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Abstract

As cyanobacteria (also known as blue green algae) produce a range of cyclic peptides which

are highly toxic, capillary electrophoresis and associated techniques have been investigated

to assess their applicability for toxin monitoring in the water bodies of kwaZulu Natal,

South Africa. Capillary electrophoresis (CE) is a technique in which charged molecules can

be efficiently separated in a buffer solution within a capillary tube under the influence of a

strong electric field. Two CE modes, namely capillary zone electrophoresis (CZE) and

micellar electrokinetic capillary chromatography (MECC) were initially evaluated using a

laboratory-built CE instrument. The former mode lacked selectivity due to the similar

charge to size ratio of the algal toxins. However, with the latter mode, incorporation of a

surfactant (sodium dodecyl sulphate) into the buffer, produced sufficient resolution between

components. Parameters including surfactant concentration, buffer ionic strength, buffer

pH and operating voltage were systematically optimized to separate the four algal toxins

under investigation (microcystin YR, microcystin LR, microcystin RR and nodularin). The

optimum separation conditions were: 30 mM borax, 9 mM sodium dodecyl sulphate, pH

9.18, 30 kV applied voltage, 10 s hydrodynamic injection, 70 cm x 50 Ilm Ld. bare fused

silica capillary (LEFF 40 cm) and UV detection at 238 nm. Under these conditions, typical

detection limits were in the low ng/IlL range (14.13 ng/IlL for microcystin LR to 29.85

ng/ILL for nodularin).

The MECC method was evaluated in terms of migration time precision, efficiency and

resolution, peak area and normalised peak area precision. Standard deviation values for

retention times acquired using replicate electrokinetic injections ranged from 0.018 to 0.054

and 0.069 to 0.148 for hydrodynamic injections. Normalised peak area precision for

replicate hydrodynamic injections were in the range 84 to 97 % RSD, while improved %

RSD values of 11.5 to 18.7 were achieved for electrokinetic injections. Due to poor

precision resulting from the lack of automation on the laboratory built CE system, poor

correlation between increasing concentration and a corresponding change in normalised peak

areas were achieved. The MECC method developed was applied to the analysis of an algal

scum extract to illustrate the technique.
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A general problem with CE is that it suffers from poor detection sensitivity. Hence in this

study, alternative injection modes, sample concentration strategies and alternative detection

techniques were investigated in an attempt to improve detection limits for algal toxins.

Using optimized electrokinetic injection conditions, detection limits were five to ten times

better than those obtained with hydrodynamic injections. On-line sample concentration

methods were partially successful. Field amplified back and forth MECC in which analyte

injected in the entire column volume and subsequently focused in a narrow band by

manipulating the electric field, resulted in an enormous sensitivity enhancement that ranged

from 197 times for microcystin RR to 777 times for microcystin YR when compared to

hydrodynamic injections. Field amplified sample stacking (FASI) was ineffective for toxin

preconcentration, while electro-extraction produced detection limits ranging from 0.27

ng/J.tL for microcystin YR to 1.08 ng/J.tL for microcystin RR. Solid phase extraction, in

which analytes are first trapped and concentrated on HPLC material in a cartridge and then

eluted in a more concentrated form for injection, was found to be practical only in the off

line mode. A concentration detection limit of less than 0.002 ng/J.tL was obtained.

Attempts with on-line solid phase extraction failed due to problems associated with coupling

the cartridge with the separation capillary. Finally, laser induced fluorescence (LIF)

detection was investigated as an alternative to UV detection. Unfortunately, the algal toxins

were not amenable to LIF detection because tagging with the fluorescent moiety, fluorescein

isothiocyanate (FITC), was prevented by the stereochemistry of these cyclic peptides.

A comparative study between HPLC and MECC revealed that the former displayed poor

efficiency peaks and long analysis times for toxin analysis. However HPLC was superior in

terms of retention time precision (0.12 to 0.64 % RSD) and area precision (1.78 to 2.86 %

RSD). Mass detection limits for MECC (0.0142 to 0.0603 ng) were far superior to those

achieved by HPLC (0.55 to 1.025 ng). In addition to HPLC and MECC, a preliminary

investigation of micro-high performance liquid chromatography (J.tHPLC) and capillary

electrochromatography (CEC) for the analysis of algal toxins was made using 50 J.tm Ld.

capillary columns packed in-house, with reverse phase HPLC packing material.
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CbapterOne

Introduction

1.1 Significance of Cyanobacterial Toxin Monitoring

The occurrence of toxic cyanobacterial blooms and scums in water bodies is a world wide

phenomenon [1-3]. Cyanobacteria (also known as blue-green algae) were for many years

classified as true algae. However, electron microscopy has revealed that these "algae" are

in fact Gram-negative photosynthetic prokaryotes and hence this assembly of organisms has

been reclassified as bacteria. Even so, the terms "blue green algae" and "algal toxins" (the

toxic substances produced by these organisms) are still widely used and will be referred to

in this thesis.

The first cases of cyanobacterial intoxication date back to 1853 causing the death of

livestock and wildlife after drinking water from Lake Alexandrina in South Australia.

Since then numerous other cases were reported [3,4,5]. In 1992 a kill of approximately

2000 brown trout in Loch Leven and the River Leven, Scotland, occurred shortly after the

mass accumulation of the cyanobacterium Anabaena flos-aquae began to break open,

releasing toxins into the water [6]. Laboratory work demonstrated that the cyanobacterial

cells were lethal to mice and the liver damage was consistent with hepatotoxin intoxication.

Dog fatalities occurred at Loch Insh, Scotland, in the early 1990s [7]. Human illness and

health problems have also been reported [1,3,8]. The first case was published in 1931 after

stagnation of the Ohio River in the USA resulted in a cyanobacterial bloom [9]. Another

case in the UK involved soldiers who were hospitalized after canoeing in Rudyard Lake,

England, which contained a toxic bloom of Microcystis at the time [10]. An outbreak of

hepatoenteritis at Palm Island, Australia, occurred when 139 children and 10 adults were

affected after drinking from a supply reservoir containing cyanobacteria [10]. Recent

studies in the People's Republic of China have demonstrated a higher incidence of primary

liver cancer in a population taking drinking water from open ditches and ponds containing

cyanobacterial hepatotoxins, compared with a neighbouring population receiving its

drinking water from wells [11].
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Algal poisoning in South Africa (Figure 1.1A) was first diagnosed by Steyn in 1927 [12].

Stevens later reported that the most serious cases occurred in the Vaal Dam in the 1940s

while no serious cases were documented in the 1950s and 1960s [13]. It was only in the

1970s that a multidisciplinary research program was initiated by the CSIR, the Medical

Research Council, the University of the Orange Free State and the Department of Health to

investigate the nature and extent of algal toxins. Studies conducted on the Midmar

impoundment, which is the most important impoundment in the Umgeni Water operational

area (Figure LIB), showed an increase in phosphorus loading and a significant increase in

the frequency of occurrence and concentration of blue-green algae, indicating that not only

had the water quality deteriorated over the last 15 years but also that phosphorus promotes

algal growth. Data collected from 1989 to 1994 for total and soluble phosphorous show

that rainfall and flow-rate affect loading (Figure 1.2). The general trend observed is that

during periods of high rainfall (1989, 1991 ,1994), there was a corresponding high inflow

into the impoundment, resulting in increased phosphorus loading. However, these studies

have shown that the relationship between phosphorus loading and algal count is non-linear

and has been attributed to factors such as turbidity, temperature and retention time.

Carmichael et al. have studied blue-green algal toxins extensively and have categorized

them into three main groups according to their mode of action [15]. Neurotoxins are fast

acting neuromuscular blocking agents that can cause respiratory distress or death in mice

within minutes to hours of ingestion. Hepatotoxins cause haemorrhage necrosis of the liver

and cause death within one to three hours after the toxin is consumed. Contact irritants

cause severe dermatitis following direct contact [16]. The microcystins and nodularin are a

group of hepatotoxins produced most abundantly by various strains of Microcystis,

Anabaena, Oscillatoria and Nostoc [17].

1.2 Structure of Algal Toxins

The complexity of the algal toxin structures has resulted in a number of different studies in

which various elucidation techniques have been employed. Botes et al. used mainly NMR
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Figure 1.1 (A) Map of South Africa indicating the relative position of the province of

kwaZulu Natal and (B) Existing Umgeni Water operational area (marked in dark

green) with respect to kwaZulu Natal.
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spectroscopy, but found it impractical to apply routinely because several milligrams of pure

toxins are required [18].

Harada et al. established a non-destructive method using a combination of 2D-NMR

techniques: double quantum filter correlation spectroscopy (DQF-COSY), IH-detected

multiple quantum coherence (HMQC) and heteronuclear multiple bond correlation

(HMBC), for structure determination of the microcystins [19]. The method was

successfully applied to assign all carbons and protons of microcystins so that the sequence

of constituent amino acids in the microcystins was confirmed.

Mass spectrometry has also been used for structure elucidation. Fast atom bombardment

mass spectrometry (FABMS) and liquid secondary ion mass spectrometry (LSIMS) are

particularly powerful techniques for obtaining molecular weight information on these polar

involatile compounds. However, it is difficult to obtain sequence information of the

constituent amino acids. In addition, background interference in the low mass region makes

structure elucidation difficult.

Luukainen et al. characterized microcystins from eight different Finnish lakes by amino

acid analysis, FABMS, and tandem FABMS [20]. From a total of 8 compounds, 5 were

known microcystins. The structure of one of the remaining 3 was assigned. Namikoshi et

al. isolated 12 hepatotoxins from Microcystis collected from Homer Lake, lllinois, in 1988

[21]. The components were characterized by amino acid analysis, HRFABMS,

FABMS/MS, IH NMR and DV spectroscopic methods. MC LR was the principal toxin

and the presence of MC YR and MC RR was also detected. In addition 9 new microcystins

were found, of which the structures of seven were assigned.

Structure elucidation has revealed that these compounds are cyclic peptides, with the

microcystins being heptapeptides (Figure 1.3A,B,C) [18,22] and nodularin a pentapeptide

(Figure 1.4) The general structure of the microcystins are cyclo (-D-Ala-X-D-MeAsp-Z

Adda-D-Glu-Mdha-), with X and Z being the two variable L-amino acids. About 40

variants have been reported [23,24,25,26]. The pentapeptide, nodularin, is cyclo (-D-
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Figure 1.3 (A) Structure of microcystin YR (MC YR), (B) microcystin LR (MC LR),

and (C) microcystin RR (MC RR).
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Figure 1.4 Structure of Nodularin.

MeAsp-L-Arg-Adda-D-Glu-Mdhb) [27]. Only one form has been reported so far

[23,27,28]. Their high toxicity (LDso =50-600 Itg/kg) [17,29], as demonstrated by

intraperitoneal mouse bioassay studies, and their impact on water quality are a cause of

great concern to water authorities world-wide, particularly as the microcystins cause

hepatocyte necrosis [30]. More recent studies suggest that these compounds inhibit the

enzymes, protein phosphatases 1 and 2A, and act as tumor promoters in rat liver.

1.3 Toxicity and Factors Affecting Toxicity

The potent hepatotoxicity of algal toxins has serious implications on human health. Five

pathways may be considered to contribute to the natural route of detoxification of these

toxins including dilution, adsorption, thermal decomposition aided by temperature and pH,

photolysis and biological degradation. Namikoshi et al. demonstrated that mice given the

mono ester of the alpha carboxyl on the glutamic acid unit of MC LR at 1 mg/kg, lived for

one week [24]. The compound failed to induce any clinical signs of toxicosis during the

week of observation. Studies by Dahlem et al. demonstrated that removal of saturation of

the 3-amino-9-methoxy-2,6,8-trimethyl-1O-phenyldeca-4,6-dienoic acid (ADDA) structure

greatly reduces the toxicity of MC LR [31]. A possible explanation for this finding is that

the ADDA group of the toxin may provide the necessary steric configuration required for

the inhibition of protein phosphatase.

7



A number of laboratory experiments investigated the influence of environmental factors

such as light, temperature, pH, aeration, culture age, and nutrients [32-44]. Wicks et al.

conducted such studies on the scum samples collected from Hartbeesport Dam, South Africa

[45]. The results showed that the toxin concentration was positively correlated to

chlorophyll "a" concentration, solar radiation, surface water temperature, pH, and percent

oxygen saturation. The growth rate and toxicity of Microcystis cultures increased with light

intensity, temperature (18-25°C), and pH (8-9).

1.4 Toxin Removal from Potable Water

A number of researchers have shown that conventional water treatment techniques such as

coagulation, sedimentation, filtration and chlorination are not effective for removing

microcystins from raw water [46-48]. However they showed that while powdered activated

carbon (PAC) , afforded some removal of the microcystins, granular activated carbon

(GAC) was very effective. Only two water treatment plants in Australia currently use GAC

filters because of the high costs. The remaining plants use PAC to control the relatively

infrequent occurrences of taste and odour problems.

lames et al. assessed the effect of various oxidants including ozone, chlorine, chlorine

dioxide, hydrogen peroxide, and potassium permanganate for the removal of MC LR [49].

Ozone doses of about 2.5 mg/L almost totally removed MC LR from raw and clarified

water. The use of a polymeric nanofiltration membrane with a nomimal molecular weight

cut-off of 200 resulted in a complete rejection of MC LR. Chlorine and hydrogen peroxide

were shown to be ineffective. Chlorine dioxide was ineffective when applied to raw water

but resulted in significant removal when applied to clarified water at high doses (> 6

mg/L). Potassium permanganate was the most effective oxidant for toxin removal.
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1.5 Extraction, Analysis and Detection

Because of the world-wide recognition of the potential health problems caused by toxic

cyanobacteria, the need for suitable analytical techniques for toxin monitoring purposes has

been highlighted. Methods for the detection and analysis of cyanobacterial toxins fall into

two broad categories: biological systems, including protein phosphatase inhibition and

biochemical methods, and physicochemical methods.

1.5.1 Biological Assays

The mouse bioassay is the longest established and most extensively used method for toxicity

determination of cyanobacterial toxins. Its implementation relies on the use of laboratory

animals which are dosed orally or intraperitoneally. Quantification of toxicity is determined

as the concentration of test material which is lethal to 50% of the test population (LDso) or

as the minimum lethal dose for the population (MLDlOO). Other bioassay methods have

employed and evaluated alternatives to the mouse bioassay such as Daphnia, Artemia,

bacterial and cytotoxicity bioassays [50-52]. Assays involving the use of bacteria for toxin

detection and quantification include assays for the inhibition of bioluminescence, pigment

production and growth [53].

In vitro cytotoxicity assays using isolated cells have also been used for toxicity testing [54

57]. Lastly at a molecular level, microcystins are potent inhibitors of protein phosphatases

1 and 2A and microcystins can be detected by measuring the inhibition of phosphate release

[58]. Jones et al. used protein phosphatase inhibition assay for the detection of the presence

of MC LR in filtered samples of Microcystis [59].

Chu et al. developed an enzyme-linked immunosorbent assay (ELISA) method for the

freshwater microcystin detection [60]. The assay involves coating anti-MC LR antibody to

the ELISA plate and the use of MC LR peroxidase as the enzyme marker. The antibodies

reacted in the presence of the microcystins. The detection limit for microcystins in dried

algae was 0.25- 0.5 'p.g/g lyophilized algae sample.
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1.5.2 Physicochemical Assays

In addition to toxicity detection in samples, quantification and identification of the toxins

present are also important. Gregson and Lohr used reversed phase high performance liquid

chromatography (HPLC) with a variable wavelength ultraviolet absorbance (DV) detector in

the early 1980s for toxin analysis [61]. More recently HPLC with photodiode-array (PDA

DV) detection has been used. This instrumentation allows the DV spectrum of peaks

separated by HPLC to be measured. As microcystins have characteristic absorption profiles

in the wavelength range 200-300 nm, these can be used as an indication of the identity. A

HPLC PDA analytical method has also been devised for measurement of intracellular and

extracellular microcystins in water samples containing cyanobacteria [62].

Luukainen et al. extracted toxins from lyophilized Oscillatoria cells with n-butanol

methanol-water [20]. The organic solvents were evaporated and the toxins applied to a

preconditioned C18 silica gel cartridge and then eluted with 80 to 100% methanol. Analysis

was performed using reversed phase HPLC, thin layer chromatography (TLC), FABMS and

gas chromatography (GC). Lawton, Edward and Codd found that repeated methanol

extraction was the most versatile solvent for the extraction of microcystins from

cyanobacterial cells [62]. The filtered water was subjected to trace enrichment using a C18

solid phase extraction cartridge, followed by determination and identification by reversed

phase HPLC and photodiode-array DV detection. This is the most frequently used method

for the toxin analysis.

Lui et al. developed a capillary zone electrophoretic (CZE) technique for the separation of 3

microcystin toxins [63]. 52 different buffer solutions were evaluated and conditions such as

pH, applied voltage and concentration were optimised. Their findings were that an acetate

buffer at pH 4 produced best results. Precision for apparent mobility (~app = ~ep+~eo) was

0.8% and 8% for corrected peak areas. The limit of detection (LOO) for microcystin LR

was 2 ng/~L. This method was used to monitor the purity of microcystin LR prepared by

preparative LC. Wright et al. applied CZE to the separation of 3 highly polar naturally

occurring marine toxins that are normally difficult to analyse by conventional

chromatographic methods [64]. A phosphate buffer at pH 8.7 and a separation voltage of

40 kV was used. Th~ee different derivatization reagents (dansyl chloride, fluorescamine
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and ortho-phthaldialdehyde) were used to improve detection sensitivity. The dansyl

derivatives were neutral and could not be separated. In contrast, the charged

fluorescamine-Iabelled toxins were easily separated and again the neutral ortho

phthaldialdehyde (OPA) derivatives could not be separated. An LOD of less than 0.1

attomole of the OPA derivative of saxitoxin was achieved. Lastly Lindner et al. reported

the separation of mycotoxins by CZE, using a phosphate buffer at pH 7 [65]. In addition to

the influence of various kinds of buffer additives (B-cyclodextrin, y-cyclodextrin and

cyclodextrin derivatives), reversed electroosmotic flow was evaluated for improving

selectivity. Changes in selectivity were attributed to the combined effect of mobility

changes resulting from buffer viscosity changes, as well as the different "host-guest"

interactions occurring in the cyclodextrin-modified buffer system used. The LOD of the

mycotoxins were 1 nghlL.

Up to now the most popular analytical methods for the determination of these toxins have

involved the use of high performance liquid chromatography [62,66,67]. The drawbacks of

HPLC include long analysis times, low chromatographic efficiency and poor resolving

power. Further, the low diffusion coefficients (Dm) of large biomolecules in liquid mobile

phases in~rease the contribution to the resistance to the mass transfer term in the van

Deemter equation resulting in band broadening. The gradient elution program

recommended in a publication by Lawton, Edward and Codd requires a total analysis time

of one hour to allow for proper equilibration of the column [62]. On the other hand, as

shown by other workers, capillary electrophoretic techniques are more efficient at

separating these types of molecules [63-65]. From the equation

1.1

where f.J is the electrophoretic mobility and V is the applied voltage, it is clear that a greater

number of theoretical plates (N) will be produced from solutes with a low Dm [68]. For

this reason, this thesis focuses on the investigation of capillary electrophoretic methods for

the analysis of algal toxins. The following four chapters therefore deal with the theory of
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CE methods, experimental details, the optimization of CE conditions for separating algal

toxins and the methods used to improve detection sensitivity. A comparative study between

CE, HPLC and various micro-liquid separation techniques is made in Chapter 6. The

concluding chapter outlines all the important results of the study and recommendations are

made for future developments in the analysis of algal toxins by CE. Comments on recent

advances and future trends in CE technology are also given.
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Chapter Two

Capillary Electrophoretic Methods and Related Techniques

Literature Review

2.1 Introduction

Electrophoresis is a process in which electrically charged species in solution are separated

based upon differential migration rates in an electrical field. The principles have been

established for over 100 years, however the first sophisticated apparatus was developed by

Tiselius in the 1930's for which he was awarded a Nobel Prize in 1948. Jorgenson was the

first to demonstrate the power of capillary zone electrophoresis (CZE) in narrow bore

capillaries utilizing the effect of electroosmotic flow and it was only in the mid 1980's that

commercial instruments for performing electrophoresis in capillary columns were

introduced and the technique is now called capillary electrophoresis (CE) or high

performance capillary electrophoresis (HPCE).

2.2 Theory of Capillary Electrophoresis

In this chapter the theory and principles of capillary electrophoretic techniques are

discussed. Injection and detection methods are described and factors affecting band

broadening are highlighted. Finally some applications which show the analytical potential

of CE techniques are presented.

Typically, electrophoresis is carried out in a fused silica capillary, 20 to 100 cm long with

an internal diameter ranging from 25 to 100 p.m filled with an appropriate buffer solution.

A small volume of sample (l to 30 nL) is introduced into the capillary after which opposite

ends of the capillary together with the respective electrodes are immersed into the buffer

solution. An electric potential (200 to 300 V DC/cm) is then applied across the capillary

causing charged species inside the capillary to migrate toward the electrode of opposite

polarity according to the equation
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2.1
ll epV

V ep = ll ep E = L

where vep is the migration velocity, P-ep the electrophoretic mobility, E the electric field

strength and V the voltage applied across the column of length L. Separation is based on

the differences in their electrophoretic mobilities which in turn are governed by the solute

charge, size, shape and properties of the buffer solution. Each component migrates in a

relatively narrow band and can be monitored and quantified using an on-column detector.

A short section of the polyimide coating on one end of the capillary column is removed to

form a suitable window for detection of the separated components. Provided that the

electroosmotic velocity is high enough, positive, neutral and negative species can be

separated in the same run.

2.3 Electroosmosis

Electroosmosis is one of the oldest electrokinetic effects discovered. It can be described as

the relative motion of a liquid to a fixed charged surface caused by an electric field. In the

case of fused silica in contact with an aqueous solution, its surface hydrolyses to form

silanol groups. These groups may be positively charged (SiOH2+), neutral (SiOH), or

negatively charged (SiO-), depending on the buffer pH. Typically SiO- groups exist for

most applications and are counterbalanced by adsorption of buffer cations. Some of these

cations are free to move in solution while others are considered to be fixed to the silica

surface. This combination of negative charges on the surface and positive charges in the

liquid is called the electrical double layer (Figure 2.1).

Stem's model describes the double or the Helmhlotz layer as consisting of a rigid double

layer of adsorbed ions and a diffuse double layer or the Gouy-Chapman layer (sometimes

called the Debye-Huckellayer). An electric potential is set up at the interface between the

electrolyte solution and the silica surface. The potential of the diffuse double layer is called

the zeta potential, ;, the magnitude of which is given by

2.2
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Figure 2.1 Stern's model of the electrical double layer occurring at the interface

between an electrolyte solution and the surrounding surface [69].

where 1] is the solution viscosity, f.Jeo is the coefficient of electroosmotic flow (EOF) and 8

the dielectric constant of the solution. Within the Helmholtz layer, the potential rp drops

linearly with distance x from the silica surface while in the diffuse region of the double

layer, t; decreases exponentially. The excess cations in the diffuse double layer forms a

charged sheath which encloses the main bulk of the electrolyte. When an electric field is

applied parallel to the silica surface, the positive ions together with their hydration spheres

experience a force toward the negative electrode. Bulk flow induced by the field is

generated over the surface and is called electroosmosis. The electroosmotic velocity Veo is

given by

BE'veo =--
47r1]
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The thickness of the double layer is extremely small (up to several hundred nanometers)

relative to the radius of the capillary (25 to 100 JLm) and therefore EOF may be considered

to originate at the walls of the capillary resulting in the production of a plug flow profile

(Figure 2.2). In the infant stages of CE many attempts were made to suppress

electrophoresis because it hindered the development of a practical method for the

performance of electrophoresis on a microscale. However Jorgenson exploited this

Buffer Veloeity Vedor

Figure 2.2 Flow prof....le of an electrically driven system. Arrows indicate flow velocity

vectors.

phenomenon to advantage and introduced contemporary electrophoresis to the world. Since

1981, the CE revolution began. The explosion of CE in the 1980's was a result of two

factors that had come together. Fused silica tubing coated with polyimide was developed

by Dandeneau working at Hewlett Packard Laboratories (Little Falls Site, DE, USA).

These capillaries are robust and offer a non-conducting tube with useful heat dissipation

properties. Instrumentation was the second factor. In the late 1970's new rapid response

DV detectors with improved electronics were introduced for JLHPLC and supercritical fluid

chromatography. From the perspective of an alternative separation technique, CE gained

increasing popularity as it offered several advantages over established separation methods

and showed potential of being the next major instrument technique. This is evidenced by

the large number of publications, scientific meetings, new commercial instruments and

separation methodologies. The tremendous interest in CE stems from the fact that
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extraordinary high peak efficiencies are achieved and is attributable to the characteristic flat

flow profile. In addition CE is noted for relatively short analysis times, high peak capacity

and simple instrumentation due to the absence of an injector, a pump, solvent mixers, and

special detection cell. Also CE has a wide range of applications in greatly diverse fields

such as chemical, biotechnological, environmental and pharmaceutical analysis as shown in

Section 2.10.

2.4 Electroseparation Modes

2.4.1 Capillary Zone Electrophoresis ((2E)

CZE is the easiest and most commonly used technique in CE. Individual ions move at a

velocity vep, given by equation 2.1 in a plug of buffer which itself moves at a velocity veo,

given by equation 2.3. Separation of charged species results from differences in their

electrophoretic velocities while transport of the species along the tube is primarily by

electroosmosis. The electroosmotic flow is usually significantly greater than the

electrophoretic mobility of the individual ions and consequently anions, neutrals and cations

can be separated in the same run (Figure 2.3A). The separated components form sharp

zones and are directed toward a detector.

2.4.2 Capillary Isotachophoresis (CITP)

CITP is carried out in a discontinuous buffer system in which the sample components are

sandwiched between a leading electrolyte and a terminating electrolyte. Cations of the

leading electrolyte must have a higher mobility than the cations that have to be separated.

The terminating electrolyte must have a lower mobility than that of the cationic species in

the sample. Consequently, the resistance and field strength varies along the separation axis.

