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Summary 
This thesis focuses on the optimisation of capacitively coupled contactless conductivity 

detection for capillary and microchip electrophoresis and its applications in analytical 

chemistry. 

First, the effect of high excitation voltages and operation frequencies on the capacitively 

coupled contactless conductivity detector cell for conventional capillary electrophoresis 

is evaluated. The detector electrodes comprised two steel tubes cut from hypodermic 

needles, through which the capillaries were inserted. It is demonstrated that increasing 

excitation voltages from 25 V pp, to 250 Vpp improves the detection limits by a factor of 

10. The high actuator voltage approach was also investigated for contactless conductivity 

detection on glass-microchip devices with an 8 cm long channel. The detector electrodes 

formed part of the microchip and were placed on the microchip directly above the 

microchannel. In a separate project the simplification of on-microchip contactless 

conductivity detection was accomplished. This was achieved by integrating the detector 

electrodes on to a chip-holder specifically designed for this purpose. Thus the electrodes 

were a part of the holder, an improvement of the previous arrangement whereby the 

detector electrodes were situated on the microdevice. 

Finally the applications and advantages of the optimised high-voltage capacitively 

coupled contactless conductivity detection for inorganic and organic analysis were 

demonstrated. The separation and detection of 14 metal ions was accomplished in less 

than six minutes. The compatibility of this detector with non-UV transparent, polymer 

capillaries has been demonstrated. The detection of native amino acids has been 

evaluated. Part of the work was dedicated to the on-chip analysis of various classes of 

organic ions. The two immunoproteins human immunoglobulin M (IgM) and 

immunoglobulin G (IgG), were analysed in their unlabelled state on both capillary and 

lab-on-chip platforms. All species involved in an immunological interaction between IgM 

and IgG could be detected. A method for the analysis of selected basic pharmaceutical 

drug substances was developed. Detection limits comparable to those supplied by direct 

UV detection were obtained. Main component assays of selected pharmaceutical 

preparations have been demonstrated. 
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1. Introduction  1  

1 Introduction 

1.1 Historical Background 

Electrophoresis is the differential migration of charged ions by attraction or repulsion in 

an electric field. It was introduced by Tiselius in 1937. By applying an electric field to a 

mixture of proteins placed between buffer solutions in a tube, Tiselius discovered that 

sample components migrated in a direction and at a rate determined by their charge and 

mobility. However separation efficiency was limited by thermal diffusion and 

convection. Thus, electrophoresis has been traditionally performed in anti-convective 

support media, such as semi-solid slab gel or in non-gel media such as paper or cellulose 

acetate. The support media provide the physical support and mechanical stability for the 

carrier electrolyte. Alternatively, electrophoretic separations may be performed in 

narrow-bore tubes or capillaries. Since capillaries themselves are anti-convective, gel 

media are not essential for that function. This allows the performance of free-solution or 

open tube electrophoresis. 

Initial work on open tube capillary electrophoresis was carried out by Hjerten in 1967 [1]. 

He rotated millimetre-bore quartz-glass capillaries coated with methylcellulose along 

their longitudinal axis to minimize the effects of convection. He employed UV detection. 

Later Mikkers’ group performed zone electrophoresis in narrow-bore Teflon capillaries 

of 200 µm internal diameter [2]. They employed conductivity and UV detection. In the 

early 1980s Jorgenson and Lukacs used 75 µm id fused silica capillaries coupled with on-

column fluorescence detection [3]. They reported that capillaries of small internal 

diameters reduced zone spreading due to convection and that these capillaries allow 

efficient dissipation of the heat generated by the application of high voltages. Jorgenson 

also clarified the theory, described the relationships between operational parameters and 

separation quality and demonstrated the potential of high performance capillary 

electrophoresis (HPCE) as an analytical technique. 

In capillary zone electrophoresis, ionic analytes in solution migrate at different velocities 

from one another upon the application of an external field. Cations migrate towards the 

cathode, where they are visualised with a detector that may be situated on-column or end- 

column. 
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 In modern capillary electrophoresis, separation is performed in even narrower capillaries 

of typically 25 - 75 µm inner diameters. These capillaries dissipate heat efficiently on one 

hand and at the same time compromise detection limits. Detectors that were employed in 

fundamental CE work namely UV and fluorescence were adapted from HPLC and are ill-

suited to the narrow capillaries implemented in CE. This has provided the main drive for 

the quest for alternative electrochemical detection techniques. 

A separate development in the capillary electrophoresis field is miniaturisation, whereby 

injection, separation and detection are carried out on microchannels embedded on planar 

devices [4, 5]. In the fundamental microchip work, mainly fluorescence detection was 

employed [6]. Although fluorescence detection offers very low detection limits, it is very 

expensive and not a universal detection method. Both factors contributing to further 

research for alternative electrochemical detection techniques. 

Ever since Jorgenson`s work, a variety of capillary separation techniques have been 

introduced. These are briefly discussed below. 

1.2 Classification of Electrophoresis Modes  

The most frequently used modes of capillary electrophoresis are: 

• capillary zone electrophoresis (CZE), 

• micellar electrokinetic capillary chromatography (MEKC), 

• Capillary gel electrophoresis (CGE),  

• capillary isoelectric focussing (CIEF),  

• capillary isotachophoresis (CITP) 

Capillary zone electrophoresis is the simplest and most frequently used mode. During 

CZE, separation occurs due to solute migration in discrete zones and at different 

velocities. Separation of both cationic and anionic solutes is possible due to a 

phenomenon known as electro-osmotic flow which will be discussed in the following 

section. Neutral solutes are co-eluted with electro-osmotic flow (EOF) rendering CZE an 

unsuitable method for their analysis 
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Micellar electrokinetic chromatography is a hybrid of CZE and chromatography. It is the 

only electrophoretic method that can be used for the separation of neutral and charged 

analytes. Separation of neutral solutes is accomplished by the inclusion of surfactants in 

quantities above their critical micellar concentration in the run buffer. The interaction of 

the micelles and the neutral solutes effect the separation. 

Capillary gel electrophoresis is frequently used for bioscience applications. In this 

modus, size based separations are achieved by the inclusion of a suitable gel in the 

electrolyte which acts as a sieving medium. 

Capillary isoelectric focussing is used to separate analytes with different isoelectric 

points. Mainly protein and peptides are analysed with this method. A pH gradient is 

created in the capillary by filling it with different ampholytes. Upon the introduction of 

an external electric field, the charged ampholytes and proteins migrate in the capillary 

until they reach the point where they are uncharged. CIEF may be used to determine the 

pI of unknown proteins. 

Capillary isotachophoresis is performed by sandwiching a sample between a leading and 

terminating electrolyte and applying an electric field in the constant current mode. 

Anions and cations cannot be separated in the same run. In the case of cations, the 

leading electrolyte is chosen in such a way that its cations possess a higher mobility than 

the fastest migrating cation. The terminating electrolyte correspondingly contains the 

slowest cation. When an electric field is applied to the mixture, the analyte cations 

arrange themselves according to their mobilities between the fastest cation of the leading 

electrolyte and the slowest cation. After solute distribution, equilibrium is achieved and 

all the analytes migrate at the same speed towards the detector. Isotachophoresis is often 

employed for the concentration of dilute samples. Its main disadvantage is its 

unsuitability for analysing unknown samples. 

