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Abstract 

 

Paralytic shellfish poisoning (PSP) toxins, or usually termed as paralytic shellfish 

toxins (PSTs), produced by marine and freshwater microalgae during algal blooms 

can accumulate in filter-feeding bivalve shellfish. Early detection of PSTs in 

shellfish is therefore important for food and public health safety.  High performance 

liquid chromatography (HPLC) methods with pre- or post-column oxidation for 

fluorescence detection (FLD) and HPLC-mass spectrometry (MS) are the most 

widely used instrumental analytical methods for PSTs, but are not easily miniaturised 

for field-deployable portable analyser. Capillary electrophoresis (CE) can be 

developed as an alternative method as it is compatible with miniaturisation, making it 

an attractive method for a portable analyser for early on-site detection.  

In order to develop appropriate portable instrumentation for CE of PSTs, it is 

necessary to develop appropriate methods. This was first done by developing CE 

methods with different detection techniques namely ultraviolet (UV), capacitively 

coupled contactless conductivity detector (C4D), MS, and FLD - making this the first 

report of the use of C4D and an improved FLD detection for various PSTs with CE. 

Due to the fact that most oxidised PSTs were neutral, micellar electrokinetic 

chromatography (MEKC) was used in combination with FLD. The capillary zone 

electrophoresis-UV (CZE-UV) and CZE-C4D methods provided better resolution, 

selectivity and separation efficiency compared to CZE-MS and MEKC-FLD 

methods. However, CZE-UV and CZE-MS methods did not provide sufficient 

sensitivity to detect PSTs at the regulatory concentration limit, while CZE-C4D and 

MEKC-FLD did show sensitivity below or close to the regulatory limit. The latter 

most portable methods were evaluated for the screening of PSTs in a naturally 
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contaminated mussel sample. MEKC-FLD was successfully used for PSTs screening 

in the periodate-oxidised sample, whilst CZE-C4D method suffered from significant 

interferences from sample matrix; a result that motivated further investigation of an 

on-line preconcentration method to deal with the high conductivity sample matrix 

and improve the sensitivity.  

Therefore, CZE with C4D was examined with counter-flow transient 

isotachophoresis (tITP). The tITP system exploited the naturally high sodium 

concentration in mussel sample to act as a leading ion, in combination with one 

electrolyte acting as terminating electrolyte (TE) and background electrolyte (BGE). 

Optimisation of the BGE concentration, duration of counter-flow and injected sample 

volume suitable for tITP resulted in sensitivity enhancement of at least two-fold over 

CZE-C4D method developed in the first body of work. In particular, the modest gain 

in sensitivity was achieved in the existence of a high concentration of sodium, a 

sample matrix property that was problematic in previous method.  This allowed the 

analysis of PSTs in mussel sample at below or close to the regulatory concentration 

limit.  

The pre-column periodate oxidation MEKC-FLD method described in the first body 

of work enabled direct screening of PSTs in shellfish sample; however some toxins 

produced multiple and/or identical oxidation products, affecting selectivity and 

specificity of the method. The findings initiated investigation of CE with droplet 

microfluidic post-column reaction system for the separation and FLD of PSTs. The 

concept was that PSTs were separated using CZE and electrophoretically transferred 

into droplets segmented by oil. Formation of droplets and electrical connection in the 

CE-droplet microfluidic system were first evaluated. Depending on the total flow 

rate of both aqueous and oil phases, nL-sized droplets could be formed having 
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frequencies between 0.7-3.7 Hz. The use of an off-the-shelf micro cross for 

positioning a salt bridge across the droplet flow from the separation capillary outlet 

enabled the compartmentalisation of the analytes while maintaining the electrical 

connection. Further, the potential of the system was investigated for post-column 

oxidation of PSTs. Compartmentalised in the droplets, PSTs reacted with periodate 

oxidant already present in the droplets, in which only a single peak for each PST was 

detected by FLD.  

Given that the general objective of this research study is to develop suitable CE 

methods that can be implemented for on-site PSTs detection, the potentials of the 

developed methods compatible with miniaturisation and portability have been 

demonstrated. The CE methods with different detection techniques, combined with 

an on-line preconcentration and ability to be coupled with post-column reaction 

indicates the versatility of CE as alternative analytical method for PSTs. 
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Preface 

 

The importance of analysing paralytic shellfish poisoning toxins  

Microalgae produce a structurally diverse array of phycotoxins that can accumulate 

through the food chain and affect human health. Such toxins are saxitoxin (STX) and 

its analogues, collectively known as paralytic shellfish toxins (PSTs) due to their 

neurotoxicity in mammals, including humans. At least 30 PSTs analogues have been 

confirmed to have toxicological effects [1, 2], with their toxicity relative to STX 

indexed through the Toxicity Equivalent Factors (TEFs) [3, 4]. Blooms of 

dinoflagellates producing PSTs frequently occur in both Northern and Southern 

Hemispheres, most commonly along the cold water marine coasts.  

PSTs are of particular concern in shellfish-producing areas because they can 

accumulate to high concentrations in shellfish including mussels, oysters and 

scallops, and can cause human illness known as paralytic shellfish poisoning (PSP) 

upon consumption. The first poisoning associated with human severe intoxification 

event was reported in 1927 in California, which resulted in 102 being ill and six 

deaths. Outbreaks in Europe, North America, Japan, South Africa, Australia and 

New Zealand soon followed [5]. The impact of PSTs is also significant to seafood 

industry.  As the shellfish trade increases globally with increased exports and imports 

to and from regions of the world where these toxins are widespread, effective 

monitoring of toxins in shellfish products have to be in place. Relevant to the 

Australian shellfish industry, a recent incident (in 2012) that has highlighted the 

seriousness of this issue was the discovery of intolerable level of PSTs in a shipment 

of blue mussels to Japan originating from the east coast of Tasmania [6]. This 
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resulted in a global recall of products from this source and extended closures (up to 

100 days) of important shellfish production areas.  The total economic impact was 

estimated to be AUD25.6 million. The incident was attributed to a breakdown in the 

biotoxin management plan procedures, which resulted in inadequate toxin 

monitoring been carried out in the affected region before and while the shellfish were 

being harvested. This resulted in failure to detect toxic bloom and the PSTs in the 

shellfish, which led to the export of contaminated products. As such, there is a strong 

need to detect and analyse PSTs in shellfish samples prior to toxins accumulating to 

dangerous levels, in which early detection and prevention can further protect 

economy activities and human health. 

Mouse bioassay (MBA) is the common method used for the detection of PSTs in 

regular monitoring; however this method is currently being phased out due to ethical 

issues. Various alternative biological and analytical methods have been developed 

and employed, including enzyme-linked immunosorbent assay (ELISA) [7-10], 

receptor binding assay (RBA) [11, 12], saxiphilin-based assay [13, 14] and high 

performance liquid chromatography (HPLC) [15, 16]. Among these methods, ELISA 

is the only to have been commercially developed in a test kit for PSTs detection in 

contaminated shellfish or water samples (i.e. www.r-biopharm.com, 

www.biosense.com, www.abraxiskits.com, www.anconbiotech.com and 

www.beaconkits.com). While these commercial kits are considered portable and can 

be used to detect PSTs on-site, Campbell et al. [17] pointed out they have the 

potential to produce subjective interpretation of results.  

The Association of Official Analytical Chemists (AOAC) approves HPLC with pre- 

or post-column oxidation and fluorescence detection (FLD) as official methods [15, 

16]. On top of that, HPLC-mass spectrometry (MS) is also widely used, and is 
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expected to be accepted in the near future [18, 19]. Often only a few centralised 

laboratories have the expertise and capacity to analyse PSTs by HPLC methods, 

leading to significant analytical turnaround time. Moreover, HPLC is not prone for 

miniaturisation to be used in portable instrumentation. Relevant to the purpose of this 

research study, a technique that can be miniaturised and function as rapid and 

selective detection method is much desired. Rapid and quantitative on-site PSTs 

analysis at shellfish farms using portable instrumentation would improve toxin 

management by providing timely toxin information to shellfish producers to manage 

stock harvests around toxin closure periods, and reduce losses due to 

harvested/packed seafood product loss or recall, and the risk of the sale of seafood 

exceeding limits for safe human consumption.   

 

Capillary electrophoresis and its potential as portable analyser  

Electrophoresis has the potential as an alternative analytical method as it provides 

rapid and efficient separation with minimal consumption of sample and reagents. 

Capillary or microchip electrophoresis is well suited to portability because only a 

separation capillary (or channel for microchip), a high voltage power supply and a 

detector are needed to perform the separation. Significantly, it is inherently more 

miniaturisable than HPLC since no highly sophisticated pressure pumping systems 

are required. In general, a number of portable capillary and microchip electrophoresis 

instrumentations/devices have been developed. This includes the Mars Organic 

Analyser [20-22], hand-held portable isotachophoresis system [23] and the Medimate 

Multireader® [24, 25]. The challenging part in CE is the detection system, which has 

always been a significant since its inception three decades ago. Miniaturisation of the 
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detector is therefore a key step in the pursuit of making CE portable – it should 

provide good sensitivity and be universal for a range of analytes that can be 

separated in CE [26]. Capacitively coupled contactless conductivity detector (C4D) 

and FLD are the most miniaturisable detection methods that have been routinely used 

to improve portability [27]. In general, a C4D can be constructed from two axially 

positioned electrodes through which the separation capillary (or channel for 

microchip) is fitted [28]. Alignment of the electrodes is unnecessary and compared to 

contact conductivity, electrode fouling is impossible as these are not in direct contact 

with the solution. Lasers are currently the most important light source for FLD. The 

wavelength range available covers almost the whole spectrum from near infrared 

down to near UV. The applicability of incorporation into portable analyser increases 

when employing laser diodes or light emitting diodes (LED) as excitation light 

source [27]. While miniaturised MS has been described [29, 30], they are highly 

sophisticated and require significant infrastructure (e.g. vacuum) to be operational. 

Ultraviolet (UV) photometric detector based on LEDs has the potential to be portable 

[31], however LEDs currently do not exist with a wavelength lower than 240 nm. 

Other miscellaneous detection systems such as nuclear magnetic resonance and 

inductively coupled plasma-MS are not suited to coupling to CE and miniaturisation 

in the near future, despite their increasing use for inorganic speciation [27].  
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Project aims and scopes of study 

From the above discussion, the analysis of PSTs is of high importance and early on-

site detection in shellfish would be significantly changing the way that shellfish 

quality is managed. The advantage of CE being miniaturisable and portable makes it 

a perfect choice to reach this goal. Therefore, the general aim of this research study is 

to explore the potential of CE as new alternative instrumental analytical method for 

the analysis of PSTs. The findings will serve as a fundamental understanding towards 

the realisation of field-deployable portable analyser. It is believed that once method 

is developed properly, then it will considerably increase simplicity of use on-site to 

produce laboratory-quality results. 

The specific aims of the project are to: 

1. Develop new CE methods for the analysis of PSTs. 

2. Develop and compare several detection methods for CE, namely C4D, FLD, 

UV and MS as the first step towards the development of portable analyser. 

3. Maximise the sensitivity and applicability of the most portable CE method 

(CE-C4D) by combining an on-line preconcentration method. 

4. Develop an improved method to the CE-FLD method based on an innovative 

technique in order to improve separation selectivity and specificity.  

5. Optimise, validate and implement the developed CE methods to PSTs-

contaminated shellfish sample. 
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 Chapter 1 

 Literatures review: Instrumental analytical methods for the 

analysis of paralytic shellfish poisoning toxins and other major 

phycotoxins 

 

1.1 Introduction 

In general, phycotoxins are small to medium-sized natural metabolites (molecular 

mass ranges 300 to over 3000 Da) that belong to many different classes of chemical 

compounds including tetrahydro purines, amino acids, alkaloids or polyethers [1, 2]. 

Toxins produced primarily by dinoflagellates and diatom species affect human health 

through seafood consumption while cyanobacteria toxins are through domestic water 

usage, although some cyanobacteria toxins can enter benthic food chain. Ingestion of 

toxic seafood leads to several major human poisoning syndromes namely paralytic 

shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), diarrhetic shellfish 

poisoning (DSP), neurotic shellfish poisoning (NSP) and ciguatera fish poisoning 

(CFP).  

Mouse bioassay (MBA), being the common detection method is expensive, requires 

specialised animal facilities and cannot be automated [3]. The MBA’s lack of 

selectivity, sensitivity and the difficulties of quantitation have driven the 

development of instrumental analytical methods such as the use of separation 

techniques like chromatography (i.e. HPLC) or electrophoresis (i.e. CE). Other than 

rapid method development, instrumental analytical methods are capable of 
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identification and quantitation of individual compounds in most toxin classes, due to 

the high sensitivity and selectivity these methods can offer.  

In this chapter, developments in chromatographic and electrophoretic methods for 

major phycotoxins are discussed, with attention given on the strategies used to 

achieve efficient, sensitive and rapid separation methods, as well as to the endeavour 

on introducing multi-toxin analysis methods. In addition, discussions are provided on 

criteria needed and challenges faced on the development of portability of these 

analytical separation methods towards early on-site detection/screening.  