Upon the application of a potential, leading cations move faster than sample ions creating a

region of low conductivity and high electric field strength. This speeds up the faster

moving sample ions, pulling them along to prevent the formation of a non-conductive gap

in the solvent. In turn they act as leading electrolyte for the slower moving ions and

eventually a steady state is reached in which each ion occupies its own zone, adjacent to a

zone with higher mobility on one side and one with lower mobility on the other side.
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Suppression of EOF is vital and the sample containing only cations or anions can be

separated per run. The technique failed to become widespread because successful

application is dependent on the judicious control of separation conditions, knowledge of

mobility and pK values of the sample components. Steghuis et al. used CITP as an on-line

concentration pretreatment technique for the CE analysis of FITC derivatized amino acids

[70]. Other applications include purity control of synthetic peptides [71,72], separation of

commercial immunoglobin preparations for intravenous administration [73] and the

determination of calcium ions in the presence of phosphate anion and collagen [74].

2.4.3 Capillary Gel Electrophoresis (CGE)

The separation mechanism in CGE is based on molecular sieving which in turn is

determined by the differences in solute size (Figure 2.. 3B). The gel also minimises solute

diffusion and adsorption on the capillary walls and helps eliminate electroosmosis. This

results in extremely high efficiencies, as demonstrated by Karger et al. [75,76], and high

resolution. The capillaries are normally filled with polyacrylamide gels containing sodium

dodecyl sulphate (SDS), and the technique is refened to as SDS-PAGE. Some of its

applications include the separation of proteins, polynucleotides and DNA fragments [75

77]. The limitation of the technique is that neutral molecules cannot be separated.

2.4.4 Capillary lsoelectric Focusing (ClEF)

ClEF is limited to amphoteric molecules like proteins.. Separation is achieved due to their

differences in isoelectric points (PI), where pI is the pH at which an ampholyte has no net

charge. At that pH, it is present mainly in the zwitterionic form and does not migrate in an

electric field. At high pH (pH > pI), the ampholyte is negatively charged and at low pH

(pH <pI), it takes a positive charge. A linear pH gradient is generated across the capillary

by a mixture of carrier ampholytes like polyaminopolycarboxylic acids, having pI values

covering the desired pH range. After sample introduction, the anodic end of the column is

placed in an acidic solution (anolyte) and the cathodic end in a basic solution (catholyte).

Under the influence of an applied electric field, sample components will migrate until they

reach a region of pH where they become neutral. Zones are focused until a steady state is

reached. The focused zones are mobilized past the detector by using pressure as the driving
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force. Some applications of CIBF include the analysis of proteins [77-81] and the

fractionation of the human recombinant tissue, plasminogen activator glycoforms [82].

2.4.5 Caoillary Electrochromatography (CEC)

CBC is the least developed of all the electroseparation methods, but is receiving great

attention at the present time. The earliest demonstration of CBC was by Pretorius et al. in

1974 and it involves packing the separation column with chromatographic material [83].

No further work was reported in this area until the method was revived by Jorgenson and

Lukacs in 1981 [84]. Mobility due to electrophoretic properties and sorptive interactions

arising from chromatographic behaviour are used simultaneously to produce high resolution

separations. CBC in essence exhibits behaviour that is a hybrid between chromatography

and electrophoresis (Figure 2.3D). However, the two characteristics, electroosmosis and

electrophoresis, from CBC are absent in conventional liquid chromatography. Researchers

have used this technique in two ways, with [85-88] and without pressurized flow [89-91].

Pretorius described the relationship between the velocity of a liquid in an applied electric

field by the equation

&S£
f.L=

41!1]
2.4

where JL is the linear velocity, & the dielectric constant, E the electric field strength, 11 the

solution viscosity and ~ the zeta potential. He pointed out that the equation predicts that JL

is independent of both the channel and particle size, resulting in a flow which should be

uniform across a column irrespective of any inhomogeneities [83]. For a pressure driven

system, Knox used the equation

2.5

where d is the particle diameter, <p is the pressure resistance factor for packed columns, L is

the column length and L1p is the pressure drop across the column, to describe the linear flow

rate [92]. Numerous problems have been encountered by these researchers, the main ones

being bubble formation, flow interruptions accompanied by breakages in current, increased

joule heating and sample introduction difficulties. Jorgenson remarked that CBC in packed
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columns is difficult and expressed doubt whether increased performance would justify

increased difficulty [84].

2.4.6 Micellar Electroldnetic Capillary Chromatography (MECC)

MECC was developed by Terabe for the electrokinetic analysis of neutral molecules

[93,94]. Studies have shown that it can be applied equally well to the analysis of ionic

compounds [95-110]. Using the same instrumentation as CZE, MECC requires only the

addition of a charged surfactant to the background electrolyte at or above its critical micelle

concentration (CMC). The surfactant molecules form aggregates with typical lifetimes of

< 10 J1.s. During this period, solute molecules partition themselves between the aqueous

phase and micellar phase, based on their hydrophobicity. The separation mechanism is

analogous to reversed phase liquid chromatography except for the fact that the micelles are

referred to as a pseudo-stationary phase. Sodium dodecyl sulphate (SDS), with a critical

micelle concentration of 0.0082 M and an aggregate number of 64 at 25°C, is the preferred

surfactant in MECC because it possess a negative charge and moves against the bulk EOF

although more slowly, so that the net direction of movement is the same as that of the bulk

flow. Neutral as well as ionic solutes with similar mobilities that cannot be resolved by

CZE are effectively separated by MECC (Figure 2.3C). They elute within a time window

starting with species which are least partitioned and finishing with species that are most

strongly partitioned into the micelles. Other surfactants used are shown in Table 2.1.

2.5 Sample Injection

The sample must be introduced on column with minimum volume in order to preserve the

separation efficiency by restricting the initial zone broadness of the analytes. The total

length of the sample plug is therefore limited by the impact of the plug length on peak

width. The relationship between injection plug volume and the contribution to standard

deviation is given by

qinj

(j qinj = J12
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Table 2.1 Critical micelle concentration and aggregation numbers of some surfactants

Surfactant CMC (mM) Aggregation Number

Sodium decyl sulphate 33 41

Sodium dodecyl sulphate 8.2 64

Sodium tetradecyl sulphate 2.05 80

Sodium hexadecyl sulphate 0.45 100

Sodium lauroylmethyl taurate 8.7 <10

Sodium cholate 13 <10

Sodium dehydrocholate 10 <10

Sodium taurocholate 10 <10

Sodium taurodehydrocholate 6 <10

Decyltrimethylammonium bromide 65 <10

Dodecyltrimethylammonium bromide 15 50

Tetradecyltrimethylammonium bromide 3.5 75

Hexadecyltrimethylammonium bromide 0.92 61

(8)

CZE

'Elec!:rica~double layer
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Figure 2.3 Diagrammatic representation of (A) CZE, (B) CGE, (C) MECC, and (D)

CEC. VoX is the linear migration velocity of analyte X, Veo is the electroosmotic velocity,

V,p is the electrophoretic velocity and k* is the phase capacity ratio.
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where O"q . . is the standard deviation of the injection plug and qinj is the volume of sample
In)

injected [111]. Therefore, if qinj becomes too large, 0" qinj can negatively influence the

separation efficiency. Grushka and McCormick demonstrated that insertion, withdrawal or

both actions could result in sample penetration into the capillary [112]. This is another

contributor to peak broadening because sample enters the capillary in an uncontrolled

manner. The mechanism of extraneous injection was identified as being due to the

displacement of a small volume of the sample into the capillary during insertion into the

sample solution, convective movements between buffer and sample due to differences in

viscosity, surface tension and density and lastly diffusion of solutes into the capillary.

Convective movements attributable to the density difference between the buffer and sample

have been thought to play the major part.

Numerous techniques have been developed for sample introduction including the electric

sample splitter [113], the split flow syringe injector [114], the rotary type injector [115],

freeze plug injector, sampling device with feeder [116], micro injectors [117-120], optical

gating [121], on column fracture, and field amplified sample injection (FASI) [122-124].

However, two of the most commonly used injection techniques are on-column

hydrodynamic and electrokinetic injections.

2.5.1 Hydro~namic Injection

This injection technique involves a pressure drop along the length of the capillary by either

high pressure at the injection end, vacuum at the detector end or hydrostatic pressure by

utilizing gravity. The injection volume can be calculated by Poiseuille's law for liquid flow

V. = l:!.p 1r r
4
t

I 8 2.7
17 LT

where ~ is the injection volume (m3
), L1p the pressure difference (Pa), r the inner radius of

the capillary (m), t the injection time (s), 11 the viscosity (pa s) and LT the total capillary

length (m) [69].
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2.5.2 Electrokinetic Injection

This mode is based on the fact that voltage causes electrophoretic and electroosmotic

movement. The electrode and column inlet are removed from the buffer vial and immersed

into the sample vial. An injection voltage is applied for a brief period causing the sample to

enter the column by electromigration. From the equation

(Pep + Peo) ;rrr2V;t j c
W= 2.8

L

where ~ is the injection voltage, tj the injection time, C the sample concentration and other

symbols have their usual meanings, the amount of solute injected, W, can be determined.

During electrokinetic injection, two types of bias may occur, discrimination as a result of

the differences in the electrophoretic mobilities of the various solute species in solution and

discrimination by virtue of the conductivity differences between sample solution and

operating buffer [125].

With automated systems, peak area reproducibility of 2-3% RSD can be achieved [127].

Hydrodynamic injection is not suitable for viscous samples nor can it be used for CGE

because of suppression of hydrodynamic flow. Electrokinetic injections can, however,

overcome this problem. Other injection techniques suffer from practical limitations, such

as the need to design devices for introducing the sample into the capillary without creating

dead volume problems or causing overloading.

2.6 Detection

In CE on-column DV or fluorescence detection is achieved by creating a window on a

small section of the capillary by charring, alkaline etching or mechanical scraping of the

polyimide. The path length is defined by the internal diameter of the capillary. A wide

range of detection techniques have been employed in CE, including DV-visible absorption

(DV-VIS), photodiode array (PDA) and multi-wavelength lamp based fluorescence, laser

based thermo-optical and refractive index (RI), electrochemical, indirect detection,

radioisotope detection and mass spectrometric detection. The most frequently used is DV

visible absorption followed by fluorescence detection. Multi-wavelength detection can be
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performed, making peak identification easier. The main problem in CE detection arises as

a direct consequence of the low sample capacity to be detected. Further, the optical

pathlength is defmed by the internal diameter of the capillary (Figure 2.4), adding to poor

detection sensitivity.

bu;identUV

Radiation

Fused Silica Capillary
(50-75 /Illl. id.)

Figure 2.4 Schematic diagram of the standard on-column cell.

Detector

In recent years, a considerable amount of research has been reported on methods to

overcome this limitation. Some approaches include the use of axial beam illumination, the

Z-shaped flow cell (Figure 2.5A), the multi reflection flow cell (Figure 2.5B) and the

bubble cell which was first introduced by Hewlett Packard (Figure 2.5C). Recently

Hewlett Packard designed a high sensitivity cell for their HP 3DCE system. This cell design

is based on the Z-shaped cell which improves detection sensitivity by more than lO-fold

over standard capillaries [111]. Figure 2.6A&B shows the electropherogram of brilliant

green obtained with a single pass cell and a multi-reflection cell respectively [126].

A

Inddent

Radiation

Figure 2.5 (A) Schematic representation of the Z-cell.
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B

C

Figure 2.5 (B) Schematic representation of the multi-reflection cell and (C) The bubble

cell.
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Figure 2.6 (A) Electropherogram of 1.1 x 10-5 M brilliant green obtained from a single

pass cell and (B) from a multi-reflection cell [126].

2.6.1 UV-Visible Detectors

The use of UV-VIS absorbance has remained the most popular detection principle although

it suffers from low sensitivity compared to other detection modes developed for CE. The

main reason for its popularity include its relatively universal. nature and its wide spread

availability. The small capillary Ld. presents two problems in CE; namely difficulty in

focusing sufficient amount of light onto the on column window and reduced sensitivity

arising from a short pathlength. It is therefore essential to use high intensity lamps,

optimum slit width (too high cause stray light problems, too little reduces sensitivity),

correct and stable positioning of the capillary in the light path. Optical fibers can also be

used to maximize light intensity passing through the sample.

2.6.2 Photodiode Arrqy and Multiwavelength UV Detectors

Photodiode array detection provides multi-wavelength spectral information which is a

powerful tool for the identification of unknown compounds. Furthermore, peak purity
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check and absorbance ratio at different wavelengths can be performed to confrrm the

presence or absence of overlapping peaks in a single electropherogram.

2.6.3 Fluorescence Detection

Fluorescence detection enables extremely high sensitivity, however relatively few molecules

exhibit intense native fluorescence. Non fluorescent molecules require pre- or post-column

CAH

WSM'

i

Bl8

BlA

~=:::r:==~~:==_'::::::=:~"';:::~==~=======o 10 15 20

Tl",e(min)

o 10
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15 20

Figure 2.7 (A) Post-capillary fluorescence detection and (B) UV detection at 229 DID.

Operating conditions: 50 mm borate-50 mM Kel; pH 9.5; OPA derivatization reagent;

30 kV operating voltage [127].
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derivatization to introduce fluorophores to the analyte. Figure 2.7A&B shows a

co~parison of post-capillary fluorescence and DV detection of whale skeletal muscle

(WSM), carbonic anhydrase (CAH), ~-lactoglobulin B (BLB) and ~-lactoglobulin A (BLA).

The high sensitivity of this technique can be attributed to low background noise and the

direct proportionality between excitation power and emission signal intensity. For

fluorescein, a detection limit of ca. 10-8 M (s/n=2) has been found for conventional

fluorescence [128], while using laser induced fluorescence (LIF) detection, LaDs of as low

as 2 x 10-12 M (ca. 1000 analyte molecules) have been realized for the fluorescein

thiohydantoin derivatives of amino acids [129]. The most commonly used lasers are He-Cd

and argon-ion lasers. In contrast to arc lamps, lasers emit a highly coherent beam of light,

however the limitation of LIF detection is the lack of spectral lines matching the analyte

absorption bands. It is therefore vital to introduce fluorophOres to match the available laser

lines. Numerous fluorescent reagents are readily available. 3-(4-carboxybenzoyl)-2

quinoline carboxaldehyde (CBQCA), dansyl chloride (Dns-CI), 4-phenylspiro [furan

2(3H)1'-phthalan]-3,3'-dione (fluorescamine), fluorescein isothiocyanate (FITC),

naphthalene dialdehyde (NDA) and o-phthaldialdehyde (OPA) have been used extensively

for amino acid, peptide, protein and DNA analysis.

2.7 Column Technology

Borosilicate glass, fused silica and various polymers such as Teflon have been used as the

column material in CE. The high DV cut-off of glass (280 nm) and poor thermal

conductivity of Teflon made these materials unpopular for CE work. Fused silica on the

other hand is by far the most frequently used material because it is easy to fabricate into

capillaries, optically transparent (DV cut-off 170 nm), available in internal diameters

ranging from 10 to 300 nm, mechanically strong, flexible when coated with polyimide,

inexpensive, and has good electrical insulating properties.

The major limitation of fused silica is that the surface has unreacted silanol groups that give

rise to electroosmosis. Electroosmosis tends to elute components before electrophoretic
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resolution is complete. Low pH buffers and acidic additives provide one of the simplest

methods to suppress EOF. At a pH <3, there is essentially no silanol ionization and EOF

approaches zero (Figure 2.8). Another approach to reduce the effect of the silanol groups

is to use coated columns. Coating with organic compounds or polymers occur by

absorption or covalent bonding to the fused silica surface. Commonly used coatings in CE

include methylcellulose [130,131], polyacrylamide [132,133], polyacrylic acid,

polyvinylpyrrolidone [134] and polyethylene glycol [131,135]. The advantages of coated

columns is that adsorption is suppressed; the EOF is constant over a wide pH range; the

coating is stable over a wide pH range; the coating is stable for long periods and that

migration times are reproducible.
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Figure 2.8 Plot of electroosmotic mobility versus pH. Operating conditions: 50 mM

phosphate buffer, 263 V/cm applied voltage, UV detection at 200 nm [136].

2.8 Factors Affecting Performance

Capillary electrophoretic techniques are inherently efficient. From equation 1.1, clearly the

column length does not influence the number of theoretical plates that can be obtained for

any particular separation. However there are factors which result in band broadening.
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2.8.1 Fundamental Dispersive Effects

Band spreading can be expressed by the variance (i if the peak shapes are assumed to be

Gaussian. Thus the total variance is given by the expression

2.9

where the terms on the right hand side represent the variances due to diffusion, adsorption,

Joule heating, electrophoretic dispersion, injection, the width of the injection zone and other

effects respectively.

2.8.2 Diffusion

In CE, self-diffusion or Brownian molecular motion, and diffusion due to concentration

gradients occur. The latter contributes far more significantly to band broadening than the

former. During migration of species through the capillary, diffusion occurs along the axis

and is termed axial diffusion. The extent of diffusion is related directly to the diffusion

coefficient Dm at the time t by

2.10

This equation dictates large spectral variance for solutes with high diffusion coefficients

while the reverse applies to solutes possessing low values of Dm• It is for this reason that

CE is especially suited to the separation of large molecules with low diffusion coefficients.

This is a significant advantage of CE over HPLC. In HPLC large Dm means greater

resistance to mass transfer causing band broadening. From the equation

2.11

relating efficiency (N) and diffusion (Dm), high electric fields (E) can reduce the effects of

axial diffusion because the solute spends less time inside the column.
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2.8.3 Adsorption

Solid surfaces are never completely indifferent with regards to sample components, with the

result that reversible and irreversible adsorption can occur. The former process causesO a

reduction in performance and is seen as band tailing. Furthermore, adsorption can lead to

losses of sample particularly given the high surface area/volume ratios in the capillary

column. Adsorption of any component can change the local zeta potential at the wall and

hence change the performance of all species. Many attempts were made to reduce

adsorption in fused silica capillaries by derivatization of the silanol groups. Novotny and

Cobb used SOCl2 to convert silanol groups into SiCI groups [137]. Subsequent reaction

with the Grignard reagent vinyl magnesium bromide produced a double bond at the surface.

The double bonds were then copolymerized with polyacrylamide chains to produce a stable

coating for use at high pH.

Hjerten was the first to modify fused silica surfaces with y-methacryloxypropyl

trimethoxysilane (MAPT) [132,138], thereby introducing a molecule to the surface that

contained a double bond. This functional group could then be copolymerized with

acrylamide to form linear or cross linked polyacrylamide coatings. Bruin et al. chemically

bonded polyethylene glycol to the silica surface and used the column for the separation of

standard proteins [139]. Swedberg used aminopropyltrialkoxysilane as the derivatization

reagent after which the amino group was reacted with pentafluorobenzoylchloride [140].

Another approach dealing with the reduction of analyte adsorption involves the use of

buffers whose effective pH range is such that the analyte and silica have the same charge

signs. Coulombic repulsion suppresses wall adsorption. In the analysis of ampholytes, the

buffer pH should be higher than the isoelectric point resulting in both analyte and wall

having negative charges. Dynamic capillary coatings involve the use of buffer additives

such as surfactants [141], high salt concentrations (l00-200 mM) [142], polymer additives

(methylcellulose) [143] and polyamines [144], to reduce adsorption.

Static coating is a more sophisticated technique for reducing adsorption. Hjerten [145]

described static coating with a polymer layer. Conventional coatings include alkylsilanes

[146], arylpentafluoro coatings [147], diols, polyethylene glycol (PEG) and polysaccharides

[148], other biomolecules such as a-lactalbumin [149], non crosslinked polyacrylamide
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coatings, poly(vinyl-pyrrolidone) [132], polyethyleneimine [150] and poly

(methylglutamate) [151].

2.8.4 Joule Heating

During the passage of a current in a capillary, electrical energy is partially converted to heat

energy. The rate of heat generation per unit volume Q is given by

Q= E2 Acrp 2.12

where E is the field strength, A the equivalent conductance of the electrolyte solution, c the

electrolyte concentration and <p the total porosity of the medium. Heat transfer is by

conduction, convection and radiation. Heat transport out of the tube takes place through the

capillary walls and cause a parabolic gradient directed radially from the center to the wall

(Figure 2.9) The temperature drops logarithmically in the wall and in the surrounding

medium while heat dissipation through the wall takes place mainly by conduction, heat is

transferred through the surrounding air by convection and radiation. As a rule of thumb, a

power of 0.1 W increases the temperature by 1.1 K for natural convection and 0.6 K for

forced air convection [152].
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Figure 2.9 Schematic diagram of the temperature profIle caused by a current flow

across the capillary [153].

32



Joule heating cause alterations in solute migration due to changes in solution viscosity and

density or changes in partition ratios between two phases or a change in the rates of kinetic

processes. Excessive Joule heating cause boiling and bubble formation. There is also the

possibility of degradation to thermally labile compounds.

2.8.5 Electrophoretic Dispersion

Two factors are responsible for Peak broadening by electrophoretic dispersion, namely the

differences in specific conductance K. between the sample and the buffer zone and the

concentration ratio of the sample constituent to the buffer co-ions CS/CB. Both factors have

their origin in the mobility difference between sample and the buffer co-ion. In the

presence of an electric field, the sample zone begins to migrate out of· the sampling

compartment and is mixed with the buffer constituents. Depending on the mobility of the

sample constituents, three cases can be distinguished. If the conductivity of the sample is

lower than that of the buffer co-ion, the electric field strength will be higher in the sample

zone than in the buffer. Sample molecules that enter the buffer zone by diffusion and

convection will experience a lower field strength because of its conductivity and will slow
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Figure 2.10 (A) Dispersion as a result of diffusion and electromigration when ILsolute <

ILbuffer (B) J,lsolute > J,lbuffer (C) ILsoIute = ILbuffer [157].
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down. This is seen as a sharpening of the front boundary and a diffuse trailing boundary in

an electropherogram. Peak tailing and a reduction in peak height is a pronounced feature in

the electropherogram (Figure 2. lOA). If the mobility of the sample constituents is higher

than that of the buffer, the electric field strength in. the sample zone will be lower than in

the buffer zone. Sample ions diffusing into the buffer zone will be accelerated resulting in

peak fronting (Figure 2.lOB). If the sample and buffer have equal conductivities, the

electric field strength is constant across the entire capillary. Only diffusion broadening is

observed (Figure 2.10C).

2.8.6 Injection Width

The variance due to injection (a;) is given by

2 12

a -
I - 12 2.13

where I is the width of the initial sample pulse [154]. Typical injection lengths in a 75 Jtm

Ld. column are in the range of 1-2 mm. Huang, Coleman and Zare [155] have found that

the length of the injection plug is the most significant factor in respect to peak broadening...

Vinther and Soeberg have made similar findings in their studies [156].

2.9 Other Effects

2.9.1 Field Strength

Field strength is related to the applied voltage by the equation

E=V
L

2.14

Since both electrophoretic migration and electroosmosis are directly proportional to the

electric field, high field strengths will produce short analysis times, and high efficiency

peaks as shown by examples in Figure 2.11. However, a plot of I versus E shows a

deviation from linearity at higher values of E (Figure 2.12), which is attributed to Joule

heating.
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Figure 2.11 Intluence of the field strength on the electrophoretic separation of four

positional isomers of dihydroxybenzoic acid. Operating conditions: 25 mM phosphate

25 mM borate buffer; pH 9.0; UV detection at 200 DID and field strength (A) 440

V.cm-l
, (B) 350 V.cm-l and (C) 260 V.cm-l [158].
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Figure 2.12 Plot of the field strength versus the resulting current-for the system in

Figure 2.11 (A-C) above [158].
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From the equation

2.15

where 6 is the permittivity of the medium, i the current density, le the specific conductance,

II the solution viscosity, and ~ the zeta potential, it can be seen that a plot of Veo versus i is a

straight line independent of temperature. Therefore a constant current mode is preferred to

a constant voltage mode for good precision of Veo and vep'

2.9.2 Capillary Dimensions

The capillary dimensions affect migration time, resolution, detection sensitivity, heat

dissipation and adsorption. Colbum et al. showed that the migration time of a peptide

increases from 18 to 48 minutes on increasing the column length from 50 cm (25 cm

effective) to 100 cm (75 cm effective) [159]. There was a dramatic improvement in peak

resolution and efficiency. Jorgenson found that there was no significant improvement in

peak efficiency in columns longer than 100 cm but considerably longer analysis times

resulted [160]. Short capillaries produced a sharp decrease in plate numbers which was

attributed to thermal effects.

2.9.3 Temperature

In CE, temperature is usually considered in a negative context due to the loss in efficiency

by excessive Joule heating. However, there are some promising aspects of the influence of

temperature on CE (Figure 2.13). The major effect of temperature is to shorten the

analysis time due to an increase in the EOF and the effect it has on chemical equilibria such

as metal chelation, micelle partitioning, complex formation and dissociation. Hoffstetter

Kuhn et al. studied the influence of temperature on the electrophoretic behaviour of

carbohydrates in borate solutions [161]. It was observed that by increasing the column

temperature, equilibrium was reached faster, resulting in narrow peaks, and improved

sensitivity and resolution. I
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Figure 2.13 Effect of temperature on the separation of underivatized monosaccharides.

Operating conditions: 50 mM borax; pH 9.3; 20 kV applied voltage; UV detection at

195 nm [161].
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2.10 Application

Capillary electrophoresis has developed into an extremely powerful analytical technique

with a wide range of applications in greatly diverse fields. The availability of new

commercial instruments have provided further advancement in this technique for practical

application. Some important applications are outlined below.

2.10.1 Amino Acids

Jorgenson and Lukacs were pioneers in the field of CB and demonstrated the high resolution

separation of fluorescent derivatives of amino acids [162-164]. Since then numerous

researchers investigated the analysis of amino acids by CB. These studies include the

separation of dansylated derivatives [162-175], phenylthiohydantoin derivatives [176-179],

naphthalene dicarboxyldehyde [180-182], 4,4-dimethylamino azobenzene-4' -sulfonyl

chloride [183-185], fluorescein isothiocynate [186-188], ortho-phthaldialdehyde [182,187

189], fluorescamine [187,190,191], and 9-fluorenylmethylchloroformate derivatives

[187,192]. Separation of dansylated amino acids can be accomplished with high efficiency

using an electrophoretic buffer at neutral pH. Under these conditions, the amino acids have

a negative charge and separation is based on differences in charge.

2.10.2 PeDtides

Jorgenson and Lukacs demonstrated the use of CE for the separation of fluorescamine

derivatives of dipeptides [163], and peptides from tryptic digests of ovalbumin [163-165].

Novotny and Cobb used CB for high sensitivity peptide mapping [193]. Ludi et al.

employed CB for the analysis of recombinant insulin-like growth factor and recombinant

hirudin [194]. Grossman et al. found that buffer pH was the primary parameter affecting

the selectivity of the separation of a peptide mixture [195]. The results also proved that

differences in the neutral amino acid composition and sequence of a peptide could be

detected by CB.