For this thesis, all analysis were carried by capillary zone electrophoresis, therefore the 

following section and theory shall be limited to CZE. The term capillary zone 

electrophoresis is in itself misleading as it implies it s the only zonal technique, which is 

not the case as MEKC and CGE are zonal techniques too, whilst CIEF is described as a 

focussing techniques and CITP as a moving boundary technique. For simplicity, the term 

capillary electrophoresis (CE) shall be used instead of CZE in the subsequent discussions. 
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1.3 Basic Concepts of Capillary Zone Electrophoresis 

In capillary zone electrophoresis, separation takes place in narrow-bore capillaries under 

the influence of an electric field.  

Figure 1.1 illustrates a schematic diagram of capillary electrophoresis instrumentation. 

The main components required for electrophoresis are a capillary, a high-voltage power 

supply, detector, data acquisition system buffer and sample vials. 

 

Fig. 1.1: Schematic representation of capillary electrophoresis; A: analyte vial; B: buffer vial; C 
capillary; D: Detector 

 
The contents of the two reservoirs and capillary are identical. Also situated in the 

reservoirs are electrodes, usually platinum, to make the electrical contact between the 

high voltage power supply and capillary. The sample vial contains the analyte which may 

be dissolved either in the background buffer or water depending on the type of injection 

to be implemented. To introduce a small quantity of the sample on to the column, one 

buffer vial is briefly replaced by the sample vial before applying either an electric field 

(electrokinetic injection) or pressure (hydrodynamic injection) for a specific period 

(usually seconds). The source vial is then replaced to the original position before 

switching the high voltage, which enables the ions to migrate towards the detector where 

they are visualised and the signal is recorded on the data acquisition device. 

1.3.1 Electrophoretic mobility 

Separation by electrophoresis is based on differences in analyte velocity in an electric 

field. The velocity of an ion is given by 

D C

B B 

 

Power supply 

A 
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   v = µe E       (1.1) 

 where  v = ion velocity in cm s-1 

   µe = electrophoretic mobility in cm2 s-1V-1 

   E = applied electric field in V cm-1 

The electric field is a function of the applied voltage and capillary length. The 

electrophoretic mobility, for a given ion and medium, is a constant which is characteristic 

of that ion. It is determined by the electric force that the molecule experiences, balanced 

by its frictional drag through the medium i.e. 

   µe α 
)(

)(

F

E

FforceFrictional
FforceElectric      (1.2) 

where the electric force is given by 

   FE = qE       (1.3) 

and the frictional force for a spherical ion by 

   FF = -6 π η r v       (1.4) 

 where  q = ion charge 

   η = solution viscosity 

   r = ion radius 

   v = ion velocity 

During electrophoresis a steady state, defined by a balance of these forces is attained. At 

this point the forces are equal but opposite and 

   qE = 6 π η r v       (1.5) 

Solving for velocity and substituting equation (1.5) in (1.1) yields 

   µe = 
r

q
ηπ6

       (1.6) 
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Equation (1.6) describes the mobility in terms of physical parameters. It is also evident 

from the equation that small, highly charged species have high mobilities whereas large, 

minimally charged species have low mobilities. Mobility is also strongly dependant on 

temperature and electroosmotic flow discussed below. 

1.3.2 Electro-osmotic flow (EOF) 

In capillary electrophoresis, in addition to the solutes, the buffer solution also moves 

through the capillary under the influence of an electric field. This bulk movement of 

liquid in the capillary is termed electro-osmotic or electroendosmotic flow and drags all 

analytes irrespective of charge in one direction. Consequently cations and anions may be 

simultaneously analysed in one run, which otherwise is not possible in the absence of 

EOF. A further advantage of EOF is it makes possible the analysis of analytes with 

different charge mass ratios within reasonable analysis times. 

The EOF is a consequence of the charge on the surface of the interior capillary wall. 

When an aqueous buffer is placed inside a fused silica capillary, its inner surface acquires 

an excess of negative charges. This is due to the ionisation of the silanol groups (SiOH) 

that can exist in anionic form (SiO-) and or the absorption of ions from the buffer onto the 

capillary. Teflon capillaries also exhibit electro-osmotic flow, which is probably due to 

the absorption of the electrically charged ions in the buffer onto the capillary wall. In the 

case of fused silica, the EOF becomes significant above pH 4. The negatively charged 

silanoate groups attract counter ions from the buffer which form an inner layer of tightly 

held cations, also termed the fixed layer, at the capillary wall. However these cations are 

not of sufficient density to neutralise all negative charges, so a second outer layer of 

cations forms which makes up the diffuse layer. The fixed and diffuse layers make up the 

diffuse double layer of cations. When an electric field is applied, the outer layer of 

cations is pulled toward the negatively charged cathode. Since these cations are solvated, 

they drag the bulk buffer solution with them, thus causing electroosmotic flow. Between 

the two layers, an electrical imbalance is created which is a potential difference across the 

layers. This is known as the zeta-potential. Electroosmotic flow is proportional to the zeta 

potential and may be expressed as 

   vEOF = (ε ζ / η) E      (1.7 



1.3 Basic Concepts of Capillary Zone Electrophoresis 7

 or  µEOF = (ε ζ / η)      (1.8) 

 where:  vEOF = velocity 

   µEOF = EOF “mobility” 

ζ = zeta potential 

ε = dielectric constant 

The zeta potential is defined by the surface charge on the wall, which in turn is strongly 

pH dependant. 

Electroosmotic flow in CE has a flat profile as illustrated in Fig. 1.2, compared to 

pumped or laminar flow, as in HPLC. The advantage of the flat flow profile is that all 

solutes experience the same velocity component caused by electroosmotic flow 

regardless of their cross-sectional position in the capillary, and they elute as narrow bands 

giving narrow peaks of high efficiency. 

 

 

 

Fig. 1.2: Flow profile under: a) electroosmotic and b) laminar flow 

The electroosmotic flow may be measured by injecting an uncharged compound, also 

termed neutral marker. It can be added to the sample or injected by itself. The main 

criteria in choosing a neutral marker are that it be uncharged at the pH of the buffer, 

detectable by detector in use, pure and have no interaction with the capillary wall. A 

variety of neutral markers have been used for CE with UV detection. These include 

mesityl oxide, formamide and methanol. The electroosmotic flow (µEOF) in cm2/Vs may 

be calculated from the migration time of the neutral marker, effective length of the 

capillary (i.e. from inlet to detector) and applied electric field. 

   µEOF = l L/Vt 

where    l = effective capillary 

  L = total capillary length 

a) b)
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  V = electric field 

  t = migration time of EOF marker 

In the presence of EOF the measured ion mobility is the apparent mobility µa and thus: 

   µa = µe +µEOF       (1.9) 

Thus µe may be calculated from the µa by independently measuring EOF using a neutral 

marker. It is important that electroosmotic flow be constant. If it varies, the migration 

times of the solutes will change, which may result in incorrect analyte identification or 

errors in quantification. 