 

1.2 Overview of toxins 

The chemical class, main poisoning effects and the source of major phycotoxins are 

summarised in Table 1.1. More details on the mechanism of poisoning action and 

toxicological evaluations can be found in several reviews on the subject [2, 4, 5]. The 

most toxic phycotoxins are the paralytic shellfish toxins (PSTs), which include 

saxitoxin (STX) and its analogues ((decarbamoylsaxitoxin (dcSTX), neosaxitoxin 

(NEO), decarbamoylneosaxitoxin (dcNEO), gonyautoxin1 to gonyautoxin6 (GTX1–

GTX6), decarbamoylgonyautoxin1 to decarbamoylgonyautoxin4 (dcGTX1–

dcGTX4), and C1 to C4), with their toxicity relative to STX indexed through TEFs 

[3, 6]. These originate from Gonyaulax catenella [7], Alexandrium minitum, 

Alexandrium tamarense, Gymnodium catenatum, Pyrodinium bahamensevar, 

Compressum dinoflagellates and Anabaena circinalis cyanobacteria [8, 9]. 

Consumption of PSTs-contaminated shellfish often results in severe vomiting, 

nausea and even death due to respiratory arrest and cardiovascular shock due to 

blockage of voltage-gated sodium channels [2, 10].  
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Table 1.1 Characteristics of major phycotoxins 

Phycotoxins Toxin source Chemical class and structure Lipophilicity Main poisoning effect 

PSTs 

(STX, dcSTX, NEO, 

dcNEO, GTX1-GTX6, 

dcGTX2-dcGTX3, C1-C4 

Dinoflagellates, 

cyanobacteria (for 

STX only) 

Tetrahydro purine, two guanidium 

groups 

Hydrophilic Severe vomiting, nausea, 

respiratory arrest, cardiovascular 

shock leading to death 

ASP toxin  

(DA) 

Diatom algae Cyclic amino acid, three carboxy 

groups 

Hydrophilic Severe gastrointestinal and 

neurological disorders 

DSP toxins  

(OA, DTX1-DTX5) 

Dinoflagellates Polyether, spiro-keto assembly Lipophilic Gastrointestinal disorder, diarrhoea, 

abdominal cramps, nausea, 

vomiting, tumour promoter 

PTXs  

(PTX1-PTX7, PTX2sa,  

7-epi PTX2sa)  

Dinoflagellates Polyether ester macrocycle 

 

Lipophilic Gastrointestinal disturbance 

YTXs  Dinoflagellates Ladder-shaped polyether Lipophilic Gastrointestinal disturbance, 
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(homoYTX, 

carboxyYTX, 

hydroxyYTX) 

abdominal pain 

AZAs 

(AZA2, AZA3), 

gymnodimines and 

spirolides 

Dinoflagellates AZAs: Polyether, second amine, 

three spiro ring 

Gymnodimines and spirolides: 

Cyclic imine, macrocycle 

Lipophilic Nausea, vomiting, abdominal 

cramps, diarrhoea 

NSP toxins 

(brevetoxins and 

analogues) 

Dinoflagellates Ladder-shaped polyether Lipophilic Respiratory irritation, mild 

gastroenteritis, neurologic 

symptoms  

CFP toxins 

 

Dinoflagellates Ladder-shaped polyether Lipophilic Gastrointestinal and neurological 

disorders 



13 
 

Domoic acid (DA) and its isomers are ASP toxins produced by Pseudo-nitzschia, a 

diatom widely distributed in coastal waters around the world [2, 11]. The 

intoxication is characterised by severe gastrointestinal and neurological disorders, 

hence the ASP category. The mechanism of toxicity is explained by its structural 

similarity with the excitatory neurotransmitter glutamic acid but with a much 

stronger receptor affinity. It binds predominantly to N-methyl-D-aspartate receptors 

in the central nervous system, resulting in depolarisation of neurons and subsequent 

cell dysfunction or death [12].  

DSP toxins such as okadaic acid (OA) and its analogues (dinophysistoxin1 to 

dinophysistoxin5 (DTX1-DTX5)) are lipid-soluble polyether compounds produced 

by Dinophysis dinoflagellate [13]. These toxins are potent inhibitors of Type 1 and 

2A protein phosphatases and also a powerful tumour promoter [14, 15]. Ingestion of 

DSPs-contaminated shellfish results in gastrointestinal disorder, diarrhoea, 

abdominal cramps, nausea and vomiting. Pectenotoxin (PTX) and its analogues 

(pectenotoxin1 to pectenotoxin7 (PTX1-PTX7), pectenotoxin-2 seco acid (PTX2sa) 

and 7-epi pectenotoxin-2 seco acid (7-epi PTX2sa)) are also produced by 

Dinophysis, which are initially associated with DSP. These toxins do not induce 

diarrhoea [16] and show histopathological changes in the liver and stomach when 

administered into mice [17],  indicating a toxicity mechanism that differs from OA 

and DTX [2]. Yessotoxin (YTX) and its analogues (homoYTX, carboxyYTX, and 

hydroxyYTX) are initially misclassified as DSP toxins because of their frequent co-

occurrence with DSP toxins. Despite evidence that YTXs do not cause diarrhetic 

effects when administered orally to mice [18-20], acute toxicity relevance is still 

taken into account for maintaining safety of the public health. YTXs are produced by 

Protoceratium reticulatum [21],  Lingulodinum polyedrum [22] and Gonyaulax 



14 
 

spinifera dinoflagellates [23]. Other lipophilic biotoxins usually analysed together 

with DSP toxins include azaspiracid (AZA) and its analogues (AZA2 and AZA3), 

spirolides and gymnodimines. The ingestion of AZAs-contaminated shellfish can 

lead to health effects similar to DSP [24]. The gastrointestinal effects may be 

explained by the alterations they induce in cytoskeletal structures and the E-cadherin 

system, with disruption of cell-matrix interactions, as well as perturbation of the 

intestinal barrier function [25]. There is no clear evidence of the toxicity of 

gymnodimines and spirolides to human, but as these are highly toxic to mice, they 

constitute a source of false positives by the MBA [26]. 

Brevetoxins and analogues, causative agents for NSP, are produced by Karenia 

brevis dinoflagellate [27]. Respiratory irritation and mild gastroenteritis with 

neurologic symptoms may occur after inhaling aerosol containing these or after 

ingesting contaminated seafood. Finally, ciguatoxins are another group of lipophilic 

marine toxins associated with CFP. Unlike other shellfish poisonings, these toxins 

are produced in fish in tropical and subtropical areas due to biotransformation and 

acid-catalysed spiroisomerisation of gambiertoxins by the Gambierdiscus toxicus 

microalgae [28, 29]. 
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1.3 Instrumental analytical methods  

Detection and quantitation of major phycotoxins has been accomplished by 

biological assays and/or instrumental analytical techniques.  MBA involves injecting 

a contaminated sample intra-peritoneally into a mouse and measuring the time to 

death. Despite this still being the method of choice for some parts of the world, 

ethical arguments against the continued use of live animals has seen the MBA 

banned from many jurisdictions [30]. Several non-animal biological methods have 

been developed for the detection of phycotoxins such as enzyme-linked 

immunosorbent assay (ELISA), receptor binding assay (RBA), cell based assay and 

biosensing. RBA method has been accepted by the AOAC for the detection of PSTs 

[31], which like the MBA provides a single integrated toxic potency value to reflect 

the health risk to humans, but unable to identify the toxins present. Analytical 

methods for detection, quantitation and possibly for routine monitoring of 

phycotoxins are thus required and must be able to handle the increasing numbers of 

toxin variants discovered around the world. This includes the application of 

separation techniques such as chromatographic and electrophoretic methods that 

mostly can separate and identify each of toxins classes and analogues. The 

advantages of analytical method are the superior sensitivity for individual toxins as 

compared to MBA, and data can be collected faster. With regards to toxin screening, 

this helps in verifying the stage of contamination which aids in subsequent action 

strategies (i.e. manage stock harvest, recall product or close farm).  Whilst a single 

and rapid method would be preferred, this is not straight forward with the chemical 

diversity of phycotoxins. Accurate detection and quantitation of the PSTs in shellfish 

is a substantial challenge because of this diversity as well as the difference in 

toxicities. It is imperative that these issues are factored in during method 
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development, in addition to the type of detection system, sensitivity, extraction and 

clean-up method and sample matrix interferences. 

 

Analytical separation methods are particularly attractive given the global efforts 

towards on-site detection through miniaturisation. The key to functionality and 

simplicity of portable instrumentation lies in the miniaturisable separation method, 

detector system and easy-to-perform sample preparation. While electrophoresis is a 

method naturally predetermined for miniaturisation, in case of LC, it has been a 

much more challenging task. Considering the technical and instruments requirement 

of LC, it is not easy to imagine that LC can be miniaturised and be made portable 

without extensive efforts; although it might be technically possible (i.e. portable LC 

for mobile laboratories [32] and portable immunoextraction-LC for herbicide 

analysis [33]). The drawback inherently comes from the requirement of eluent and 

pumping system. In regards to the analysis of phycotoxins, the requirement of 

multiple columns, mobile phases and sample injections for some of the toxins (i.e. 

PSTs and DSP toxins) complicates this further. On the other hand, electrophoresis is 

a promising technique for this purpose. Generally speaking, the effectiveness and 

significance of CE in toxin analyses is evidenced by the numerous publications of 

compounds ranging from fungal metabolic products (i.e. mycotoxins) [34-37], 

bacterial toxins [38-40] and animal venoms [41-44]. Extending from that, portable 

capillary and microchip electrophoresis methods have been successfully developed 

for various toxin analyses [45-48]. 
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The following section discusses the HPLC and CE methods for the analysis of major 

phycotoxins. Potential and challenges of most of the methods towards portability are 

pointed out. Table 1.2-1.5 provides information about the separation protocols, 

detection and method sensitivity (in terms of limit of detection (LOD) in sample 

extract) for the analysis of these toxins in various shellfish, microalgae or water 

samples.  
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1.4 Analysis of PSTs 

In most countries, the current regulatory limit set for PSTs in seafood to ensure 

public health safety is 800 μg/kg [49, 50], which corresponds with 800 ng/mL of 

PSTs in sample extract following the extraction procedure described in the AOAC 

methods [49, 51]. An overview of selected HPLC and CE protocols for the analysis 

of PSTs are tabulated in Table 1.2, with the most important works discussed below in 

separate sections. 

 

1.4.1 HPLC methods 

HPLC is one of the first instrumental analytical separation methods applied to PSTs 

analysis seeking alternatives to the MBA. The breakthrough of PSTs oxidation to 

enable FLD was first achieved by Bates and Rapoport using hydrogen peroxide 

(H2O2) [52]. When oxidised, a conjugated imino purine was formed from the 

guanidium on the tetrahydro purine backbone which had an excitation maximum at 

330 nm [52]. Unfortunately, not all PSTs yielded fluorescent product (i.e. N-

hydroxylated toxins, NEO and GTX1,4), a problem solved by Oshima et al. [53] who 

used tert-butyl hydroperoxide as a post-column oxidant after PSTs separation with 

HPLC. The fluorescence intensity increased seven times relative to the H2O2 

oxidation method, with LODs in sample extract in the range of 0.32-14 µg/mL. 

Using this reagent, all PSTs including the N-hydroxylated toxins were oxidised, but 

the reaction had to be conducted > 100 °C, an experimental complication compared 

to H2O2 oxidation carried out at room temperature.  
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Table 1.2: Selected HPLC and CE protocols for the analysis of PSTs. 