Florance et al. studied the effects of different buffers and pH on the migration times and

resolution of a gut hormone motilin [196] (Figure 2.14). The citrate buffer at pH 2.5 was
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found to provide best resolution for the peptide. Other applications include the separation

of multiple antigen peptides (MAPS) [197], histine containing compounds [198], bioactive

peptides including neurotensin and angiotensin 1 [199]. The separation of chiral dipeptides

by CE and MECC was achieved by derivatization with L-and D-Marfeys reagent [200] or

simply by adding the reagent into the electrophoretic buffer [201]. CE-MS is another

technique used frequently for the analysis of peptides [202-208]. Volatile buffers

(ammonium acetate and ammonium formate) of low concentration (15-20 mM) and

containing high organic modifier content (5-30% CH3CN) or methanol were found to be

more suitable for electrospray ionization (BSI). Mosely et a1. used CE-MS with continuous

flow fast atom bombardment (CF-FAB) for the analysis of peptides [207,208].

2.10.3 Proteins

The separation of proteins by CE represents an area of tremendous interest in recent years.

Several reviews have appeared which described the application of CE in protein separations

[209-211]. Researchers have found that reproducibility was affected by adsorption of

protein to the capillary walls. Green .and Jorgenson used additives such as metal salts in the

run buffer to reduce wall adsorption [212]. However the resulting increase in conductivity
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Figure 2.14 Electropherogram of 14 motilin peptides. Operating conditions: citrate

buffer; pH 2.5; 20 kV applied voltage; UV detection at 200 nm [196].
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necessitated the use of lower operating voltages and capillaries of smaller diameter to

provide adequate heat dissipation.

Emmer et al. used a cationic fluorosurfactant to reduce the adsorption of basic proteins in

CZE [213]. A charge reversal occurred and proteins were repelled from the wall.

McCormick utilized poly(vinylpyrrolidone)-coated capillaries for the separation of 15

proteins [214]. However, insulin, ovalbumin and chymotrypsinogen could not be separated

because of analyte adsorption. Hjerten and co-workers reported the use of gel-fIlled

capillaries for separation based on molecular size with sodium dodecyl sulphate

polyacrylamide gels (SDS-PAGE) [215,216].

2.10.4 Nucleic Acids

Nucleic acids are the fundamental genetic material in all living organisms. They are

generally long chained polymers consisting of a phosphoric acid group, a sugar component

(ribose or deoxyribose) and purine (adenine, guanine and cytosine) and pyrimidine (thymine

or uracil) bases. The use of CE for the separation of nucleic acids has been described in

several reviews [166,217,218].

Row et al. used MECC with SDS for the separation of modified nucleic acid constituents.

The optimum conditions were determined as 0.075 M SDS in 0.01 M phosphate-0.OO6 M

borate buffer (pH 8.9), at a separation voltage of 10 kV [219]. Liu et al. investigated the

effect of surfactant type for the analysis of phosphorylated nucleosides [220]. Hjerten et al.

investigated the CE separation of nucleic acids and their degradation products [221]. CGE

has also been used extensively for the separation of oligonucleotides [222-224]. Lui et al.

separated twelve nucleotides (Figure 2.15) by MECC [225].
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Figure 2.15 MECC separation of common nucleotides with a cationic surfactant.

Operating conditions: 100 mM DTAB in 10 mM TRIS/phosphate buffer; pH 7.05, -18

kV; UV detection at 254 om [225].

2.10.5 Pharmaceuticals and Drugs

Due to limitations such as the complexity and time consuming nature, the high degree of

variability, the low separation efficiency or lack of sensitivity with conventional methods of

analysis, there has been growing interest in CB for the analysis of pharmaceuticals and

drugs. Table 2.2 show some selected types of pharmaceutical compounds analyzed by CB.

41



(Al (B)

4
2

5 +
6

71

6 1 4

7 i_
D 5 1. 15 • 5 JI 15

TIME / MIN TlMII MIN

Figure 2.16 (A) Separation of 7 penicillins by CZE and (B) by MECC. Operating

conditions 0.02 M borate-phosphate buffer, 0.1 M SDS, pH 8.5, UV detection at 210

nm [226].

Table 2.2 Phannaceuticals analyzed by CE

Publication Year Authors Application

[Reference]

1986 [227] Fujiwara et al. Cinnamic acid and analogues

1987 [228] Fujiwara et al. Analgestic preparations

1990 [229] Honda et al. Crude drug

1991 [230] Yeo et al. Antibiotics

1991 [231] Snopek et al. Chiral drugs

1991 [232] Nishi et al. Corticosteroids

1990 [233] Nishi et al. Benzodiazepine and benzothiazepine

1991 [234] Thormann et al. Barbiturates

1989 [235] Nakagawa et al. Cefpiramide

1988 [170] Roach et al. Anticancer drugs

1989 [236] Hjerten et al. Basic drugs

1991 [237] Salomon et al. Antidepressant

1988 [238] Fujiwara et al. Water-soluble vitamins

1991 [239] Mutton et al. Echistain

1991 [240] Weinberger et al. Anti-inflammatory
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Table 2 2 Continued.
Publication Year Authors Application

[Reference]

1991 [241] Guzman et al. Recombinant cytokine

1991 [242] Pietta et al. Flavonoids

1991 [243] Humi et al. Vaccine production process monitoring

1991 [244] Ackermans et al. Selected drugs insoluble in water

1990 [245] Weinberger et al. Urinary porphyrins

1990 [246] Wainwright et al. Peptide drugs

1988 [247] Tsuda et al. Polyamines in urine

1991 [248] Soini et al. Cimetidine

1990 [249] Atria et al. Radiopharmaceuticals

1991 [250] Swartz et al. Robitussin

1989 [251] S. Fanali Aminophenol and diaminophenol

1991 [250] Swartz et al. Cough/cold formulation

1991 [252] Ong et al. Antihistimines

2.10.6 Other Areas ofADDlieation

Capillary electrophoretic methods have been used in many other application areas. CGE

was used for the separation and detection of DNA sequencing samples [253] while CE of

the tobacco mosaic virus was performed by Hjerten et al. [215] and red blood cells by Chen

and Zhu [254]. Researchers have also used CE for the analysis of body fluids [255,256],

anions [257,258], cations [259,260], metal chelates [261,262], hydrocarbons [89,252,263

267], organic acids [133,215,268-271] amines [272-274], carbohydrates [275-277], food

analysis [278-280], environmental pollutants [252,281-284], polymers [252,285-288],

natural products [289-291], chiral compounds [292-294], geometric and positional isomers

[295-298], coal and fuels [299,300], dyes and textiles [301] and finally for toxin analysis

[63,64].
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Chapter Three

Experimental Techniques and Methods

3.1 Introduction

A number of techniques including high performance capillary electrophoresis (HPCE),

micro-high performance liquid chromatography (j.tHPLC), supercritical fluid extraction

(SFE) , capillary electrochromatography (CEC) and high performance liquid

chromatography (HPLC) were investigated during the course of this research project. In

this chapter, the various experimental aspects of the project are described in full to enable

duplication of the work or application of the methods in other studies. Detailed descriptions

and schematic diagrams of the instrumentation used together with any instrument

modifications are provided. The CE methods investigated required the use of a number of

reagents, buffer solutions and calibration standards. Experimental procedures for their

preparation and for extraction and clean-up of samples are described. Sample introduction

was also an important focus of the CE work. The procedures for cleaning, rinsing,

executing hydrodynamic injections,electrokinetic injections, and field amplified sample

injections in MECC, as well as sample introduction and preparation methods such as on-line

solid-phase extractions and electro-extraction are therefore described in detail.

3.2 Preparation of Toxin Standards

3.2.1 The Toxin Standards

Reference standards of MC LR (>96%), MC YR (98.7%), MC RR (>99%) and nodularin

(>99%) were purchased from Calbiochem-Novabiochem (CA, USA). The toxins were

stored dry at -20°C in amber coloured glass bottles until required for use.

3.2.2 The Stock Standards

Stock solutions of the toxin standards were prepared by dissolving the appropriate masses in

HPLC grade methanol (Reidel de Haen) according to Table 3.1. Due to the minute
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quantities of the standards available, physical massing was not practical. The entire content

of the vial received from the supplier was transferred quantitatively into a volumetric flask

and diluted to volume. The authenticity of each standard solution was verified on the basis

of its UV spectrum (Appendix) obtained by HPLC analysis and photodiode array UV

detection.

Table 3.1 Preparation of the toxin stock solutions

Compound Mass Volume Concentration
(lLg) (roL) (n2/ILL)

Nodularin 500 50.00 10

MCLR 500 50.00 10

MCYR 500 50.00 10

MCLR 5000 500.00 10

3.2.3 The Primary Dilution Standard and Calibration Standards

100 ilL of each toxin stock solution was transferred into a 1.8 mL GC autosampler glass

vial (Hewlett Packard, Little Falls Site, DE, USA) with the use of a 100 ilL high precision

syringe (Hamilton Company, Reno, NV, USA). The solvent was evaporated to dryness

under a gentle stream of high purity nitrogen and resuspended in 10 ilL of methanol. For

electrokinetic injections, the standards were diluted with 30 mM di-sodium tetraborate

(borax) buffer (BDH, Poole, UK), for field amplified injection, 3 mM borax was used, and

doubly deionised water (Millipore Corp., Milford, MA, USA) for solid phase extractions.

The calibration standards were prepared as indicated in Table 3.2.

Table 3.2 Preparation of calibration standards

Standard Volume Stock Final Volume Concentration

(ILL) (ILL) (ng/ILL)

1 20 10 20

2 40 10 40

3 60 10 60

4 80 10 80
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3.3 Preparation of Buffer Solutions

3.3.1 The Phosphate Buffer (10 mM Na2HP04' 10 mM NaH2P04. 10 mM SDS)

The phosphate buffer consisted of 0.12 g sodium dihydrogen phosphate (BDH, Poole, UK),

0.142 g disodium hydrogen phosphate (BDH) and 0.288 g sodium dodecyl sulphate (SDS)

dissolved in doubly deionised water and diluted to 100 mL. The buffer solution was

degassed for 10 minutes in an ultrasonic bath (Branson 1210, Connecticut, USA) and passed

through a 0.45 JA.m syringe type filter (Millipore) prior to use.

3.3.2 The Run Buffer (30 mM Borax. 9 mM SDS)

The run or separation buffer consisted of 0.2595 g SDS (Merck) and 1.144 g of borax

dissolved doubly deionised water and diluted to 100 mL. The buffer solution was degassed

and filtered as in 3.3.1 above, prior to use.

3.3.3 The Sample Buffer (3 mM Borax)

0.1144 g of borax was dissolved in doubly deionised water and diluted to 100 mL. The

buffer was degassed and filtered as described previously.

3.3.4 Sodium Hydroxide (0.1 M)

0.4 g of AR grade NaOH (Merck) was dissolved in doubly deionised water and diluted to

100 mL. The solution was transferred to a plastic bottle and stored for later use. Filtration

was carried out prior to use.

3.4 Sample Extraction and Clean-Up

3.4.1 Algal Scum Samples

Algal scum samples were collected from kwaMakutha waste water treatment plant in

Umlazi, kwaZulu Natal, South Africa in December 1996. The scum was filtered through

glass fibre filter (Whatman International Ltd, Kent, UK), the residue freeze-thawed and

stored at -20°C in the dark. Sample extraction was carried out using supercritical CO
2

,
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3.4.2 SUDercritical Fluid Extraction (SFEJ

Instrumentation: SFE was carried out on a laboratory built extraction system (Figure 3.1)

comprising a Lee Scientific series 501 syringe pump (Dionex Corp., Sunnyvale, CA, USA)

to deliver supercritical CO2, and a thermostatically controlled Sigma 3B GC oven (Perkin

Elmer, CT, USA). The pump had a cylinder capacity of 150 mL and could deliver\fluid up

to a pressure of 400 atmospheres. The fluid pressure was controlled by an IBM 386 SX PC

with Lee Scientific Software (Version 1.7). The pump head was cooled by circulating cold

water between 8-1O°C, using a cooling coil (Grant Inst., Cambridge, UK) placed inside a

circulatory water bath. A 10 mL stainless steel extraction cell (Keystone Scientific,

Bellefonte, PA, USA) fitted with finger tight fittings, PTFE seals and retaining frits, was

used for sample extraction (Figure 3.2). SFC/SFE grade liquid CO2 (Air Products, South

Africa), was directed from the tank to the syringe pump via a piece of 118" stainless steel

tubing soldered to a piece of 1/16" stainless steel tubing.

Extraction fluid leading from the pump was transported via 1116" stainless steel tubing to a

four port valve (Valco Inst., TX, USA) fixed outside the GC oven. The outlet from the

extraction vessel was connected to a two way valve (Supelco, Bellefonte, PA, USA) fitted

outside the oven. This served to control extractions in the static and dynamic modes when

the valve was closed and opened respectively. The cell pressure and fluid flow rate was

controlled by the use of a 30 cm x 10 f'm i.d. deactivated fused silica linear restrictor (SGE,

Melbourne, Australia). This capillary was connected to the two way high pressure valve by

threading it through a 3 cm length of 1116" o.d. polyetheretherketone (PEEK) sleeve

(Upchurch Scientific, NI, USA) which was then pushed through a 1116" stainless steel nut

and ferrule. The end of the capillary was immersed into a 10 mL volumetric flask

containing the collection solvent.

Sample Extraction: 100 f'L of methanol was added to freeze - thawed algae (3.52 g) in the

10 mL supercritical fluid extraction SFE vessel. The algal scum was extracted with CO2 at

400 atmospheres and 40°C for 60 minutes statically and 60 minutes dynamically. Static

extraction was achieved by keeping the two way high pressure valve at the outlet end of the

extraction vessel closed while the sample was exposed to supercritical CO2 at 400
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Figure 3.1 Schematic diagram of the supercritical fluid extraction system used for off

line sample extraction.

Figure 3.2 Schematic diagram of the stainless steel supercritical fluid extraction cell.
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atmospheres. Dynamic extraction was achieved by opening the outlet valve while the

sample was subjected to a supercritical CO2 pressure of 400 atmospheres. Extracted

components were transferred directly into a 10 mL volumetric flask containing methanol.

The restrictor was heated periodically (5 minute intervals) with the use of a hot air blower

to prevent plugging by ice formation. The extract was then evaporated to dryness and

reconstituted in 10 mL of water.

3.4.3 Sample Clean-Up

A trifunctionally bonded C18 Sep-Pak Plus cartridge (Millipore Corp., Milford, MA, USA)

was activated by passing 10 mL of methanol followed by 10 mL of deionised water through

the cartridge with the use of a 25 mL disposable syringe. Thereafter, the crude extract from

3.4.2 was passed through the cartridge followed by 10 syringe volumes of air to remove

traces of water from the sorbent. The toxins were then eluted with 2 mL of methanol.

Activation, extraction, air drying and elution were carried out from the same inlet.

3.5 Capillary Electrophoresis System

Although some experience was gained on a Hewlett Packard HP 3DCE system (experimental

details regarding the use of this instrument are given in section 3.11), due to restricted

access, most of the analyses with UV detection were performed on a laboratory built CE

system comprising a perspex sampling cabinet and two vial holders fixed on opposite ends

within the cabinet (Figures 3.3 and 3.4).

The Perspex Sampling Cabinet: The cabinet with a length of 450 mm, width of 220 mm

and a height of 300 mm, was designed from 8 mm thick perspex. Two high voltage

platinum electrodes, the capillary column, an inlet tray to contain the inlet buffer and

sample reservoirs and an outlet tray for the outlet buffer reservoir, were housed inside the

cabinet. The cabinet doors were fitted with interlocks for operator safety. The separation

ca~illary and electrode connecting wires were threaded through drill holes made in the

perspex material.
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The Inlet Tray: The inlet tray had 8 positions which could be loaded with the sample and

buffer reservoirs. The positions could be changed by manually rotating the tray. A groove

and ridge arrangement on the underside of the inlet tray was designed to ensure that the vial

positions and the electrode/capillary assembly was always aligned.

The Outlet Tray: The outlet tray had two positions which could be loaded with the sample

and buffer reservoirs. The tray was movable along a central rod, allowing for the height to

be lowered for sample introduction by hydrostatic pressure. A polyethylene screw was used

to secure the tray at the desired height.

3.5.1 High Voltage Power Supply

A 0-30 kV power supply (Series 230, Bertan High Voltage, Hickville, NY USA) was used.

The power supply had a 0-400 p,A range and was activated remotely by the interlocking

switches fixed to the sampling cabinet doors. Polarity reversal was achieved by switching

the position of the two electrodes manually.

UVDe1eMDr

Buffer
Vial

Power SlIpply

PeIJPex Sampling
Cabinet

Inl.etTray

Figure 3.3 Diagrammatic representation of the laboratory built capillary

electrophoresis system.
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Figure 3.4 Schematic diagram of the laboratory built capillary electrophoresis system.

3.5.2 UV Detector

UV detection was achieved with a variable wavelength, dual beam UV detector (Spectra

System DV 1000, Spectra Physics, San Jose, CA, USA) (Figure 3.5) fitted with an on

column capillary cell holder (Model 9550-0155, Linear Instruments, NY, USA) (Figure

3.6). The cell holder had a bal11ens to focus the light on a small section of the capillary.

The capillary was threaded through a sleeve made from 1/16 inch o.d. PEEK tubing and

secured in position by a stainless steel nut and a 1/16 inch o.d. PEEK ferrule. A deuterium

lamp source with a wavelength range from 190 to 380 nm was used. The wavelength for

toxin analysis was set at 238 nm and the detector absorbance range was set at 0.0005

a.u.f.s.

3.5.3 Data System

E1ectropherograms were recorded with an electronic integrator (Model SP 4200, Spectra

Physics).
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Figure 3.5 Schematic diagram of the optical system of the UV 1000 detector.

Figure 3.6 Diagram of the on-column capillary cell. 1 photodiode assembly; 2

photodiode mounting screw; 3 cell body; 4 capillary insulator; 5 flow cell mounting

screw; 6 capillary column; 7 cell nut (stainless steel); 8 PEEK tubing; 9 1/16 inch o.d.

PEEK ferrule; 10 sleeve [302].
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3.5.4 Capillary Filling Adavter

An old septum equipped GC packed column injection port was modified for the purpose of

capillary conditioning, buffer introduction and sample introduction for field amplification

studies (Figure 3.7). It comprised a septum and nut assembly with a steel housing (vial

holder) and rubber o-ring. The injector was attached to a cylinder of nitrogen (Air

Products, South Africa) via a high pressure, low volume micro-valve (Scientific Systems,

Inc., PA, USA). The capillary could easily be inserted into the adapter by piercing the

septum. The positive N2 pressure forced liquid into the column.

Exp:uuled VIeW of Capillary
FilliJIg Adapter

fu[O N.
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1116"
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TuhiJIgo oRiJtg
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Capillary Fi.lliJIg
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Nut

Steel HousiJIg

VJa1

Figure 3.7 Schematic diagram of the capillary filling adapter.

3.5.5 The Capillary Column

Bare fused silica capillaries of dimensions 50 J.'m Ld. x 10 m were obtained from SGE

(Melbourne, Australia). A 70 cm length of the capillary was cut with a ceramic capillary

cutter (Hewlett Packard, Little Falls Site, DE, USA). A detection window was created at a
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distance of 40 cm from the injection end of the column by charring a small section (ca 2.5

mm) of the polyimide coating. This was achieved by bending the column into a semicircle

and placing the curved section into the flame of a Bunsen burner for no more than a second.

The polyimide was removed from the column and the window was cleaned with a soft tissue

moistened with acetone and carefully aligned with the optical path within the on-column

capillary cell.

3.6 Column Conditioning

The inlet end of the column was pierced through the septum of the capillary filling adapter

leading into a vial filled with 0.1 M NaOH (Figure 3.7). The valve (Scientific Systems

Inc.) was opened, introducing a nitrogen head pressure of 400 kPa into the injection port.

After five minutes, the micro-valve was closed, the pressure vented and the vial replaced

with one containing doubly deionised water. The above procedure was repeated with the

run buffer after which the column ends were immersed into the buffer reservoir together

with their respective electrodes. The column was equilibrated at 30 kV for 10 minutes in

the run buffer prior to sample analysis. At the end of each day, the column was rinsed with

0.1 M NaOH for five minutes followed by another five minute rinse with doubly deionised

water and finally the column was dried by flushing with nitrogen for five minutes. The

c~lumn was stored dry.

3.7 Sample Introduction by Hydrodynamic Injections

Samples were introduced by lowering the detector end of the capillary together with the

buffer reservoir by 4 cm (L\h=4 cm). The opposite end (injection end) of the capillary tube

was then removed from the inlet buffer vial and immersed in the sample solution for a

period of 5 s. The sample was introduced into the capillary by a siphoning action.

Thereafter, the capillary was returned to its original level (i\h=O) and the inlet capillary

returned to the inlet buffer vial. The system was then ready for the application of a

potential difference and electrophoresis.

54



3.8 Sample Introduction by Electrokinetic Injections

The inlet end of the capillary together with the anode was immersed into the analyte

solution prepared in 30 mM borax. An injection voltage of 2.5 kV was applied for 5 s

causing the analyte solution to enter into the column by electromigration. Both column and

electrode were then returned to the separation buffer reservoir prior to electrophoresis.

3.9 CE with Laser Induced Fluorescence (LIF) Detection

3.9.1 Instrumentation

The CE-LIF work was performed on a Beckman PIACE 5500 CE instrument (Beckman

Instruments Inc., CA, USA). This instrument comprised an autosampler, a cartridge holder

and interface, a high voltage power supply and electrodes, an optics module and detector,

temperature control hardware, a sample injection mechanism and a controller with front

panel display and function switches (Figure 3.8). Automated control of the instrument was

permitted with the use of either System Gold Software or the Microsoft Windows based

PlACE Control Software.

The autosampler had two concentrically arranged trays that rotated independently in either

direction. These trays held vials containing sample, buffer, column conditioning and rinse

solutions. The capillary column was wound around a mandrel and housed in a cartridge.

The ends of the capillary protruded through two sealed openings in the bottom of the

housing. Near the outlet of the capillary, the polyimide coating was removed to create an

optically transparent window. This section of the capillary was aligned with an opening in

the housing for use with the detector optics. A liquid coolant flowed through the cartridge

via two openings in the bottom of the cartridge. This fluid flowed around the capillary

within the cartridge and maintained a preset temperature through convective heat removal.

The system could be operated either by the controller on the front panel of the instrument or

by software. An inlet pressure of at least 80 psi nitrogen was required to actuate the

pn~umatic instrument functions. The power supply was capable of delivering a maximum
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of 30 kV at 250 p.A and the system could be operated in either constant voltage or constant

current mode. The operation of the high voltage power supply was interlocked with the

instrument doors and covers to disable the high voltage when a door or cover was opened.

In this work, the instrument was fitted with the LIF detector, the laser module 488, and

connecting fibre optic cable as shown in Figure 3.8. A schematic diagram of a typical LIF

detection system is shown in Figure 3.9. A 3 mW argon-ion laser was used with an

excitation wavelength of 488 nm and a 520 nm emission fl1ter. Data capture was achieved

using Systems Gold Software (Beckman Instruments).
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Figure 3.8 The Beckman PIACE System with the laser module 488 and connecting

fibre optic cable.
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Figure 3.9 Schematic diagram of a typical capillary electrophoresis/laser induced

fluorescence detection system [303].

3.9.2 Derivatization procedure for tagging toxins with a fluorescent moiety

A 5.5 x 10-4 M stock solution containing 0.00214 g of fluorescein isothiocynate (FITC)

isomer 1 (Sigma Chemical Co., St Louis, MO, USA) was prepared in 10 mL HPLC grade

acetone (Riedel de Haen). 10 p.L of FITC reagent was then added to 1 mL of a toxin

solution (1 ng/p.L in 30 mM borax) and allowed to react overnight in a dark cupboard at

ambient temperature according to the method of Dovichi et al. [304]. The resulting

solution was analysed by CE-LIP. Instrument conditions were identical to those used in

MECC.

57



3.10 Field Amplified Back and Forth MECC

The entire column was filled with analyte solution prepared in 3 mM borax using the

modified capillary filling adapter (Figure 3.7). Thereafter, the column ends together with

their respective electrodes were placed in the high ionic strength run buffer (30 mM borax,

9 mM SDS) and a potential difference of -30 kV applied. The current was monitored until

it reached a maximum value (55 p.A), after which, the polarity was switched to + 30 kV.

This was achieved by manually changing the positions of the positive and negative

electrodes. The applied voltage was therefore interrupted for a brief period.

3.11 Use of Hewlett Packard HP 3DCE Instrument (UV detection)

During the course of this project, the author was fortunate enough to briefly use an HP

3DCE instrument (Hewlett Packard, Waldbronn, Germany). The CE instrument comprised

an autosampler, cartridge holder, high voltage power supply and electrodes, an optics

module and a diode-array detector as shown in Figure 3.10. The capillary column was

wound around six plastic posts which were part of the cartridge housing. The fused silica

capillary ends were cut to a smooth, mirror-like finish using fibre optic technology. In

addition, the polyimide outer coating was removed from the ends to minimise solute

adsorption and help maintain sharp peak shapes. The column had a pre-made detection

window and a built-in alignment stopper which allowed rapid and precise insertion into the

alignment interface. The alignment interface simplified capillary exchange, protected the

fragile detection window and ensured exact alignment of the window in the detector. The

ends of the capillary protruded through two openings in the bottom of the housing.

Temperature control was maintained by an air cooling system.

The instrument was completely controlled by the HP 3DChemstation Software. During

initialisation, the instrument tested different functions and adjustments and the tray was

moved to a defined position, and the UV lamp was switched on. The software displayed a

diagram of the system showing the actual instrument status as shown in Figure 3.11. A

replenishment system was used to automatically empty and refill vials with fresh buffer.
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This was particularly useful in multiple analyses as it ensured a constant buffer composition.

The sample tray could house 50 vials and could be operated either manually or via software.

Electric field parameters such as polarity, voltage, current and power were fully

controllable by the software while the timetable was used to set values for these parameters,

at a certain time during a run.