Because the magnitude of EOF may affect the separation in CZE, it is imperative to 

employ it or even deliberately manipulate it. Its control requires alteration of the capillary 

surface charge or buffer viscosity. The most frequently used approaches being, 

• variation of electric field; increasing the electric field effects an increase in EOF 

• modifying buffer pH; lowering pH results in lower EOF 

• varying the concentration of the buffer has an effect on the zeta-potential; 

increase in ionic strength results in double-layer compression, decreased zeta-

potential and lower EOF 

• temperature changes, high temperatures lead to low buffer viscosity and thus 

higher EOF. 

• Inclusion of organic modifiers in run electrolyte, modifies the double layer 

• Covalent coating of capillary wall 

1.3.3 Reversing EOF 

Not only can the magnitude of EOF be varied, it may be necessary to change its direction 

altogether. In normal operation i.e. injection at anode, the direction of the electro-osmotic 

flow is towards the negatively charged electrode, which means the buffer flows from the 

source vial, through the capillary, through the detector, to the destination vial. For anion 

analysis, it is desirable to reduce their migration times thereby reducing analysis times. 

Upon reversing EOF the bulk solution migrates from the detector to the source vial 

towards the anode. For the visualisation of the anions it is necessary to also reverse 

polarity so that the detector side becomes the anode. 
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A simple method of changing EOF is by adding a flow modifier to the buffer, usually a 

quaternary alkyl ammonium salt. A variety of salts have been used which include, 

cetyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide 

(TTAB), diethylentriamine (DETA) and hexadimethrine bromide (HDB). 

1.4 Microchip Capillary Electrophoresis 

Capillary electrophoresis may be carried out on miniaturised analytical devices. In this 

approach, a capillary column is replaced with a microchip with much smaller channel 

length and dimensions, which offers dramatic decrease in analysis times and reagent 

consumption. 

A schematic of a typical microchip used for electrophoretic separations is illustrated in 

Fig. 1.2. below. 

 

 

 

 
 

Fig. 1.3. Layout of a microchip; 1: electrolyte inlet, 2: sample inlet, 3: sample outlet, 4: outlet 
 

These planar devices with micrometer dimensions, hence the name microchips, are 

mainly produced by photolithographic and wet etching techniques readily available from 

the semiconductor industry. Non-insulating substrates such as glass, silicon, and more 

recently polymers are used. A typical fabrication process involves metal film deposition, 

photolithography and etching of a CE channel with desired dimensions on a bottom plate. 

In the final step, a coverlid is then bonded on top. Fluid reservoirs usually plastic vials or 

pipet tips are glued on to the chips. They are connected to the microchannel through holes 

drilled into the cover plate. Platinum electrodes are placed into these reservoirs and 

connected to a high voltage power supply via relay. 

1 

2 

3
4 

separation channel 
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1.5 Detection in Capillary and Microchip Electrophoresis 
Polyimide coated columns of typical i.d. of 10-75 µm are used for CE. These have 

volumes ranging from tens of nanoliters to a few millimetres. Thus detection poses a 

significant challenge because of the small detection volumes available. The ideal detector 

must be versatile, provide high sensitivity and low noise level. It should supply a stable 

baseline and be responsive to all type of compounds, rugged and not too expensive. Most 

CE detectors have been adapted from HPLC. Detectors may be situated on-column, end-

column or post column  

1.5.1 Optical Detection Techniques 

Optical detection schemes are relatively easy to implement with UV-transparent fused 

silica capillaries. This allows on-column detection, since the light source can be directly 

focussed on to the capillary whilst the electronic transduction of the signal remains 

galvanically separated from the DC influence of the high-voltage. As a result absorbance 

and fluorescence detectors were successfully implemented in commercial state-of-the-art 

CE instruments [7]. 

 

1.5.1.1 UV/Vis 

The most commonly used detector is the UV/Vis absorbance detector. The reasons for its 

popularity include its relatively universal nature; any molecule possessing a chromophore 

can be detected by UV/Vis; and its availability from HPLC work. This detector responds 

only to those substances that absorb light at the wavelength of the source of the light. It is 

a non-destructive and on-column detector. Further advantages of the UV/Vis detector are: 

• Its insensitivity to temperature and gradient changes 

• Low cost 

• Simplicity of use 

• Its non-destructive nature means that other detectors may be connected to 

the same column downstream.  

Its disadvantages are that it necessitates the presence of an optical window, which is 

created by removing a small section of the polyimide coating. This renders the capillary 
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fragile and vulnerable to breakage. Its detector sensitivity is pathlength dependant and is 

defined by the inner diameter of the capillary. Not all species of interest possess 

chromophores, examples of which include most amino acids, sugars and inorganic 

anions. This problem has partly been solved by detection in the indirect mode where a 

chromophore is added into the background electrolyte. This however yields lower 

sensitivity. Some restrictions in the running buffers exist due to the optical properties of 

the buffers themselves. 

 Up to date, there is no coupling of microchip electrophoresis with UV detection 

presumably from the pathlength limitations as detected by Lambert Beer’s law. 

Extremely narrow channels would compromise detector sensitivity. 

1.5.1.2 Fluorescence Detection 

Fluorescent molecules absorb light at one wavelength and then re-emit it instantaneously 

at a longer wavelength. Hence when a fluorescent detector is used, two wavelengths are 

specified; the excitation and emission wavelengths respectively. Jorgenson et al 

employed the fluorescence detector in their pioneering work on CE [3]. With their system 

they obtained detection limits in the 10-7 –10-6 M range for derivatized analytes. Many 

methods have been developed to improve sensitivity ever since. 

One can distinguish between lamp-based and laser induced fluorescence detectors (LIF). 

In the former, light sources such as deuterium, tungsten or xenon lamps are used for 

excitation, whilst lasers are used as excitation sources in the latter.  

Due to the high intensity of its incident light and the ability to accurately focus light to 

the smaller diameter capillaries, laser induced fluorescence gives rise to even higher 

sensitivities. Detection limits in the 10-12 M range have been reported. Sensitivity of 

fluorescence detection is proportional to the intensity of the emitted light. If more 

molecules are excited then more molecules emit light thereby increasing peak height. 

Lasers available include argon ion, helium-cadmium and helium-neon. The major 

disadvantages of LIF are that it is expensive and generally limited by the range of 

excitation wavelengths offered by the laser, there are also possibilities of 

photodegradation of the analytes caused by the high light intensity. 

Laser induced fluorescence detection has been used for initial work on microchip 

electrophoresis. Jacobson et al. used an argon ion laser for excitation and a 
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photomultiplier tube to collect the fluorescence signal [8]. Labelled amino acids [6] [9, 

10] and oligonucleotides [11] have been detected via laser induced fluorescence on 

micro-machined devices. In another paper, Jacobson et al. analysed fluorescent 

complexes of three metal ions on a quartz microchip platform [12]. 