Protocol Sample Conditions LOD Ref 

Post-column oxidation                   

RP-ion pair-HPLC-FLD 

Shellfish Column: Develosil C8 or Inertsil C8 

3 separate isocratic elutions: 

1)  2 mM sodium heptanesulfonate in 30 mM ammonium phosphate 

(pH 7.1) and ACN (STX and NEO) 

2) 2 mM sodium heptanesulfonate in 10 mM ammonium phosphate 

(pH 7.1) (gonyautoxins) 

3) 1 mM tetrabutylammonium phosphate (pH 5.8) (C toxins) 

0.8-4 ng/mL [6] 

 

Post-column oxidation                   

RP-ion pair-HPLC-FLD 

Shellfish Column: Agilent Zorbax Bonus RP and Thermo BetaBasic 8 

2 separate gradient elutions: 

1) 11 mM heptanesulfonate, 5.5 mM phosphoric acid (pH 7.1)/11 

mM heptanesulfonate, 16.5 mM phosphoric acid, 11.5% ACN (pH 

7.1) (STX, NEO and gonyautoxins) 

4-70 ng/mL [54] 
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2) 2 mM tetrabutyl ammonium phosphate (pH 5.8)/2 mM tetrabutyl 

ammonium phosphate (pH 5.8) in 4% ACN (C toxins) 

Pre-column oxidation                   

RP-HPLC-FLD 

Shellfish Column: Supelcosil LC-18 

Gradient elution: 100 mM ammonium formate (pH 6.0)/100 mM 

ammonium formate (pH 6.0) with 5% ACN 

3-10 ng/mL 

 

[55, 56] 

 

Pre-column oxidation                

RP-HILIC-FLD 

Microalgae Column: µBondapak NH2 

Gradient elution: 50 mM sodium acetate buffer (pH 6.5)/water 

0.04-1 ng/mL [57] 

Pre-column oxidation                   

RP-HPLC-FLD 

Shellfish Column: Ascentis Express C18 

Gradient elution:100 mM ammonium formate (pH 6.5)/100 mM 

ammonium formate with 5% ACN 

NAa [58] 

Pre-column oxidation                   

RP-HPLC-FLD 

Shellfish Column: Kinetex C18 and Poroshell C18 

Gradient elution: 100 mM ammonium formate (pH 6.5)/100 mM 

ammonium formate with 5% ACN 

5-80 ng/mL [59] 

HILIC-MS/MS Microalgae, Column: TSK-gel Amide-80  2-10 ng/mL [60] 
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shellfish Isocratic elution: (35/65, %v/v) 2 mM ammonium formate/95% 

ACN, both contain 3.6 mM formic acid (pH 3.5) 

HILIC-MS/MS Shellfish Column: TSK-gel Amide-80  

Gradient elution: 2 mM ammonium formate/99% ACN, both contain 

20 mM acetic acid  (pH 3.5) 

2-70 ng/mL 

 

[61] 

HILIC-MS/MS Shellfish Column: X-bridge Amide 

Gradient elution: 3.6 mM formic acid/95% ACN and 3.6 mM formic 

acid 

0.08-3 ng/mL [62] 

HILIC-MS/MS Shellfish, 

fish 

Column: TSK-gel Amide-80  

Gradient  elution: 2 mM ammonium formate /ACN, both contain 

0.1% formic acid 

0.4-0.6 ng/mL [63] 

CZE-UV Shellfish  BGE: 20 mM sodium citrate (pH 2.0) 1500-1800 ng/mL [64] 

tITP-CZE-UV Shellfish BGE: 35 mM morpholine adjusted to  pH 5.0 with formic acid (also 

as LE), 10 mM formic acid as TE 

3-8 ng/mL [65] 
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Stacking-CZE-UV-MS Shellfish BGE: 100 mM morpholine adjusted to pH 4.0 with formic acid NAa [66] 

tITP-CZE-UV Shellfish BGE: 50 mM morpholine adjusted to  pH 5.0 with formic acid (LE), 

10 mM formic acid as TE 

50-60 ng/mL [67, 68] 

 

tITP-CZE-UV Microalgae BGE: 50 mM morpholine adjusted to  pH 5.0 with formic acid (LE), 

10 mM formic acid pH 2.7 as TE 

32-80 ng/mL [69] 

CZE-MS/MS Shellfish BGE: Trizma buffer pH 7.2 560-5600 ng/mL [70] 

Pre-column derivatisation 

CZE-FLD 

NAa BGE: 50% 1.9 mM phosphate buffer and 50%  ACN 0.3 fg/mL [71] 

 

a) NA Not available 
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The same group further refined their post-column method using periodic acid [6] 

with FLD at ex = 330 nm and λem = 390 nm. Oxidation could be done at relatively 

lower temperature (85°C) and the bubble generation that was known to be 

problematic when using peroxide could be avoided. In order to analyse the PSTs 

prior periodate oxidation, three separate isocratic chromatographic conditions using a 

reversed phase (RP) column and three separate injections of STX and NEO (group 

1), gonyautoxins (group 2) and C toxins (group 3) had to be used (conditions as 

outlined in Table 1.2). Three different mobile phases containing ion pair reagents 

were employed. To further simplify instruments set-up, two separate binary gradients 

using two separate RP columns (sequentially changed) and two separate injections of 

STX, NEO, gonyautoxins (group 1) and C toxins (group 2) were used instead [54]. 

The AOAC adapted the latter approach as AOAC HPLC-FLD Official Method 

2011.02 [72]. 

As an alternative to post-column HPLC-FLD method, Lawrence et al. developed a 

pre-column oxidation HPLC-FLD which was instrumentally much simpler [55, 56]. 

Periodate and/or peroxide oxidation solution at basic pH was used, with ammonium 

formate used to improve the sensitivity of the N-hydroxylated toxins. However, this 

approach had two major disadvantages. First, that for some PSTs, such as isomeric 

toxins (GTX2 and GTX3), the same oxidation product was formed (Figure 1.1) and 

thus they could not be distinguished from each other. Second, some of the PSTs 

produced multiple oxidation products, thus careful selection of primary peak for 

quantitation was crucial.  For example, NEO, and GTX1,4 produced three oxidation 

peaks, but only the second peaks were used for quantitation. The oxidised PSTs were 

separated on a RP column using single gradient system with LODs in sample extract 

of 3-10 ng/mL. In order to be used as regular monitoring method, the method was 
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refined in which initial screening of overall PST content in samples using periodate 

oxidation was conducted. If positive, this screen was followed by chromatographic 

fractionations (C18 or ion exchange solid phase extraction), and periodate and/or 

peroxide oxidations of the fractions to enable quantitation of the individual PSTs.  

The method was approved as AOAC HPLC-FLD Official Method 2005.06 [49]. 

Further details on both pre- and post-column oxidation HPLC methods are further 

described by Rodriguez et al. [73] and De Grasse et al. [74] in their reviews.  
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Figure 1.1 Chromatographic patterns showing oxidation products formed after 

periodate and peroxide oxidations of PSTs. The same quantity of each toxin was 

used for each pre-column oxidation reaction. Arrows indicate peaks used for 

quantitation. Chromatographic conditions: RP HPLC, gradient elution with 100 mM 

ammonium formate (pH 6.0)/100 mM ammonium formate (pH 6.0) with 5% ACN. 

Reproduced from [56] with permission. 
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There have been a number of publications that have focused on improving the PSTs 

separation after pre-column oxidation through the use of new column types. He et al. 

[57] used a μBondapak NH2 column in hydrophilic interaction mode for the 

separation of PSTs in microalgae. All PSTs were eluted with water/acetate buffer 

solution (pH 6.5) without the use of organic solvent usually needed during separation 

using RP column. LODs of 0.04-1 ng/mL were achieved, as such the method was 

very sensitive to analyse trace level of PSTs especially in water samples. De Grasse 

et al. [58] evaluated the state-of-the-art solid core particle RP column (Ascentis 

Express) with the advantage of increased resolution due to shorter diffusion paths 

which reduced peak broadening. Compared to elution times using a conventional RP 

column, the new column was faster which reduced the separation time from 15 min 

to 5 min. Hatfield et al. examined superficially porous sub 2-µm silica beads 

columns (Kinetex and Poroshell), whereby a separation time of 6 min was achieved, 

half the time using conventional RP column (Gemini C18). LODs ranging from 5-80 

ng/mL were achieved, improved at least two-fold compared to a RP column (LODs 

of 10-140 ng/mL) [59]. Similar performance to the Ascentis Express column was 

shown [58] but the sample throughput doubled and analysis turnaround time (~24 h) 

improved.  

 

The most common issue when using a universal, non-selective detector is 

interference by toxin variants as well as sample matrix components, which can lead 

to false positives or negatives. Thus, HPLC combined with MS allows unambiguous 

identification, confirmation and quantitation of the toxins and/or new analogues.   

Dell’ Aversano et al. [60] used hydrophilic interaction LC-MS/MS (HILIC-MS/MS) 

with a TSK-gel Amide-80® column. By using triple quadrupole MS, protonated 
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and/or fragment ions were selected for monitoring, which enabled the detection and 

quantitation of isomeric toxins (GTX1-6, dcGTX1-4 and C1-4). Simultaneous 

determination of all major PSTs was achieved in a single 30 min analysis, with high 

degree of selectivity and LODs of 2-10 ng/mL.  

To obtain cleaner chromatograms in HILIC-MS/MS, improvements on the 

preparation methods have been published [61-63]. After extraction of shellfish 

samples in acidified aqueous ACN, Sayfritz et al. [61]  further cleaned-up the 

extracts using hydrophilic SPE columns (i.e. Oasis HLB and Carbograph activated 

carbon), in which sample matrix interference were removed. The method provided 

LODs in sample extract from 2-70 ng/mL. More recently, Watanabe et al.[62] used a 

basic alumina column to clean-up microalgae extracts. The alumina column removed 

interfering peaks, as well as reducing peak shifting during separation and controlling 

variable ionisation efficiency during MS detection. Almost all the PSTs could be 

detected at < 0.8 ng/mL while GTX2 and dcGTX2 were slightly higher (3 ng/mL), 

due to the lower ionisation efficiency. Their method gave a lower LOD than either 

HPLC-FLD [6, 54, 55] or HPLC-MS [60, 61] developed prior to this work.  

In brief, HPLC-FLD and HPLC-MS methods give adequate sensitivity to be used for 

PSTs analysis in shellfish. This is a promising criterion to be used in portable 

instrumentation, however much effort is required to miniaturise the separation 

technique itself. In addition, the multiple chromatographic conditions required to 

separate PSTs prior to post-column oxidation makes realising miniaturisation more 

difficult compared to pre-column HPLC-FLD, however this also has an issue with 

regards to selectivity. Detection wise, FLD is easily miniaturised, which is in contrast 

to MS which has not been miniaturised at all for any liquid-phase technique. 
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1.4.2 CE methods 

PSTs contain two basic guanidium moieties in their structure with pKa values > 8.5 

and hence are positively charged in acidic medium (except C toxins which are 

neutral as a result of protonated sulfonic acid group). The successful separation of 

STX by cellulose acetate electrophoresis [75]  prompted Thibault et al. [64] to 

investigate capillary zone electrophoresis (CZE) for the analysis of STX and NEO. 

The molar absorptivity of PSTs above 220 nm was very low (< 0.001 mol/cm); 

however they showed some response at 200 nm [76] allowing UV detection.  The 

toxins were successfully separated using 20 mM sodium citrate at pH 2.1 as the 

BGE; however, the LODs were only 1500-1800 ng/mL, which were inadequate for 

trace analysis of PSTs. Transient isotachophoresis-CZE (tITP-CZE) was used as an 

on-line preconcentration approach to improve the LOD [65]. An electrolyte 

containing 35 mM morpholine adjusted to pH 5.0 with formic acid acted as the 

BGE/leading electrolyte (LE) while 10 mM formic acid as the terminating electrolyte 

(TE). The separation efficiency and resolution of all PSTs were impressive with 

sensitivity improvement up to 500-fold over Thibault’s method [64], achieving 

detection limits at least 100-times lower than the regulatory limit.  

Gago-Martinez and co-workers [67, 68] reported optimisation of tITP-CZE-UV 

method for the analysis of PSTs in shellfish samples. The use of lower separation 

voltage in combination with higher concentration of BGE/LE (50 mM morpholine 

added with formic acid) improved resolution and separation efficiency of all PSTs 

including the isomeric toxins (i.e. GTX1 and GTX4, GTX2 and GTX3, and GTX5) 

(Figure 1.2). LODs between 50-60 ng/mL were obtained, which enabled detection of 

PSTs in shellfish extracts at concentrations lower than the regulatory limit.  
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For the analysis of PSTs in microalgae, Wu et al. [69] compared tITP with two other 

on-column preconcentration (field amplification and stacking) used for CZE-UV. 

Due to the high concentrations of acetic acid and other compounds in microalgae 

extract, tITP was concluded as the better choice to enrich PSTs and to partly remove 

matrix ions. The LODs obtained were 32-80 ng/mL, which was comparable to report 

by Gago-Martinez et al. [68]. 
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Figure 1.2 CE-UV analysis of PSTs standards. Conditions: 50 mM morpholine 

adjusted to pH 5.0 with formic acid as BGE/LE, 10 mM formic acid as TE; sample 

injected at 50 mbar for 90 s and separation was made at 20 kV. Note that different y-

axis was used in upper and lower figures. Reproduced from [68] with permission. 
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MS provides unambiguous identification of toxins; however, combination of MS 

with CE is relatively harder than with HPLC. Volatile buffer usually possessing low 

resolving power characteristics for CE must be used, limiting the freedom for BGEs 

selection. By using 100 mM acetic acid (pH 2.9) as BGE for CE and ionspray 

ionisation MS, Thibault et al. [64] identified peaks obtained from the separation 

using CZE-UV for shellfish and microalgae samples, which were confirmed to be 

STX and NEO. Pleasance et al. [70] developed a method based on co-axial 

arrangement as ionspray ionisation interface. Sheath flow (formic acid) could be 

delivered independently of the CE column effluent, thus providing greater flexibility 

in the selection of BGE for MS; trizma buffer (pH 7.2) was used for separation. 

However, dilution of the analyte zone by the sheath flow required as part of the 

interface was expected. This method provided LODs between 560-5600 ng/mL 

which were higher than the regulatory limit. Nevertheless, it allowed identifying and 

distinguishing isomeric toxins (e.g. GTX2 and GTX3) in shellfish samples.  