As just described, the system was equipped with numerous advanced features and of

particular importance for field amplification back and forth MECC, was the time

programmable polarity switching facility. The method developed for field amplification

back and forth MECC (as described in section 3.10) was therefore evaluated on this system.
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Figure 3.10 The HP 3DCE system. Component 1 Tray; 2 Diode-Array Detector; 3

Capillary Cassette; 4 Replenishment Bottles; S Replenishment Lift; 6 Outlet Lift; 7

Inlet Lift; 8 Electrodes; 9 Status Display LED.
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Figure 3.11 The instrument display screen on the HP 3DCE system. Component labels

are identical to Figure 3.10.

3.12 Field Amplified Back and Forth MECC on the HP 3DCE system

Using 12 psi pressure, the entire column was filled with solute containing 1 ng/J.tL

nodularin and 1 ng/ILL MC LR, prepared in dilute sample buffer (3 mM borax). The

system was programmed to begin electrophoresis with -30 kV at time zero with both

column ends placed in the run buffer. At 4.3 minutes, the polarity was switched

automatically to +30 kV. These two events caused stacking and electrophoresis

respectively.
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3.13 Field Amplified Sample Injection (FASI)

3.13.1 Normal Polarity FAS]

The inlet end of the capillary together with the anode was immersed into a solution

containing 1 ng/~L of the 4 toxins in 3 mM borax. An injection voltage of 10 kV for 15 s

was applied for sample injection to occur. Both column and electrode were returned to the

run buffer prior to electrophoresis.

3.13.2 Reversed Polarity FAS]

The inlet end of the capillary together with the cathode was immersed into a solution

containing I ng/~L of the 4 toxins in 3 mM borax. An injection voltage of 10 kV for 15 s

was applied for sample introduction and solute stacking to occur. Both column and

electrode were returned to the run buffer reservoir for normal polarity separation.

3.14 Electro-extraction

The injection end of the capillary column filled with 3 mM borax was immersed into a

sample containing toxins dissolved in water while the detector end was placed in the run

buffer containing 30 mM borax and 9 mM SDS. A potential difference of -30 kV was

applied, causing solute to migrate from water and enter the column.

3.15 Off-Line Solid Phase Extraction

3. 15.1 Apparatus

The vacuum manifold system (Millipore Corp., Milford, MA, USA) (Figure 3.12)

comprised a glass vessel fitted with a vacuum control gauge and bleed valve assembly for

vacuum and flow control, individually controlled valves to permit simultaneous processing

of samples, adjustable rack assembly to accommodate a variety of collection vessels, a

nylon manifold with luer fittings and a gasket. The manifold was designed to extract 24

samples simultaneously.

61



Vuuum Control
Guageand

Bleed Valve
Assembly /

Figure 3.12 The vacuum manifold system for solid phase extraction.

3.15.2 Sep-Pak Plus Cartridges

The extraction cartridges contained 100 mg trifunctionally bonded C18 solid phase material

(Millipore), were stored in a sealed packet to prevent contamination by volatiles present in

the air. The cartridges were inserted into the Luer fittings directly on the manifold.

3.15.3 Activation and Extraction

A disposable 25 mL syringe was inserted on the cartridge to act as a solvent reservoir to

which 10 mL of methanol was added. A vacuum of -5 kPa was applied causing the solvent

to wet the C18 sorbent. Thereafter 10 mL deionised water was passed through to remove

the excess solvent. The solvent reservoir was removed and one end of a piece of PTFE

tubing attached to the cartridge while the opposite end immersed into the sample (0.002

ng/ilL toxin in 1% methanol). Analyte solution was drawn through the cartridge with a

pressure of -20 kPa vacuum (Figure 3.13). When all the sample had passed through the

cartridge, room air was drawn through for 30 minutes to minimise the amount of water

eluted with the solute.
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Figure 3.13 Schematic diagram of solid phase extraction.

3.15.4 Elution

The cartridge was removed from the manifold and attached to a 25 mL disposable syringe.

The toxins were eluted from the solid sorbent with 3 x 1 mL aliquots of methanol. The

solvent was then evaporated under a gentle stream of nitrogen to dryness and resuspended in

10 JLL of methanol prior to MECC analysis.

3.16 On-Line Solid Phase Extraction

A solid phase extraction cartridge was fabricated from the packed capillary column prepared

as described in 3.17.4. A 10 mm length was cut using a capillary column cutter and

retaining frits inserted. The cartridge was joined to the CE column on one end and a piece
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of deactivated fused silica column (50 mm x 50 JLm Ld.) on the other end by inserting the

column ends directly into Teflon sleeves made by cutting Teflon tubing into 6 mm lengths.

Activation extraction and elution was executed by piercing the fused silica column into the

septum of the capillary filling adapter. A nitrogen cylinder pressure of 400 kPa was used to

drive liquid through the cartridge for the purpose of activation and extraction (Figure 3.14).

The nitrogen pressure inlet valve (Scientific Systems Inc.) was closed and the capillary

filling adapter allowed to depressurise slowly. The capillary inlet was then withdrawn from

the septum and placed in the inlet buffer vial. A potential difference of +30 kV was

applied for elution and subsequent MECC by the resulting electroosmotic flow.

UVlOOO I
f----------.,.

Detedor

Modified GC

Injectiu Port

C.huu. EOlu.t

Solill Pllue CartrW&e

Valve

<.">9==::j~~
;:::====~ ;<..fB

..........-tl---'-l ~<~ ....;~~

Figure 3.14 Apparatus used for on-line solid phase extractions.

3.17 Micro-High Performance Liquid Chromatography

3.17.1 gHPLC Pumo

Mobile phase was driven through the column using a prototype pump, the RPT 9400 JLSFC

LC pump (RPT, CA, USA) (Figure 3.15). This is a positive displacement type pump

consisting of a pressure control pumping system for SFC and a flow control pumping

system for JLhigh performance liquid chromatography (JLHPLC). Each pumping system was
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constructed using a dual plunger, dual independent, bi-directional motor and lead screw

linkage design. This allowed for the system to have independently programmable delivery

and refilling cycles of both pump chambers. A host computer (IBM PC) and a servo

controller board performed the electronic sensing, analysing, and control functions needed

to operate the entire system. Information from the pressure transducers and optical encoder

assemblies on the motor shafts were used to determine the motion of the plungers.

:1----1""-- Outlet Cheek Valve

I----+-- Pump

:1-----11-- Inlet Cheek Valve

r=J=i== Draw OffValve

&--H----r- PreSlu:re Transduter

==*~~~~~------:;:::::::----::;;~~d=f==To Injedor/Column

Mobile Phase

Figure 3.15 Schematic diagram of the /LHPLC pump. The left hand part of the

diagram is the pressure control pumping system for SFC as indicated in Section

3.17.1.

3.17.2 p,HPLC Control

The SFC-LC user interface software program was based on a Windows environment. The

program was designed to perform pressure and flow controls allowing pressures ranging

from 1 to 350 bars and flow rates down to 1 ILL/min. It provided the user with a graphic

pump control display and an output pressure/flow histogram. It also enabled the user to

select configuration settings such as fluid compressibility, plunger refill speed, refill volume

and initial target pressure.
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3.17.3 Injection Valve

Mobile phase was driven by the J.tpump via a 25 J.tm fused silica capillary to a C14W

injection micro-valve (Valco Instruments, Texas, USA), containing a 60 nL internal

volume rotor (Figure 3.16). The injector valve was operated manually by turning the valve

to the load position, after which a small sample volume was transferred with a 10 J.tL

syringe, thereby filling the sample loop, followed by rotation of the valve to the inject

position. All capillary connections to the micro pump and injector where made using 1116

inch o.d. polyetherether ketone (PEEK) and stainless steel ferrules.

60 nL Injedion
Volume --t-

/MobiJe Phase

Figure 3.16 A schematic diagram of the Valcomicro valve injector.

3.17.4 Packed Capillary Column Fabrication

Instrumentation: Supercritical CO2 required for the packing process was directed from the

injection port of a Lee Scientific Series 600 SFC/GC system to a packing reservoir. The

reservoir was constructed from a 150 mm length of 118" o.d. stainless steel tubing. Both

ends were fitted with stainless steel ferrules and 118" to 1116" reducing unions. A metal

screen with 2 ,urn pores was placed inside the reducer at the inlet end of the reservoir to

prevent backflushing of the packing material into the SFC pumping unit. A schematic
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diagram is shown in Figure 3.17. A series 600 SFC computer based syringe pump (Lee

Scientific, Salt Lake City) controlled by the Lee Scientific Series 600 controller was used

for pressure programming of the mobile phase. The syringe pump had a volume of 150

mL. The pump head was cooled by a Grant lnst cooler (Grant, Cambridge, UK) which

circulated a mixture of ethylene glycol/water (75:25 v/v), to approximately WoC around the

cylinder head. SFC grade CO2 (Air Products, South Africa) was connected to the pump

using 1/8 inch stainless steel tubing.

Packing
Re.elWir

Pump
COB.troller

Column

Butt COJUlettor

Figure 3.17 Apparatus used for packing micro-columns for pHPLC, CEC and on-line

solid phase extractions.

Preparation of the Capillary Column: The fused silica capillary column of dimensions 50

cm x 50 J.tm i.d. was packed using supercritical CO2 at 350 atmospheres [305]. The tubing

was connected to a packing reservoir, cleaned with methanol and dried (Figure 3. 18). The

packing material (3 J.tm Spherisorb ODS 1, Phase Sep., Wales, UK) was placed in the

reservoir. The reservoir containing a 2 J.tm screen was connected to a high pressure valve

allowing the introduction of the CO2 but preventing the backward movement of the packing
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material towards the pump. The end of the column was butt-connected to a linear restrictor

(15 cm x 10 I'm Ld.) (SGE).

2 fUll Metal 1116" StaiJIle••
ReiuciBI Union Screen Sieel T_ing C02

==~~:ID.ID©!J ~ (ID~ otl )(
. . 1/8" StaWe.. Reducing Union

Fused Sua Sieel Tulling
Capillary Column (Puking Re.enroir)

Figure 3.18 Schematic diagram of the packing reservoir.

To the outlet end of the capillary, a frit was inserted to retain the packing material (Figure

3.19). The frit (0.2 to 0.3 mm in length) was fabricated by repeated insertion of the

capillary into a slurry of silica (5 I'm Spherisorb SW, Phase Separations Ltd, UK) in

potassium silicate solution (80:20 K2Si04:H20 v/v). The material was then fused in a

flame of a Bunsen burner.

This end was butt-connected to a linear restrictor to maintain the pressure inside the

capillary. The column and the restrictor were immersed in an ultrasonic bath maintained at

40°C. Liquid CO2 was introduced via two valves (Scientific Systems Inc., State College,

PA 16803), the column sonicated and the pressure raised from 120 atmospheres to 350

atmospheres gradually in units of 20 atmospheres. Throughout the pressurisation

procedure, the packing reservoir was tapped until the column had been packed to the

required length. Sonication was then stopped and the pressure held for 30 minutes before

depressurising. This was performed slowly (1 atmosphere per minute) to avoid

backflushing of packing material. The pressure inside the column was monitored by

immersing the restrictor into a beaker of water. After bubble formation ceased (usually

overnight), the restrictor and packing reservoir was disconnected. The column was cut into

15 cm lengths and frits inserted on opposite ends (Figure 3.19) and this was connected to

the electrophoresis column with a fused silica capillary column press fit connector (Hewlett

Packard).
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2

3
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Figure 3.19 Diagrammatic representation of the packing process. 1 Formation of end

frit; 2 Packing of column with high pressure supercritical CO2; 3 Slow

depressurisation; 4 Formation of retaining frit.

3.17.5 p.HPLC

A schematic representation of the instrumental set up is illustrated in Figure 3.20. It

comprised the RPT ~SFC-HPLC pump, a length of fused silica tubing (25· Jlm x 300 mm)

connecting the Valco C14W injection valve to the micro pump, the JlHPLC column (50 Jlm

Ld. x 150 mm piece cut from the column packed in 3.17.4 above), and the fused silica

capillary joiner linking the micro LC column to the open tubular column and the DV

detector. All capillary connections from the micro pump to the Valco injection valve were

made using 1/16 inch o.d. PEEK sleeves together with stainless steel ferrules. The mobile

phase contained 26% HPLC grade acetonitrile prepared in 0.1 % AR grade ammonium

acetate [306]. The flow rate was set at 1 JlL/min at ambient temperature.
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Figure 3.20 Schematic diagram of the JotHPLC system.

3.18 CEC without Applied Pressure

The instrumental set-up was initially, identical to that in jlHPLC (Figure 3.20). After

sample introduction into the packed capillary column, using the 60 nL micro-valve injector,

the RPT micro SFC-LC pump was switched off and allowed to depressurise slowly. The

column was subsequently removed from the injector and attached to the open tubular

capillary electrophoresis column with a fused silica capillary joiner. The opposite end of

the packed column was immersed into the inlet buffer vial while that of the open tubular

column placed in the outlet buffer vial. A potential difference of +30 kV was applied

(Figure 3.21).

3.19 CEC with Applied Pressure

Figure 3.22 is a schematic illustration of the system used for performing capillary

electrochromatography (CEC) with applied pressure. This system is a modified version of
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Figure 3.21 Schematic diagram of the CEC system without applied pressure.
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Figure 3.22 Schematic diagram of the laboratory built electrochromatography system

with applied pressure.
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that employed for MECC. Sample introduction was achieved using the instrumental set-up

in the p.HPLC mode (Figure 3.20). After sample introduction into the packed capillary

column using the 60 nL Valco micro valve injector, the RPT micro SFC/HPLC pump was

switched off and allowed to depressurise slowly. The column was then removed from the

injector and pierced into the buffer vial through the septum. Similarly the opposite end of

the capillary was pierced into the outlet buffer vial equipped with a septum and a screw cap.

A third vial housed inside a safety chamber, as a precaution for explosion hazards during

pressurisation, was pressurised to 600 kPa by directing a stream of nitrogen into the vial via

a length of fused silica capillary tubing (220 p'm Ld. x 200 mm).. Another two tubes (220

p'm i.d. x 300 mm) leading out of the pressurised vial were used to pressurise the buffer

vials. Lastly both electrodes were inserted into the respective buffer vials by piercing them

through the septum. The system was then pressurised and a voltage of 30 kV applied.

3.20 High Performance Liquid Chromatography (HPLC)

3.20.1 Instrumentation

HPLC analyses were carried out on a Waters system (Figure 3.23) equipped with a model

600E solvent delivery system, Model 710B WISP autosampler and a Model 991 photodiode

array detector (Millipore Corporation, Waters Chromatography Division, Milford, MA,

USA) at 200-400 nm. The system was computer driven using Millennium software. A

Waters p.Bondapak C18 column of dimensions 300 mm x 3.9 mm Ld. and a particle size of

10 p'm was used and maintained at 40°C with a Waters temperature control module. A run

time of 60 minutes was found to be sufficient for the toxin analysis as well as conditioning

of the column for the next analysis.

3.20.2 Mobile Phase

The eluents were water/0.05% trifluoroacetic acid (solvent A) and acetonitrile/0.05%

trifluoroacetic acid (solvent B). Separation was achieved using a linear gradient as in Table

3.3 and a flow rate of I mL/min. The HPLC system was equipped with a special helium

sparge line for solvent degassing. The solvents were degassed/sparged for 15 minutes after
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which the gas was controlled automatically by introducing a sparge delay time of 10

minutes for the entire duration of the run.

LUt- LUt-
ReselWir Re.elWir

A B

Gradient
I----

Dev:iee

Pump
Sample

InjectDr

I

C.lUJlUl
Temp
Control

T
DeRdor Temp

Cutrol

I
Retonler

Figure 3.23 Block diagram of a typical HPLC system.

Table 3.3 Gradient elution pronIe

Time (min) 0 10 40 42 44 46 50
%A 70 65 30 0 0 70 70
%B 30 35 70 100 100 30 30

73



Chapter Four

Optimization and the Application of CE for Algal Toxin Analysis

4.1 Introduction

Up to now analytical methods for the determination of algal toxins have involved the use of

high performance liquid chromatography [62,66,67]. The drawbacks of HPLC include long

analysis times, low chromatographic efficiency and poor resolving power. Furthermore,

the low diffusion coefficients (Dm) of large biomolecules in liquid mobile phases increases

the contribution to the resistance to mass transfer term in the van Deemter equation,

resulting in band broadening. Capillary electrophoretic techniques on the other hand are

more efficient at separating these type of molecules. From equation 1.1, it is clear that a

greater number of theoretical plates (N) will be produced from solutes with a low Dm [68].

Further, the other contributor to the large number of theoretical plates is that high operating

voltages are permitted in CE because of the efficient heat dissipation capacity of the fused

silica capillary columns. The two electroseparation modes, capillary zone electrophoresis

(CZE) and micellar electrokinetic capillary chromatography (MECC) were investigated for

the possible application to the analysis of algal toxins.

Parameters such as surfactant concentration, buffer ionic strength, buffer pH and operating

voltage, were systematically optimized. Using these conditions, the practical application of

this method for qualitative analysis was demonstrated on supercritical fluid extracts of

freeze-thawed algal scum samples. HPLC work with photodiode array UV detection was

conducted in parallel for the purposes of verification of results obtained by MECC.
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4.2 Capillary Zone Electrophoresis

The three microcystin toxins have very closely related structures, charge, size and shape and

as a consequence, a small difference in their electrophoretic mobility, J1.er Since this

electro-separation mode is based on the differences in J1.ep resulting in different velocities of

migration of ionic species, only nodularin could be sufficiently resolved from the

microcystins (Figure 4.1). Attempts to optimize buffer ionic strength (Table 4.1 & 4.2)

and, buffer pH (Table 4.3 & 4.4) had little effect on the migration time and migration time

difference of the microcystins. The corresponding data illustrated graphically in Figure 4.2

show that an increasing buffer ionic strength increases the migration time difference of

nodularin and MC YR to a reasonable extent. MC LR and MC RR are affected to a lesser

extent and no observable changes to MC YR and MC LR occurred. Figure 4.3 showing pH

effects on the migration time difference gives an almost identical relationship except the

migration time difference decreases at high pH because of the associated increase in EOF.

These findings can be accounted for by the fact that only nodularin has an electrophoretic

mobility that is sufficiently different to that of the microcystins.

The use of a phosphate buffer had no observable effect on the resolution of the microcystins

(Figure 4.4) and therefore further work using this technique was discontinued. Liu et al.

however developed a CZE technique for the separation of MC RR, MC LR and [D-Asp3]

MC LR [63]. Fifty two different buffer solutions were evaluated and conditions such as

pH, applied voltage, and concentration were optimized. Their findings revealed that an

acetate buffer at pH 4 produced best results. These conditions were considered unsuitable

for the purposes of this study as the amphoteric peptide toxins require a net negative charge

for the purpose of field amplified sample stacking, a technique which must be used in order

to attain sufficient sensitivity. This will be discussed in Chapter 5.
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Figure 4.1 Electropherogram of four algal toxins using capillary zone electrophoresis

and UV detection at 238 DID. Operating conditions: 30 mM borax; pH 9.18; 30 kV

applied voltage; 10 s hydrodynamic injection; Lr 70 cm; 4:FF 40 cm. Peak

identification: 1 nodularin; 2 MC YR; 3 MC LR; 4 MC RR.

76



Table 4.1 Migration time data for ionic strenJrth optimization in CZE
MiRration Time (min)

Borax (mM) Nodularin MCYR MCLR MCRR

10 2.18 2.63 2.62 2.69

20 2.58 3.22 3.22 3.26

30 3.17 4.15 4.15 4.29

40 3.7 5.1 5.1 5.33

Table 4.2 Migration time difference data for ionic strength optimization
Mil!ration Time Difference (min)

Borax (mM) Nod & MCYR MCYR&MC LR MCLR& MCRR
10 0.45 0 0.06
20 0.64 0 0.04
30 0.98 0 0.14
40 1.4 0 0.23

da f HT I 43 Miab e . grabon tIlDe ta or DJ optlIDlZabon in CZE
MiRration Time (min)

pH NoduIarin MCYR MCLR MCRR
8.1 3.73 5.33 5.33 5.58
8.2 3.21 4.21 4.21 4.36
8.3 2.64 3.27 3.27 3.36
8.5 2.59 3.19 3.19 3.28
8.9 2.31 2.82 2.82 2.88
9.2 2.19 2.73 2.73 2.79
10.1 1.99 2.37 2.37 2.42

d t f H f . f . CZET bl 4 4 Mi t· f diffa e . gra Ion lIDe erence aa orp opllIDlZa Ion ID

Mie:ration Time Difference (min)
pH Nod&MCYR MCYR&MC LR MCLR& MCRR
8.1 1.6 0 0.25
8.2 1 0 0.15
8.3 0.63 0 0.09
8.5 0.6 0 0.09
8.9 0.51 0 0.06
9.2 0.54 0 0.06
10.1 0.38 0 0.05
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Figure 4.2 Variation of migration time difference with borax concentration.
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Figure 4.3 Variation of migration time difference with pH.
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Figure 4.4 Electropherogram of four algal toxins using capillary zone electrophoresis

and UV detection at 238 DID. Operating conditions: 10 mM NazHP04; 10 mM

NaHZP04; pH 7.97; 30 kV applied voltage; 10 s hydrodynamic injection; Lr 70 cm;

4:FF 40 cm. Peak identification: 1 Nodularin; 2 MC YR; 3 MC LR; 4 MC RR.
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4.3 Micellar Electrokinetic Capillary Chromatography

Selectivity was enhanced by incorporating sodium dodecyl sulphate (SOS), an anlOnIC

surfactant in the run buffer. The toxins partition themselves between the micellar phase and

the aqueous phase in a fashion analogous to reversed phase HPLC, during the normal

course of electrophoresis (Figure 4.5). A combination of charge/mass ratios,

SlIl'f'attant (SDS)

+

Toxi.nJMic;elle
Interaction

Cydk Peptide Toxin

Figure 4.5 Schematic diagram of the mechanism of micelle formation and the toxin

partition equilibrium.

hydrophobicity and charge interactions at the surface of the micelles combine to effect the

separation of the analytes. Initial studies indicated that this electro-separation mode had

potential for the separation of the toxins. Data presented in Table 4.5 were obtained for the

optimization of SOS concentration. The corresponding capacity factors (Table 4.6) were

calculated using the expression

4.1
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f . ftf SDSTable 4.5 Retention time data obtained or concen rabonoplumza Ion
OmMSDS

tr-to (min)

to (min) Nodularin MCYR MCLR MCRR

2.6 0 0.51 0.51 0.57

2.65 0 0.51 0.51 0.57

2.66 0 0.5 0.51 0.56

mean 0 0.51 0.51 0.57

8mMSDS
2.67 2.77 3.73 3.97 4.84

2.78 2.69 3.6 3.83 4.62

2.76 2.7 3.59 3.81 4.6

mean 2.72 3.64 3.87 4.69

10mMSDS
2.8 3.42 4.4 4.63 5.31
2.69 3.26 4.18 4.42 5.14
2.73 3.39 4.34 4.58 5.32
mean 3.36 4.31 4.54 5.26

20mMSDS
2.56 4.02 4.66 4.86 5.13
2.56 4.13 4.81 5.02 5.33
2.6 4.39 5.09 5.29 5.56

mean 4.19 4.85 5.06 5.34

30 mM SDS
2.71 5.28 5.82 6
2.73 5.39 5.92 6.11 6.25
2.69 5.28 5.83 5.99 6.12
mean 5.32 5.86 6.03 6.18

40mMSDS
2.69 5.54 5.93 6.12 6.12
2.62 5.35 5.79 5.95 5.95
2.65 5.43 5.86 6.05 6.05
mean 5.44 5.86 6.04 6.04

to 0t fbt 0 d d 0 SDS°t f tT bl 46 Ca e . apacl y ac ors 0 ame unng concen ra Ion OPI umzabon
k'

SDS (mM) Nodularin MCYR MCLR MCRR
0 0 0.19 0.19 0.22
8 0.99 1.33 1.41 1.71
10 1.23 1.57 1.66 1.92
20 1.63 1.88 1.97 2.08
30 1.96 2.16 2.23 2.28
40 2.06 2.21 2.28 2.45
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Figure 4.6 Variation of capacity factor as a function of SDS concentration.
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where tr is the solute retention time, to is the retention time of a neutral marker that does

not interact with the micelle (formamide or methanol) and tme the retention time of a solute

that is completely solubilized in the micelle (Sudan Ill) [94]. A graphical representation of

k'variation with SDS concentration (Figure 4.6) illustrates that the best resolution lies in the

range 8 to 10 mM. At a level below 8 mM, micelle formation did not occur as the critical

micelle concentration for SDS is 8 mM. At concentrations greater than 10 mM SDS in the

run buffer resulted in an increase in the toxin solubility in the micellar phase and produced a

deterioration in resolution and increased k'values.

4.4 The Buffer Electrolyte System

Migration and resolution in CE are governed by the applied voltage, electrophoretic

mobility of the analyte and the electroosmotic flow. In addition to this, the electrophoresis

buffer is also very important because its composition determines the migration behavior of

the analyte species and the magnitude of EOF. Two of the most commonly used buffer

systems were considered for use. The phosphate buffer had an effective pH range in the

region 1.1 to 3.1 and 6.2 to 8.2. As the analytes are amphoteric, a low pH buffer (pH <

pI) would produce a net positive charge on the molecule. This is undesirable for two

reasons. Firstly positively charged peptides are more susceptible to wall adsorption causing

band spreading and secondly a net negative charge is a prerequisite for the purposes of field

amplification as will be demonstrated in Chapter 5. Both the phosphate buffer (Figure 4.7),

and borate buffers (pH 8.1 to 10.1) produced a separation of the four components,

however, as will be shown in the remaining part of this chapter, borax was selected as the

run buffer because it exhibited good selectivity, relatively low conductivity, short analysis

time resulting from the high pH (Figure 4.12), and had an effective range where the toxins

were negatively charged.

The following expression has been given for the dependence of electrophoretic mobility on

concentration

e
4.2
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Figure 4.7 Electropherogram of four algal toxins toxins using MECC and UV detection

at 238 DID. Operating conditions: 10 mM Na2HP04; 10 mM NaH2P04; 10 mM SDS;

pH 7.97; 30 kV applied voltage; 10 s hydrodynamic injection; Lr 70 cm; 4:FF 40 cm.

Peak identification: 1 Nodularin; 2 MC YR; 3 MC LR; 4 MC RR.
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where Mep is the electrophoretic mobility, e the excess charge in solution per unit area, Z the

effective charge on the ion, 1] the solution viscosity and c the concentration of the solution

[307]. Equation 4.2 predicts changes in electrophoretic mobilities with the inverse of the

square root of concentration. This relationship is based on the assumption that zeta

potential is directly proportional to the thickness of the double layer. An added advantage

of high concentration buffers is that the counter ions compete for active sites on the

capillary surface thereby reducing analyte wall adsorption. This was demonstrated by

Green and Jorgenson for the analysis of proteins [308]. Buffer concentration was therefore

used as a tool for resolution optimization. Data for retention time changes as a function of

borax concentration is presented in Table 4.7. The corresponding capacity factors were

calculated (Table 4.8) and illustrated graphically in Figure 4.8.