Although the fluorescence detector is the most sensitive up to date; detection limits 

obtained are one to three orders of magnitude lower than those obtained with UV/vis; it is 

less versatile because many solutes of interest do not exhibit native fluorescence. For 

these analytes, pre or post column reactors for derivatisation may need to be implemented 

[3]. This supplies the main disadvantage of fluorescence detection as a significant part of 

the work is devoted to the tagging of the analytes.  

Alternatively, by incorporation of the fluorophore in to the background buffer, indirect 

fluorescence detection has been demonstrated. As with indirect UV-Vis this approach 

provides less sensitive determinations. 

1.6 Electrochemical detection methods 

Three principle methods of electrochemical detection for CE may be distinguished; 

potentiometric, amperometric and conductimetric detection. From the start, the challenge 

in electrochemical detection for CE have been the isolation of the high-separation DC-

potential across the separation capillary from the detector electronics and physical 

alignment of the detector electrodes with the capillary exit. 

1.6.1 Potentiometric Detection 

In this detection mode, a potential developing on an ion-selective electrode or membrane 

in contact with an analyte ion is measured. Nann and Simon [13] demonstrated sensitive 

determination of inorganic and organic cations with ion-selective microelectrodes 

(ISME). 

Potentiometric sensors may be classified according to the nature and composition of the 

electrodes. Ion selective membrane electrodes were predominately used in the early 

investigations and consist of microelectrodes drawn out from capillaries or micropipets 

whose tips were filled with a lipophilic membrane containing an active ionophore and 

whose interiors contained an aqueous filling solution and internal reference electrode. 

Ion-selective electrodes can resemble bulk-property detectors if they are formulated such
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that they respond to all species with a correct charge. More recently, potentiometric 

sensors are coated wire electrodes which consist of a wire coated with a thin polymer 

film containing the ionophore of interest. This detection mode is very sensitive although a 

lot of optimisation is required. For instance, a specific ionophore system required for a 

specific task has to be developed. The selectivity of the system depends upon the 

ionophore and thus response can be universal e.g. for cations and anions or it can be 

tuned for cations only. Schnierle et al. used coated-wire ion selective electrodes for the 

analysis of selected organic ions [14]. Reviews on potentiometric detection for capillary 

electrophoresis are available [15, 16]. 

Complications for potentiometric detection include sensor preparation, and handling ,the 

preparation of ISME electrodes, fragile micromanipulations and limited lifetime. Up to 

this date, potentiometric detection on microchip platforms has not been reported. 

1.6.2 Amperometric Detection 

The earliest work on amperometric detection was carried out by Wallingford and Ewing 

[17]. In this detection mode, the redox current resulting from oxidation or reduction of 

electroactive species is measured. Oxidation occurs when an electron is transferred from 

a solute molecule to the working electrode in the amperometric cell, thereby increasing 

the charge of the solute. Conversely, reduction occurs when electron transfer is in the 

opposite direction. Amperometric detection requires three electrodes; a working 

electrode, reference electrode and an auxillary electrode, which controls the potential 

difference between the working and reference electrode. A potential is applied across a 

supporting electrolyte between the working and reference electrode effecting solute 

oxidation or reduction. Amperometric detection may be carried out in oxidative or 

reductive mode. In the oxidative mode, a negative potential is applied by the auxillary 

electrode. This results in a positive potential difference between the working and 

reference electrodes. As a result, electrons are transferred to the working electrode. In the 

reductive mode, the opposite occurs. Typical detection potentials in amperometric 

detection lie between 0.4 and 1.2 V. The current flowing through the working electrode is 

proportional to the number of electron transfers taking place and therefore to solute 

concentration. Amperometric detection however is applicable to oxidisable or reducible 

species. It has been used for the analysis of cathecolamines [18] and carbohydrates [19] 
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which cannot be detected by fluorescence or UV. Many components are not easily 

oxidisable or reducible. Reviews on amperometric detection for capillary electrophoresis 

are available [20, 21]. 

Various groups have coupled amperometric detection to microchip electrophoresis. 

Hauser’s group employed amperometric detection for the microchip analysis of 

neurotransmitters [22, 23], amino acids, sugars and chlorinated phenols [24]. Reviews on 

microchip capillary electrophoresis with amperometric detection are available [25, 26]. 

1.6.3 Conductivity Detection 

In this universal detection mode, charged species in solution maybe determined. Unlike 

potentiometric and amperometric detection, conductivity detection does not rely on 

electrochemical reactions on the surface of the electrode but measures an electrical signal 

(conductance) between electrodes contacting with solution. 

Solutions of electrolytes obey Ohm’s law i.e. the current (in amperes) passing through a 

given solution is denoted by : 

   I = V / R       1.10 

The resistance of an electrolyte is directly proportional to the length l of liquid through 

which the current passes, and inversely proportional to its cross-sectional area, A. It 

therefore follows that  

   R = ρ  l  / A       1.11 

ρ is a constant of proportionality and is called resistivity and is constant for an aqueous 

solution of a given electrolyte of fixed concentration at a particular temperature. 

In practice it is more convenient to use the reciprocal of resistivity to characterise the 

behaviour of a particular electrolyte. This if called the electrolytic conductivity and is 

denoted by κ. 

   κ = 1/ρ = l / R · A      1.12 

In conductivity detection it is useful to determine the electrolytic conductivity of each ion 

in the finite solution. Thus κ is given by 

   ii

n

i
i zc λ∑

= 11000
1       1.13 
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 where  ci = molar concentration of the ionic species i in solution 

   zi = charge number  

   λi = the individual ionic equivalent conductance 

The determination of the conductivity κ involves measuring the electrical conductance G 

of the solution. G is the reciprocal of resistance i.e. 

   G = 1 / R       1.14 

The equation 1.11 may be rearranged to 

   G = κ · A / l       1.15 

with A being the surface area and l the distance between the electrodes. 

A conductivity detector cell comprises two inert electrodes across which a high frequency 

AC signal is applied. It is necessary to use alternating current because a direct current 

(DC) would lead to electrolysis reactions on the surfaces of the electrodes. The signal 

arises from the difference in conductance between the analyte and the background 

electrolyte. The higher the conductivity differences between the analyte-molecules and 

background co-ion, the larger the detector response. 

Conductivity detection may be carried out in the contact or contactless mode. 

1.6.3.1 Contact Conductivity Detection 

In contact conductivity detection, the electrodes are in galvanic contact with the 

electrolyte solution. 

The detector maybe situated on-column or end-column. In their fundamental CE work, 

Mikkers et al. [2] demonstrated the use of conductivity detection in CE with 

instrumentation adapted from ion chromatography. They demonstrated the separation of 

organic and inorganic ions in 200 µm PTFE capillaries. An on-column conductivity 

detector for CE with narrow capillaries  was constructed by Huang et.al. [27]. They used 

a computer-controlled CO2 laser to drill 40 µm diametrically-opposite holes into 50 and 

75 µm i.d. fused-silica capillaries. With the help of a microscope, they placed two 25 µm 

o.d. platinum wires exactly opposite to one-another in order to minimise the potential 

difference between the electrodes upon the application of a high electric field. They 

analysed an inorganic cation mixture of Rb+, K+, Na+ and Li+ and inorganic cations in 

blood serum samples. An electropherogram of organic cations, including two amino acids 
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was illustrated as well. The advantages of this arrangement were the excellent resolution 

due to the very small electrode cross-sectional area, absence of dead-volume in detector 

and very tiny detection volumes. A setback however is how to produce and align the 

electrodes inexpensively and reliably. In their subsequent paper Huang et. al. employed 

this on-column conductivity detector for the determination of low molecular weight 

carboxylic acids [28]. 

