MRA 306 nd nd 0.52 3.51 3.03* 0.35 nd 5.18* 
NBR 323 nd nd 0.38 0.77 1.54 0.49 0.93 2.96 
NØ 319 0.41 nd 2.20 5.32* 2.88* 0.74 2.78 13.16* 

NVV 321 0.29 nd 2.12 5.47* 3.03* 0.76 2.86 12.64* 
TTN 307 0.28 0.14 0.31 2.42 1.48 0.29 0.39 5.35* 
TN 301 0.73 0.40 1.71 11.85* 9.29* 0.92 2.54 23.27 
TN 301 0.28 0.24 0.60 2.05 0.53 0.41 0.32 1.97 
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Table 13. Relative toxicity for each detected toxin as a percentage of the total relative toxicity, when 
analysed by post-column HPLC-FLD (2.7.1). Value considered an outlier (Dixon test, P=0.05) (*), 
Sample considered an outlier, two toxins from the sample were outliers (Dixon test, P=0.05) (**) 
 

  Percentage of Total Relative Toxicity (µg STXdiCl equ/kg) 
Location C1 C2 GTX1 GTX2 GTX3 GTX4 Neo STX 

VAF302** 0.1 0.1 32.6* 9.9 14.6 8.0 9.5 25.2* 
MST301 0.0 0.0 3.3 11.4 18.8 2.7 3.9 59.8 
SFG320 0.0 0.0 3.2 8.6 20.6 5.1 2.7 59.9 

Cap Clara 0.0 0.0 14.1 8.4 18.7 11.7 13.3 33.9 
MVA 303 0.0 0.0 1.6 15.5 16.8 6.2 3.2 56.6 
MRA 306 0.0 0.0 5.6 13.8 21.1 2.7 0.0* 56.7 
NBR 323 0.0 0.0 6.5 4.7 16.9 6.1 14.8 51.0 
NØ 319 0.0 0.0 9.9 8.6 8.3 2.4 11.6 59.3 

NVV 321 0.0 0.0 9.6 9.0 8.9 2.5 12.1 57.8 
TTN 307 0.0 0.0 3.8 10.8 11.7 2.6 4.5 66.5 
TN 301 0.0 0.0 4.4 11.2 15.5 1.7 6.2 61.0 
TN 301 0.1 0.1 14.2 17.4 8.0 7.0 6.9 46.4 

Average 0 0 7 11 15 5 8 55 
SD     4.2 3.4 4.7 2.8 4.2 8.4 

%RSD     60 32 32 62 52 15 

 

 

There is large variation in the average contribution to toxicity of GTX 1-4, as GTX 1 and 

4, and GTX 2 and 3 are optical isomers, shown in Figure 1.Therefore, the sum of their 

combined contribution was calculated, as shown in Table 14.  

 

Both the individual toxin concentrations and the average toxin toxicity percentages 

demonstrate that the Norwegian toxin profile is dominated by STX, with GTX 1-4 and 

Neo also contributing significantly. The contributions of GTX 1, GTX 4 and Neo are 

lower than expected from experience using the HCl extraction with post-column 

HPLC/FLD analysis. This could be due to the acid hydrolysis of C3, C4 and GTX6, 

taking place when the samples are acid cooked (AOAC, 1984).  It is suspected that these 

toxins were present in several of the shellfish samples.  

 

 It is interesting to note that the only sample from the south of Norway (labelled 

VAF302) shown a statically significant difference in toxin profile compared to the other 

samples. However, no firm conclusions can be draw from one sample. 
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Table 14. Relative toxicity for each detected toxin as a percentage of the total relative toxicity, when 
analysed by post-column HPLC-FLD (2.7.1). Value considered an outlier (Dixon test, P=0.05) (*), 
Sample considered an outlier, two toxins from the sample were outliers (Dixon test, P=0.05) (**) 
 

  Percentage of Total Relative Toxicity (µg STXdiCl equ/kg) 
Location GTX 1+4 GTX 2+3 Neo STX 

VAF302** 40.6* 24.5 9.5 25.2* 
MST301 6 30.2 3.9 59.8 
SFG320 8.3 29.2 2.7 59.9 

Cap Clara 25.8 27.1 13.3 33.9 
MVA 303 7.8 32.3 3.2 56.6 
MRA 306 8.3 34.9 0.0* 56.7 
NBR 323 12.6 21.6 14.8 51 
NØ 319 12.3 16.9 11.6 59.3 

NVV 321 12.1 17.9 12.1 57.8 
TTN 307 6.4 22.5 4.5 66.5 
TN 301 6.1 26.7 6.2 61 
TN 301 21.2 25.4 6.9 46.4 
Average 12 26 8 55 

SD 6.2 5.5 4.2 8.4 
%RSD 54 21 52 15 

 

 