The general trend observed was an increase in k'with buffer concentration. This is depicted

by the increase in the separation of the k' values of each toxin. The relationship is non

linear with the best resolution between components occurring at 40 mM borax. Further

improvement in resolution is predicted at higher concentrations, however, Joule heating

becomes the limiting factor especially when natural convection is used for heat dissipation.

High ionic strength buffers produce good peak efficiency and symmetry because there is

effective suppression of electrophoretic dispersion. The drawbacks include high

conductivities, high temperatures, Joule heating and viscosity changes that result in poor

retention time reproducibility. This necessitates the use of lower operating voltages and

consequently, a relatively long analysis time may be required. A 30 mM borax buffer was

selected as the optimum practical buffer concentration as higher values were associated with

the generation of high currents resulting in excessive Joule heating.

4.5 The Determination of Electrophoretic Mobility

The electrophoretic mobility, Mep, is defined as the steady state velocity per unit field

strength given by

4.3
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Table 4.7 Retention time data obtained for buffer iomc strength oDtllDIZatIon
10 mM Borax

tr-to (min)

to (min) Nodularin MCYR MCLR MCRR

2.33 1.5 2.13 2.24 3.14

2.36 1.29 1.84 1.94 2.76

2.46 1.04 1.58 1.69 2.51

mean 1.28 1.85 1.96 2.8

20 mM Borax
2.23 2.3 3.01 3.18 3.92

2.38 2.3 3 3.17 3.85
2.33 2.3 3.01 3.18 3.89
mean 2.3 3.01 3.18 3.89

30 mM Borax
2.77 2.3 3.12 3.38 4.14
2.44 2.59 3.39 3.64 4.4
2.42 2.59 3.38 3.63 4.39
mean 2.49 3.3 3.55 4.31

40 mM Borax
2.3 2.55 3.3 3.59 4.4
2.4 2.48 3.3 3.62 4.44
2.35 2.54 3.38 3.72 4.54
mean 2.52 3.33 3.64 4.46

Table 4.8 Capacity factors obtained durin2 buffer ionic strensrth oDtimization
it

Borax (mM) Nodularin MCYR MCLR MCRR
10 0.54 0.78 0.82 1.17
20 0.99 1.3 1.37 1.68
30 0.97 1.3 1.4 1.69
40 1.07 1.42 1.55 1.9
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Figure 4.8 Variation in capacity factor as a function of buffer ionic strength.
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where vep is the electrophoretic velocity, E the field strength, LT the total column length

and V the applied voltage. Although the determination of JJ.ep using equations is extremely

difficult, it can be easily calculated from an electropherogram. The electrophoretic velocity

is first calculated using

LEFF LEFFvep = vnet - veo - -----

tr to
4.4

where LEFF is the column length from the injector to the detector, vnet the net electrophoretic

velocity and Veo the electroosmotic velocity. Table 4.9 shows data to be used for vep and JJ.ep

calculations. The negative sign indicates the relative direction of the electrophoretic and

electroosmotic velocities. In practice, however, the negative sign is neglected. Substituting

for vep in equation 4.3 gives JJ.ep' The electrophoretic mobility of each toxin was determined

and is presented in Table 4.11. It can be seen that JJ.ep is essentially invariant over the buffer

concentration range investigated and this value is a characteristic constant for each toxin

(Figure 4.9). This is a very useful parameter and can be used for the verification of solute

identity.

4.6 pH Optimization

The degree of ionization of the species present in the electrolyte system depends on the pH

of the solution. Differences in the degree of ionization give rise to differences in JJ.ep and

JJ.eo· Consequently, both the separation efficiency and flow velocities may be affected by

the buffer pH and it is therefore considered as the most important separation parameter for

changing the selectivity of the system.

4.6.1 The Borax/Sodium Hydroxide System (pH 9.18 - 10.1)

Boric acid and borax are functionally similar ~hen titrated with sodium hydroxide.
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t fbftl·th·h49 RTable . etentIon time c an2es WI mcreasmg u er concen ra Ion
10 mM Borax, 10 143 s

Nodularin I MCYR I MCLR I MCRR
I r (s) 219.8 I 254 I 260.6 I 311

20 mM Borax, 10 138.8 s
I r (s) 276.8 I 319.4 I 329.6 I 372.2

30 mM Borax, 10 152.6 s
I r (s) 302 I 350.6 I 365.6 I 411.2

40 mM Borax, 10 141 s
I r (s) 292.2 I 340.8 I 359.4 I 408.6

Table 4.10 Changes in electrophoretic velocity with buffer concentration
v.... (cm S·I)

Borax (mM) Nodularin MCYR MCLR MCRR
10 -0.1 -0.12 -0.13 -0.15
20 -0.14 -0.16 -0.17 -0.18
30 -0.13 -0.15 -0.15 -0.16
40 -0.15 -0.17 -0.17 -0.18

t f·th b ftbilit hT bl 4 11 El t h fa e . ec ropl ore le 010 ye anges WI u er eoneen ra Ion
p. .... (cm2 Vi S·I)

Borax (mM) Nodularin MCYR MCLR MCRR
20 3.27x1O-4 3.73xl0-4 3.90x1O-4 4. 22x10-4
30 3.03xlO-4 3.46xl0-4 3.57xlO-4 3. 85xlO-4

40 3.43xlO-4 3. 87x10-4 4.02x10-4 4. 34x10-4
Mean 3.24xlO-4 3.69x10-4 3. 83xlO-4 4. 14xlO-4
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Figure 4.9 Electrophoretic behaviour as a function of butTer concentration.
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Expressing the borax/sodium hydroxide system in terms of boric acid, the equilibrium

reaction becomes

4.6

From this equation, it can be seen that an increase in pH is accompanied by an increase in

the ionic strength. Unfortunately these effects (pH and ionic strength) can complicate

resolution optimization by being co-operative in some cases and counteractive in others

[15]. Table 4.12 contains retention time data as a function of pH. The corresponding k'

values appear in Table 4.13 and a graphical representation is shown in Figure 4.10. This

graph illustrates fairly constant k' values in the pH region 9.18 to 10.1. These results can

be attributed to the fact that the surface silanol groups on the fused silica capillary are

almost fully ionized, resulting in the production of a constant electroosmotic flow. Studies

have shown that EOF changes are most significant in the pH range 3 to 8 (Figure 2.8). In

addition to this, another contributing factor is that the electrophoretic mobility of the solutes

in this pH region is constant, indicating that no further ionization of the toxins occurs.

4.6.2 The Borax HCI system (pH 8.07-9.18)

This system can be represented by the equilibrium reaction

2Na+ + 2B(0H)4 +HCI ::;;;:=!!=:= 2Na + B(OH)4 + cr + lliB03 4.7

During pH adjustment with HCI, the ionic strength remains constant and only the pH effect

is noted [309]. A pH reduction protonates the charged SiO- sites on the fused silica surface

causing a reduction in the surface charge density, zeta potential and electroosmotic flow.

This impacts on the net electrophoretic velocity and results in an increase in k~ Data

plotted in Figure 4.10 correlate well with the predicted trend. The absence of sharp

changes in k' indicates that the net charge on the toxins is unaffected by pH adjustment.
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b' Cbff HTable 4.12 Retention time data 0 tamed or u erp optumzabon
pH 8.07

tr-to (min)
to (min) Nodularin MCYR MCLR MCRR

2.64 3.49 4.23 5.21 5.72
2.59 3.77 5.16 5.61 6.89
2.62 3.63 5.61 5.41 6.31
mean 3.63 5 5.41 6.31

pH 8.2
2.68 3.61 5.06 5.44 6.94
2.68 3.87 5.41 5.84 7.38
2.6 3.66 5.04 5.43 7.01

mean 3.72 5.19 5.6 7.13

pH=8.57
2.5 2.99 3.99 4.25 5.31
2.47 3.41 4.58 4.92 5.95
2.56 3.67 4.89 5.23 6.15
mean 3.56 4.49 4.8 5.8

pH 8.9
2.5 3.05 4.03 4.31 5.2

2.36 3.01 3.99 4.28 5.2
2.53 3.09 4.15 4.44 5.41
mean 3.05 4.06 4.34 5.27

pH 9.18
2.58 3.03 3.97 4.21 5.03
2.61 2.96 3.89 4.13 4.94
2.46 3.02 3.95 4.2 5

mean 3 3.94 4.18 4.99

pH 9.5
2.48 3 3.97 4.24 5.07
2.48 3 3.94 4.19 4.98
2.33 3.17 4.11 4.35 5.13

mean 3.06 4.01 4.26 5.06

pH 9.7
2.58 3.22 4.15 4.48 5.25
2.55 3.18 4.16 4.51 5.3
2.57 3.22 4.2 4.55 5.3

mean 3.21 4.17 4.51 5.28

pH 9.93
2.44 2.87 3.71 4.13 4.91
2.53 2.98 3.91 4.36 5.28
2.39 2.9 3.74 4.18 5.07

mean 2.92 3.79 4.22 5.09

93



Table 4.12 Continued
pH 10.1

to (miD) NodulariD MCYR MCLR MCRR
2.51 3.22 4.17 4.66 5.52
2.47 2.76 3.68 4.17 5.09
2.39 2.59 3.45 3.9 4.8
mean 2.86 3.77 4.24 5.14

f Hf f't f tfT bl 413 V 'fa e . ana Ion 0 capacity ac or as a unc Ion 0 pJ
k'

pH NodulariD MCYR MCLR MCRR
8.07 1.39 1.8 2.07 2.41
8.2 1.4 1.95 2.1 2.68

8.57 1.46 1.84 1.97 2.38
8.9 1.24 1.65 1.76 2.14

9.18 1.18 1.54 1.64 1.96
9.5 1.26 1.65 1.75 2.08
9.7 1.25 1.62 1.76 2.06

9.93 1.19 1.54 1.72 2.07
10.1 1.16 1.53 1.73 2.09
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Figure 4.10 Variation in capacity factor as a function of buffer pH.
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Combining the Borax/NaOH and Borax/HCI systems, good results were obtained at both

pH extremes. However, at high pH, the ionic strength was increased, producing a high

conductivity that resulted in excessive Joule heating. This enforced the use of lower

operating voltages at the expense of peak efficiency and analysis time. Although the

Borax/HCI system has a constant ionic strength, high electrophoresis currents are produced

by the presence of the high mobility chloride ions. Once again the heat dissipation capacity

of the capillary column became a limiting factor. Choosing the best operating conditions

was complicated by the generation of high currents and excessive Joule heating. A

compromise was reached between current, resolution, efficiency and analysis time. Since

the net charge on the toxins remained the same in the buffer pH range, pH adjustment was

deemed redundant.

4.7 Ohm's Law Plot

From equation 1.1, efficiency is directly proportional to the applied voltage. This theory is

based on the assumption that higher applied voltages reduce elution times and thus reduce

the time available for bands to broaden by diffusion. In addition to good peak shapes, the

use of high operating voltages produces a significant reduction in analysis time. However,

the limitation of high voltages are Joule heating, thermal degradation possibilities, micro

air bubble formation and electrophoresis current disruptions caused by boiling of the

solvent. Joule heating is responsible for an increase in the height equivalent to a theoretical

plate at high fields due to the existence of a temperature gradient between the center of the

capillary and the wall. The maximum applied voltage for the laboratory built CE system

was established using firstly, natural convection and then forced air convection as the

cooling mechanism (Table 4.14). From the E-I plot (Figure 4.11), it can be seen that better

linearity and lower currents were achieved with forced air convection, making it the

preferred method. Forced air convection permitted the used of higher operating voltages.

With natural convection, curvature occurs in the region of 25 kV. This is due to the

decrease in the column resistance with an increase in the electric field. The electrolyte

continues to increase in temperature as the resistance decreases until the circuit is broken by

96



b . d f Ohm' La IT bl 414 Da e . ata 0 tame or s w Plot
Current (pAl

Voltage (kV) Forced Air Convection Natural Convection
13 2 3
14 4 5
15 7 8
16 9 11
17 11 13

18 14 16
19 16 19
20 19 22
21 22 26
22 25 30
23 28 35
24 32 40
25 36 45

25.5 38 48
26 39 51

26.5 42 54
27 44 57

27.5 46 61
28 48 63

28.5 51 68
29 54 74

29.5 56 78
30 59 81
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Figure 4.11 Ohm's law plots obtained with natural and forced air convection.
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air bubble formation. The final operating voltage (30 kV) produced baseline resolution,

high efficiency peaks, and short analysis time (Figure 4.12).

MCLR

MCYR

•liJ I ,

.)

Nodularin

MCRR

:7'•..
.i:.J

I I I I I I I I I
o 2 468

Time (min)

Figure 4.12 Electropherogram of four algal toxins using MECC and UV detection at

238 om. Operating conditions: 30 mM borax; 9 mM SDS; pH 9.18; 30 kV applied

voltage; 10 s hydrodynamic injection; Lr 70 cm; 4:FF 40 cm.
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4.8 Precision

Comparison of peaks based on their retention times requires highly constant experimental

conditions. Small changes in operational parameters such as temperature, buffer pH, buffer

ionic strength and capillary pretreatment, alter the mobility of the analyte which may lead to

misidentification of peaks. The following precautions were observed during reproducibility

studies.

• The buffer ionic strength was kept constant by using fresh buffer between

injections.

• Temperature was maintained constant by operating at constant current of 55 p,A.

As the laboratory built CB system did not have an automatic feature to operate in

this mode, the voltage knob was physically adjusted during the course of a run.

This unfortunately was not practical for the entire exercise.

• The column was rinsed with 0.1 M NaOH, water, and then buffer solution

between injections.

Statistical treatment of retention time data (Table 4.15 and Table 4.16), indicate standard

deviations ranging from 0.018 for nodularin to 0.054 for MC RR with the use of

e1ectrokinetic injections. Standard deviation values for relative migration time were not

significantly different, however a slight improvement in precision was noted. The good

reproducibility for both cases suggests that stable and reproducible experimental conditions

were achieved producing a constant electroosmotic flow. A similar trend was observed for

hydrodynamic injections. The standard deviation ranged from 0.069 for nodularin to 0.148

for MC RR. As expected, the migration time showed better precision by compensating for

any changes in the electroosmotic flow. Comparing the two injection techniques, it is clear

that electrokinetic injections produce far superior precision. In addition to a constant

electroosmotic flow, electrokinetic injections could be executed with more control and more

reproducibility than hydrodynamic injections. The retention times of both methods,

however indicate good precision of the method.
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d t fit k' f . . t'T 1 415 Rab e . etenbon tIlDe preCISion aa or e ec ro me IC lDJec IOns
Retention Time (min)

Replicate Nodularin MCYR MCLR MCRR
1 t r 4.15 4.68 4.79 5.25

tr-to 1.32 1.85 1.96 2.42

2 t r 4.17 4.72 4.83 5.33

tr-to 1.34 1.89 2.00 2.50

tr-to 1.38 1.95 2.07 2.57

4 t r 4.17 4.72 4.85 5.35
tr-to 1.35 1.90 2.03 2.53

tr-to 1.35 1.92 2.04 2.56

6 t r 4.16 4.70 4.82 5.32
tr-to 1.35 1.89 2.01 2.51

7 t r 4.2 4.78 4.9 5.45
tr-to 1.38 1.96 2.08 2.63

8 t r 4.17 4.72 4.84 5.34
tr-to 1.36 1.91 2.03 2.53

9 t r 4.19 4.75 4.86 5.36
tr-to 1.36 1.92 2.04 2.54

10 t r 4.18 4.74 4.86 5.38
tr-to 1.36 1.92 2.04 2.54

Mean t r ±STDEV 4.18±0.018 4.74±0.033 4.85±0.035 5.36±0.054
Mean (tr-to)±STDEV 1.36±0.017 1.91+0.032 2.03±0.034 2.53±0.054
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d f hdrdTable 4.16 Retention time preCISion ata or ly o Iynannc iIliectIons
Retention Time(min)

Replicate Nodularln MCYR MCLR MCRR
1 t r 5.53 6.65 6.86 7.91

tr-t" 2.23 3.35 3.56 4.61

2 t r 5.55 6.78 6.99 8.09

tr-t" 2.25 3.48 3.69 4.79

3 t r 5.6 6.75 6.96 8.04

tr-t" 2.3 3.45 3.66 4.74

4 t r 5.45 6.57 6.77 7.76

tr-t" 2.21 3.53 4.52

5 t r 5.43 6.54 6.73 7.61

tr-t" 2.18 3.29 3.48 4.36

6 t r 5.52 6.66 6.87 7.93

tr-t" 2.27 3.41 3.62 4.68

7 t r 5.57 6.73 6.93 8.02

tr-t" 2.28 3.44 3.63 4.73

8 t r 5.41 6.55 6.74 7.8
tr-t" 2.2 3.34 3.53 4.59

9 t r 5.41 6.54 6.74 7.78

tr-t" 2.2 3.33 3.53 4.57

10 t r 5.53 6.67 6.88 7.91

tr-t" 2.26 3.4 3.61 4.64

Mean±STDEV 5.5+0.069 6.64+0.091 6.85±0.097 7.88±0.148
Mean (tr-t,,)±STDEV 2.24+0.04 3.38+0.063 3.58±0.068 4.62±0.125
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4.9 Application

The electropherogram of the algal scum extract (Figure 4. 13A) illustrates the power of CE

as an analytical technique. Extremely high peak: capacity and efficiency can be noted. By

comparison of their capacity factors with those of reference standards under identical

conditions (Figure 4.13B), the presence of MC YR (tr = 4.48 minutes) and MC LR (tr =

4.68 minutes) was inferred. As diode array UV detection was unavailable on the home-built

system, verification was accomplished by analyzing the extract using an established reversed

phase HPLC method with photo diode array UV detection [62]. This method is currently

being used routinely at Umgeni Water laboratories. A peak was noted at 16.295 minutes

corresponding to that of MC LR (Figure 4.14). MC LR was positively identified on the

basis of its UV spectrum (Figure 4.15). From the electropherogram, to was taken as 1.96

minutes, tr as 4.68 minutes, LEFFas 40 cm and LT as 57 cm and substituting for these values

in equation 3.3 and equation 3.4, the electrophoretic mobility was found to be 3.76 x 10-4

cm2 V-I S-I. This value lies close to the average value for Ilep obtained from Table 4.11,

which is further evidence of the presence of MC LR.
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Figure 4.13 (A) Electropherogram. of a typical reference standard of the four algal

toxins under study and (B) Electropherogram. of a supercritical fluid extract of a

freeze-thawed algal scum sample obtained from kwaMakutha sewage treatment plant

in Umlazi, kwaZulu Natal. Optimized conditions as in Figure 4.12 were used.
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Figure 4.14 (A) Reversed phase HPLC chromatogram of a standard solution

containing the four algal toxins and (B) HPLC chromatogram of the sample run under

identical conditions. A 10 ilL injection was used together with a linear gradient

according to Table 3.3.
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Figure 4.15 UV spectnnn of MC LR superimposed on the UV spectrum of the

unknown peak in the scwn extract. Operating conditions were identical to that in

Figure 4.14.

4.10 Conclusions

In contrast to capillary zone electrophoresis, micellar electrokinetic capillary

chromatography can be used to separate the four fresh water algal toxins using a borax

buffer system. The technique displays enormous efficiency, short analysis times, high peak:

capacity and coupled with simple instrumentation (no injector, pumps, mixers, or special

detection cell), MECC is an attractive alternative or a complimentary technique to HPLC

for the analysis of algal toxins. The optimum SOS concentration was chosen as 9 mM

(Figure 4.6) while the optimum practical buffer concentration was chosen to be 30 mM

borax. An operating voltage of 30 kV could be applied with forced air convection and the

borax buffer system at pH 9.18. However, the major limitation of this technique is that
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only small sample volumes can be loaded onto the capillary without deterioration of

separation efficiency and loss of component resolution. The concentration sensitivity in the

case of DV absorbance detection in conventional CE is in general approximately two orders

of magnitude less than in HPLC. However this method was found to be suitable for the

analysis of algal cell extracts containing high levels of toxins. These high levels were

artificial).y derived by extracting a large mass of the algal scum. The presence of MC LR

was verified by the use of HPLC and the DV spectrum. Based on calculated values, the

electrophoretic mobility compared favourably with that of MC LR and the identity can be

reported with a high degree of confidence.
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Chapter Five

Improving Detection Sensitivity in MECC of Algal toxins

5.1 Introduction

The main limitation of CE arises as a direct consequence of the low sample capacity to be

detected. Further, the optical path length is defined by the internal diameter of the capillary

adding to poor detection sensitivity. Approaches to help address this problem can be

divided into four categories, namely the use of alternative capillary geometries, alternative

injection modes, sample concentration strategies or alternative detection modes.

According to Beer's law, the optical absorbance of a sample is directly proportional to the

optical path-length through which the absorbance measurement is performed. Therefore,

extension of the optical path-length should lead to increases in the detection sensitivity.

However, simply increasing the inner diameter of the capillary is not always an attractive

alternative because increased Joule heating can result with a corresponding loss of

component resolution from increased peak widths. Methods based on increasing the optical

path length include the use of axial beam illumination [310,311], the Z-shaped flow cell

[312], the multi reflection cell [127], and the bubble cell [313]. However these methods

only improve the sensitivity by two or three times. Recently Hewlett Packard introduced

the high sensitivity cell for use with the HP 3DCE system [335]. The capillary geometry of

the HP high sensitivity cell improves detection sensitivity more than 10 fold over standard

capillaries. The work described in this chapter focuses on improving the detection

sensitivity for algal toxins by using alternative injection techniques, sample concentration

strategies, and alternative detection techniques. Attempts at quantitative analysis were also

made.
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5.2 Sample Injection Techniques

5.2.1 Hydrodynamic Injection

This is the most widely used injection mode in which the sample is introduced by creating a

pressure differential across the capillary with the use of a vacuum, positive pressure or by

gravity. The total length of the injection plug, f inj' is limited by the impact of plug length

on peak width. The relationship between plug length and the contribution to peak variance

2 . . ba in} IS gIven y

5.1

Therefore, if f inj becomes too large, a7n} can negatively influence separation efficiency,

although a sensitivity enhancement will be realised. Using injection time data from Table

5.1 peak efficiencies were calculated using the equation

5.2

where N is the number of theoretical plates, tr the retention time and Wb is the peak width.

The average efficiency as a function of injection time appears in Table 5.2. The efficiency

variation as a function of injection time illustrated in Figure 5.1 indicates a decrease in N

with time. This is in agreement with equation 5.1 that predicts an increase in the peak

variance a~} with injection plug length or injection time. Component resolution R was

calculated from data in Table 5.1 using the equation

5.3

and the averages presented in Table 5.3. A corresponding decrease in resolution was noted

(Figure 5.2). At injection times lower than 10 s, higher efficiencies were achieved at the

expense of a significant amount of sensitivity. Data for efficiency and resolution

calculations for injection times lower than 10 s were neglected because of poor precision.

109



, , , fI' d ~ hdrdTable 5.1 EffiCIency and reso ution ata or Iyl 0 lyn3lDlc ID.lec IOns

10 s i1dection, Replicate 1
Nodularin MCYR MCLR MCRR

t r (min) 5.63 6.80 7.01 8.12

Wb 0.25 0.19 0.19 0.23
N 8114 20494 21780 19942
R 5.32 1.11 5.29

Replicate 2
t r (min) 5.44 6.57 6.78 7.85

Wb 0.25 0.19 0.19 0.23

N 7576 19131 20374 18638

R 5.14 1.11 5.10

Replicate 3
t r (min) 5.42 6.54 6.75 7.77

Wb 0.25 0.18 0.18 0.23
N 7520 21122 22500 18260
R 5.21 1.17 4.98

Replicate 4
t r (min) 5.36 6.46 6.66 7.69

Wb 0.22 0.16 0.16 0.22
N 9497 26082 27722 19549
R 5.79 1.25 5.42

Replicate 5
t r (min) 5.38 6.49 6.70 7.73

Wb 0.22 0.16 0.16 0.22
N 9568 26325 28056 19753
R 5.84 1.31 5.42

20 s in.jection, Replicate 1
t r (min) 5.53 6.65 6.86 7.91

Wb 0.30 0.20 0.20 0.25
N 5437 17689 18824 16017
R 4.48 1.05 4.67

Replicate 2
t r (min) 5.52 6.66 6.86 7.90

Wb 0.32 0.20 0.20 0.26
N 4761 17742 18824 14772
R 4.38 1.00 4.52

Replicate 3
t r (min) 5.38 6.47 6.68 7.70

Wb 0.30 0.20 0.20 0.26
N 5146 16744 17849 14033
R 4.36 1.05 4.43
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Table S 1 Continued.
Reolicate 4

Nodularin MCYR MCLR MCRR
t r (min) 5.50 6.65 6.87 7.94

Wb 0.28 0.20 0.20 0.26

N 6173 17689 18879 14922

R 4.79 1.10 4.65

Replicate S
t r (min) 5.36 6.44 6.64 7.62

Wb 0.28 0.20 0.20 0.26

N 5863 16589 17636 13743

R 4.50 1.00 4.26

30 s injection. Replicate 1
t r (min) 5.40 6.51 6.70 7.68

Wb 0.33 0.22 0.22 0.27

N 4284 14010 14840 12945

R 4.04 0.86 4.00

Replicate 2
t r (min) 5.42 6.51 6.71 7.72

Wb 0.34 0.23 0.22 0.27
N 4066 12818 14884 13081
R 3.82 0.89 4.12

Replicate 3
t r (min) 5.48 6.58 6.77 7.84

Wb 0.34 0.23 0.23 0.27
N 4156 13095 13863 13490
R 3.86 0.83 4.28

Replicate 4
t r (min) 5.61 6.89 7.14 8.35

Wb 0.32 0.25 0.24 0.27
N 4918 12153 14161 15303
R 4.49 1.02 4.75

Replicate S
t r (min) 5.37 6.45 6.66 7.73

Wb 0.34 0.24 0.24 0.26
N 3991 11556 12321 14143
R 3.72 0.88 4.28
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... f tim'th h dr d'fffi'T bl S2Ma e . eane IClency vana Ion WI IVI 0 Ivnamac mJec Ion e

MeanN
Inj Time (s) Nodularin MCYR MCLR MeRR

10 8455 22631 24086 19229
20 5476 17291 18402 14697
30 4283 12727 14014 13792

. . . 6 tim'th h dr d'6I 6T bl 53 Ma e . ean reso u on vana on WI Iyl o Iynamac mJec on e

MeanR
Inj Time (s) Nod & YR YR&LR LR&RR

10 5.46 1.19 5.24
20 4.5 1.04 4.51
30 3.99 0.89 4.29
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Figure 5.1 Efficiency variation as a function of hydrodynamic injection time.
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Figure 5.2 Resolution change as a function of hydrodynamic injection time.
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and accuracy of physically measuring the extremely narrow Peak widths. The electronic

integrator did not give Peak width values and these had to be measured manually. A

compromise between sensitivity, resolution and efficiency was reached and 10 s was

selected as the most suitable and practical injection time. Above 10 s, both efficiency and

resolution dropPed steadily because of the increase in the Peak widths.