Given the popularity of HPLC-FLD and the fact that FLD can be miniaturised, it is 

surprising that only a report of CE-FLD for the analysis of PSTs was published. 

Wright et al. [71] reported initial attempt using CE and FLD, where several reagents 

including dansyl chloride, fluorescamine or o-phthaldialdehyde (OPA) were tested 

for saxitoxin (STX) labelling. The LOD of single STX-OPA derivative was 0.3 

fg/mL, but the method was not robust for quantitative study due to the fact that the 

OPA derivative degraded within an hour producing at least five additional neutral 

derivatives.  
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1.5 Analysis of ASP toxins 

To ensure safety of shellfish for human consumption, European Union specifies a 

regulatory limit of 20 mg/kg for ASP toxins (domoic acid, (DA)) [4, 77], which 

corresponds with 20 µg/mL in sample extract following the extraction procedure 

described in the official method [77]. DA exhibits good UV absorbency at ~240 nm 

due to its conjugated diene structure [2, 78, 79], thus allowing UV detection. 

Selected HPLC and CE protocols for the analysis of ASP toxins are tabulated in 

Table 1.3 with the most significant methods discussed below. 

1.5.1 HPLC methods 

Lawrence et al. [79, 80] used a RP column to separate DA in shellfish samples 

within 6-8 min, with LODs in sample extract of 500-1000 ng/mL using UV 

absorbance at 242 nm.  The method was later approved as AOAC HPLC-UV Official 

Method 991.26 [77]. One of the issues of using a generic detector is the susceptibility 

to interferences, a problem overcome by Lopez-Rivera et al. [81] by careful control 

of mobile phase pH. Careful selection of acidic conditions (pH 1.5-4.5) was used to 

improve the resolution of DA and interference peak (tryptophan) during separation 

by changing the extent of ionisation. This approach was susceptible to small changes 

in pH, thus a well buffered mobile phase was required.  This method allowed the 

injection of shellfish extract without the need for SPE clean-up with a LOD better 

than 25 ng/mL; approximately 20-times lower than official method [77]. Regueiro et 

al. [82] used a monolithic RP column and acidic mobile phase (pH 2.8), allowing 

rapid separation under 3 min and resolution between DA and tryptophan (> 10). The 

separation time was reduced by two as compared to previous method [81] and a LOD 

better than 40 ng/mL was achieved.  
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Table 1.3: Selected HPLC and CE protocols for the analysis of ASP toxins 

Protocol Sample Conditions LOD Ref 

RP-HPLC-UV Shellfish Column: Supelcosil LC-18 

Isocratic elution:(12/88, %v/v) ACN and 2% phosphoric acid (pH 2.5)/ 

2% phosphoric acid (pH 2.5) 

500-1000 ng/mL [79, 80] 

RP-HPLC-UV Shellfish Column: Luna-C18 

Isocratic elution: (12/87.8/0.2/0.01, %v/v) ACN/water/phosphoric 

acid/triethylamine 

< 25 ng/mL [81] 

RP-HPLC-UV Shellfish Column: Chromolith Performance RP-18e 

Isocratic elution: 7.5% ACN in water containing formic acid (pH 2.8) 

< 40 ng/mL [82] 

Pre-column derivatisation  

RP-HPLC-FLD 

Seawater, 

microalgae 

Column: Vydac 201TP 

Isocratic elution: ACN containing 0.1% trifluoroacetic acid 

 

 

0.02 ng/mL  [83] 
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Pre-column derivatisation  

RP-HPLC-FLD 

Microalgae Column: Nova-Pak C18 

Gradient elution: mixture of sodium acetate, phosphoric acid, 

triethylamine, sodium azide/aqueous ACN and 0.3% acetone 

0.1 ng/mL [84] 

Pre-column derivatisation  

RP-HPLC-FLD 

Microalgae, 

shellfish 

Column: Luna-C18 

Isocratic elution: (40/60, %v/v) ACN and 0.1% trifluoroacetic 

acid/0.1% trifluoroacetic acid 

< 15 ng/mL [85] 

 

Pre-column derivatisation  

RP-HPLC-FLD 

Shellfish Column: Beckman C18 

Isocratic elution:(38/62, %v/v) ACN/ 0.05% trifluoroacetic acid 

0.1 ng/mL [86] 

Post-column 

derivatisation  

RP-HPLC-FLD 

Shellfish Column: Nucleosil C18 

Isocratic elution: (13/87, %v/v) ACN/0.1% trifluoroacetic acid 

25 ng/mL [87] 

RP-HPLC-MS/MS Sea lion 

faeces  

Column: C18 column   

Gradient  elution: 1-95% methanol in 0.1% trifluoroacetic acid 

NAa [88] 

 

RP-HPLC-MS/MS Shellfish Column: Luna-2 C18   < 20 ng/mL [89] 
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Gradient  elution: ACN/water, both contain 0.05% trifluoroacetic acid  

HILIC-MS/MS Shellfish Column: TSK-gel Amide-80  

Gradient  elution: 2 mM ammonium formate /ACN, both contain 3.6 

mM formic acid 

3 ng/mL [90] 

RP-HPLC-MS/MS Shellfish Column: Kinetex C18 

Gradient elution: 0.2% formic acid/methanol and 0.2% formic acid 

< 0.08 ng/mL [91] 

RP-HPLC-MS/MS Seawater Column: Zorbax Eclipse C18 

Gradient elution: ACN and 0.1% formic acid/0.1% formic acid 

0.02 ng/mL [92] 

CZE-UV Shellfish BGE: N-cyclohexyl-3-aminopropanesulfonic acid pH 10.2 ~µg/mL range [93] 

CZE-UV Shellfish BGE: β-cyclodextrine-borate pH 9.0 40 ng/mL [94] 

 

 

cITP-CZE-UV Shellfish, 

microalgae 

BGE: 20 mM caproic acid+ 20 mM β-alanine+5% methanol+0.1% 

hydroxypropylmethylcellulose 

LE: 10 mM hydrochloric acid+20 mM β-alanine+0.05% 

2 ng/mL [95] 



36 
 

hydroxyethylcellulose (pH 3.5) 

TE: 5 mM caproic acid+5% methanol 

CE-EIA-EC Shellfish BGE: 1 mM H2O2 + 10 mM Briton-Robinson buffer+1% 

polyvinylpyrolidone (pH 5.0) 

0.02 ng/mL [96] 

 

a) NA Not available 
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In contrast to the analysis in shellfish samples, determining trace level of DA in 

microalgae or seawater requires greater sensitivity and the use of FLD is therefore 

popular, although as DA is not natively fluorescent it requires derivatisation. 

Pocklington et al. [83] used 9- fluorenylmethyl chloroformate for pre-column 

derivatisation and FLD (ex = 264 nm, λem= 313 nm). Derivatised DA was eluted 

within 15 min, with a LOD of 0.02 ng/mL, five orders of magnitude lower than the 

official method [77]. However, prior to analysis, excess reagent had to be extracted 

which further lengthened the analysis procedure. Sun and Wong [84] used 6-

aminoquinolyl-N- hydroxysuccinimidyl carbamate (AQC) with FLD (ex = 290 nm, 

λem = 395 nm). The derivatised DA eluted 20 min after excess AQC, which made 

extraction of excess reagent unnecessary. The LOD was 0.1 ng/mL, however the 

separation time was long (31 min). James et al. [85] and Chan et al. [86] both used 4-

fluoro-7-nitrobenzofurazan (NBD-F) to derivatise DA for FLD (ex = 470 nm, λem = 

530 nm). Derivatised DA eluted after the reagent’s hydrolysed products and the total 

separation was < 15 min. The reported LODs were 15 ng/mL and 0.1 ng/mL 

respectively, significant difference between these due to the combination of an 

additional preconcentration step (SPE based on amorphous titania material) in the 

latter method.  Maroulis et al. [87] used a similar reagent, 4-chloro-7-nitrobenzo-2-

oxa-1, 3-diazole (NBD-Cl), for post-column derivatisation of DA. A two-step 

derivatisation was used in which DA was reacted with NBD-Cl while the second 

reaction degraded the interfering reagent hydrolysis product to allow detection of the 

toxin. A LOD of 25 ng/mL was achieved, which was comparable to pre-column 

derivatisation using NBD-F [85], however the post-column method was more 

reliable due to less interference of hydrolysed products.  
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For the reasons stated for the detection of PSTs, MS has become a dominant 

detection method to accurately determine DA in various sample matrices [88, 89, 

97]. A single method that allows hydrophilic multi-toxin analysis is also desirable 

because DA is usually co-extracted with PSTs. This type of method was reported by 

Ciminiello et al. [90] who used HILIC-MS/MS for simultaneous separation of both 

toxin class. Using multiple reactions monitoring (MRM) acquisition at positive 

mode, DA was eluted at the chromatography front, which was at least 8 min before 

the first PST peak with a better LOD for DA in sample extract (3 ng/mL) than the 

FLD method of both James et al. [85] and Maroulis et al. [87]. 

Despite the power of using MS for detection, the occurrence of matrix effects is an 

issue and always demands efficient sample purification. This was usually done using 

laborious off-line strong anion-exchange SPE procedure. Therefore, Regueiro et al. 

[91] developed an automated on-line SPE-HPLC-MS/MS using column switching 

for rapid analysis of DA in shellfish samples. The total analysis time including 

sample injection, on-line clean-up and chromatographic separation was less than 11 

min, which was relatively shorter compared to using off-line SPE. An excellent LOD 

in the sample extract better than 0.08 ng/mL was achieved. Ion exchange SPE was 

not advised for highly saline samples due to the high ionic strength. Therefore, de la 

Iglesia et al. [92] used C18 SPE to desalt and preconcentrate DA from acidified 

seawater. Complete resolution between DA and its isomers was obtained in less than 

3 min with LOD for DA of 0.02 ng/mL.  

In short, hydrophilic multi-toxin analysis can be realised through the usage of 

HILIC-MS/MS. This substantially reduces the total analysis time and is seen to 

improve turnaround time when applied as regular monitoring method. Similar to 
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HPLC methods for PSTs, coupling of HPLC and MS is not suited to portability for 

the foreseeable future.  

 

1.5.2 CE methods 

DA can be separated by electrophoresis due to possessing three carboxy groups and 

an amino group, in which the charge states (cation or anion) were determined by pKa 

values (1.85, 4.47, 4.75 and 10.6) and solution pH. CE was initially demonstrated by 

Nguyen et al. [93] as an alternative method to LC.  A basic buffer (N-cyclohexyl-3-

aminopropanesulfonic acid, pH 10.2) was used, in which DA was separated < 10 min 

and detected by UV at 242 nm; LOD in the µg/mL level was achieved. Following 

this, Zhao et al. [94] used β-cyclodextrin added to the BGE (borate, pH 9.0) to 

separate DA and its isomers in shellfish samples. Two step SPE using anion and 

cation exchange columns were used for clean-up and preconcentration, in which the 

methods combined to provide a LOD in sample extract of 40 ng/mL. Kvasnika et al. 

[95] developed a method combining capillary isotachophoresis (cITP) with CZE-UV 

for on-column sample clean-up and to improve the sensitivity. The electrolyte 

compositions were complicated, involving caproic acid in β-alanine with methanol 

and hydroxypropyl methylcellulose as BGE, hydrochloric acid, β-alanine and 

hydroxyethylcellulose as LE, and caproic acid with methanol as TE. This method 

eliminated SPE steps because cITP enabled sample clean-up through migration of 

matrix interference from the separation capillary; thus the sample was cleaned before 

subsequent injection into analytical capillary (zone electrophoresis step). This 

method afforded LOD of 2 ng/mL which was 20 times lower than previous method 

[94].  
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Zhang and Zhang [96] developed a novel CE-based enzyme immunoassay (CE-EIA) 

in which it was combined with electrochemical detection (ECD), another highly 

miniaturisable detection method. The method was based on non-competitive 

immunoreaction between free DA antigen (Ag) and excess horseradish peroxidase 

(HRP)-labelled anti-DA antibody tracer (Ab*) in liquid phase. The bound enzyme-

labelled complex (Ab*-Ag) and unbound Ab* were separated by CE and the system 

of HRP catalysing hydrogen peroxide/o-aminophenol reaction was adopted for ECD. 

As shown in Figure 1.3, DA was separated within 4 min with LOD as low as 0.02 

ng/mL, which was at least 100 times lower than CE-UV methods [94, 95]. The 

combination of efficiency from CE, specificity of immunoassay, and sensitivity and 

miniaturisable property of ECD is deemed to be perfect for future development of 

portable DA analyser. 

While FLD and MS are used widely with HPLC for DA, they have not been reported 

with CE. 



41 
 

 

 

Figure 1.3 Electropherograms of Ab* and the Ab*–Ag immunocomplex. The 

concentration of HRP-labelled anti-DA (Ab*) were constant. Parts a, b, c, and d 

correspond to 0, 0.2, 0.8, and 3.0 ng/mL DA, respectively. The immune sample was 

diluted 10-fold with 10 mM pH 5.0 Briton-Robinson buffer containing 0.2% SDS. 