When the PSP profile from Norway shellfish was compared with other reported profiles, 

it was found to be similar to that of shellfish from the UK (Turrell et al., 2007). Both 

were found to contain mainly the carbamate toxins and to a lesser degree the n-sulfo-

carbamoyl toxins. This is in contrast to the PSP toxin profiles from Portugal (Artigas et 

al., 2007), Trinidad, and Venezuela (Yen et al., 2006), where, in addition to the 

carbamate and n-sulfo-carbamoyl toxins, high concentrations of the decarbamoyl toxins 

are present. Information regarding the toxin profile of a specific region or coastal area is 

helpful when analysing shellfish samples and essential when making risk management 

evaluations.    
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4 Conclusions  
 
 
This study has resulted in an improved LC-MS/MS method, which can now be used for 

the routine regulatory determinations of PSP toxins in shellfish samples in a single 

chromatographic analysis. The reduction in the overall LOD to 313 µg/kg STX-equ of the 

LC-MS/MS analysis was presumably due to a combination of a novel extraction method, 

improved sample clean-up and gradient elution. 

 

The improvement in PSP toxin extraction yields for the developed extraction compared to 

the standard HCl extraction has also resulted in a reduction in the LOD of the Post-

column HPLC-FLD method compared to the previously reported method (AOAC, 1984). 

The LOD of 89 µg/kg STX-equ would allow routine regulatory determination even if the 

regulatory limit is reduced to 170 µg/kg STX-equ (for 250 gram shellfish consumption) 

as recommended by the joint FAO/WHO/IOC expert report (FAO 2005). 

 

The removal of a naturally fluorescent interference by activated carbon clean-up has been 

demonstrated. The ability to remove the interference will assist in analyte identification 

and determination when a given shellfish sample contains both a naturally fluorescent 

interference and PSP toxins concentrations approaching the regulatory limit when using 

the HPLC-FLD method. 

 

A combination of post-column HPLC-FLD and LC-MS/MS was used to investigate the 

Norwegian toxin profile. If was found that the PSP toxins could be detected in shellfish 

samples from the Norwegain coastline for ten months of the year. The toxin profile 

consisted mainly of the carbamate toxins, GTX 1-4, Neo and STX, in terms of both 

concentrations and contribution to the overall toxicity. In addition, several of the n-sulfo-

carbamoyl toxins were either detected in the samples at relatively low concentrations or 

their presence in the samples could not be confirmed by post-column HPLC-FLD or LC-

MS/MS analyses. 

The extraction method developed in this study has the potential to be used as a ‘universal’ 

algae toxin extraction method, however, further investigation is needed.  
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Appendix I 
 
 
Appendix I. Recoveries of PSP toxins after the developed extraction (2.4.2) and Oasis HLB clean-up 
(2.6.1) when analysed by post column HPLC-FLD (2.7.1). Mobile phase A (a), mobile phase B (b), 
mobile phase C (c).    
 

C1 (a) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.730 1.459 2.189 3.283 4.378 
% Recovery  96 94 101 105 99 
C2 (a) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.224 0.448 0.672 1.008 1.344 
% Recovery  96 94 101 105 99 
GTX 1 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.678 1.357 2.035 3.053 4.070 
% Recovery  79 73 80 75 77 
GTX 2 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.755 1.510 2.266 3.398 4.531 
% Recovery  70 58 60 55 56 
GTX 3 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.250 0.499 0.749 1.123 1.498 
% Recovery  88 80 76 77 79 
GTX 4 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.224 0.448 0.672 1.008 1.344 
% Recovery  88 93 90 95 95 
GTX 5 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.520 1.040 1.560 2.080 3.640 
% Recovery  48 45 39 41 39 
DcGTX 2 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.730 1.459 2.189 3.283 4.378 
% Recovery  71 69 74 70 76 
DcGTX 3 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.205 0.410 0.614 0.922 1.229 
% Recovery  73 68 75 71 76 
STX (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.416 0.832 1.248 2.496 2.496 
% Recovery  59 48 47 47 42 
DcSTX (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.397 0.794 1.190 1.786 2.381 
% Recovery  54 48 43 41 38 
Neo (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.416 0.832 1.248 1.872 2.496 
% Recovery  62 49 52 45 47 
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Appendix II 
 
 
Appendix II. Recoveries of PSP toxins after the developed extraction (2.4.2) and Carbograph clean-
up (2.6.2) when analysed by post column HPLC-FLD (2.7.1). Mobile phase A (a), mobile phase B (b), 
mobile phase C (c).  
 

C1 (a) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.730 1.459 2.189 3.283 4.378 
% Recovery  88 71 62 63 59 
C2 (a) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.224 0.448 0.672 1.008 1.344 
% Recovery  77 59 48 47 43 
GTX 1 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.678 1.357 2.035 3.053 4.070 
% Recovery  36 32 37 28 33 
GTX 2 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.755 1.510 2.266 3.398 4.531 
% Recovery  30 27 24 23 29 
GTX 3 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.250 0.499 0.749 1.123 1.498 
% Recovery  36 35 37 31 36 
GTX 4 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.224 0.448 0.672 1.008 1.344 
% Recovery  < LOD 19 34 28 35 
GTX 5 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.520 1.040 1.560 2.080 3.640 
% Recovery  19 19 24 22 26 
DcGTX 2 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.730 1.459 2.189 3.283 4.378 
% Recovery  40 38 38 38 38 
DcGTX 3 (b) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.205 0.410 0.614 0.922 1.229 
% Recovery  22 22 20 20 20 
STX (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.416 0.832 1.248 2.496 2.496 
% Recovery  22 22 16 14 16 
DcSTX (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.397 0.794 1.190 1.786 2.381 
% Recovery  31 26 24 19 22 
Neo (c) Level 1 Level 2 Level 3 Level 4 Level 5 
Concentration (nmol/mL) 0.416 0.832 1.248 1.872 2.496 
% Recovery  < LOD 24 24 19 23 
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Appendix III 
 