An end-column detector whereby the conductimetric sensor is situated at the capillary 

outlet is easier to construct as demonstrated by Huang’s group [29]. They placed the 

sensing electrode at a distance of 1 to 2 µm behind the capillary in the effluent. The 

ground electrode for CZE was used as the second electrode. Although this arrangement 

demonstrated sensitivities comparable to the on-column scheme and eliminated 

difficulties due to electrode alignment, the dead-volume between the capillary outlet and 

sensing electrode increased band broadening by 25 %. The same group described a 

simplified end-column detector with improving its efficiency in their subsequent work 

[30]. They used a CO2 laser to drill a hole of approximately 40 µm diameter in the walls 

of 50 and 75 µm capillary at a distance of 7 mm from the capillary outlet. They then 

placed a platinum wire along the length of the capillary close to but not protruding into 

the hole-structure. The conductance was measured between the sensing and 

electrophoretic ground electrode. The band broadening was reduced to less than 15 %. 

With this detector arrangement, they were able to couple two detectors on one column. 

Placing the detector at the capillary outlet enabled the coupling of the conductivity 

detector with a UV detector. Thus more analytical information could be obtained through 

detector coupling. 

The only commercially available end-column conductivity detector was introduced in 

1996 [31]. In this CE system the detection end of the capillary is encapsulated in a 

stainless-steel coupling connector, which additionally serves as a precision spacer and 

centres the detection end of the capillary. The conductivity electrode consists of a 150 µm 

platinum wire which is mounted through the centre opening of the connector and is 

permanently isolated from the surrounding stainless steel which forms the second 

electrode. The advantage of this system is its open-architecture design which provides 

interchangeability of capillary and sensor assembly and permits fast assembly and 
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disassembly for cleaning purposes and trouble shooting, factors which are important for 

executing accurate and reproducible analysis.  

A number of papers illustrating applications of this Crystal CE system are available. This 

commercial detector has been used for determination of counterions and inorganic [32, 

33] impurities and small amines [34] in pharmaceutical drug substances. Valsecchi and 

co-workers developed and validated a method for the determination of inorganic anions 

in rain water [35]. Gallagher and Danielson [36] used highly conductive background 

electrolytes for the indirect detection of cationic and anionic surfactants. With a sodium 

fluoride electrolyte, they were able to determine cationic and anionic surfactants 

simultaneously. Musial and co-workers [37] investigated the effect of a buffer additive on 

the separation of quaternary amines, potassium and sodium. Environmental samples were 

analysed for breakdown products of methylphosphonic acids by Rosso and Bossle [38]. 

Lucy and Wu characterised the the Crystal conductivity detector [39]. They examined the 

effect of the buffer composition on the detector sensitivities. Klampfl et al. detected 

inorganic and low-molecular-weight organic ions in beverage samples via indirect 

photometric ultraviolet and conductivity detection [40]. They latter optimised the 

sensitivity of the conductivity detector for the analysis of chloride, sulphate and low 

molecular weight carboxylate ions with respect to buffer composition and pH [41]. The 

same group developed a method for the rapid determination of anions in electrodepostion 

coatings [40, 42]. Govindaraju and coworkers utilised the commercially available 

conductivity detector for the analysis of lung airway surface fluid [43, 44]. 

Other groups opted for self-designed conductivity cells. Mo et al. [45] constructed an on-

column miniature conductivity detector for CE applications by fixing two platinum 

electrodes between two capillaries of 75 µm id. They demonstrated the separation of 

amino acids in a hydrolysed hair sample. McWhorter and Soper [46] used a similar 

approach for their detector. They separated and purified polymerase chain reaction 

products via micro-reversed-phase high-performance liquid chromatography. 

Several research groups have demonstrated contact conductivity detection on a microchip 

platform. Van den Berg manufactured glass-microchips by µTIC and powder blasting 

techniques and demonstrated the analysis of inorganic cations, organic anions detection 

and peptides with embedded electrodes [47, 48]. Soper and co-workers [49] used a 
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PMMA-device for the separation and detection of amino acids, proteins and DNA 

fragments with a built-in conventional, contacting conductivity detector. Stanislawski and 

co-workers have used a PMMA microchip platform for the analysis of oxalate in real 

samples[50, 51]. The same group also demonstrated microchip electrophoretic 

separations of proteins [52]. 

1.6.3.2 Contactless Conductivity Detection 

In the early 1980s, Pungor et al. reported on a high-frequency conductance microcell for 

the determination of conductivity in streaming solutions or solvents, in which there was 

no galvanic contact of electrodes with solution [53]. They demonstrated the applicability 

of the cell for flow injection studies by measuring the conductance of potassium chloride 

and glucose solution at different concentrations. The same group later illustrated the 

feasibility of this detector cell with ion chromatography [54]. 

In 1998 a capacitively coupled contactless conductivity detector for capillary 

electrophoresis was introduced by two independent groups, Zemann and co-workers [55, 

56] and by Fracassi da Silva and do Lago [57]. This configuration is illustrated in Fig. 1.4 

below. 

Fig. 1.4: Schematic drawing of a C4D. (1) capillary, (2) actuator electrode, (3) pick-up electrode 

 

Two electrodes of a few millimetre lengths, consisting of either a conductive silver 

varnish or short metallic tubes, which are separated by a gap of several millimetres, are 

placed side by side around the capillary. As each electrode forms a capacitor with the 

internal electrolyte solution, it is possible to pass an ac-voltage of significantly higher 

1 
2 

3



1.6 Electrochemical Detection Methods 19

frequency through the cell. A different contactless conductivity detector arrangement has 

been reported by Kaniansky et al. [58, 59]. This detector cell is based on four small wire-

electrodes of 200 µm diameter placed perpendicularly around the circumference of the 

capillary. However due to space restrictions this cell arrangement is only suitable for 

capillaries of 300 µm inner diameter and 500 µm outer diameter which are not commonly 

used in capillary electrophoresis. Detection limits of 1 µM have been reported for 

inorganic anions, which is comparable with those reported for the cell arrangement 

discussed above.  

Both of these arrangements have the important advantages of easy alignment of the 

electrodes with the capillary and long-term robustness as prevention of electrode fouling 

is inherent. Several groups have therefore taken up the C4D-configuration. Tuma and 

coworkers[60, 61] have presented a modified cell in which two strips of aluminium foil 

form semi-tubular electrodes and are clamped on to the capillary with a Perspex cell. 