Peak 1: free Ab*; peak 2: Ab*–Ag immunocomplex. Reproduced from [96] with 

permission. 
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1.6 Analysis of DSP toxins 

Diarrhetic shellfish poisoning (DSP) was first reported in The Netherlands in 1960s 

and is now known to occur worldwide [98-107]. Analyses of DSP toxins (i.e. 

okadaic acid (OA) and dinophysistoxins (DTXs)) often include other lipophilic 

biotoxins such as pectenotoxins (PTXs), yessotoxins (YTXs), azaspiracids (AZAs), 

gymnodimines and spirolides; thus, instrumental analytical methods are usually 

preferred for routine monitoring [108]. The permitted level for DSP toxins in 

shellfish samples is 160 µg/kg [109, 110], which corresponds to 80 ng/mL of DSP 

toxins in sample extract following the extraction procedure described in the official 

method [109]. The level set for YTXs is 1000 µg/kg (500 ng/mL), 160 µg/kg (80 

ng/mL) for AZAs [109, 110], while spirolides and gymnodimines are not yet 

regulated. Selected HPLC and CE procedures for the analysis of DSP toxins are 

given in Table 1.4 and the most significant papers discussed below. 

 

1.6.1 HPLC methods 

Due to the lipophilic properties of DSP toxins, RP HPLC methods can be used, 

particularly after derivatisation for FLD. For instance, pre-column derivatisation of 

DSP toxins with 4-bromomethyl-7 methoxycoumarin (detected as coumarine-esters 

at λex = 325 nm, λem = 390 nm) [111] or 3-bromomethyl-6,7-dimethoxy-1-methyl-

2(1H)-quinoxalinone (λex = 370 nm, λem = 450 nm) [112] gave sensitivities in the low 

ng/mL level (4-50 ng/mL). While the HPLC-FLD methods provide excellent 

sensitivity, nonetheless, finding the most suitable derivatisation conditions that work 

simultaneously for multiple lipophilic biotoxins is always challenging; thus, making 

LC-MS a method of choice.  
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The separation of multiple lipophilic biotoxins using HPLC with MS/MS can be 

performed in a number of different conditions: acidic, less extreme pH (near neutral 

or slightly alkaline) or alkaline, in which each condition can change the extent of 

toxin ionisation to achieve good separation and detection for all toxins. Following 

initial work by Quilliam et al. [113], Goto et al. [114] developed comprehensive 

multi-toxin separations by sequentially changing four different RP columns 

isocratically eluted with different acidic mobile phases (Table 1.4). 
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Table 1.4 Selected HPLC and CE protocols for the analysis of DSP toxins  

Protocol Sample Conditions LOD Ref 

Pre-column derivatisation  

RP-HPLC-FLD 

Shellfish Column: Supelcosil-C18 DB 

Isocratic elution: (58/4.5/37.5, %v/v) ACN/methanol/water 

4 ng/mL [111] 

Pre-column derivatisation  

RP-HPLC-FLD 

Microalgae Column: Discovery C18 

Isocratic elution: (47/53, %v/v) ACN/water 

50 ng/mL [112] 

RP-HPLC-MS Shellfish Column: Symmetry C18, Capcellpak C18, Inertsil ODS-3 and Develosil 

ODS 

Isocratic elution: 

1) (7/3, %v/v) ACN/0.05% acetic acid (OA, PTX1, PTX2, PTX6, 

PTX2sa) 

2) (98/2, %v/v) methanol/2.5 mM acetic acid (DSP toxin analogues) 

3) (8/2, %v/v) methanol/0.2 M ammonium acetate (YTX, hydroxyYTX) 

 

0.6-9 ng/mL [114] 

RP-HPLC-MS/MS Shellfish Column: Luna C18 0.1-1.0 ng/mL [115] 
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Gradient elution: ACN/33 mM ammonium hydroxide and 500 mM formic 

acid (pH 2.0) 

RP-HPLC-MS Shellfish Column: Hypersil C8 

Gradient elution: 5 mM ammonium acetate (pH 6.8)/95% ACN 

0.50-12 ng/mL [116] 

RP-HPLC-MS/MS Shellfish Column: Gemini NX 

Gradient elution: 5 mM ammonium bicarbonate (pH 7.9)/5 mM 

ammonium bicarbonate in 95% ACN  

0.2-0.3 ng/mL [117] 

RP-HPLC-MS/MS Shellfish Column: X-Bridge C18 

Gradient elution: 6.7 mM ammonium hydroxide (pH 11)/ 6.7 mM 

ammonium hydroxide (pH 11) in 90% ACN 

0.08-0.9 ng/mL [118] 

RP-HPLC-MS/MS Shellfish X-Bridge C8 

Gradient elution of mobile phases as in method by McNabb et al.[115] or 

Stobo et al. [116] or These et al. [117] or Gerssen et al.[118] 

 

0.15-38 ng/mL [119] 

MEKC-UV Shellfish BGE: 12.5 mM borate + 20 mM SDS (pH 9.2) 5 ng/mL [120]  
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MEKC-UV Shellfish, 

microalgae 

BGE: 10 mM disodium phosphate + 35 mM SDS +20% methanol  

(pH 8.5) 

200 ng/mL [121] 

CZE-MS Shellfish BGE: 10 mM ammonium acetate (pH 8.5) 20 ng/mL [121] 
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The total separation time was 60 min. DSP toxins, YTXs and PTXs were monitored 

with [M-H]- ion, [M-Na]- ion and [M+NH4]+ ion, respectively. In combination with 

liquid-liquid extraction (LLE) and several SPE clean-ups, the LODs in sample 

extract range from 0.6-9 ng/mL. Nonetheless, this method was not favourable for 

routine monitoring due to the requirement of multiple chromatographic conditions. 

McNabb et al. [115] performed HPLC-MS/MS under acidic condition using a single 

RP column with gradient elution mixture of ACN and ammonium formate. 

Separation of all lipophilic toxins was achieved within 30 min. While the peak 

shapes for some of the toxins was poor, the method’s simplicity and sensitivity (LOD 

in sample extract of 0.1-1.0 ng/mL) were significant attributes that encouraged use 

by others for research and routine monitoring [122-125]. 

Two methods using less extreme pH chromatographic conditions were also 

developed which could help to extend the lifetime of RP column compared to 

methods with extreme acidic or alkaline conditions.  Stobo et al. [116] used 

ammonium acetate/ACN (pH 6.8) as mobile phase, and gradient eluted lipophilic 

toxins from RP column within 13 min. This method showed good performance with 

LODs in sample extract ranging from 0.50-12 ng/mL and offered high sample 

throughput capacity.  These et al. [117] used a slightly alkaline (pH 7.9) mobile 

phase comprised of ammonium carbonate and ACN. Applied together with SPE and 

LLE, the method could be used to quantitate toxins at LODs of 0.2-0.3 ng/mL. 

However, these two methods did not demonstrate the ability to detect two emerging 

lipophilic toxins classes, the gymnodimines and spirolides.  

Gerssen et al. [118, 126] developed a method based on extreme alkaline 

chromatographic condition for all lipophilic toxins including gymnodimines and 

spirolides. The separation was conducted using mobile phase comprising aqueous 



48 
 

ACN/ammonium hydroxide at pH 11. The high pH required a column that can 

withstand extreme alkaline condition and could maintain reasonable toxins 

separation, thus the X-Bridge C18 column was used.  In contrast with acidic 

chromatographic conditions, OA, DTXs and YTXs and AZAs are negatively charged 

while PTXs and gymnodimines remain neutral at alkaline pH; thus the elution order 

was different. A major advantage was that the toxins could be clustered in three 

MRM time windows allowing MS/MS detection without continuous electrospray 

ionisation polarity switching. All 28 toxins were separated within 16 min with 

improved LODs in sample extracts (0.08-0.9 ng/mL) compared to the acidic 

condition. This method has been adapted by several research or monitoring 

laboratories [107, 127-130]. Recently, Garcia-Altares et al. [119] implemented and 

compared all four chromatographic conditions for HPLC-MS/MS of multi lipophilic 

toxins. The chromatograms of standard toxin mixtures are shown in Figure 1.4. It 

was concluded that alkaline condition provided higher sample throughput, lower 

limit of quantitation and the best sensitivity and method accuracy.  

The development of analytical separation methods for DSP toxins and other 

important lipophilic toxins have been specifically focused to multi-toxin analysis, in 

which HPLC-MS, possessing the utmost merit to resolve and identify each toxin was 

used. High throughput analyses will be a highly valuable tool considering the 

increase of the number of samples to be processed during routine monitoring. 
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Figure 1.4 Example of chromatograms of DSP toxins and lipophilic toxins under four 

chromatographic conditions. Chromatographic conditions; (a) Acidic (pH 2.0): 

Gradient elution with 2 mM ammonium formate/2 mM ammonium formate in 95% 

ACN, both acidified with 50 mM formic acid; (b) Slight alkaline (pH 7.9): 5 mM 

ammonium bicarbonate/ 5 mM ammonium bicarbonate in 95% ACN; (c) Near 

neutral (pH 6.8): Gradient elution with 5 mM ammonium acetate/5 mM ammonium 

acetate in 95% ACN; (d) Alkaline (pH 11): 6.7 mM ammonia/ 6.7 mM ammonia in 

95% ACN. Reproduced from [119] with permission. 
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1.6.2 CE methods 

DSP toxins (i.e. OA) and other lipophilic toxins (i.e. YTXs) are usually analysed 

under separate CE conditions due to their different charge state in acidic or alkaline 

medium. OA possess carboxyl group in its structure that shows molar absorptivity at 

200 nm. This enabled Bouaïcha et al. [120] to use CE with UV detection for the 

determination of OA; a detection method never utilised in HPLC for this particular 

toxin. A borate buffer (pH 9.5) with 20 mM SDS could separate the negatively 

charged OA from other sample matrix components in under 8 min. The LOD was 5 

ng/mL, which was comparable to sensitivity obtained using HPLC-FLD method 

[111]. de la Iglesia et al. [121] evaluated and compared micellar electrokinetic 

chromatography-UV (MEKC-UV) and CZE-MS for the analysis of YTXs. In 

MEKC-UV, a BGE comprising disodium phosphate (pH 8.5) and 35 mM sodium 

dodecyl sulfate (SDS) was able to separate YTX and its analogue within 15 min. The 

identity of the analogue was further confirmed by CZE-MS in which poor selectivity 

inadvertently caused by CZE was encountered by the ability of MS to monitor 

individual toxins ion. With the aid of sample stacking, the LOD of YTX was 200 

ng/mL for MEKC-UV and 20 ng/mL for CZE-MS. 

 

1.7 The analysis of NSP toxins and CFP toxins 

Neurotic shellfish poisoning  (NSP) cases have been primarily reported in the United 

States (Gulf of Mexico and Florida) [131, 132] and New Zealand [133].  Since these 

events, the Food and Drug Administration of United States set a regulatory limit of 

800 µg/kg NSP toxins (brevetoxins) in shellfish [134], which corresponds to 800 

ng/mL in sample extract following the extraction procedure described in the official 

method [134, 135]. On the other hand, ciguatera fish poisoning (CFP) was initially 
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confined to tropical and subtropical areas [2], but is now ranked as one of the most 

common food-borne illnesses that represents a global threat to human health [136]. 

Currently, there are no regulatory limits for ciguatoxin and its analogues in fish, but 

it is required that contaminated fish are not placed in the market [136]. Compilation 

of different HPLC conditions used for the analysis of NSP toxins and CFP toxins are 

summarised in Table 1.5. 

 

1.7.1 HPLC methods 

HPLC with UV detection was initially used for NSP toxins (brevetoxins) [137, 138]; 

however the preference was to use HPLC-MS to obtain more structural information 

[131, 132, 139, 140]. Initial HPLC-MS method developed by Hua et al. [139] used 

methanol/water as mobile phase for elution of brevetoxins in RP column. Several 

analogues of brevetoxins in microalgae extract were successfully identified within 35 

min; however the LODs were only 40-900 ng/mL. To enable detection of trace level 

brevetoxins in seawater and microalgae samples, preconcentration procedure has to 

be incorporated. Twiner et al. [140] used SPE with C18 material whereby extensive 

optimisation was conducted to find suitable elution solvent and drying steps. 

Seawater matrices were removed, 20 mL methanol used for elution and extracts were 

dried by centrifugation before been resuspended in 1 mL methanol. The toxins were 

separated by RP HPLC-MS using acidified ACN/water as mobile phase. The method 

afforded a LOD down to 1 ng/mL, and was shown to efficiently quantitate 

brevetoxins well below the regulatory limit.  