 
Appendix III, Table 1. Calibration curves (peak area) generated from the calibration samples after 
the developed extraction (2.4.2) and Oasis HLB clean-up (2.6.1) when analysed by post column 
HPLC-FLD (2.7.1). Mobile phase A (a), mobile phase B (b), mobile phase C (c), correlation 
coefficient (corr. coeffi.), peak height (*), forced intercept (**). 
 

  Low Conc. 
(nmol/g) 

High Conc. 
(nmol/g) Levels Slope Intercept Corr. Coeffi. 

C1 (a) 0.44 2.63 5 264.68 -62 0.9982 
C2 (a) 0.13 0.81 5 191.54 -15 0.9973 

GTX 1 (b) 0.41 5.69 7 102.39 4 0.999 
GTX 2 (b) 0.45 6.34 7 597.48 9 0.9998 
GTX 3 (b) 0.15 2.09 7 1227.3 11 0.9996 
GTX 4 (b) 0.13 1.88 7 101.36 1 0.9961 
GTX 5 (b) 0.31 1.87 5 60.676 5.7 0.9615 

DcGTX 2 (b) 0.44 2.63 5 698.39 0** 0.9945 
DcGTX 3 (b)* 0.12 0.74 5 39.027 -1 0.9969 

STX (c) 0.25 3.49 7 262.46 -15 0.9982 
DcSTX (c) 0.24 3.33 7 372.68 -27 0.9974 
Neo (c)* 0.25 3.49 7 1.6803 0** 0.9986 

 
 
 
Appendix III, Table 2. Calibration curves generated (peak area)  from the calibration samples after 
the developed extraction (2.4.2) and Oasis HLB + Carbon clean-up (2.6.2) when analysed by post 
column HPLC-FLD (2.7.1). Mobile phase A (a), mobile phase B (b), mobile phase C (c), correlation 
coefficient (corr. coeffi.), peak height (*), forced intercept (**). 
 
 

  Low Conc. 
(nmol/g) 

High Conc. 
(nmol/g) Levels Slope Intercept  Corr. Coeffi. 

C1 (a) 0.44 2.63 5 193.5 -12.6 0.9969 

C2 (a) 0.13 0.81 5 155.68 -2.1 0.9953 

GTX 1 (b) 0.41 2.44 5 31.005 0.74 0.9672 

GTX 2 (b) 0.45 2.72 5 241.18 -28.8 0.9505 

GTX 3 (b) 0.15 0.89 5 300.64 -3.9 0.9787 

GTX 4 (b) 0.27 0.81 4 14.184 4.1 0.9126 

GTX 5 (b) 0.62 1.87 4 23.725 -2.7 0.891 

DcGTX 2 (b) 0.44 2.63 5 343.72 -18.6 0.9962 

DcGTX 3 (b)* 0.13 0.74 5 9.785 0** 0.9989 

STX (c) 0.25 1.49 5 49.932 0.8 0.9613 

DcSTX (c) 0.24 1.43 5 95.8 1 0.9739 

Neo(c) 0.5 1.49 4 18.161 0.3 0.9386 
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Appendix IV 
 
 
Appendix IV. Calibration curves (peak area) generated from the calibration samples after the 
developed extraction (2.4.2) and Oasis HLB + Carbon clean-up (2.6.2) when analysed byLC-MS/MS 
(2.7.3), correlation coefficient (corr. coeffi.), 
 

  
Low Conc. 
(nmol/g) 

High Conc. 
(nmol/g) Levels Slope Intercept Corr. Coeffi. 

C1 0.44 2.63 5 28946 3893 0.9691 

C2 0.13 0.81 5 52323 1381 0.976 

GTX 1 0.41 2.44 5 1937.9 33 0.9661 

GTX 2 0.45 2.72 5 2492 -754 0.9718 

GTX 3 0.15 0.89 5 70677 -3245 0.9556 

GTX 4 0.27 0.81 4 32022 1355 0.9271 

GTX 5 0.25 1.49 5 33308 -2809 0.9755 

DcGTX 2 1.31 2.63 3 1117.1 -729 0.8909 

DcGTX 3 0.13 0.74 5 462970 1272.7 0.9821 

STX 0.25 1.49 5 13092 -1920 0.9816 

DcSTX 0.71 1.43 3 9214 1020 1.0000 

Neo 0.25 1.49 5 6431.3 -1063 0.9864 
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