Pumera et al. [62] have demonstrated the determination of cyclodextrins and Fracassi da 

Silva and do Lago [63] have performed indirect detection of non-ionic alcohols separated 

by micellar electrokinetic chromatography. Muzikar et.al. have demonstrated that 

contactless conductivity detection is also possible in nonaqueous solvents[64]. Kappes et 

al. have adopted the detection method for a field-portable CE-instrument because of its 

simplicity [65]. Haddad and co-workers [66] have used contactless conductivity detection 

in electrochromatography. Zemann and co-workers [67, 68] and Kuban et al. [69, 70] 

have carried out simultaneous detection of cations and anions by injecting from both ends 

of the capillary while placing the detector in the middle. Chvojka et al. [71] have 

described a dual detector cell combining contactless conductivity detection and optical 

absorption. They used fibre optics to utilise the gap between the two electrodes for 

photometric detection. Detector optimisation and the effect of parameters such as 

electrode length and distance have been proposed. Fracassi da Silva et al. [72] have 

designed a miniaturised version of the C4D in which the detector cell and associated 

electronic circuitry are all constructed on a printed circuit board. Because of its small 

size, this detector can be fitted into existing instruments, but it seems that the 

performance had to be compromised in order to achieve miniaturisation. Gas et al. 

constructed a conductivity cell with brass electrodes held in position on a printed board 
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by a glass epoxy laminate[73]. Macka and co-workers recently proposed a miniaturized 

movable cell for C4D [74]. They assembled all the pieces required on a capillary 

impregnated with silicon grease in order to prevent adhesion to the finished cell. The 

parts were held in place and covered with epoxy resin, painted with a conducting silver 

vanish after hardening before being finally covered by a common nail polish for 

protection. 

Several examples of applications of C4D for inorganic and organic ions have since been 

reported. Zatkovskis et al determined mono and disaccharides in standards and beverage 

samples [75], Kuban et al. used the detector for the speciation of chromium (III) and 

chromium (VI) species [76]. Vuorinen et al. demonstrated the simultaneous UV and C4D 

detection of catecholamines [77] whilst Lopez-Avila et al. used the two detectors for the 

determination of haloacetic acids [78]. Gas et al. determined underivatised amino acids 

[79]. Baltussen and co-workers separated nine peptides [80], whilst Surowiec [81]et al. 

analysed long-chain fatty acids and their degradation products in samples of drying oils. 

Contactless conductivity detector has been successfully used for flow injection- capillary 

electrophoresis systems [82-84].  

Contactless conductivity detection has been performed on a microchip platform. Wang 

and co-workers have used [85, 86] PMMA microchips and demonstrated that contactless 

conductivity detection can be achieved by placing the electrodes on top of the cover plate 

rather than embedding them in the device as in contact conductivity detection. They 

demonstrated the detection of inorganic cations and anions as well as organic amines. In 

their subsequent work they analysed organosphosphates on PMMA microchips [87] and 

used non-aqueous solvents for the determination of aliphatic amines on glass microchips 

[88]. Wang’s group also used a dual amperometric and contactless conductivity detection 

system for the simultaneous determination of nitroaromatic and ionic explosives [89]. 

Lictenberg et al. [90] used a glass-based microchip with electrodes situated in-plane and 

at right angles to the channel. The microchips and electrodes were formed in the 

photolithographic steps. Alternatively a four-electrode arrangement was reported by 

Laugere’s group [91]. They separated 6 organic acids on a microchip device. 
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In all the publications sited for contactless conductivity detection, excitation voltages in 

the range 20-24 Vpp were used. A review on capacitively coupled contactless 

conductivity detection for capillary electrophoresis is available [67]. 

1.7 Aims of this thesis 

The main goal of this thesis was to evaluate the effect of implementing high excitation 

voltages with capillary and microchip electrophoresis. Ever since its introduction in 1998 

[55, 57], capacitively coupled contactless conductivity detection has gained wide 

attention and at least fifty publications have appeared so far. Several questions of 

analytical relevance arise upon the introduction of a new detection technique, The most 

important of which may be formulated as follows: (A) Is there room for improving 

sensitivity without any ultimate compromise on robustness and reproducibility? (B) What 

are the ideal applications of this detector? (C) Does the detector possess other 

advantageous features and how can they be exploited? The goals of this thesis were three-

fold. 

(A) Optimisation of the capacitively coupled contactless conductivity detector 

Several research groups have taken different approaches for characterisation of the 

detector, including the optimisation of frequency, distance between the electrodes. Some 

have examined the effect of cell geometry with regard to the number, shape and position 

of electrodes. All the research groups have adopted relatively low excitation voltages in 

the 20 –24 Vpp range for capillary electrophoresis and 5 -15 V pp for microchip capillary 

electrophoresis. Thus one of the aims of this thesis was to develop a capacitively coupled 

contactless conductivity detection system for capillary and microchip platforms which 

employs higher excitation voltages. This new detection system is characterised with 

respect to sensitivity, reproducibility of measurements and robustness. 

(B) Analytical Applications of Enhanced detector 

In a second step the applications of this detector cell are explored. UV detection is the 

most commonly employed detection method in CE. It is however limited to molecules 

which possess chromophores. Its sensitivity is limited by the inherent short pathlengths. 

In principle, conductivity detection is suitable for the analysis of all charged substances. 

It has however been stressed in many texts that this detector is suitable for the analysis of 
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the inorganic ions possessing high mobility. Organic molecules are expected to give very 

small signals. The second goal is to examine its application for inorganic and organic 

analysis. We also examine its suitability for analysis of substance classes such as amino 

acids and sugars, which otherwise cannot be analysed by UV. We evaluate the detector 

for pharmaceutical drug analysis, which previously have been detected with UV. 

( C)  Exploration of other features of detector 

The advantage of electrochemical detection schemes is that they are not limited by 

wavelengths as in optical detection. One group has exploited this aspect by using UV 

absorbing organic solvents in conjunction with contactless conductivity detection [64]. In 

this thesis the compatibility of this detector with non-transparent organic polymers is 

demonstrated
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2 Results and Discussion 

 
Parts of this thesis have been published in various journals of analytical chemistry. Thus 

the results and discussion chapter comprises reprints of ten published papers.  Nine of the 

published papers are research articles, whilst one of them is a review article. The first two 

subsections (chapters 2.1 and 2.2) are concerned with the optimisation of the capacitively 

coupled contactless conductivity detector for capillary and microchip platforms with 

particular emphasis on actuator voltage. The effects of cell-arrangement, distance 

between the two electrodes and electronic arrangement are examined. 

In their fundamental work on capacitively coupled contactless conductivity detection for 

capillary electrophoresis, both groups employed sinusoidal waves of relatively low 

amplitudes. Zemman et al. used voltages between 7 and 10 Vpp with low audio 

frequencies whilst Fracassi da Silva`s group employed a signal of 20 Vpp at 600 kHz. 

The optimisation of detection parameters in chapter 2.1 was achieved through the study 

of cell-behaviour at increasing frequencies for given voltages. The cell-current was 

plotted against frequency for 25 Vpp, 100 Vpp and 250 Vpp actuator voltages. The 

measurements were carried out on capillaries of different internal diameters filled with 

buffer. Increasing the frequency resulted in an initial sharp increase in cell-current. At 25 

Vpp the current reached a maximum at 100 kHz and remained constant up to 450 kHz. 