Additional brevetoxins analogues are expected to exist and MS/MS is essential to 

enable structural characterisation and detection of these toxins. Following their 
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previous work on HPLC-MS of brevetoxins [141, 142], McNabb et al. [143] recently 

developed an improved HPLC-MS/MS for shellfish samples. This includes gradient 

elution using four different mobile phases (Table 1.5) to enable simultaneous 

separation of all toxins. Six brevetoxins including new analogues were successfully 

separated and detected within 15 min, with LODs in sample extract ranging from 4-

10 ng/mL.  
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Table 1.5 Selected HPLC protocols for the analysis of NSP toxins and CFP toxins  

Toxin  Sample Protocol Conditions LOD Ref 

NSP toxins Microalgae RP-HPLC-MS/MS Column: Spherisorb C18 

Isocratic elution: (85/15, %v/v) methanol/water 

40-900 ng/mL [139] 

NSP toxins Microalgae RP-HPLC-MS/MS Column: Luna C8 

Gradient elution: water/ACN  with 0.1% acetic acid 

< 1 ng/mL [140] 

NSP toxins Shellfish RP-HPLC-MS/MS Column: BDS Hypersil C8 

Gradient elution:  

1) 50% methanol/2.5% isopropanol 

2) 97.5% methanol/2.5% isopropanol 

3)30 mM ammonium formate/470 mM formic acid 

4) 90% ACN 

4-10 ng/mL [143] 

CFP toxins Fish RP-HPLC-MS Column: PRP-1 column 

Gradient elution: ACN/0.1% trifluoroacetic acid (pH 2.0) 

100 ng/mL [144] 
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CFP toxins Fish RP-HPLC-MS/MS Column: Vydac TP52 

Gradient elution: 0.05% trifluoroacetic acid /90% ACN and 

0.05% trifluoroacetic acid 

10-70 ng/mL [145] 

CFP toxins Fish RP-HPLC-MS/MS Column: Luna C18 

Gradient elution: 2 mM ammonium formate /95% ACN and 

2 mM ammonium formate 

< 25 ng/mL [146] 

CFP toxins Fish RP-HPLC-MS/MS Column: Luna C18 

Gradient elution: 0.1% formic acid /ACN and 0.1% formic 

acid 

< 30 ng/mL [147]  

CFP toxins Fish RP-UPLC-MS/MS Column: NAa 

Gradient elution: 2 mM ammonium formate /95% ACN and 

2 mM ammonium formate 

250-2500 ng/mL [148] 

a) NA Not available 
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Since the introduction of MS method to characterise ciguatoxins [144, 149, 150], this 

method has been studied in depth for confirmatory separation method [145] and is 

becoming more popular than pre- or post-column oxidation RP-HPLC-FLD methods 

[151-153]. However, laborious samples extraction and clean-up steps must be 

conducted to obtain cleaner chromatogram in HPLC-MS. Lewis et al. [145] used 

acetone extraction for sample (50-100 g) and subsequent multiple drying step. The 

extracts were subjected to two steps LLE (methanol/hexane) to remove low polarity 

lipid, additional three steps LLE (ethanol/ether) to extract toxins and finally clean-up 

with a silica column. Acidified ACN as mobile phase successfully eluted the 

polyether toxins on a RP column. The toxins were later detected by MS/MS by 

selecting dominant fragment ions [M+NH4]+, in which the LOD in sample extract 

was within ng/mL level (10-70 ng/mL). Lack of rapid extraction and clean-up steps 

usually limits the usefulness of this method; improvements to the preparative steps 

gained priority since then. The same group [146] developed a rapid extraction 

method to simplify detection and quantitation. The method streamlined the extraction 

of toxin by (i) replacing initial multiple acetone extraction-drying step with one-step 

extraction (small sample portion, < 2 g) and LLE (methanol/hexane), (ii) reducing 

number of transfers and drying steps, (iii) using centrifugation LLE and (iv) 

incorporation of two orthogonal SPE clean-up steps (RP and normal phase SPE). The 

turnaround time between analyses was significantly reduced to 12 min, and 

ciguatoxins < 25 ng/mL could be detected. While not an official standard method, 

Lewis’s method has been widely utilised by other research groups [147, 148, 154] 

and public health analytical service laboratories [155]. 

There are currently no published reports of CE of NSP toxins and CFP toxins; 

nevertheless seeing CE development works on these emerging toxins would be 
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interesting in the near future, particularly when implemented in a highly portable 

analyser. 

 

1.8 Conclusions 

This chapter highlights the developments of LC and CE methods for the analysis of 

major phycotoxins as alternative methods to move away from animal assay. Despite 

the chemical diversity of each toxin class that contributes to the complexity of 

analysis, accurate identification of individual toxin in almost all toxin classes can be 

achieved due to inherent specificity of separation and detection methods. In 

summary, almost all methods developed for major phycotoxins are able to detect 

toxins at the regulatory limit. Due to frequent occurrence of poisonings, there is a 

possibility that the regulatory limit of toxins in seafood products are to be reduced; 

therefore methods with capability for trace detection (lower LOD) are sought. Many 

efforts are seen on enhancing the sensitivity and efficiency of the methods (i.e. the 

use of efficient chromatographic/electrophoretic conditions and highly sensitive 

FLD).  

Due to seafood samples often containing several toxins from multiple classes of 

toxins, considerable effort is being devoted to develop multi-toxin analysis of 

hydrophilic or lipophilic toxin classes. In this case, sophisticated MS method will 

soon be the new ‘gold standard’, in line with its high resolving power that can detect 

structurally different existing and emerging toxins. This has catalysed the widespread 

combination of HPLC with MS through HILIC-MS for hydrophilic toxins (PSTs and 

ASP toxins) and RP HPLC-MS for lipophilic toxins (DSP toxins, YTXs, PTXs, 

AZA, gymnodimines and spirolides). Successful multi-toxin analysis provides high 
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throughput analysis for multiple toxin classes. High throughput analyses will be a 

highly valuable tool considering the increase of the number of samples to be 

processed during routine monitoring. With the increasing demands of rapid 

verification of contamination in seafood samples, trends are seen to develop portable 

methods so that on-site detection can be realised. While CE has the potential to be 

used in portable instrumentation, portability of HPLC with either FLD or MS 

detection systems is not likely to happen in the near future. Finally, from the result of 

the literatures, it is expected that analytical instrumental methods will be able to 

eliminate the dependence on animal assay in the near future. 
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 Chapter 3 

 Transient isotachophoresis-capillary zone electrophoresis with 

capacitively coupled contactless conductivity and ultraviolet 

detections for the analysis of paralytic shellfish poisoning toxins 

in mussel sample 

 

3.1 Introduction 

In Chapter 2, CZE-UV and CZE-MS were compared with another two most portable 

methods namely CZE-C4D and MEKC-FLD for the separation and detection of 

PSTs. Whilst MEKC-FLD had good sensitivity (60.9-1040 ng/mL), selectivity was 

compromised by the AOAC pre-column oxidation HPLC-FLD method required to 

render the PSTs fluorescence. CZE-C4D achieved similar LODs to MEKC-FLD 

without the need for this reaction, but was unable to detect PSTs when applied to a 

mussel sample due to sample matrix interferences. C4D is prone to these 

interferences, one of them being the salt (i.e. sodium chloride) in shellfish that might 

also reduced the sensitivity. On-line preconcentration in CE can be used to enhance 

sensitivity, in which normal stacking is usually utilised. This method requires BGE 

having very high conductivity than that of the sample, which is not practical with 

C4D. In this situation, transient isotachophoresis (tITP) becomes an alternative 

approach. Uniquely, the ITP stacking criterion can be met by taking the major matrix 

component (sodium) to serve as leading ion. When a suitable terminating ion is used, 

the analyte ions with mobilities intermediate between the supporting ions will fall in 

the ITP range and experience concentrating effect. The combination of tITP and CE 
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enables injection of larger sample volume and therefore enhancement in sensitivity 

and separation efficiency.  

Fukushi et al. [1] shows that tITP can be applied for the determination of inorganic 

ions in seawater, in which sulfate/bromate were introduced into the BGE to bracket 

mobilities of analytes at the low mobility side. Sensitivity enhancement of 20 was 

achieved. Riaz et al. [2] combined tITP with metal chelation to improve sensitivity 

for quantitation of transition metals in another highly saline sample, urine. The urine 

matrix chloride and phenylfluorone 4-(2-pyridylazo) resorcinol added to the sample 

acted as the leading and terminating electrolytes, respectively. In a sample containing 

250 mM sodium chloride, more than 400-fold enhancement was realised compared 

to the normal CE injection mode. While these methods were successfully developed 

with absorbance detector, combining tITP-CE with C4D is relatively challenging due 

to the requirement of low conductive BGE to maximise analytes response - a 

limitation that is not a major issue using absorbance detector. 

In this chapter, CZE with tITP is developed for the preconcentration of the PSTs and 

reduction of matrix interferences by using sodium ion from the saline mussel sample 

as the leading ion. This is the first report of tITP being used in combination with CE 

and C4D. Parameters such as BGE concentration, duration of counter-flow and 

sample volume injected are investigated to achieve optimum tITP-CZE conditions. 

The method is used to determine concentration of PSTs in a contaminated mussel 

sample and the outcomes  are validated against data obtained from the AOAC 

HPLC-FLD method [3].  
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3.2 Experimental 

3.2.1 Chemicals and methods 

A PST mixture for method development consisted of 2.5 µM of STX (750 ng/mL), 

dcSTX (640 ng/mL), NEO (790 ng/mL), dcNEO (680 ng/mL), GTX3 (990 ng/mL), 

GTX4 (1050 ng/mL) and dcGTX3 (880 ng/mL), and 7.5 µM of GTX1 (3080 

ng/mL), GTX2 (2960 ng/mL) and dcGTX2 (2640 ng/mL). The mixture was prepared 

at low concentration due to the limited concentration of the stock standard for each 

PST in order to combine all PSTs. The BGE, which also acted as the terminating 

electrolyte (TE), contained 500 mM L-alanine (EGA-Chemie, Steinheim, Germany) 

and 500 mM acetic acid (pH 3.5), prepared by mixing 1.1 g of L-alanine and 1.4 mL 

of glacial acetic acid with 25 mL Milli-Q water. To induce tITP during method 

development, 25 mM sodium chloride solution (Sigma Aldrich, St. Louis, Missouri, 

United States) was added to the PSTs mixture to allow the sodium ion to function as 

leading ion for the cationic toxins. 

 

3.2.2 CE 

All experiments were performed with an Agilent HP3DCE system. A TraceDec® C4D 

was located inside the cassette; operated at optimum conditions of -12 Db and a gain 

of 150% (optimum after comparison with 100% and 200%); the signal filter function 

was turned on to reduce baseline drift and noise. Separation was carried out in 100 

cm long 50 μm I.D polyimide coated fused-silica capillary with the UV detector 

positioned 8.5 cm from the outlet (monitored at 200 nm, bandwidth 16 nm), with the 

C4D 13.5 cm from the outlet. New capillaries were rinsed for 20 min each with 1 M 

NaOH, Milli-Q water and BGE before analysis. Between runs, the same conditioning 
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procedure was performed (5 min each) with additional voltage conditioning with 

BGE for 5 min. All separations were performed at 25°C and +30 kV applied to the 

inlet vial. Samples were injected at 50 mbar for 103 s (86 nL, 5% of the total 

capillary volume), unless otherwise specified. Signals were collected using an 

Agilent 35900E analogue-to-digital convertor. Peaks were integrated and processed 

using 3D-CE ChemStation software available in Agilent CE. Normal integration 

option was applied, however for asymmetric peaks, tangent skim option was used for 

integration. 



105 
 

3.2.3 tITP-CZE 

The tITP-CZE procedures are schematically presented in Figure 3.1a-b. First, the 

capillary was filled with the BGE/TE and then the sample containing sodium 

(leading ion) was introduced into the capillary by hydrodynamic injection at 50 

mbar. A short BGE/TE plug was then introduced into the capillary by electrokinetic 

injection (25 kV) with application of a negative hydrodynamic pressure of 50 mbar 

(for Figure 3.1b).  A voltage of +30 kV was applied for separation of the PSTs.  

 

3.2.4 Preparation of mussel sample 

The procedures for preparation of mussel sample were as indicated in Chapter 2. 

Briefly, the mussel extraction was performed according to the AOAC HPLC-FLD 

method. The extract solution (0.5 mL) was further filtered using a SPE C18 cartridge. 

The effluent containing the toxins was collected. No sodium chloride was added to 

the extract. 