Using the optimized hydrodynamic injection conditions (10 s), detection limit data (Table

5.4) was collected with a 20 ng/ILL toxin composite standard solution. The limits of

detection (LOD) at a signal-to-noise ratio of 2 (s/n 2) based on Peak height measurements,

was 29.85 ng/ILL for nodularin, 17.7 ng/ILL for MC YR, 14.13 ng/ILL for MC LR and 20.1

ng/ILL for MC RR. Figure 5.3 shows an electropherogram of a toxin standard close to the

detection limit.

Fonnamide

MCLR

o 1

IJ-;I
f····'Mcn .
lO

NoduJarin

I I I I I I I
2 3 4 5

Time (min)

MCRR

6

Figure 5.3 Electropherogram of a 20 ng/ILL toxin composite standard close to the

detection limit. Operating conditions: 30 mM borax; 9 mM SDS; pH 9.18; +30 kV

applied voltage; 10 s hydrodynamic injection; bare fused silica capillary column; Lr 70

cm; 4:FF 40 cm; UV detection at 238 nm.
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Table 5.4 Detection limit data based on peak heights, for hydrodynamic injections
11 ted . h 20 I L . tandardco ec Wit a II12/p tOXlD s

Replicate 1
Nodularin MCYR MCLR MCRR Mean

Signal 3 6 10 6
Noise 2 2 2 2 2

sIn 1.50 3.00 5.00 3.00

Reolicate 2
Signal 6.5 10.2 14 9
Noise 5.5 4 5 5.5 5

sIn 1.30 2.04 2.80 1.80

Reolicate 3
Signal 8 16 14.5 10

Noise 7 5.5 7 6 6.38
sIn 1.25 2.51 2.27 1.57

Reolicate 4
Signal 9 11 12 10
Noise 7 5 6 6 6

sIn 1.50 1.83 2.00 1.67

Replicate 5
Signal 6 10 11 10
Noise 6 4.5 5.5 5 5.25

sIn 1.14 1.90 2.10 1.90

mean sIn 1.34 2.26 2.83 1.99

Detection Limit Calculations

2
LODnodularin =- x 20 ng / pL = 29.85 ng / pL

1.34

2
LODMC YR = - x 20 ng / pL = 17.70 ng / pL

2.26

2
LODMC LR =- x 20 ng / pL =14.13 ng / pL

2.83

2
LODMC RR = - x 20 ng / pL = 21.10 ng / pL

1.99
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5.2.2 Electrokinetic Injection

With electrokinetic injections; in addition to injection time, injection voltage was optimised

since both parameters contribute to the length of the injection plug. Efficiency and

resolution was calculated from Table 5.5 and the mean presented in Tables 5.6 and 5.7

respectively. Figures 5.4 and 5.5 are graphical representations of the mean efficiency

variation and the mean resolution as a function of injection time, respectively. The trends

observed are consistent with that obtained with hydrodynamic injections. A steady drop in

both efficiency and resolution is noted and has been attributed to the increase in the peak

variance. The graphs predict higher efficiency and resolution at injection times less than 5

s, however sensitivity is reduced. In addition errors in peak width measurements are

anticipated. A drop in efficiency ranging from 17% for nodularin to 40% for MC RR is

observed on going from a 5 s to a 10 s injection. For this reason 5 s was found to be the

optimum electrokinetic injection time.

With electrokinetic injections, injection voltage is an additional parameter that governs the

volume of sample injected, and hence efficiency and resolution. The average efficiency and

average resolution was calculated from Table 5.8 and presented in Tables 5.9 and 5.10

respectively. Plots of average efficiency and average resolution as a function of injection

voltage are illustrated in Figures 5.6 and 5.7 respectively, with the injection time kept

constant at 5 s. The trend observed is very similar to that of injection time variation

because of the impact of injection voltage on peak variance. Good results were obtained at

2.5 kV. Below this value, there was a significant loss in sensitivity due to the small sample

volume injected as a result of the reduced EOF. In addition, the precision and accuracy

with which peak width measurements were taken, was poor.

Using optimised injection conditions of 2.5 kV for 5 s, detection limit data (Table 5.11)

was collected with a 20 nglJJ.L toxin composite standard solution. The LaD (sin 2) for

nodularin was calculated from sin data as 6.03 nglJJ.L, 1.95 nglJJ.L for MC YR, 1.42 nglJJ.L

for MC LR and 1.76 nglJJ.L for MC RR. By comparison with the LaDs in hydrodynamic

injections, the improvement in detection sensitivity ranged from 4.95 times for nodularin to

19.85 times for MC LR. The electropherogram in Figure 5.8A and 5.8B shows a

comparison of sensitivities of the two modes of injection.
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2Table 5.5 Efficiency and resolution data for electrokinetIc injections at .5 kV
5 s iniection. Replicate 1

Nodularin MCYR MCLR MCRR
I r (min) 4.15 4.68 4.79 5.25

Wb (min) 0.19 0.12 0.12 0.14

N 7633 24336 25493 22500

R 3.42 0.92 3.54

Replicate 2
I r (min) 4.17 4.72 4.85 5.35
Wb (min) 0.2 0.11 0.12 0.14

N 6956 29459 26136 23365

R 3.55 1.13 3.85

Replicate 3
I r (min) 4.2 4.78 4.9 5.45

W b (min) 0.2 0.11 0.12 0.13

N 7056 30213 26678 28121

R 3.74 1.04 4.40

10 s iniection, Replicate 1
I r (min) 4.17 4.72 4.83 5.33
Wb (min) 0.22 0.14 0.14 0.18

N 5748 18186 19044 14029
R 3.06 0.79 3.13

Replicate 2
I r (min) 4.19 4.76 4.88 5.4

Wb (min) 0.22 0.13 0.15 0.17
N 5804 21451 16935 16144
R 3.26 0.86 3.25

Reolicate 3
I r (min) 4.17 4.72 4.84 5.34

W b (min) 0.21 0.14 0.15 0.18
N 6309 18186 16658 14082
R 3.14 0.83 3.03

20 s iniection, Replicate 1
I r (min)

Wb (min) 4.16 4.7 4.82 5.32
N 0.24 0.16 0.16 0.18
R 4807 13806 14520 13976

2.70 0.75 2.94

Replicate 2
I r (min) 4.08 4.6 4.71 5.16

Wb (min) 0.24 0.16 0.16 0.18
N 4624 13225 13865 13148
R 2.60 0.69 2.65
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Table 5 5 Continued0

Replicate 3
Nodularin MCYR MCLR MCRR

t, (min) 4.09 4.62 4.72 5.17

W b (min) 0.24 0.16 0.16 0.18

N 4647 13340 13924 13199

R 2.65 0.62 2.65

30 s injection, Replicate 1
t, (min) 4.11 4.62 4.73 5.22

W b (min) 0.26 0.17 0.17 0.2

N 3998 11817 12386 10899

R 2.37 0.65 2.65

Replicate 2
t, (min) 4.13 4.65 4.74 5.25

Wb (min) 0.26 0.17 0.17 0.2

N 4037 11971 12439 11025

R 2.42 0.53 2.76

Replicate 3
t, (min) 4.11 4.62 4.73 5.22

Wb (min) 0.26 0.17 0.17 0.2

N 3998 11817 12386 10899
R 2.37 0.65 2.65

25kV°th I tr Id°tiffiOT bl 56Ma e 0 eane IClency vana on WI e ec 0 netic ID.lection time at 0

MeanN
Ini Time (s) Nodularin MCYR MCLR MCRR

5 7215 28003 26102 24662
10 5954 19275 17546 14752
20 4693 13457 14103 13441
30 4465 12928 13537 12608

t25kV°th I t Id l' 0 • l' l''1'I l'T bl 57Ma e 0 eau reso u Ion vana Ion Wl eec ro ne IC In.lec Ion IDle a 0

MeanR
Inj Time (s) Nod & MC YR MCYR&MCLR MCLR&MCRR

5 3.57 1.03 3.93
10 3.15 0.82 3.14
20 2.65 0.69 2.75
30 2.39 0.61 2.68
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Figure 5.4 Efficiency variation as a function of electrokinetic injection time.
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Figure 5.5 Resolution change as a function of electrokinetic injection time.
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Table 5.8 Efficiency and resolution data variation with injection voltage using a
fi d' . f f f5lXe Inlec Ion une 0 s

2.5 kV. ReDlicate 1
Nodularin MCYR MCLR MCRR

t r (min) 5.11 6.05 6.26 7.11

W" (min) 0.27 0.14 0.14 0.14

N 5731 29880 31990 41267

R 4.59 1.50 6.07

Replicate 2
t r (min) 4.78 5.62 5.83 6.64

W" (min) 0.2 0.1 0.1 0.1

N 9139 50535 54382 70543

R 5.6 2.1 8.1

Replicate 3
t r (min) 4.74 5.54 5.75 6.57

W" (min) 0.22 0.11 0.11 0.12
N 7427 40584 43719 47961
R 4.85 1.91 7.13

5 kV, Replicate 1
t r (min) 4.87 5.79 6.01 6.88

W" (min) 0.29 0.14 0.15 0.18

N 4512 27367 25685 23375
R 4.28 1.52 5.27

Replicate 2
t r (min) 4.73 5.59 5.8 6.61
W" (min) 0.26 0.14 0.14 0.15

N 5295 25509 27461 31070
R 4.30 1.50 5.59

Replicate 3
t r (min) 4.52 5.33 5.52 6.33
W" (min) 0.28 0.13 0.12 0.14

N 4169 26896 33856 32709
R 3.95 1.52 6.23

7.5 kV. Replicate 1
t r (min) 4.73 5.59 5.8 6.61
W" (min) 0.3 0.15 0.15 0.19

N 3977 22221 23922 19365
R 3.82 1.40 4.76

Replicate 2
t r (min) 5.09 6.18 6.41 7.42

W" (min) 0.3 0.15 0.15 0.19
N 4606 27159 29218 24402
R 4.84 1.53 5.94
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Table 5 8 Continued.
Replicate 3

Nodularin MCYR MCLR MCRR
t r (min) 4.52 5.28 5.48 6.25

W b (min) 0.3 0.13 0.15 0.19

N 3632 26394 21355 17313

R 3.53 1.43 4.53

10 kV. Replicate 1
t r (min) 5.01 6.09 6.31 7.29
Wb (min) 0.32 0.16 0.16 0.2

N 3922 23180 24885 21258
R 4.50 1.38 5.44

Replicate 2
t r (min) 5 5.95 6.17 7.1
Wb (min) 0.35 0.17 0.16 0.22

N 3265 19600 23793 16664
R 3.65 1.33 4.89

Replicate 3
t r (min) 5.17 6.26 6.49 7.58
Wb (min) 0.32 0.17 0.19 0.22

N 4176 21696 18668 18994
R 4.45 1.28 5.32

Table 5.9 Mean efficiency variation with injection voltage and a 5 s injection time

MeanN
Inj Volta2e (kV) Nodularin MCYR MCLR MCRR

2.5 7433 40333 43364 53257
5 4659 26590 29001 29051

7.5 4072 25258 24832 20360
10 3788 21492 22449 18972

Table 5.10 Mean resolution variation with irdection voltage and a 5 s in.iection

MeanR
Inj Volta2e (kV) Nod&YR YR&LR LR&RR

2.5 5.01 1.84 7.10
5 4.18 1.51 5.70

7.5 4.07 1.45 5.08
10 4.20 1.33 5.22

time
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Figure 5.6 Efficiency variation as a function of electrokinetic injection voltage.
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Figure 5.7 Resolution change as a function of electrokinetic injection voltage.
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Table 5.11 Detection limit data for electrokinetic injections collected with a
20 l,lli t . land dD2, OXID S ar

Replicate 1
Nodularin MCYR MCLR MCRR Mean

Si2nal 14 44 86.5 50

Noise 3 2 2.5 3.5 2.75
sIn 5.09 16.00 31.45 18.18

Replicate 2
Si2nal 21 31.5 44.5 33
Noise 4 4 4 4 4.00

sIn 5.25 7.88 11.13 8.25

Replicate 3
Sianal 29.8 70 117 81
Noise 5 5.5 4.5 5 5.00

sIn 5.96 14.00 23.40 16.20

Replicate 4
Si2na1 34 136 148 148
Noise 5 6 6 5 5.50

sIn 6.18 24.73 26.91 26.91

Replicate 5
Si2nal . 34 98 143 118
Noise 5 5 5 5 5.00
sIn 6.80 19.60 28.60 23.60

Replicate 6
Sianal 37 112 159 148
Noise 4 5 5.5 4 4.63
sIn 8.00 24.22 34.38 32.00

Replicate 7
Si2nal 37 145.5 151 110
Noise 4 3.5 5.5 4 4.25

sIn 8.71 34.24 35.53 25.88

Replicate 8
Sislnal 32 87 142 112
Noise 8 4 3 5 5.00
sIn 6.40 17.40 28.40 22.40

Replicate 9
Si2nal 36 113 163 122
Noise 5 5 5 5 5.00

sIn 7.20 22.60 32.60 24.40
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Table 5.11 Continued

Replicate 10
Nodularin· MCYR MCLR MCRR Mean

Si2nal 34 111 156 135
Noise 4.5 5.5 5.5 5 5.13

sIn 6.63 21.66 30.44 26.34

Replicate 11
Si2nal 37 138 150 146
Noise 5 6 6 5 5.50
sIn 6.73 25.09 27.27 26.55

mean sIn 6.63 20.67 28.19 22.79

Detection Limit Calculations

2
LODNodu[arin = - x 20 ng / pL = 6.03 ng / pL

6.63

2
LODMC YR = x 20 ng / pL = 1.95 ng / J.lL

20.67

2
LODMC LR = x 20 ng / pL =1.42 ng / pL

28.19

2
LODMC RR = . x 20 ng / pL = 1.76 ng / J.lL

22.79
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Figure 5.8 (A) Electropherogram of a 60 ng/JoLL toxin composite standard using a 10 s

hydrodynamic injection and (B) Using a 2.5 kV electrokinetic injection for 5 s. The

remaining operating conditions were similar to that used in Figure 5.3.
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5.3 Sample Concentration Strategies

5.3.1 Field Amplified Sample Stacking

A solution of low ionic strength has a low conductivity or a high resistance. This solution

can be viewed in terms of an electrical resistor. A high resistance implies that there is a

greater potential difference across that resistor which is given by the Ohm equation

V=IR 5.4

where V is the potential difference, I the current and R the electrical resistance. From the

expression

E=V
L

5.5

it can be inferred that the field strength is high in the region of low conductivity and low in

the region of high conductivity. In practice, the field strength E can be controlled by

varying the buffer ionic strength. This fact was exploited to advantage in improving

sensitivity. Initial studies involved filling the entire column with solute dissolved in a dilute

buffer (also referred to as the sample buffer, 2 mM borax) and then immersing the column

ends into the run buffer (30 mM borax). Upon the application of a potential difference of

+30 kV, the current increased from less than I p.A to 55 p.A. A single peak was observed

in the electropherogram (Figure 5.9). An explanation of this phenomenon can be made by

studying the events in Figures 5. lOA and 5. lOB.

Figure 5. lOA represents a CE column filled with analyte dissolved in sample buffer. When

a voltage of +30 kV is applied (Figure 5. lOB), two electrokinetic effects occur with

opposing velocities. Electroosmosis originates at the anodic end of the column and hence

the column begins to fill with the concentrated run buffer. At the same time,

electrophoresis of the negatively charged toxins occurs. The column contains a

discontinuous buffer system that results in a high field strength in the buffer of low

conductivity and a low field strength in the concentrated buffer. Electrophoresis is the

dominating electrokinetic effect in the region of low conductivity because of the high field
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strength and solutes acquire a net velocity toward the cathode. Solute velocity decreases

rapidly at the interface of the two buffer regions because of a decrease in the field strength,

with the result that analyte stacking occurs. As stacking

.
("J

I I I I I I I
o 2 4 6

Time (min)

Figure 5.9 Electropherogram of analytes stacked in a single band. Operating

conditions: 30 mM borax; 9 mM SDS; +30 kV operating voltage; bare fused silica

column; Lr 70 cm; ~FF 40 cm; UV detection at 238 nm.
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progresses, the local conductivity increases, resulting in a further decrease in the field

strength. . Electroosmosis becomes the dominating electrokinetic effect and the net

electrophoretic velocity reduces to zero and then negative. All solute species remain in this

tight band and eventually pass the detection window giving rise to the peak: that is seen in

Figure 5.9. Although sample concentration occurred, electrophoretic separation was never

achieved.
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Figure 5.10 (A) Diagrammatic representation of the CE column filled with analyte

dissolved in the sample buffer and (B) Stacking of the analytes at the interface of the

two buffer regions upon the application of a potential difference of +30 kV. UV

absorbance measurements were taken at 238 DID.

5.3.2 Field Amplified Back and Forth MECC

A second approach utilising field amplified sample stacking was used to achieve sample

stacking as well as separation. The column filled with analyte dissolved in the diluted

sample buffer [Figure 5. 11A] , was immersed into the more concentrated run buffer at both

ends and a potential difference of -30 kV applied. Two electrokinetic effects with opposing

velocities occurred. BOF originated at the detector end and resulted in a flow of sample

buffer into the column. The negatively charged toxins accelerated rapidly toward the

131



electrode of opposite polarity due to the high electric field strength, and stacked at the

interface of the two buffer regions (Figure 5. llB). Due to analyte stacking the local

conductivity at the interfacial region increased, resulting in a decrease in the electric field

strength and consequently electrophoretic velocity, vep' EOF then became the dominating

electrokinetic effect in this region and the analyte band acquired a net velocity in the

direction of electroosmosis. When all the sample buffer had been displaced with the run

buffer (Figure 5.11C), which was monitored by observing the rise in the current to a

maximum value of 55 J.lA, the voltage was switched to +30 kV (Figure 5. llD). At this

stage in time, the solutes were focused in a narrow band at the injector end of the capillary,

while the entire length of the column contained the run buffer. The toxins were then

separated in a homogeneous electric field (Figure 5.11E).

As shown in Figures 5.12A and 5.12B, a sensitivity enhancement of over two orders of

magnitude was recorded in comparison with the hydrodynamic mode of injection. The peak

profile is different to that achieved with normal MECC. This has been attributed to the

differences in the extent to which stacking occurs, which is in turn defined by the J.lep of the

solute, electroosmotic flow (J.leo) , the injection plug length (linj), and the differences in the

ionic strengths of the discontinuous buffer system. Solutes with high Jiep stack more

efficiently and produce high efficiency peaks (MC RR). The ultimate effectiveness of the

stacking is limited by the trade off between resolution and injection plug length while

sensitivity enhancement is due to stacking of toxins from ca. 1.4 p.L (total column volume)

to ca. 10 nL (typical injection volume). This method is particularly useful because it can be

performed without any modification to the electrophoresis equipment. Normalised peak area

data from Table 5.12 and Table 5.13 were used to compare the sensitivity enhancement of

hydrodynamic injections and field amplification. A sensitivity enhancement of 749 times

was achieved for nodularin, 777 times for MC YR, 657 times for MC LR and 197 times for

MC RR. The low sensitivity for MC RR could suggest that the polarity was reversed too

late and, being the solute with highest electrophoretic mobility, part of this solute band

could have migrated out of the injection end of the column. From the data in Table 5.14,

the retention time precision for field amplification sample stacking was found to range from
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Figure 5.11 (A) Diagrammatic representation of the CE column nlled with analyte

dissolved in the sample buffer (B) Application of -30 kV cause the analyte to stack in a

single band at the interface of the two buffer regions (C) EOF displaces the sample

buffer with the run buffer (D) When the analyte band is at the injection end of the

column, the polarity is switched to +30 kV and (E) Toxins separate in a homogeneous

electric neld.
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1.96% and 2.25% RSD indicating good precision of the method. Area precision, however

was not as good and was attributed to the tedious procedure of manually switching the

electrodes to reverse the polarity.

A B
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MCYR •
"It'

Nodularin "I"i
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Figure S.12 (A) Electropherogram of a 1 ng/~L toxin composite standard using a 30 s

hydrodynamic injection and (B) Using field amplified back and forth MECC.
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Table 5.12 Area and nonnalised peak area data for hydrodynamic injections using a
100 I Lt' tand d I f1121~ oxms ar so U Ion

Replicate 1
Nodularin MCYR MCLR MCRR

Area 7315 8064 10525 17647

t.- 4.52 5.26 5.46 6.11

Area/t.- 1618 1533 1928 2888

Replicate 2
Area 8008 9011 11752 24556

t.- 4.57 5.48 5.69 6.43

Area/tr 1752 1644 2065 3819

Replicate 3
Area 8723 8237 9676 18142

t.- 4.93 5.58 5.74 6.15
Area/tr 1769 1476 1686 2950

Replicate 4
Area

t.- 10444 7270 12099 22983
Area/tr 4.35 5.39 5.58 6.18

2401 1349 2168 3719

Replicate 5
Area 13915 18876 17596 21142

t.- 5.31 5.49 6.11 6.16
Area/tr 2621 3438 2880 3432

Replicate 6
Area 9602 15712 20058 34081

t.- 4.57 5.35 5.54 6.17
Area/tr 2101 2937 3621 5524

Mean Area 9668 11195 13618 23092
Mean Area/tr 2044 2063 2391 3722
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Table 5.13 Area and nonnalised peak area data for field amplified sample stacking
1 /L . tad dUSIIl2 a Il2J~ tOXID s n ar

Runl
Nodularin MCYR MCLR MCRR

Area 56634 36400 46830 35244

fa. 3.34 3.86 4.44 5.47

Area/fa. 16956 9430 10547 6443

Run 2
Area 48787 66688 89641 45042

fa. 3.75 4.35 4.52 5.61

Area/fa. 13010 15331 19832 8029

Run 3
Area 59034 76190 99712 38236

fa. 3.71 4.3 4.47 5.33
Area/fa. 15912 17719 22307 7174

Run 4
Area 44334 41628 64090 43558

fa. 3.71 4.15 4.26 5.37
Area/t. 11950 10031 15045 8111

RunS
Area 66680 33438 54216 38994

fa. 3.85 4.25 4.39 5.38
Area/fa. 17319 7868 12350 7248

Run 6
Area 70720 169172 70012 38032

t. 4.22 4.73 4.93 5.37
Area/fa. 16758 35766 14201 7082

Mean Area 57698 70586 70750 39851
Mean Area/fa. 15318 16024 15714 7348

Sensitivity enhancements with field amplification

AT d I· 15318 x 100 74
IVO U arm = = 9

2044
l "'e YR 16024 x 100

IVj' = = 777
2063

MC LR = 15714 x 100 = 657
2391

MC RR = 7348 x 100 = 197
3722
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Table 5.14 Retention time precision data for field amplification using a 1 ng/pL
tand dtOXID composite s ar

Retention Time (min)
Replicate Nodularin MCYR MCLR MCRR

1 3.86 4.33 4.44 5.47
2 3.75 4.35 4.52 5.61
3 3.71 4.3 4.47 5.33
4 3.71 4.15 4.26 5.37
5 3.85 4.25 4.39 5.38

Mean 3.776 4.276 4.416 5.432
STDEV 0.07 0.08 0.10 0.11
%RSD 1.96 1.87 2.25 2.06

137



5.3.3 Field Amplified Back and Forth MBCC on the Hewlett Packard CB System

Due to the increasing popularity of CE methods, numerous commercial instruments have

been introduced. The HP 3DCE system was of particular importance in this work as it was

equipped with the feature of time programmable polarity reversal. This particular feature

was employed in sample preconcentration studies discussed below.

Using 12 psi pressure, the entire column was filled with a composite standard (l ng/J-tL)

prepared in 3mM borax buffer. The system was programmed to begin electrophoresis with

-30 kV at time zero with both column ends placed in the run buffer. At 3.3 minutes, the

polarity was switched automatically to + 30 kV. These two events caused stacking and

destacking respectively. As shown by the electropherogram in Figure 5.13A, the small

peak at 0.504 minutes, indicates the stacked solute zone. The low intensity peak in the

electropherogram indicates that stacking was still in progress and only a small proportion of

the solute was stacked before passing the detector. This figure not only shows the

electropherogram (Figure 5.13A), but also a trace of the electrophoresis current profile

(Figure 5.13B). When reversed polarity was applied, the electrophoresis current reading

was reflected on the negative part of the y-axis. Initially the column contained solute in the

dilute sample buffer resulting in the production of a current whose magnitude was close to

zero. As stacking progressed, the run buffer began to fill the column and this was

monitored by observing a rise in the current. The polarity was automatically reversed at

3.3 minutes to +30 kV. The value of the current reading also changed from -22 J-tA to

+ 22 J-tA and this is reflected on the positive part of the y-axis. The Figure also indicates

that there was a further rise in the current to a maximum of 36 J-tA before stabilizing. This

is evidence that the system still contained dilute sample buffer at the point of polarity

reversal. The impact of this discontinuous buffer system is that the solute band remained in

the stacked zone because of inhomogeneities in the electric field strength, resulting in

incomplete resolution.