The plots were similar for all voltages, although the cell currents were higher for higher 

voltages. The frequency patterns were similar for capillaries of different internal 

diameters. At identical frequency and voltage, larger cell currents were observed for 

capillaries of larger inner diameters. It is clear from these results that the applied 

frequency is not critical for detector performance and that larger capillaries are most ideal 

for optimal sensitivity as they give larger cell currents and thus cell volume. That 

increasing the actuator-voltage results in increased detector sensitivity is demonstrated 

with electropherograms of metal ions at 20 µM each recorded at 25 Vpp, 100 Vpp and 250 

Vpp. An increase in peak height is observed at constant background noise. The three times 

the signal-to-noise detection limits for potassium and magnesium were 1.2 · 10-7 and 1.4 · 

10-7 M for 250 Vpp respectively. For the same ions Fracassi da Silva and do Lago 

obtained detection limits that were eight to nine times higher at 20 Vpp actuator voltage. 
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From these results, it is evident that higher excitation potentials result in increased 

detector sensitivity. Therefore, it should be possible to use these conditions for other 

applications. 

Chapter 2.2 is concerned with the evaluation of actuator voltages of up to 500 Vpp for 

microchip capillary electrophoresis. For these measurements, a Faradaic shield, which 

prevented direct coupling of the signal from the actuator to the pick-up electrode, was 

placed between the two electrodes situated above the microchannel. In its absence an 

unstable baseline was observed. Also examined were the implications of electrode 

distance from the microchannel. Electropherograms of ammonium and magnesium were 

recorded with the detectors situated at distances of 1 mm and 200 µm from the channel 

respectively. Although detection was still possible with a 1mm gap, the best sensitivity is 

obtained by placing the electrodes in the proximity of the channel. As expected, higher 

actuator voltages were accompanied with an increase in sensitivity. Wang and 

coworkers[85] also noted an increase in sensitivity with increasing actuator voltage 

between the 0-15 Vpp range. They however reported a corresponding increase in 

background noise. Based from the observations we made in our measurements, we 

strongly suspect that their omission of a shield between the two electrodes resulted in the 

observed increase in baseline noise. Fast separations and detection of organic species 

were demonstrated in this paper. 4-acetamidophenol (paracetamol), ibuprofen and 

salicylic acid were all separated and detected within 30 seconds. 

The detector arrangement for on-microchip determinations was further simplified in 

chapter 2.3. For this purpose a chip-holder which accommodates the detector electrodes 

was built, enabling the easy assembling and disassembling of bare microchips. This is an 

improvement of the former arrangement where the electrodes were mounted on the 

microchip. This feature also allows detection at any desired point of the microchip. For 

this project plastic poly (methylmethacrylate) (PMMA) chips with 100 µm thick chip-

covers were employed. These microchips possess an EOF much lower than that of glass 

microdevices. All other detection parameters i.e. actuator voltage and frequency were 

similar to those used in chapter 2.2. Demonstrations of possible applications included the 

successful baseline separation of four alkali metal ions and the analysis of five organic 
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acids at low concentrations. The fast inorganic ions chloride, nitrate and perchlorate were 

detected within 80 seconds in the absence of an EOF-modifier in the buffer. 

After optimisation of the detection parameters, applications of high-voltage capacitively 

coupled contactless conductivity detection for metal ion analysis (chapter 2.4), native 

amino acids (chapter 2.5), inorganic ion analysis with non transparent organic capillaries 

(chapter 2.6) are demonstrated. The lab-on-chip analysis of selected organic ions is the 

subject of chapter 2.7. The feasibility of a life science application with capillary 

electrophoresis in combination with this electrochemical detector is demonstrated with 

the immunological reaction between unlabelled IgG and IgM (chapter 2.8). The 

universality of contactless conductivity detection is the subject of chapter 2.8 in which 

pharmaceutical drug substances with chromophores are analysed. 

In addition to the electronic configuration, the composition of the separation electrolyte 

for capillary electrophoresis is of key importance as its composition determines the 

migration behaviour of all analytes. Thus in all the work presented in this thesis, care was 

taken to choose an optimal buffer for each task. In chapter 2.4, a method for the capillary 

electrophoretic separation of alkali, alkaline earth and heavy metal ions was developed. 

First, ten alkali and alkaline earth metal ions were separated in less than four minutes in 

the commonly used, low mobility MES/ His buffer at pH 6. A crown-ether, 18-crown-6, 

which forms inclusion complexes with small metal ions was added in the buffer to effect 

the separation of rubidium, ammonium and potassium which comigrate in one peak in its 

absence. The same buffer was then used for the simultaneous analysis of alkali, alkaline 

earth and transition metals in the presence and absence of 18-crown-6 additive 

respectively. In the absence of 18-crown-6, the two pairs, potassium and ammonium; 

strontium and sodium co-migrated. Barium migrated faster than lithium. However the 

four transition metals zinc, cobalt, copper and nickel showed a negative response at this 

pH. Alternatively transition metal ions were analysed in a MES/His buffer containing 

different concentrations of α-hydroxyisobutyric acid (HIBA), which complexes with 

heavy metal ions. In the presence of 3 mM HIBA, the direction of the zinc and cobalt 

peaks could be reversed in a MES/His buffer containing 3 mM HIBA, eight transition 

metal ions were baseline resolved. Iron, which initially could not be quantitatively 

analysed at pH 6, does not precipitate in this electrolyte. Another observation was that 
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zinc and cobalt ions gave positive responses in this electrolyte, whereas copper and nickel 

gave negative responses with respect to peak orientation. 

Four of the twenty most common naturally occurring amino acids possess chromophores. 

The rest cannot be detected by means of direct UV. They have to be tagged with an 

absorbing group before detection. Amino acids are however charged at low and high pH. 

At low pH they are positively charged, whilst they are anionic at high pH. This makes 

them amenable to conductivity detection. In chapter 2.5 the analysis of native amino 

acids in acidic and basic media is evaluated. Twelve amino acids were analysed in 

glycolic acid, HIBA and lactic acid at pH values lower than three. They all gave indirect 

peaks; arginine, histidine and lysine were the fastest migrating ions at low pH. However, 

baseline separations of valine, serine, threonine and proline were not achieved in all three 

buffers. Aspartic acid was detected after the EOF peak in all three electrolytes. Lactic 

acid buffer provided the most stable baseline and further optimisation was carried out on 

this buffer. Undecanesulfonic acid, an ion-pairing agent was included in the lactic acid 

background electrolyte at low concentrations. It lowered the EOF and effected better 

separation of the amino acids, but an unstable baseline was noted in its presence even at 1 

mM. The second approach was to lower the pH of the buffer instead of using additives. 