 

3.3 Results and discussion 

3.3.1 Development of tITP-CZE method 

In ITP, target analytes are focused into discrete zones between leading electrolyte 

(co-ion with electrophoretic mobility, ep higher than the target analytes) and TE (co-

ion with ep lower than target analytes). For the PSTs, sodium ion is an attractive 

leading ion because its ep (51.9 x 10-9 m2/Vs [4]) is greater than many organic 

cations. Conveniently, there is a high abundance of sodium in seawater and marine or 

freshwater organism extracts. As marine species preserve a constant internal salt 
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concentration within the same sea water body having Practical Salinity 35 (common 

salinity in sea water) [5], sodium concentration in different mussels is expected to 

vary insignificantly, allowing direct usage of sodium as leading ion. Subsequently, 

this allowed establishment of an ITP system solely by the introduction of TE after 

injection in the sodium-containing sample. This can be done through injection of a 

discreet TE zone followed by BGE or by simply using the same electrolyte as TE and 

BGE. In this work, the latter approach was selected because the low conductive TE 

was more appropriate for use with C4D than using the higher mobility, higher 

conductivity sodium acetate reported in CZE-C4D developed in Chapter 2. To aid in 

BGE selection, PeakMaster software version 5.3 was used to select a suitable 

electrolyte composition and for separation simulation.  
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Figure 3.1 Schematic representation of the procedures used in tITP-CZE; (a) without 

counter-flow and (b) with counter-flow (1) Filling the capillary with BGE which also 

acted as terminating electrolyte (T). (2) Hydrodynamic injection of sample (S) 

containing sodium ion as leading ion (L). (3) Electrokinetic injection of T (BGE) 

(while applying hydrodynamic counter-flow (CF) in Figure 3.1b). (4) Starting tITP-

CZE mode. 
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Based on the pKa values of PSTs (>8.5) [6] and the effective mobilities ranging from 

13 to 45 x 10-9 m2/Vs, BGE/TEs based on glutamic acid (pH 2.6), -alanine (pH 4.1), 

and L-alanine (pH 3.5) were identified as potential candidates.  Encouraging results 

were obtained with L-alanine (based on PeakMaster simulation and experiment), 

although some of the toxin peaks were only partially resolved from the Na+ peak; 

this BGE/TE was selected for optimisation of the tITP conditions.  

 

3.3.2 Effect of BGE/TE concentration on the stacking and separation 

performance 

From a practical point of view, it was important to first establish the BGE 

concentration required for good separation selectivity using C4D. Figure 3.2a-b 

shows the effect of BGE concentrations on tITP-CZE of the toxins with C4D and UV 

detection, respectively, when 86 nL (5% of the capillary volume) of the PSTs 

mixture was injected. From Figure 3.2a, using 100 mM L-alanine, a very large Na+ 

peak was observed (nearly 15 min wide) and six small peaks corresponding to PSTs 

migrated just after the sharp edge of the Na+ peak.  These peaks corresponded to the 

monovalent PSTs (dcGTX2, dcGTX3, GTX2, GTX3, GTX1 and GTX4) indicating 

that the four faster divalent PSTs (dcSTX, STX, dcNEO and NEO) were not 

separated from the Na+ peak, most likely due to them still been concentrated as ITP 

zones at the rear boundary of the Na+ peak. As the concentration of BGE was 

increased, the Na+ peak became narrower, and the initial ITP stage established from 

injection of the saline sample becomes shorter and thus the divalent PSTs peaks 

emerged at 500 mM L-alanine. All of the PSTs could be fully resolved from Na+ 

when the concentration of L-alanine was increased to 850 mM. These trends were 

confirmed using UV detection (Figure 3.2b) where both NEO and STX/dcNEO 
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started to migrate out from Na+ at a BGE concentration of 500 mM. Note that the UV 

detection window was located 5 cm after C4D; providing a longer effective 

separation length for UV detection than for C4D. 
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Figure 3.2 Electropherograms of PSTs during tITP-CZE detected with (a) C4D and 

(b) UV showing effect of various BGE concentrations on stacking and separation. L-

alanine (pH 3.5) as BGE/TE, 86 nL sample was injected. The concentration of PSTs 

mixture (mixed with 25 mM sodium chloride) injected and other conditions were 

described in experimental part. Separation conducted at +30 kV and 25°C. Peak 

identification: (1) dcSTX, (2) STX, (3) dcNEO, (4) NEO, (5) dcGTX2, (6) dcGTX3, 

(7) GTX2, (8) GTX3, (9) GTX1, (10) GTX4. 
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While the higher concentration of BGE (i.e. 850 mM) allowed for better resolution, 

the detection signals decreased significantly for C4D (approximately a 10-fold 

reduction for the monovalent PSTs) as a result of the increased background 

conductivity of the BGE. The signal decreased only by a factor of two for UV 

detection. For C4D in particular, this indicated a trade-off between the higher 

concentrations of BGE required to rapidly dissipate the ITP zone and low 

concentrations of BGE required for good sensitivity. The divalent PST just emerged 

from the Na+ peak at 500 mM L-alanine; hence this concentration was selected for 

further optimisation. 

 

3.3.3 Effect of counter-flow and optimisation of sample volume injected 

Resolving the divalent PSTs from the Na+ zone using 500 mM L-alanine required 

more effective separation length. This could be realised by minimising the movement 

of the ITP zone towards the detector during the ITP stage thereby maximising the 

capillary length remaining for separation of the PSTs. This was most easily done by 

applying a counter-flow during ITP [7-9], which is schematically shown in Figure 

3.1b. To investigate the effect of the counter-flow, its duration was varied from 1-5 

min using maximum pressure available in the instrument (-50 mbar) and at an 

optimum voltage of 25 kV. The Na+ peak dissipated faster as the counter-flow 

duration was increased (Figure 3.3). As shown in Figure 3.4a, the migration time of 

divalent PSTs decreased steeply from 23-24 min to 18-19 min when the ITP duration 

was increased from 1 to 5 min. This could be explained by the fact that the ITP 

occurred close to the capillary entrance during application of counter-flow, allowing 

all PSTs to migrate away from the ITP zone. The monovalent PSTs showed a 

decrease in migration time at duration of 3 min, after which they slightly increased 



112 
 

again, indicating the maximum counter-flow duration that could be applied. 

Increased counter-flow duration allowed faster separation, but as illustrated in Figure 

3.4b, sensitivity decreased with counter-flow duration due to the diffusion between 

zones when applying the counter-flow. As a compromise between sensitivity and 

selectivity, 3 min was selected as the optimum duration for the counter-flow.  
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Figure 3.3 Electropherograms showing Na+ peak dissipating faster as the counter 

flow duration increased from 1-5 min. Counter-flow was applied during TE (BGE) 

electrokinetic injection at 25 kV. 172 nL sample was injected. BGE/TE: 500 mM L-

alanine (pH 3.5). Other conditions were described in experimental part.  
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Figure 3.4 Effect of the duration of counter-flow on (a) migration time and (b) peak 

area of PSTs standard mixture. 172 nL sample was injected. BGE/TE: 500 mM L-

alanine (pH 3.5). Other conditions were described in experimental part.  
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Having established the optimal counter-flow and duration for ITP, the injected 

sample volume was optimised between 86 nL (5% of total capillary volume) and 344 

nL (20% of total capillary volume) to enhance the sensitivity of the method. 

However, the separation time was compromised with the increased injected sample 

volume (as shown in Figure 3.5a for volume of 172 and 344 nL). Consequently, there 

was a decrease in resolution (Figure 3.5b), indicating shorter effective capillary 

length available for zone electrophoresis. An injection plug of 172 nL of sample 

provided the highest PSTs sensitivity while still allowing for baseline resolution. 
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Figure 3.5 Effect of the sample volume on the migration time and resolution; (a) 

electropherograms of PSTs mixture when 172 and 344 nL sample was injected. (b)  

plot of resolution vs. sample volume injected. 3 min counter-flow was applied during 

electrokinetic injection of TE (BGE) at 25 kV. BGE/TE: 500 mM L-alanine (pH 

3.5). The concentration of PSTs mixture injected was described in experimental part. 

Peak identification as indicated in Figure 3.2. 
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The optimum conditions were: 500 mM L-alanine (pH 3.5) as BGE/TE, injection of 

172 nL sample (10% of total capillary volume), electrokinetic injection of BGE/TE 

at 25 kV with a counter-flow of 50 mbar for duration of 3 min. Using these 

conditions and as showed in Figure 3.6, the PSTs were successfully concentrated and 

separated, with the exception of STX and dcNEO which could not be fully resolved.  

The optimised tITP-CZE-C4D and tITP-CZE-UV were evaluated in terms of 

linearity, LOD, intra-day and inter-day variations, and sensitivity enhancement 

factors (SEFs), with the results being presented in Table 3.1. The linear ranges for 

the divalent and monovalent PSTs analysed by tITP-CZE-C4D were between 70-

6200 ng/mL (regression coefficient (R2) > 0.980) and between 210-12,000 ng/mL 

(R2 > 0.985), respectively. The LODs ranged from 74.2-1020 ng/mL for tITP-CZE-

C4D and 175-461 ng/mL for tITP-CZE-UV. The LODs for STX and NEO were 

superior when compared to the LODs using capillary ITP-CZE-UV method 

demonstrated by Thibault et al. [6]. Importantly, the reported LOD values for all 

PSTs were below or close to the regulatory limit for shellfish sample except for 

GTX4 (1020 ng/mL). The tITP-CZE methods afforded SEFs between 8-97 folds 

with C4D and 19-84 with UV (Table 3.1). The presented method was at least two 

times more sensitive than CZE-UV or CZE-C4D methods developed in Chapter 2. It 

was important to note that this modest gain in sensitivity was achieved in the 

presence of a high concentration of salt, a sample matrix property that was 

problematic in CZE-C4D method developed in Chapter 2 limiting the applicability of 

CE to shellfish samples.  
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Repeatability in terms of %RSD for intra-day variations in migration time and peak 

height for PSTs analysed by tITP-CZE-C4D were between 0.82-1.5 and 2.2-9.2, 

respectively. Repeatability for inter-day variations (%RSD) of the same performance 

criteria were 0.88-1.8 and 4.8-11, respectively. The %RSD were slightly higher than 

expected, probably due to slight changes in viscosity between electrolytes in the 

counter-flow during the ITP stage. 
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Figure 3.6 Electropherograms of PSTs standards mixture under optimum tITP-CZE 

conditions detected with; (a) C4D and (b) UV. Optimum conditions: L-alanine (pH 

3.5) as BGE/TE, sample injection of 172 nL. Counter-flow was applied at 25 kV for 

3 min during electrokinetic injection of TE (BGE). Separation was conducted at +30 

kV and 25°C. Peak identification: (1) dcSTX, (2) STX, (3) dcNEO, (4) NEO, (5) 

dcGTX2, (6) dcGTX3, (7) GTX2, (8) GTX3, (9) GTX1, (10) GTX4. 
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Table 3.1 Performance of tITP-CZE detected by UV and C4D 

Toxin 

tITP-CZE-UV tITP-CZE-C4D 

LOD  

(ng/mL) 

SEFa Intraday                    

(%RSD, n = 3) 

Inter-day              

(%RSD, n = 3) 

LOD  

(ng/mL) 

SEFa Intra-day                    

(%RSD, n = 3) 

Inter-day              

(%RSD, n = 3) 

tm
 b Height tm

 b Height tm
 b Height tm

 b Height 

dcSTX 280 64 0.81 5.9 1.1 8.1 74.2 97 1.2 7.0 1.5 7.2 

STX 178c 71 1.1 5.1 1.2 5.0 91.0c 80 0.93 9.2 1.7 9.4 

dcNEO 280 c 82 0.78 5.3 1.3 6.3 84.6c 92 0.82 6.9 1.7 7.2 

NEO 175 79 1.0 4.6 0.76 4.2 92.8 87 1.1 7.2 1.1 7.4 

dcGTX2 461 24 1.2 1.2 1.9 1.1 471 26 1.1 5.0 1.4 6.6 

dcGTX3 219 29 1.4 8.2 1.9 8.9 350 22 0.95 6.9 1.8 11 

GTX2 302 39 1.2  1.3 0.89 1.6 428 34 1.1 2.2 1.5 4.8 

GTX3 274 34 1.3 9.1  1.1 10 566 27 1.1 3.8 1.8 5.6 

GTX1 460 23 1.3 1.5 1.2 1.2 568 31 1.2 5.4 1.4 5.6 

GTX4 308 19 1.3 4.3 1.3 4.7 1020 8 1.5 5.0 0.88 6.0 

a) The SEF values were calculated by comparing the LODs between tITP-CZE method with conventional CZE of PSTs standard mixture. 

b) tm was migration time  

c) The LODs of STX and dcNEO were determined by conducting separation using individual standard solution due to co-migration. 
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3.4 Application of tITP-CZE method to mussel sample 

The tITP-CZE method was applied for the determination of PSTs in a contaminated 

mussel sample (replicates n = 3). As illustrated in the electropherograms in Figure 

3.7a-b, STX and/or dcNEO, dcGTX2, GTX2, GTX3 and GTX1 were detected in the 

mussel sample (S/N = 3) with both UV and C4D. Although some sample matrix 

compounds were also concentrated and migrated near to PSTs, the identity of PSTs 

peaks (S/N = 3) were confirmed by standard addition. C4D and UV are universal 

detection techniques [10, 11], thus more susceptible to background interferences 

when compared to more specific detector such as FLD. The toxin concentration 

found in mussel sample was determined with a 5-point calibration and was reported 

as STX-equivalent (µg STX-eq/kg) (Table 3.2). STX-equivalent is an internationally 

accepted reporting method for PSTs found in contaminated shellfish [3, 12-14], 

which is calculated by incorporating TEFs [15, 16]. To further confirm the validity 

and potential applicability of the tITP-CZE-C4D method, the results obtained from 

the analysis of the same contaminated mussel sample were compared to the AOAC 

HPLC-FLD method.  In contrast to the current method, the pre-column oxidation 

method unavoidably produced multiple oxidation products for some toxins which 

result in multiple overlapping peaks, thus the concentration of epimeric toxin pairs 

was reported together for easier comparison [3]; i.e. dcGTX2,3, GTX2,3 and 

GTX1,4. Analysis of the contaminated mussel sample using the HPLC-FLD method 

(replicates n = 3) confirmed the presence of STX, dcGTX2,3, GTX2,3 and GTX1,4 

in the mussel sample (Table 3.2). Only STX was detected in HPLC-FLD method 

while dcNEO was absent, thus, other than confirmation by STX standard addition, 

peak STX and/or dcNEO detected by tITP-CZE-C4D method (Figure 3.7) was 

determined to be STX only. The concentration of all toxins determined by HPLC-
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FLD agreed with the level determined from the current method (variation ≤ 17.5%), 

confirming the potential applicability of the tITP-CZE-C4D method. The HPLC-FLD 

method indicated the presence of dcSTX (TEFs = 1), where the level was lower than 

the regulatory limit and could not be detected by the current tITP-CZE-C4D method. 