When polarity reversal was executed at 3.6 minutes, all analytes except MC YR and MC

LR displayed good resolution (Figure 5.14A). The loss in resolution was a small

compromise for the gain in sensitivity. The plot of the electrophoresis current as a function

of time (Figure 5. 14B) is therefore a very useful feature and gives invaluable information.
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Figure 5.13 (A) Electropherogram of a 1 ng//o&L toxin composite standard using field

amplified back and forth MECC. The operating conditions: 30 mM borax; 9 mM

SDS; 3 mM borax sample buffer; time zero -30 kV; time 3.3 minutes +30 kV; PVA

coated column; Lr 64.5 cm; 4:FF 56 cm; 50 /o&m Ld.; PDA UV detection 200-300 nm

and (B) The resulting electrophoresis current for the system in Figure 5.13A.
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Figure 5.14A Electropherogram of a 1 ng/ItL toxin composite standard with PDA UV

detection at 200-300 DID. Operating conditions: time zero -30 kV; time 3.6 minutes

+30 kV; the remaining parameters were as in Figure 5.13 and (B) The resulting

electrophoresis current for the system in Figure 5.14A.
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Figure 5.15 Electropherogram of nodularin and MC LR recorded at 238 nm, 254 nm

and 214 nm. A recording of the current, temperature, and voltage is also provided.

Operating conditions were as in Figure 5.14.
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Under normal operation modes, rapid fluctuation in the current is indicative of excessive

Joule heating that results in boiling of the solvent. In field amplification back and forth

MECC, the current profile can be used as an indicator for polarity reversal. The current

recording in Figure 5.13B, show that polarity reversal was executed too early as there is a

further rise in the electrophoresis current until it reaches the stable plateau region. The

impact of this can be seen by the poor resolution of the stacked analyte zone. In contrast,

Figure 5.14B, shows a stable current reading after polarity reversal and this results in good

resolution of components. Figure 5.15 illustrates the capability of the HP 3DCE for

performing photo diode array detection, monitoring of electrophoresis currents, monitoring

of operating voltage and temperature recordings. The electropherogram was recorded at

238 nm, 254 nm and 214 nm. All three traces show similar intensity peaks. Both the

recordings of electrophoresis current and operating voltage show good stability, verifying

the absence of excessive Joule heating. The capillary column was air cooled and maintained

at 25 ±O.05°C during these experiments.

5.3.4 Field Amplified Sample Injection (FASIJ

Field amplified sample injection is a special case of electrokinetic injection in which the

sample and run buffers are of different ionic strengths. Upon the application of a potential

difference, the electric field strength in the low conductivity sample medium is higher than

that in the run buffer. Solute can migrate rapidly to the interface between the lower and

higher conductivity zones. Upon reaching the interface, the analytes then slow down

causing contraction of the sample zone. The effectiveness of the stacking depends on the

difference in ionic strengths of the run and sample buffers, electroosmotic flow velocity

(veo) and the injection plug length. Conditions for stacking are as follows:

• Veo is slow and in the same direction as vep , good stacking

• Veo = 0, better stacking

• Veo in opposite direction, best stacking

• veo » vep , no stacking occurs if both effects are in the same direction
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The last case applies to most countermigration separations including the cyanobacterial

toxins and no injection takes place. With positive polarity, negatively charged ions will

tend to migrate out of the injection end of the capillary. Reversing the polarity, causes

anions to stack at the sample/buffer interface, however EOF immediately carries the anionic

species out of the column. Hence the method is of little use to the algal toxins.

5.3.5 Electro-extraction

Electro-extraction is the third field amplification technique investigated. Using this

technique, solute dissolved in water was extracted using an electric field and concentrated in

a narrow band at the injection end of the column. Electroosmosis originating at the anodic

end introduces a plug of high ionic strength run buffer into the column containing only

sample buffer. At the interface of the two regions, electrophoresis tends toward zero and

analyte stacking occurs. As the stacking proceeds, the local conductivity at the interface

increases. The potential difference across this region is small and as a consequence, the

field strength E is small. When the entire column is ftlled with run buffer, a band of

analyte exists at the injection end. Separation of the extracted components was achieved

under normal polarity conditions. Table 5.15 shows the detection limits achieved with this

technique. Sensitivity enhancements recorded were 50.6 times for nodularin, 65.6 times for

MC YR, 38.2 times for MC LR and 19.5 times for MC RR, when compared to

hydrodynamic injections (Table 5.4). Figure 5.16 is a typical electropherogram of toxins

stacked by electro-extraction. This procedure is similar to field amplification back and forth

MECC except for the fact that the analyte is extracted from water using the electric field

rather than being stacked from within the capillary column. A homogeneous buffer system

is used. There is also a subtle difference to FASI that requires a discontinuous buffer

system (dilute sample buffer and concentrated run buffer). In contrast, electro-extraction

requires a normal buffer system with solute dissolved in water instead of sample buffer.
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t fkh'h ~ Itr . d b d15DTable 5. etection UOlt ata ase on pea el21 ts, or e ec ro-ex rac IOns

Replicate 1
Nodularin MCYR MCLR MCRR Mean

Si2nal 8 18 13 5
Noise 2 2.5 2.5 2 2.1

sIn 3.76 8.47 6.12 2.35

Replicate 2
Siunal 8 15 11 3
Noise 2 2.5 2.5 2.5 2.4

sIn 3.33 6.25 4.58 1.25

Replicate 3
Si2nal 8 20 14 5
Noise 2.5 2 2.5 2.5 2.40

sIn 3.33 8.33 5.83 2.08

Replicate 4
Si2nal 8 16 12 5
Noise 2.5 2.5 2.5 2.5 2.5

sIn 3.20 6.40 4.80 2.00

Replicate 5
Si2na1 8 18 14 4
Noise 2.5 2.5 2.5 2.5 2.5

sIn 3.20 7.20 5.60 1.60

mean sIn 3.38 7.33 5.39 1.86

Detection Limit Calculations

2
LODnodularin = -- xl ng / J1L = 0.59 ng / J1L

3.38

2
LODMC YR =- xl ng / J1L =0.27 ng / J1L

7.33

2
LODMC LR = - x 1 ng / f1L = 0.37 ng / f1L

5.39

2
LODMC RR = 1.86 x 1ng / J1L =1.08 ng / J1L
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Figure 5.16 Electropherogram of a 1 ng!ILL toxin solution using electro-extraction and

UV detection at 238 nIn. Extraction was carried out at -30 kV and separation was

achieved at +30 kV. Peak identification: 1 Nodularin; 2 MC YR; 3 MC LR; 4 MC

RR.

5.3.6 On-Line Solid Phase Extraction

Attempts at performing on-line solid phase extractions were complicated by technical

problems. Firstly the cartridge comprised a 10 mm length of the packed capillary column

prepared in section 3.17.4. Due to miniaturization, it was an extremely intricate task to

insert frits on such a small section of capillary. Not only was it difficult to handle

physically, the packing was often disrupted during fusion of the frits in the Bunsen flame.

After numerous attempts, a solid phase cartridge was successfully fabricated. More

problems were encountered with connecting the cartridge to the electrophoresis column.

This was done by inserting the capillary column and cartridge into a Teflon sleeve that was

cut from a length of tubing. Although the electrophoresis column ana cartridge were

secured into position with epoxy resin, there were problems associated with leakages

resulting from pressurization of the system during solid phase conditioning and solid phase

extraction (Figure 3.14). The extraction capacity of the preconcentration column was first
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evaluated using pressure as the driving force. Initially a plug of methanol was introduced to

activate the C18 solid sorbent, followed by a plug of water to remove the excess methanol.

The toxins were then injected and allowed to concentrate on the solid. Run buffer

containing 30 mM borax and 30 % (v/v) methanol was used as the elution solvent. A single

peak was observed (Figure 5.17A), indicating that preconcentration of the solute was

successful. It was thought that SDS that formed hydrophobic micelles would have the

potential for eluting the toxins from the solid phase. Replacing methanol with SDS did

indeed elute the toxins (Figure 5.17B). This was a very useful property of SDS, in that it

could be used not only for improving selectivity in MECC, but also as the elution solvent.

Borax buffer alone, however, did not elute toxins retained on the solid sorbent (Figure

5.17C).

On-line solid phase extraction was then repeated except electroosmosis was used as the

driving force to elute the toxins, that was subsequently subjected to micellar electrokinetic

capillary chromatography. Unfortunately, the Teflon sleeve joining the packed and

electrophoresis columns formed a small non-conducting section in the capillary system and

an electrophoresis current was never observed. This was verified by joining a piece of

capillary tubing (50 mm x 50 J.tm i.d.) to the CE column. No current was observed when a

potential difference was applied indicating that the Teflon sleeve was of no use as a

capillary column connector. Ideally, the packed section should be part of the main CE

column with no joins. Difficulty was experienced in fabricating frits within the column.

Attempts to design a frit formation device with the resources available failed due to

oxidation of a tungsten filament that was used as an electrical heating coil.

5.3.7 Off-Line Solid Phase Extraction

Trace toxin enrichment was achieved using a C18 solid-phase extraction cartridge. The

successful extraction and elution of the solute species was dependent on numerous factors.

After activation with methanol, the excess solvent was washed with water to prevent

premature elution of solute. Extraction was performed immediately thereafter to prevent

the sorbent from drying up. The sorbent was kept wet during the extraction by the presence

of 1% (v/v) methanol in the sample. Thereafter, room air was drawn through the cartridge
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Figure 5.17 (A) Peak resulting from the elution of toxins trapped on the

preconcentration column. Absorbance measurements were taken at 238 nm with the

run buffer containing 30 % (v/v) methanol, (B) Peak resulting from the elution of

toxins trapped on the preconcentration column. Absorbance measure~ents were taken

at 238 nm with the run buffer containing 9 mM SDS instead of the methanol and (C)

Trace resulting from elution of toxins from the solid sorbent with the run buffer

containing 30 mM borax only.

147



for 15 minutes to remove the excess water. Elution was performed with 3 small aliquots of

methanol rather than one large volume for a more efficient toxin recovery. The

concentration detection limit based on Figure 5.18 was less than 0.002 ng/llL. The fact that

the relative peak intensities are not consistent with Figure 4.12 suggests that the extraction

efficiencies with which the individual toxins were recovered were not equal.
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IJ

4

1

4 56
Time (min)

Figure 5.18 Electropherogram of a toxin composite standard after solid phase

extraction from a water sample spiked with algal toxins to give a concentration of

0.002 ng/ilL. Optimum hydrodynamic injection conditions as in Figure 4.12 were

used. Peak identification: 1 Nodularin, 2 MC YR, 3 MC LR, 4 MC RR.
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5.4 Alternative Detection

5.4.1 Laser Induced Fluorescence fLIF)

The use of high intensity light sources provides an alternative to extending the optical path

length for sensitivity enhancement as they offer superior focusing capabilities, which allow

the excitation energy to be more effectively applied to very small sample volumes

[129,130,314,315]. Another useful feature of lasers is that they possess better

monochromaticity which reduces stray light. Their limitation is that only a few wavelengths

are available and there are possibilities of photodegradation of analytes caused by the high

intensity light. Using LIF, detection limits as low as 1 to 2 zeptomoles (approximately 600

molecules) were reported by Dovichi et al. for derivatized amino acids [316]. Zare and co

workers were first to use LIF [169,170] and they achieved detection limits of 2 fmol for

dansyl amino acids with the use of a He-Cd laser, while Jorgenson and co-workers were

able to detect close to 1 attomol of FITC labelled amino acids [171]. Since the microcystin

toxins under study do not possess intense native fluorescence, the FITC fluorophore was

used in an attempt to derivatize the solutes. This fluorophore was selected because its

excitation and emission wavelengths matched that of the argon ion laser of the

electrophoresis system. FITC reacts with primary amines under alkaline conditions to form

the fluorescein thiocarbamyl (FTC) derivatives as shown in Scheme 1.

N=C=S

FITC

OH

+ &N-CHR-CO--NH-Pe(tilil

Pe(tilil-NH-Co--CH-N-C-N

k ~ M ~
FTC Derivative

OH

Scheme 1 The fluorescence derivatization reaction for the peptide toxins.
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Reports from various publications demonstrate that FITC provides extremely good

sensitivity for primary amines. Unfortunately however, the toxin derivatization reaction did

not occur and a large artefact signal due to the free FITC was observed in the

electropherogram (Figure 5. 19). A plausible explanation for the failed reaction is that the

free primary amine group on the toxin is in a sterically hindered position, thereby

preventing the bulky FITC label from approaching the reaction site. This was concluded

after the free amino acid arginine was subjected to the same derivatization conditions and

analysed. The derivative formation was successful (Figure 5.20). Although other workers

in the field of toxin analysis confirm our results [317], they are in direct conflict with that

obtained by James et al., who reported the successful derivatization of the microcystin

toxins [49]. They, however attributed the low sensitivity of the method to the intense

background fluorescence originating from the sample matrix. The fluorescamine derivatives

produced by Wright et al. [64] were of a concentration (lOO pg) easily detected by UV and

therefore defeated the purpose of using LIP.

5.4.2 Indirect Fluorescence

Fluorescence detection can be used in an indirect format in which a fluorescent additive is

combined with the buffer electrolyte. With this method, it is possible to broaden the

applicability of these selective and sensitive detectors and can be used as a general detector.

No derivatization or chemical manipulation is necessary, making quantification easier. The

main disadvantage is that the linear dynamic range is limited. In this study FITC was added

to the run buffer to create a high background fluorescence. By the mechanism of analyte or

charge displacement of the fluorophore, a reduction in the background fluorescence and the

production of a negative peak was anticipated. However, stability of the background

fluorescence signal was extremely poor, causing low sensitivity with the result that no peaks

could be detected at a toxin concentration of 1 ng/1-tL. LIP detection of toxins above this

concentration was of little use since UV detection could quite easily be used. For this

reason, all further fluorescence work was abandoned.

150



::0

"c

u
Eo-< =
~

- ~ -~....
~

-
- - -

=

~

~

=
~

~ = ==
=

Aj ~ ..... 1\ 'T...Lv\;- ..... -!-·v -r 1
....

- ~

I

Tune(min)

Figure 5.19 Electropherogram of a 1 ng/IIL toxin composite standard after

derivatization with FITC isomer 1. LIF detection was used with an excitation

wavelength of 418 nm and an emission fIlter of 520 nm. Optimized electrophoresis

conditions were used as described in Figure 5.3.
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Figure 5.20 Electropherogram of arginine at a concentration of 1 ng/I-tL.

Derivatization and detection were as in Figure 5.19.
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5.5 Calibration and Quantitation

Quantitative analysis provides information about the concentration of a substance in a given

sample. This information is obtained from peak height or peak area measurements.

Quantitative methods employing MECC represent an area still in the development stages of

the technique. However the separating power and the low mass detection limits are well

researched and documented. The main concerns of the early investigators were with

optimisation and evaluation of the advantages and disadvantages of the procedures. Only

recently have the possibilities for quantitative applications been explored.

In contrast to chromatographic separation techniques, solute zones in CE migrate at a

velocity given by the electrophoretic velocity of the solute and the electroosmotic velocity

of the background electrolyte. This results in time related peak widths in an

electropherogram that do not necessarily denote different zone volumes of analyte. To

compensate for the influence of velocity variations, the concept of normalised peak areas

(area/tr), were introduced. Prior to collecting calibration data, the two injection modes

studied previously were evaluated in terms of peak area and normalised peak area precision

using a 100 ng/JLL standard and experimental conditions as in Figure 5.8. Data for

hydrodynamic injections (Table 5.16), show RSD values ranging from 83% to 97%,

indicating poor precision. Hydrodynamic injections on the laboratory built system was a

very tedious procedure and could not be controlled or reproduced easily (injection time and

~h). Although this is believed to be the main cause of the poor results, evaporation losses

were another contributory factor since slight evaporation impacts significantly on the small

sample volumes (10 JLL) used. There is however no significant difference in the RSDs for

peak area and normalised peak area, suggesting that migration time did not contribute

significantly to peak areas. Electrokinetic injections (Table 5.17) produced much improved

precision. The RSD values ranged from 11 % to 18.7%. The improved precision over

hydrodynamic injections can be attributed to better reproducibility of injections because

injection voltage and time could be controlled precisely. In addition, there was no need to

alter ~h. Both peak areas and normalised peak areas were not significantly different,
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... fd ~ hdrdTable S.16 Area precision ata or IYI o lyn3lDlC IDjec IOns

Run 1
Nodularin MCYR MCLR MCRR

t y (min) 6.11 7.5 7.74 9.05
area 7075 9875 11371 14838

area/t y 1158 1317 1469 1640

Run 2
t y (min) 5.59 6.75 6.95 8.01

area 19217 14889 16244 23483
area/t y 3438 2206 2337 2932

Run 3
t y (min) 5.2 6.16 6.34 7.29

area 19978 14403 15144 23091
area/t y 3842 2338 2389 3167

Run 4
t y (min) 5.18 6.18 6.38 7.41

area 5801 4121 5353 2272
area/t y 1120 669 839 307

RunS
t y (min) 5.t; 6.75 6.96 8.04

area 2554 2655 3126 3914
area/t y 456 393 449 487

Run 6
t y (min) 5.52 6.66 6.87 7.93

area 712 2757 3009 3680
area/t y 129 414 438 464

Run 7
t y (min) 5.41 6.54 6.74 7.78

area 2896 3232 3933 4681
area/t y 535 494 584 602

RunS
t y (min) 5.34 6.43 6.64 7.61

area 5642 4285 6091 8530
area/t y 1056 666 917 1120

Run 9
t y (min) 5.35 6.43 6.64 7.65

area 3535 4287 5551 7152
area/t y 661 667 836 935
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Table 5.16 Continued
Run 10

t r (min) 5.31 6.41 6.61 7.63
area 3511 4065 5187 7043

area/tr 661 634 785 923

Run 11
t r (min) 5.42 6.53 6.73 7.78

area 5965 6100 7452 10113
area/tr 1100 934 1107 1300

Run 12
Nodularin MCYR MCLR MCRR

t r (min) 5.33 6.41 6.61 7.58
area 2311 25870 29319 39961

area/tr 434 4036 4436 5272

Mean Area 6600 8045 9315 12396
STDEV 6342 7082 7712 11238
%RSD 96 88 83 91

Mean Area/tr 1216 1230 1382 1596
STDEV 1180 1102 1164 1481
%RSD 97 90 84 93
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Run 1
Nodularin MCYR MCLR MCRR

I, (min) 4.62 5.39 5.58 6.3
area 4147 4391 6346 5195

area/I, 898 815 ~ 1137 825

Run 2
I, (min) 4.69 5.49 5.68 6.37

area 3636 3802 5341 4763
area/I, 775 693 940 748

Run 3
I, (min) 4.75 5.66 5.89 6.81

area 3859 3907 4524 5075
area/I, 812 690 768 745

Run 4
I, (min) 4.6 5.46 5.69 6.5

area 4993 5565 7532 7400
area/I, 1085 1019 1324 1138

RunS
I, (min) 4.55 5.34 5.55 6.3

area 3894 3948 5266 5709
area/I, 856 739 949 906

Run 6
I, (min) 4.36 5.12 5.33 6.11

area 3819 4445 7170 6613
area/I, 876 868 1345 1082

Run 7
I, (min) 4.45 5.23 5.43 6.21

area 4455 5679 7582 5935
area/I, 1001 1086 1396 956

RunS
I, (min) 4.49 5.3 5.51 6.29

area 4317 4073 5766 5455
area/I, 961 768 1046 867

Run 9
I, (min) 4.46 5.25 5.45 6.22

area 3462 4368 5809 5604
area/I, 776 832 1066 901
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Table 5 17 Continued.
Run 10

t r (min) 4.52 5.35 5.57 6.39
area 4255 4554 6684 6416

area/t r 941 851 1200 1004

Run 11
t r (min) 4.57 5.38 5.59 6.44

area 4770 5474 8025 7291
area/tr 1044 1017 1436 1132

Mean Area 4146 4564 6368 5951
STDEV 456.06 684.6 1146.24 880.75
%RSD 11 15 18 14.8

Mean Area/tr 911 852 1146 937
STDEV 104.77 136.32 214.30 140.55
%RSD 11.5 16 18.7 15
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suggesting once again that migration time did not affect peak areas to any mea,surable

extent. Due to financial constraints, toxin standards could not be acquired in abundance and

only hydrodynamic injections could be performed on the small volumes of the calibration

standards (10 J.'L) that were available. Electrokinetic injections required a minimum

volume of 100 J.'L so that both the column end and the respective electrode could be

immersed in the standard solution during injections. Another problem with calibration and

quantitation was that after an extensive literature search, a suitable internal standard could

not be found. It was therefore decided to use one of the analytes as the internal standard.

MC RR was chosen because this toxin was found infrequently in the various strains of blue

green algae in the Umgeni Water operational area. Although hydrodynamic injections

produced poor area precision, as demonstrated by the RSD values, it was hoped that the

internal standard would compensate for the poor reproducibility of injections. Three

separate calibrations were performed. Calibration data are presented in Tables 5.18, 5.19,

and 5.20. Based on MC RR as the internal standard, the average normalised peak area

ratios were determined (Tables 5.18B, 5.19B and 5.20B). Linearity for the method

calibration graphs are indicated by the correlation between increasing concentration and the

corresponding change in the normalised peak areas. The calculated correlation coefficients,

R2 values and linear regression equations are shown in Table 5.21.

The calibrations embrace a very small range due to the limited availability of toxin

solutions. It is for this reason that the linear dynamic range of the method was not

established. This was deemed to be of little importance for this specific application since

experience has shown that algal toxins were present in trace levels in the algal scums and

toxin contaminated waters. From the results presented, it is quite clear that quantitative

work is unacceptable. It is however anticipated that better quantitative work can be done

with the use of an automated system.
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Table 5 18A Calibration data for run 1.
Std 100 112/ilL, Replicate 1

Nodularin MCYR MCLR MCRR
Area 9736 8098 10330 29012

t r 5.43 6.19 6.43 6.86
area/t r 1793 1308 1607 4229
std/istd 0.42 0.31 0.38

Replicate 2
Area 4853 8103 11521 34854

t r 4.89 6.02 6.26 6.69
area/tr 992 1346 1840 5210
std/istd 0.19 0.26 0.35

Replicate 3
Area 11709 11503 15514 38485

t r 5.33 6.08 6.33 6.79
area/tr 2197 1892 2451 5668
std/istd 0.39 0.33 0.43

Std 80 ng/ilL, Replicate 1

Area 6767 6388 8355 32287
t r 5.61 6.38 6.63 7.08

area/tr 1206 1001 1260 4560
std/istd 0.26 0.22 0.28

Replicate 2
Area 8282 4987 6679 32483

t r 4.77 5.44 5.66 6.07
area/t r 1736 917 1180 5351
std/istd 0.32 0.17 0.22

Replicate 3
Area 14105 10796 11919 42480

t r 4.73 5.37 5.6 5.99
area/tr 2982 2010 2128 7092
std/istd 0.42 0.28 0.30

Std 60 112/ilL, Replicate 1
Area 10415 4462 6515 33272

t r 4.73 5.38 5.59 5.97
area/tr 2202 829 1165 5573
std/istd 0.40 0.15 0.21

Replicate 2
Area 3676 2493 4317 27168

t r 4.79 5.43 5.65 6.04
area/tr 767 459 764 4498
std/istd 0.17 0.10 0.17

159



Table 5 18A Continued.
Replicate 3

Nodularin MCYR MCLR MCRR
Area 3752 3513 5494 27330

t, 4.83 5.47 5.68 6.07

area/t, 777 642 967 4502

std/istd 0.17 0.14 0.21

Std 40 D11.1#(L, Replicate 1
Area 5391 5876 7688 53214

t, 4.53 4.99 5.19 5.57

area/t, 1190 1178 1481 9554

std/istd 0.12 0.12 0.16

Replicate 2
Area 172825 63607 61143 96325

t, 4.27 4.85 5.05 5.45
area/t, 40474 13115 12108 17674
std/istd 2.29 0.74 0.69

Table S.18B Mean area and amount ratios for the calibration run 1

Amnt StdlAmnt istd Area std 1Area istd
Nodularin MCYR MCLR

0.8 1.21 0.43 0.42
1.2 0.25 0.13 0.20
1.6 0.42 0.28 0.30
2 0.33 0.30 0.39
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Table 5 19A Data for calibration run 2.
Std 80 112/pL, Replicate 1

Nodularin MCYR MCLR MCRR
Area 8405 4351 5259 16167

t r 5.46 6.01 6.17 6.42
arealt r 1539 724 852 2518
stdlistd 0.61 0.29 0.34

Replicate 2
Area 11426 5650 5937 15384

t r 5.53 6.13 6.27 6.52
arealtr 2066 922 947 2360
stdlistd 0.88 0.39 0.40

Replicate 3
Area 16214 12101 9861 21833

t r 5.63 6.19 6.37 6.63
arealtr 2880 1955 1548 3293
stdlistd 0.87 0.59 0.47

Std 60 112/pL, Replicate 1
Area 7448 3978 4719 7864

t r 5.63 6.23 6.39 6.66
arealtr 1323 639 738 1181
stdlistd 1.12 0.54 0.63

Replicate 2
Area 9812 4509 5948 9231

t r 5.58 6.17 6.33 6.61
arealtr 1758 731 940 1397
stdlistd 1.26 0.52 0.67

Replicate 3
Area 8917 5011 6092 10465

t r 5.73 6.34 6.5 6.77
arealt r 1556 790 937 1546
stdlistd 1.01 0.51 0.61

Std 40 112/pL, Replicate 1
Area 5876 2496 2729 15480

t r 5.69 6.3 6.46 6.74
arealtr 1033 396 422 2297
stdlistd 0.45 0.17 0.18
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Table 5 19A Continued.
Replicate 2

Nodularin MCYR MCLR MCRR
Area 4322· 2297 2700 14566

t, 5.75 6.36 6.54 6.81

area/t, 752 361 413 2139

std/istd 0.35 0.17 0.19

Replicate 3
Area 5063 2874 3445 18140

I, 5.65 6.25 6.43 6.72
area/I, 896 460 536 2699
sld/isld 0.33 0.17 0.20

Table 5.19B Mean area and amount ratios for calibration run 2

Amnt std!Amnt istd Area std!Area istd
Nodularin MCYR MCLR

1.2 0.38 0.17 0.19
1.6 1.13 0.53 0.63
2 0.79 0.42 0.40
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Table 5 20A Data for calibration run 3.
Std 100 nv,!uL Replicate 1

Nodularin MCYR MCLR MCRR
Area 8048 4248 5783 6729

t, 5.52 6.48 6.73 7.54
area/t, 1458 656 859 892
std/istd 1.63 0.73 0.96

Replicate 2
Area 8096 4281 5514 6932

t, 5.37 6.31 6.57 7.41
area/t, 1508 678 839 935
std/istd 1.61 0.73 0.90

Replicate 3
Area 7557 3826 6002 7392

t, 5.86 6.93 7.17 8
a.rea/t, 1290 552 837 924
std/istd 1.40 0.60 0.91

Std 80 112/uL, Replicate 1
Area 5218 2550 3542 6049

t, 5.63 6.59 6.84 7.63
area/t, 927 387 518 793
std/istd 1.17 0.49 0.65

Replicate 2
Area 3724 3382 4636 8886

t, 5.56 6.58 6.83 7.67
area/t, 670 514 679 1159
std/istd 0.58 0.44 0.59

Replicate 3
Area 8892 5586 8362 15563

t, 5.63 6.61 6.87 7.68
area/t, 1579 845 1217 2026
std/istd 0.78 0.42 0.60
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Table 5 20A Continued.
Std 60 112/uL, Replicate 1

Area 2093 2005 1988 4781

t, 5.73 6.7 6.96 7.79

area/I, 365 299 286 614

sld/isld 0.60 0.49 0.47

Replicate 2
Area 4672 1886 2449 6529

I, 5.65 6.66 6.91 7.73

area/I, 827 283 354 845
sld/isld 0.98 0.34 0.42

Replicate 3
Nodularin MCYR MCLR MCRR

Area 3447 2651 2864 9752
I, 5.36 6.31 6.56 7.35

area/I, 643 420 437 1327
sld/isld 0.48 0.32 0.33

Std 40 1Ifl./uL, Replicate 1
Area 1656 1218 1941 1955

I, 5.28 6.34 6.59 7.4
area/I, 314 192 295 264
sld/istd 1.19 0.73 1.11

Replicate 2
Area 1839 1444 2183 7078

I, 5.1 6.05 6.3 7.1
area/I, 361 239 347 997
std/isld 0.36 0.24 0.35

Replicate 3
Area 1788 1759 1830 14756

I, 5.52 6.05 6.29 7.03
area/I, 324 291 291 2099
std/istd 0.15 0.14 0.14

Table 5.20B Mean area and amount ratios for calibration run 3
Amnt std/Amnt istd Area std / Area istd

Nodularin MCYR MCLR
0.8 0.57 0.37 0.53
1.2 0.69 0.38 0.40
1.6 0.84 0.45 0.61
2 1.55 0.69 0.92
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Table 5.21 Regression statistics for calibration runs one to three

Run Correlation Coefficient R1 Linear Regression Equation

Nodularin

1 0.7185 0.5163 y=-0.62x + 1.417

2 0.54595 0.2980 y=0.51x - 0.053

3 0.9108 0.8253 y=0.77x - 0.169

MCYR

1 0.2521 0.0636 y=-0.06x + 0.369
•

2 0.6776 0.4591 y=0.3lx - 0.127

3 0.8906 0.7932 Y=0.26x + 0.112

MCLR

1 0.01302 0.0002 y=0.0025x + 0.324

2 0.47711 0.2276 y=0.26x - 0.0133

3 0.8062 0.6499 y=0.34x + 0.132

5.6 Conclusions

Under optimised conditions of injection time and voltage, electrokinetic injections produced

greater than an order of magnitude better sensitivity than hydrodynamic injections, with the

exception of nodularin. Since the solutes had similar electrophoretic mobilities, no

discrimination occurred during injections and this method of sample introduction was

preferred. Additionally, the injections could be executed more reproducibly, giving

improved area precision and better peak shapes. The use of field amplified back and forth

MECC indicates that large sample volumes can be loaded on a CE column without causing

serious deterioration of separation efficiency and loss of component resolution. Sensitivities

were improved by over two orders of magnitude compared with hydrodynamic injections.

Electro-extraction produced a 10 fold increase in detection sensitivity over hydrodynamic

injections. Laser fluorescence detection was unsuccessful and this was attributed to the
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stereochemistry of the toxins. FASI was also unsuccessful because of the negative charge

on the toxins. Lastly, sample enrichment with the use of solid phase extraction technology

provides a useful method for the analysis of trace level algal toxins by MECC. However,

due to technical difficulties, the method could not be applied on-line.

Due to poor area precision with hydrodynamic injections, non linear calibration graphs were

obtained, rendering this method of little use for quantitative work. This is in 'agreement

with the work of previous researchers who compared quantitative work obtained from the

laboratory system with that of the Beckman PlACE 2000 system [318]. However the

calibration graph for limonin glucoside and nomilinic acid glucoside showed better linearity

than that obtained for the algal toxin study [318]. It is very likely that the quantitation

problem, due to lack of automation, was compounded by the fact that the toxin standards

were made up to a fmal volume of 10 p.L and small changes in volume by evaporation

resulted in significant changes in concentration.
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Chapter Six

Comparative Study of HPLC, /LHPLC, CEC and MECC for Algal Toxin Analysis

6.1 Introduction

This chapter deals with a comparative study of HPLC, IlHPLC, CEC and MECC for the

analysis of algal toxins. While HPLC is the established technique used routinely in the

laboratory of the author, IlHPLC, CEC and MECC are novel techniques for the separation

of these toxins. Miniaturisation is a common feature in modem analytical science. The

tremendous interest in microcolumn separations stems from the fact that there are numerous

advantages, which include high column efficiencies, improved detector sensitivity, reduced

flow rates, and the ability to work with smaller sample volumes and mobile phase volumes.

These microcolumns provide a compromise between conventional packed and open tubular

columns.

6.2 HPLC

A gradient HPLC programme (Table 3.3) recommended by researchers Lawton, Edward

and Codd [62], was used to separate the 4 toxins. Figure 6.1 is a typical chromatogram

obtained. Some features of this chromatogram are low peak capacity, column efficiency

(peak width > 1 minute), and resolution. Furthermore the total analysis time including

column equilibration time is 60 minutes. The main reason for band spreading in HPLC

arises as a direct consequence of its characteristic parabolic flow profile. In addition, large

biomolecules such as the algal toxins under study possess low diffusion coefficients and

result in an increase in the contribution to the resistance to mass transfer, and hence band

spreading.

167



Nodularin

§ -+o -<

§ ....

0 -<
--'

.1

:
····1

I

\
I

o 10 20 30 40

Tune (min)

Figure 6.1 HPLC chromatogram of a 1 p.g/L toxin composite standard acquired with

PDA UV detection at a wavelength ranging from 200 to 40() DID. A 10 p.L injection

was used and a linear gradient as described in Table 3.3.

Retention time precision data in Table 6.1 indicate % RSDs ranging from 0.12 to 0.64.

This shows better precision than that obtained with either injection modes in MECC and for

both absolute and relative migration times (Tables 4.15 and 4.16). Both methods are of

acceptable precision in terms of retention time reproducibility. Area precision (Table 6.2)

was determined to range from 1.78 to 2.86 % RSD, making HPLC far superior to MECC

for quantitative work using either injection technique (Tables 5.16 and 5.17), part of the

problem being the lack of an automated sample introduction system on the laboratory built

system. Peak efficiency under the recommended HPLC conditions (Table 6.3) ranged from

5470 plates for MC RR to 13186 plates for MC LR. MECC produces higher efficiency and

shorter analysis times (Table 5.2 and 5.6). Resolution was calculated from Table 6.3.
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Although adequate resolution between the toxins was achieved, problems with impurities

eluting close to the analyte peak were anticipated as peak widths were of the order of about

one minute. The concentration detection limit was found to range from 0.022 ng/JtL to

0.041 ng/JtL (Table 6.4), while MECC with hydrodynamic injection ranged from 14.13 to

29.85 ng/JtL (Table 5.4) and electrokinetic injections, 1.42 ng/JtL to 6.03 ng/JtL (Table

5.11). The mass detection limits for a 25 JtL injection ranged from 0.55 ng to 1.025 ng.

Calculations for MECC mass detection limits based on a 10 nL electrokinetic injection

volume ranged from 0.0142 to 0.0603 ng, indicating high mass detection sensitivity for this

method. HPLC shows superiority in concentration sensitivity and is attributed to the high

sample capacity to be loaded as well as a longer optical path length flow cell.

6.3/LHPLC

Most researchers produce columns by the slurry packing method. A number of problems

associated with this technique have been highlighted particularly when packing small

diameter tubes with small diameter particles, the main problems being the difficulty of

packing reproducibly a column of consistent performance. In this study, the methodology

developed by Bartle et al. on packing columns with supercritical fluid carbon dioxide (C02)

as the carrier gas in the packing procedure was used [305]. The column prepared for use in

electrochromatography and on-line solid phase extraction was first evaluated for

performance using JtHPLC. A typical chromatogram obtained with an isocratic run

indicated incomplete resolution between the peak: with a retention time of 6.93 and that with

a retention time of 7.48 minutes (Figure 6.2). From a visual inspection of the peak: profile,

the MC RR peak at 22.02 minutes indicates poor efficiency. Due to the fact that the micro

SFC/LC pump could not be used to perform gradient elution, peak efficiency and resolution

could not be optimized. By increasing the strength of the mobile phase, the peak: efficiency

was enhanced, and the retention time decreased from 22.02 minutes to 13.82 minutes.

However there was a decrease in the resolution of peaks 1, 2 and 3 (Figure 6.3). The

results of this study revealed that the column had potential for use in

electrochromatography. Although poor efficiency and resolution were observed with
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I· flit'dat ~ th HPLCTable 6.1 Retention time preCISIon a or e analysIS 0 al2a oxms
Retention Time (min)

Replicate No. MCRR Nodularin MCYR MCLR
1 16.50 20.10 22.18 23.93
2 16.15 19.87 22.00 23.79
3 16.14 19.84 21.97 23.76
4 16.14 19.86 21.98 23.76
5 16.16 19.86 21.97 23.77
6 16.17 19.85 21.99 23.77
7 16.16 19.86 21.99 23.77
8 16.13 19.84 21.98 23.76
9 16.11 19.83 21.94 23.73
10 16.08 19.81 21.93 23.71

Mean 16.14 19.85 21.97 23.76
STDEV 0.029 0.018 0.021 0.024

RSD 0.12 0.18 0.1 0.64

Table 6.2 Area precision data for the HPLC analysis of algal toxins
Area Counts

Replicate No. MCRR Nodularin MCYR MCLR
1 33971 41322 35169 42522
2 31431 40129 33860 40656
3 32096 39735 32650 40183
4 31812 38993 33028 39254
5 33395 39200 34070 39336
6 32962 40301 33930 39651
7 31626 39705 33458 39609
8 33094 39841 33441 39105
9 32941 38920 33426 38268

10 33143 39545 33343 40004

Mean 32647 39769 33638 39859
STDEV 847.60 709.60 684.47 1140.07
RSD 2.60 1.78 2.03 2.86
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I . f I II· d f hHPLCdffi .3Table 6. Peake lClencyan reso ubon ata or t e analysIS 0 al2a toxms
Replicate 1

MCRR Nodularin MCYR MCLR

t r (min) 16.5 20.1 22.183 23.933

Wb (min) 0.883 0.916 0.783 0.85

N 5587 7704 12842 12685

R 4.00 2.45 2.14

Replicate 2
t r (min) 16.152 19.868 22.002 23.785

Wb (min) 0.85 0.95 0.783 0.834

N 5777 6998 12633 13014

R 4.13 2.46 2.21

Replicate 3
t r (min) 16.14 19.84 21.973 23.757
Wb (min) 0.883 0.916 0.75 0.85

N 5346 7506 13733 12499
R 4.11 2.56 2.23

Replicate 4
t r (min) 16.142 19.858 21.975 23.758
Wb (min) 0.884 0.917 0.75 0.817

N 5335 7503 13736 13530
R 4.13 2.54 2.28

Replicate 5
t r (min) 16.155 19.855 21.972 23.772

Wb (min) 0.883 0.917 0.783 0.817
N 5356 7501 12599 13546
R 4.11 2.49 2.25

Replicate 6
t r (min) 16.168 19.852 21.985 23.768
Wb (min) 0.883 0.95 0.767 0.816

N 5364 6987 13146 13575
R 4.02 2.48 2.25

Replicate 7
t r (min) 16.155 19.855 21.988 23.772
Wb (min)

,
0.85 0.917 0.766 0.817

N 5780 7501 13184 13546
R 4.19 2.53 2.25
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Table 6 3 Continued.
Replicate 8

t r (min) 16.125 19.842 21.975 23.758
Wb (min) 0.884 0.917 0.75 0.817

N 5324 7491 13736 13530
R 4.13 2.56 2.28

Replicate 9
t r (min) 16.11 19.827 21.943 23.727

W b (min) 0.867 0.916 0.783 0.817
N 5524 7496 12566 13495
R 4.17 2.49 2.23

Replicate 10
t r (min) 16.075 19.808 21.925 23.708

W b (min) 0.883 0.917 0.767 0.85
N 5303 7466 13074 12447
R 4.15 2.51 2.21

MeanN 5470 7415 13125 13186
MeanR 4.11 2.51 2.23
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Table 6.4 Detection limit data for the HPLC analysis of algal toxins
lido h 0 2 I L t da d I toco ecte Wit a . n2Jp. san r so U Ion

Replicate 1
MCRR Nodularin MCYR MCLR Mean

Si2na1 13 16 18 28
Noise 2 1 1.2 1.8 1.5
sIn 8.67 10.67 12.00 18.67

Replicate 2
Silmal 14 16 17 25
Noise 2 1 1.2 1.3 1.38
sIn 10.14 11.59 12.32 18.12

Replicate 3
Si2na1 13 15 17 23
Noise 2 1 1 1 1.25
sIn 10.40 12.00 13.60 18.40

Replicate 4
Si2nal· 13 16 17 25
Noise 2 1 1 1 1.25
Is/n 10.40 12.80 13.60 20.00

Replicate 5
Si2na1 13 16 17 25
Noise 2 1.5 1.5 1.2 1.55
sIn 8.39 10.32 10.97 16.13

Replicate 6
Si2nal 13 16 17 24
Noise 2 1 1 1 1.25
sIn 10.4 12~8 13.6 19.2

Mean sIn 9.73 11.70 12.68 18.42

Detection Limit Calculations

2 x 0.2
LODMC RR = = 0.041 ng / pL

9.73
2 x 0.2

LODNOD = = 0.034 ng / pL
11.7
2 x 0.2

LODMC YR = = 0.032 ng / pL
12.68

2 x 0.2
LODMC LR = =0.022 ng / pL

18.42
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,.,.HPLC, it was hoped that CEC would help overcome this problem with the additional

selectivity introduced by the interaction with a stationary phase. In addition, improved

efficiency was anticipated since it is assumed that the flow prof1le is mixed Poiseuille and

plug flow.
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Figure 6.2 JLHPLC chromatogram of a 50 nglL toxin composite standard solution with

UV detection at 238 om. The mobile phase used contained 26% acetonitrile prepared

in 0.1% ammonium acetate. The flow rate was 1 JLL/minute at ambient temperature.

Peak identification:- nodularin (5.89 minutes); MC LR (6.93 minutes); MC YR (7.48

minutes); MC RR (22.02 minutes) (see reference 306).
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Figure 6.3 "HPLC chromatogram of a 50 ng/L toxin composite solution with UV

detection at 238 om. The mobile phase contained 35% acetonitrile prepared in 0.1%

ammonium acetate. Peak identification: nodularin (4.76 minutes); MC LR (5.03

minutes); MC YR (5.45 minutes); MC RR (13.83 minutes).
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6.4 CEC

CEC is a hybrid separation technique combining the stationary phase of HPLC with the

electrolytically driven mobile phase transport of capillary electrophoresis. Separation is

based both on electrophoretic processes and interactions with a stationary phase, such as

adsorption, partition and gel permeation. The principle is in close analogy with

conventional HPLC with packed columns, except the mobile phase is driven by

electroosmosis rather than pressure. Unlike pressure driven systems, movement of the

mobile phase through a packed CEC column is not subject to back pressure. This enables

the use of longer columns and smaller diameter particles may be employed, producing

enormously high efficiencies. A schematic representation of electrochromatography is

shown in Figure 6.4. Solute partitioning occurs in the same way as in HPLC. Thus

selectivity is identical for neutral analytes, but differs for ionic analytes due to additional

electrophoretic migration. Yamamoto et al. reported 197000 plates per metre for a retained

peak, using a 50 ~m column packed with 3 ~m Hypersil aDS particles [319]. Efficiencies

of 370000 plates were obtained for a non retained peak, using a 50 ~m column packed with

1.6 ~m Monospher aDS particles. Knox and Grant [91] and Yan et al. [320] have

demonstrated improved efficiencies in CEC in comparison with ~HPLC. Smith and Evans

[322] have observed very high plate numbers with CEC on columns packed with silica

bonded with a strong cation exchanger. A variety of applications of CBC have been shown

[323,324].

Figure 6.4 Schematic representation of CEC in capillaries packed with a stationary

phase [321].
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This study was performed to investigate the possible application of electrochromatography

for the high resolution separation of algal toxins. The application of this method for the

separation of toxins was plagued with technical problems such as columns breakages, frit

fabrication, air bubble formation at the frit, and excessively high back pressure resulting

from a homogeneous densely packed column using supercritical CO2 at 350 atmospheres.

Bubble formation in the column during electroseparation was the main cause of a failed

separation. This was attributed to Joule heating as well as to the difference in pressure

between the packed and unpacked regions of the capillary column, as suggested by

Rebscher and Pyell [325]. The rate of bubble formation was found to increase with applied

voltage because of a corresponding increase in Joule heating. While some researchers

recommended the use of dilute buffers « 2 mM), others used a pressurized system for

performing CEC without the risk of bubble formation. After the column had been

equilibrated with mobile phase, the sample was injected. Thereafter the micro SFC/LC

pump was stopped, and the system allowed to depressurize slowly to prevent rearrangement

of the bed packing and damage to the frits.

CEC was carried out by removing the column from the injector and inserting it into the

mobile phase (Figure 3.21). After the application of +30 kV, a current was observed

briefly (1 minute) after which a section of the column began to dry up resulting in a

breakage in the current.

6.5 CEC with Applied Pressure

CEC was then attempted with the application of pressure on either side of the column

(Figure 3.22). This procedure resulted in the production and sustenance of a constant and

stable current. However no peaks were detected, indicating that solute did not pass the

detector but remained in the column. Tsuda et al. found that in electrochromatography, it

was possible to retain a solute in a column during operation under pressurized flow if the

velocity due to its mobility toward the inlet of the column was higher than that due to

pressurized flow toward the outlet of the column [88]. This technique was used to

preconcentrate solute in the column during a period of several injections to improve
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detection sensitivity. To overcome the effect of solute retention, the pressure applied to the

injection end of the column was increased, producing a net solute movement toward the

outlet end of the column. Some degree of success was achieved with this method. Figures

6.5 and 6.6 show a peak for MC LR using jlHPLC and CEC with applied pressure

respectively. Purely by inspection of the e1ectropherogram, it can be noticed that there was

an improvement in peak symmetry and efficiency. However the problems of bubble

formation were never completely resolved. A breakage in the current occurred after 6

minutes and this can be observed as spikes in the e1ectropherogram.

Although CEC in packed columns is a developing technique that promises great potential in

future chromatographic separations, it is difficult and less convenient. Jorgenson expressed

doubt whether the performance increases in CEC would justify the increased technical

difficulty experienced [84]. However, modern instrumentation equipped with automated

features have certainly addressed a number of the problems, making CEC a more practical

technique for routine work. A number of researchers have taken full advantage of this,

with the result that numbers of publications in CEC are increasing. In fact researchers have

proceeded a step further and attempted gradient elution in CEC. Zare et al. developed a

system for delivering e1ectroosmotical1y driven solvent gradients [326]. Dynamic gradients

with nanolitre per minute flow rates were generated by merging two e1ectroosmotic flows

that were regulated by computer controlled vo1tages. This technique was used for the

separation of 16 polycyclic aromatic hydrocarbons (PAHs). These researchers, however,

point out clearly that to deliver such minute gradient flows into a capillary column is a

delicate problem. In addition, due to changes in the electrophoresis buffer composition,

fluctuations in the electrophoretic and e1ectroosmotic mobilities occur, resulting in peak

broadening.
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Figure 6.S I'HPLC chromatogram of a 100 ng/I'L MC LR solution with UV detection

at 238 DID. Operating conditions were identical to that in Figure 6.2.

179



•
I '

"I

J
•

I I I I I I I I I I
o 2 4 6 8 10

. Time (min)

Figure 6.6 CEC electropherogram of 100 nglILL MC LR solution with UV detection at

238 DID. The operating voltage was 20 kV and the mobile phase was the same as in

Figure 6.2.

6.6 Conclusions

This study reveals that while HPLC is an established technique for the analysis of algal

toxins, J.tHPLC, CEC and MECC are novel techniques that can also be used. The

fundamental differences between HPLC and MECC are that the latter produces higher peak

efficiency and shorter analysis times than the former. In terms of instrumentation,

however, HPLC is equipped with automated features allowing sample injection times and
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volumes to be precisely controlled. In HPLC, the volume of injected solution can be

exactly measured while in MECC, there is no injection valve and the sample volume have

to be determined by calculation. Additionally, with electrokinetic injections, the amount of

sample introduced into the capillary is affected by injection voltage and time, whereas with

the hydrodynamic injection mode, the injection amount is affected by the pressure

differential across the capillary column as well as the injection time. These parameters

were difficult to control on the laboratory built CE system and contributed to the poor peak

area precision. Retention times in MECC also show lower precision than that obtained by

HPLC. Performing manual injections was tedious and extremely difficult to reproduce.

Furthermore, the electronic integrator had to be activated independently and manually,

adding to the relatively low retention time precision. However with the use of modern day

automated systems, it is anticipated that both retention time and peak area precision can be

comparable to that achieved with HPLC. The concentration detection limit for HPLC is

superior to MECC, while the reverse applies for the mass detection limits.

The use of j.tHPLC demonstrated that miniaturized packed columns have potential for algal

toxin analysis. Efficiency and resolution was not optimized because of the lack of a

gradient elution pump. CEC could not be used without pressure due to Joule heating and

bubble formation. The technique is possible with applied pressure and exhibits higher

efficiency than j.tHPLC. Once again, with the development of modern instrumentation,

CEC has become a viable, highly efficient separation technique with enormous potential in

analytical chemistry.
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Chapter Seven

Concluding Remarks

Initial studies have shown that CZE lacked selectivity to sufficiently resolve the three

microcystins from each other at basic pH. Attempts to optimize operating conditions had

little effect on the resolution of these components. However, changing to MECC proved to

be far superior for the analysis of the microcystins and nodularin. Operating conditions

were systematically optimized and the best conditions (30 mM borax; 9 mM SDS; pH 9.18;

30 kV applied vlotage) produced adequate resolution, high efficiency peaks, and a short

analysis time. The method was applied successfully to the analysis of algal toxins from a

real sample containing algal scum.

Even though the problems associated with the HPLC analysis of algal toxins have been

highlighted, the method was used for the verification of the results acquired by MECC. It

is therefore important to note that the CE analysis of these compounds should be regarded

as a complementary technique and not a replacement technique.

A number of researchers have dedicated their work to addressing what is thought to be the

main limitation in CE; the poor detection sensitivity, and this study is no exception.

Various approaches were evaluated and some remarkable sensitivity enhancements were

recorded. In the simplest case, electrokinetic injections displayed approximately 20 times

better sensitivity than hydrodynamic injections. Field amplification, a more complicated

procedure, produced a sensitivity enhancement of up to 777 times compared with

hydrodynamic injections. Attempts at tagging the toxins with a fluorescent moiety were

unsuccessful and this was attributable to steric hindrance. This was rather unfortunate as a

sensitivity enhancement of at least 3 orders of magnitude was anticipated with LIF

detection, compared with DV detection. The results obtained for quantitative work on the

laboratory built CE system were unsatisfactory and the instrument can therefore be

recommended only for qualitative algal toxin analysis.
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The final part of this project shows that even though HPLC has disadvantages for algal

toxin analysis, it is an old and well established technique that offers superiority in terms of

precision, accuracy and concentration detection sensitivity. The use of packed capillary

columns, as in /LHPLC and CEC, are potential new methods for the separation of algal

toxins. However further work is required to refine the use of these techniques for algal

toxin analysis particularly as regards to gradient elution.

On-line precolumn concentration with the use of reversed phase HPLC packing materials or

polymeric membrane type materials, represents an area with scope for further development

in improving CE detection limits. From the tremendous potential offered by CE with LIF

detection, it may well be a very rewarding exercise to investigate fluorescence derivatization

from a new perspective.

CE is clearly one of the most powerful separation methods ever developed and is rapidly

establishing itself as a major instrumental technique. While exciting advances are being

made rapidly in CB, the technique is still in a development and growth stage. One aspect

that is still in need of improvement is concentration sensitivity, especially when CB is used

in conjunction with commonly used on-column DV-VIS absorption detection. A

tremendous amount of research has been done in addressing this problem. Special injection

techniques using sample stacking and large volume injections were investigated by

numerous researchers. Others preferred the use of on-line preconcentration by packing a

bed of chromatographic material such as C1S or Cs in a small section of the CE column or

by incorporating an adsorptive membrane such as polymeric styrene divinylbenzene (SDB)

in the CB column. Other areas of focus include temperature programming, pH gradient

programming, gradient elution, voltage programming, BOF control by the application of an

external field, analyte velocity modulation and pulsed field CB. Interesting developments

have also been made in column technology. Capillaries coated with Chiral-Dex were used

for the separation of enantiomers [336]. The preparation of fritless packed columns by

radical copolymerization is also a concept that is being used by a few laboratories. The

stationary phase is chemically bonded directly onto the capillary wall and this removes

problems associated with the frit construction [327].
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Other exciting and new advances made to date include the interfacing of a CE instrument to

a Raman microprobe to form a CE/Raman detection system for the analysis of nucleosides

and nucleotides [328]. Lee et al. describe the advances made in time of flight mass

spectrometry that have made it possible for use in microcolumn separations [329].

Capillary electrophoresis inductively coupled plasma mass spectrometry (CE-ICP-MS) is

another area of great interest. Olesik et al. used this technique for the speciation of a

number of metals [330]. A final observation is the growing interest in microfabricated

devices for performing CE. Several groups have reported the use of such microchip devices

over the past few years [331-334]. These miniature devices have been shown to perform

just as well as conventional CE equipment.

With the new developments rapidly being made, the future of CB is difficult to anticipate.

As new research is presented, a greater knowledge and understanding of the strength as well

as the limitations of the technique are acquired. CB is likely to become a principal tool in

DNA sequencing and due to its great speed, may well play a crucial role in sequencing the

human genome. The successes achieved so far in interfacing CB with mass spectrometers

promise remarkable capabilities for unraveling the structures of complex macromolecules

with unsurpassed speed, accuracy and sensitivity.
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