However, the current tITP-CZE-C4D method had better selectivity for the separation 

of low to highly potent epimeric toxin pairs (i.e. GTXs species having TEFs values 

from 0.1 to 1) compared to the HPLC-FLD method. It was expected that the current 

method using Na+ as leading ion to induce tITP can be used to analyse PSTs in 

multiple mussel samples. Insignificant variation in Na+ concentration is expected in 

multiple mussel samples [5]. Moreover, given that the aim of this work is to develop 

a CE method that could be implemented easily in a microchip using detection 

approaches already widely reduced to practice, the potential of this method for on-

site PSTs screening in shellfish had been demonstrated.  More work on 

implementation in portable instrumentation and analysis of shellfish samples are 

required in the future to validate the real potential of this approach for improved 

shellfish management. 
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Figure 3.7 Electropherograms for the analysis of PSTs in a contaminated mussel 

sample by tITP-CZE using (a) C4D and (b) UV detection. Optimum conditions as 

indicated in Figure 3.6. Peak identification: (1) dcSTX, (2) STX, (3) dcNEO, (4) 

NEO, (5) dcGTX2, (6) dcGTX3, (7) GTX2, (8) GTX3, (9) GTX1, (10) GTX4. 
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Table 3.2: The concentration of PSTs found in a contaminated mussel sample using 

tITP-CZE-C4D and HPLC-FLD methods. 

 

Toxin Concentration of PSTs found 

(µg STX-eq/kg) 

 tITP-CZE-C4D HPLC-FLD 

dcSTX ND a 50 

STX 918 b 1040 

dcNEO ND a ND a 

dcGTX2,3 383 300 

GTX2,3 1960 2100 

GTX1,4 696 560 

a) ND Not detected due to reduced sensitivity of tITP-CZE-C4D for the particular toxin 

b) Peak was determined to be STX, as confirmed by STX standard addition and the 
absence of dcNEO when analysed using HPLC-FLD method 
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3.5 Conclusions 

This chapter presents a new method for the analysis of PSTs in mussel sample using 

CZE-C4D in combination with tITP for analyte concentration and reduction of matrix 

effects. CZE-C4D was selected because of its potential for miniaturisation and 

portability, enabling its deployment for on-site screening to inform the shellfish 

producers of potential PSTs contamination so they could manage harvest-scheduling 

around harvest closures. The tITP system developed in this study used the naturally 

high sodium concentration in mussel samples to act as leading ion in the tITP stage, 

in combination with one electrolyte acting as BGE and TE (BGE/TE). L-alanine was 

chosen as BGE/TE and its concentration was further optimised to improve selectivity 

in C4D. Higher BGE concentration required to rapidly dissipate ITP zone resulted in 

better peak resolution, however at the expense of reduced sensitivity. This elegant 

separation chemistry was combined with a hydrodynamic counter-flow during tITP 

step to allow for separation of all PSTs from the ITP zone. The obtained LODs of 

PSTs ranged between 74.2-1020 ng/mL for tITP-CZE-C4D and from 175-461 ng/mL 

for tITP-CZE-UV with enhancement in detection sensitivity ranging from 8-97 folds 

over conventional CZE and at least two-fold over CZE-C4D method developed in 

Chapter 2. Importantly, this enhanced sensitivity was achieved while reducing 

sample matrix effects in the high salinity mussel sample and allowed the 

determination of PSTs in mussel sample below or close to the regulatory limit. The 

amount of PSTs found in a naturally contaminated mussel sample by using tITP-

CZE-C4D method was similar to those obtained by using AOAC HPLC-FLD 

method; thus showing validity of the developed method. 
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Chapter 5 

General conclusions and future directions 

 

The impact of paralytic shellfish toxins (PSTs) on human health and economy 

activities (through contamination of commercialised seafood products) continues to 

increase worldwide, stimulating a renewed interest and research on these natural 

toxins. There is an urgent need to detect and analyse PSTs, in which early detection 

at shellfish farms can helps to implement prevention programs. There are several 

general conclusions can be made from this research study regarding the successful 

development and application of capillary electrophoresis (CE) aims to be new 

alternative instrumental analytical method for PSTs.  

CE has the advantage of being miniaturisable and portable, in which with correct 

fundamental approaches taken, increases the simplicity of use on-site. The key step is 

to develop CE with detection methods compatible with miniaturisation. This was 

presented in Chapter 2, whereby CE with different detection methods having 

sufficient sensitivity to detect PSTs at the regulatory limit was investigated. CZE-

C4D, MEKC-FLD, CZE-UV and CZE-MS were successfully developed and 

compared; making this the first report of the use of C4D and an improved FLD 

detection for various PSTs with CE. Good PSTs separation was achieved with CZE-

UV method; however this method as well as CZE-MS was unable to meet the 

required LODs. On contrary, the two most portable options such as CZE-C4D and 

MEKC-FLD showed LOD values below or close to the regulatory limit. CZE-C4D 

method allowed for separation and identification of the charged PSTs within a few 

minutes, but could not be used for the analysis of a contaminated mussel sample due 
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to background interferences. The MEKC-FLD method was suitable for conducting a 

periodate screen of the mussel sample and included the neutral toxins to the analyte 

set. When compared with HPLC-FLD method, the MEKC-FLD method was less 

sensitive but allowed for direct quantitation of three of the toxins, in comparison with 

one for the HPLC-FLD screen. The results confirmed the suitability of MEKC-FLD 

for the periodate screen of PSTs, making it an attractive option for future direction in 

the development of field-deployable portable analyser for on-site PSTs screening. 

Whilst MEKC-FLD had good sensitivity, selectivity was inadvertently compromised 

by the pre-column oxidation required to render the PSTs fluorescence. C4D achieved 

similar sensitivity to FLD without the need for this reaction, but did not succeed 

when applied to mussel sample. To deal with the high conductivity sample matrix 

and for sensitivity improvement, tITP was successfully developed as an on-line 

preconcentration method for CZE-C4D (Chapter 3). The tITP method utilised the 

naturally high sodium concentration in mussel to act as leading ion, in combination 

with one electrolyte acting as BGE and TE, in which L-alanine was used. As marine 

species preserve a constant internal salt concentration within the same sea water 

body, sodium was a suitable candidate as leading ion due to insignificant salt 

variation between mussels. Uniquely, a hydrodynamic counter-flow was applied 

during tITP step for improved stacking and separation performance. The obtained 

LODs of PSTs ranged between 74.2-1020 ng/mL for tITP-CZE-C4D with 

enhancement in detection sensitivity (8-97 folds) over conventional CZE and at least 

two-fold over CZE-C4D method developed in Chapter 2. The most attractive part 

was that the method achieved sensitivity enhancement while reducing sample matrix 

effects in the high salinity mussel sample and allowed the determination of PSTs in 

mussel sample below or close to the regulatory limit. It is believed that tITP-CZE-
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C4D holds bright future to be deployed for screening of PSTs on-site, given that C4D 

itself is inherently miniaturisable. 

The limitation of pre-column oxidation MEKC-FLD method developed in Chapter 2 

in fact opened up the prospect to investigate the potential of post-column oxidation. 

An entirely new approach based on droplet microfluidics had been shown in Chapter 

4 to be a useful tool for post-column reaction system. Uniquely, the system was 

interfaced with a commercial CE instrument using only off-the-shelf components. 

The use of a micro cross for positioning a salt bridge across the droplet flow from the 

separation capillary outlet enabled the compartmentalisation and was the key element 

for maintaining the electrical connection. As the first of its kind, positioning the 

droplets in the electric field eliminated the need for EOF or hydrodynamic flow and 

allowed electrophoresing effluents into the droplets. Droplets of water-in-oil could be 

formed having frequencies between 0.7-3.7 Hz at different total flow rate, 

corresponding to approximately 14 nL per droplet. By using fluorescent dyes as 

model analytes, the relationship between total flow rate of droplets and signal was 

successfully established. Low droplet frequencies resulted in higher proportion of the 

electrophoresed components being in each droplet and significant increased in signal. 

Higher droplet frequencies can maintain resolution better, even at the expense of 

dilution. At optimum total flow rate (4 uL/min, 1 Hz), fluorescent peak was 

compartmentalised into approximately 50 droplets and was found to be diluted 10-

times. Upon successful characterisations, the potential of this system was 

investigated for post-column periodate oxidation of PSTs. PSTs were successfully 

separated by CZE and post-column oxidised with periodic acid already in the 

droplets. Due to the enhanced mixing in droplets, oxidation occurred within 14 s to 

produce fluorescent product.  The LODs for NEO and dcGTX2 were 670 ng /mL and 
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430 ng /mL, respectively. These values were approximately 11-times higher than 

previously reported with pre-column oxidation and on-capillary detection in Chapter 

2, and were consistent with the comparison of fluorescent dyes suggesting that 

comparable oxidation between the two approaches was achieved. It is envisaged that 

this new approach for post-column droplet collection in CE can be very valuable 

when miniaturised further to decrease the droplet size which would decrease the 

dilution factor. 

The general aim of this research study is to explore the potential of CE as new 

alternative instrumental analytical method for the analysis of PSTs. Suitability of CE 

with different detection methods, combination with on-line preconcentration and 

ability to be coupled with post-column reaction are indicative of CE versatility. The 

results will serve as primary understanding towards the realisation of portable 

analyser. Finally, it should be noted that further research for future direction is 

essential in the following areas: 

 

1. To confirm the potential of tITP-CZE-C4D method to be adapted as portable 

analyser, the method should be extended to microchip format in which 

miniaturised C4D is embedded within chip.  Subsequent to that, the 

application to various shellfish samples is also necessary to validate its ability 

for on-site analysis. 

2. In order to enable droplet microfluidics post-column reaction to be useful for 

the analysis of PSTs content in shellfish samples, it is necessary for the 

method to be able to detect toxins lower than the regulatory limit of 800 

ng/mL. Therefore, the sensitivity needs to be improved further.  This could be 
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by various stacking approaches, such as the tITP method previously 

developed for CZE-C4D in Chapter 3. Another approach is through reduction 

of the droplet size to minimise the dilution factor upon compartmentalisation.  

Dilution can be countered in the future by using connector with smaller thru-

holes or by simply engineering the system with microfabricated structures 

having small orifice.  

3. Upon pre- and post-column oxidation, PSTs were excited at wavelength of 

330 nm and emitted fluorescent at wavelength of 390 nm; therefore cheap 

readily available He-Cd metal-vapour laser was utilised. While this laser was 

useful during method development in laboratory, its bulky feature may 

restrict its usefulness to be used in portable analyser for on-site PSTs 

screening. He-Cd laser can be replaced with a laser diode module (i.e. 325 

nm diode laser), which is more compact and tuneable over conventional 

metal-vapour laser.  

4. Integration of sample clean-up and preconcentration steps in portable 

capillary or microchip electrophoresis is another aspect that can enhance the 

sensitivity of existing methods developed in this research study. In retrospect, 

this will reduce one off-line step (i.e. off-line SPE clean-up) prior separation, 

which enhances the automation. For example, SPE concentrator with suitable 

solid particles (such as molecular imprinted polymers, porous graphitised 

carbon or perhaps immobilised aptamers) can be incorporated in-line with 

capillary or microchip electrophoresis, in which large volume sample loading 

can also be done at fast flow rate.  
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Appendix  

Supplementary information for Figure 3.2: Electropherograms of tITP-CZE using six 
different BGE concentrations 

 

Electropherograms of PSTs during tITP-CZE detected with (a) C4D and (b) UV showing 

effect of six BGE concentrations on stacking and separation. L-alanine (pH 3.5) as BGE/TE, 

86 nL sample was injected. Separation conducted at +30 kV and 25°C. Peak identification: 

(1) dcSTX, (2) STX, (3) dcNEO, (4) NEO, (5) dcGTX2, (6) dcGTX3, (7) GTX2, (8) GTX3, 

(9) GTX1, (10) GTX4. 