At a pH of 2.4, all amino acids were baseline resolved except for threonine and 

phenylalanine. Alternatively, low mobility buffers were used for amino acid separation at 

high pH. Indirect detection of amino acids was accomplished in 2-amino-2-methyl-1-

propanol (AMP) and 2-amino-2-methyl-1,3-propandiol (AMPD) buffers. The AMP 

buffer was deemed the most suitable of the two buffers for indirect detection as it resulted 

in symmetrical peaks, however some amino acids could not be resolved. These were 

successfully resolved in a buffer containing 50 µM of magnesium ions. An AMP buffer 

containing the zwitterionic 3-(cyclohexylamino)-1-propane sulfonic acid (CAPS) resulted 

in peaks showing direct responses, with the exception of proline. A 50 mM AMP/ 10 mM 

CAPS buffer provided reproducible determinations of amino acids. Compared to the 

acidic buffer, lower detection limits were generally obtained with high pH buffers with 

three exceptions, namely arginine, histidine and lysine. Arginine may only be analysed at 

low pH. At high pH it is neutral and co-migrates with the EOF. The detection limits of 

histidine and lysine at low pH were at least ten times less than those calculated for 
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alkaline conditions. Urine and beer samples were successfully analysed for amino acids 

with an alkaline buffer. 

Quartz capillaries have gained acceptance for capillary electrophoresis applications 

because of their commercial availability and their optical transparency for use with on-

column absorption detectors. The high EOF of glass is unfavourable for some analytical 

applications. Where required, the EOF is manipulated either by including an organic 

modifier to the run-buffer or chemically modifying the silanol surface of the capillary. 

The latter procedure is time consuming and is sometimes difficult to reproduce. The 

advantage of the contactless conductivity detector is that it may be coupled to non-UV 

transparent capillaries which may offer other advantageous characteristics for analyte 

separations than quartz. The applications of organic PEEK capillaries, which have 

recently become commercially available, in combination with contactless conductivity 

detection are explored in chapter 2.6. At pH 6 the calculated EOF of PEEK was 2.6  10-4 

cm2 V-1s-1 which is lower than that of glass, (4  10-4 cm-2 V-1 s-1) at the same conditions. 

We successfully separated and detected seven high-mobility inorganic anions in a PEEK 

capillary with a buffer devoid of EOF-modifier, just by reversing the polarity. It is not 

possible to analyse these anions in quartz capillaries just by reversing the instrument 

configuration without surface modification since the EOF is in the wrong direction. For 

anion analysis in quartz capillaries, it is therefore necessary to include an organic 

surfactant, which reverses the EOF and thereby decreases analysis times. However these 

buffer additives have some disadvantages. The commonly employed quaternary amines 

such as TTAB and CTAB increase the background conductivity of the buffer. Some 

groups have used polymers such as hexadimethrine bromide and hexadimethrine 

hydroxide [55, 56]in minute amounts. These do not increase background conductivity of 

the buffer, but they bind irreversibly on the capillary wall. Hence the capillaries cannot be 

used for cation analysis. The effect of EOF modifiers on the separation of six aliphatic 

organic acids was demonstrated by Huang and co-workers[28]. They demonstrated that 

just reversing polarity leads to the detection of anions that possess higher mobilities than 

EOF. Thus in this configuration they were able to detect formate. The other components 

including acetate have mobilities less or equal to EOF and escaped detection. With PEEK 
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capillaries we demonstrated the detection of organic acids including the acetate ion with 

reversed polarity in the absence of a flow-modifier. 

Dual detection of cations and anions including the relatively slow organic acids was 

carried out on a PEEK capillary with a 10 mM MES/ His buffer. The detector was placed 

in the middle of the capillary with injection of cations and anions from the anode and 

cathode respectively. Several groups have demonstrated dual detection of anions and 

cations with the contactless conductivity detector situated in the middle of the 

capillary[67-70]. They however added EOF modifier in the electrolyte to facilitate the 

fast migration of organic anions. An advantage of contactless conductivity detection over 

UV detection is that the detector may be slided along one capillary until the optimum 

position for dual detection is found without having to make numerous optical windows as 

would be the case with absorption detection.  

The three times signal-to-noise detection limits obtained for chloride, bromide, sulphate, 

nitrate and oxalate ions were 3.3  10-7 M, 1.8  10-7 M, 1.8  10-7 M, 2.1  10 –7 M and 

5.4  10-8 M are comparable to those obtained for quartz capillaries in a buffer containing 

hexadimethrine bromide (see chapter 2.1). Thus PEEK capillaries are a viable option for 

the analysis of these ions. Finally qualitative and quantitative analysis of cations and 

anions in water and wine samples were demonstrated. 

In chapter 2.7, the on-microchip analysis of different organic molecules with high-

voltage contactless conductivity detection is illustrated. The determinations were carried 

out in PMMA and glass microchips mounted on the chip-holder described in chapter 2.3. 

Two surfactants, ethane sulfonate and heptane sulfonate were separated and detected in 

30 seconds at pH 7. Mono and dicarboxylic acids, which cannot be detected by direct UV 

were separated and detected in 30 seconds. Further illustrated examples include amino 

acids, artificial sweeteners, sugars and basic drugs. Although on-chip analysis facilitates 

fast analysis, the peak capacities are generally lower, owing to the short separation 

channels. The detection limits obtained on-microchips are generally higher than those 

obtained in capillaries. 

Immunoassays are highly specific interactions between an antibody and an antigen and 

are used for the selective recognition and determination of analytes that may be 

antibodies or antigens. Recently the advantages of CE, have been exploited for 
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immunoassays in a technique known as capillary electrophoretic immunoassays (CEIA). 

Fluorescence detection methods, which necessitate a prelabelling step with a fluorophore, 

have been predominately used for these reactions. Up to date, a limited number of 

immunological reactions have been carried out with non-labelled species. In chapter 2.8 

high-voltage contactless conductivity is evaluated for the detection of species formed in 

the interaction between unlabelled human immunoglobulin M (IgM) and monoclonal 

anti-human IgM (IgG). A low mobility buffer containing equimolar proportions of N-tris-

(hydroxymethyl)-methyl-3-aminnopropanesulfonic acid (TAPS) and AMPD with pH 8.7 

was ideal for the detection of these species since its pH is higher than the pIs of both 

immunoproteins. At this pH both reagents possess a net negative charge and do not 

interact strongly with the negatively charged capillary wall. A surfactant, Tween 20 was 

added to this buffer to further suppress the interactions. The suitability of the 20 mM 

TAPS /AMPD buffer, 0.01 % Tween for protein separation was assessed by comparing 

the migration times and peak areas after successive injections of 0.05 ng / ml IgM. The 

relative standard deviation of peak area was 1 % (n=3). A calibration curve was acquired 

for IgM in order to determine the dynamic range of the assay. The curve was linear with 

respect to peak area in the 0.05 – 1 ng/ml range. The detection limit of human IgM was 

0.15 ng /ml. This was calculated as the concentration corresponding to three times the 

standard deviation of the intercept. For the capillary electrophoresis assisted 

immunological reaction 10 µg / ml IgM and 10 µg / ml were mixed in a microtiter plate 

for 15 minutes before diluting with TAPS/ AMPD buffer and injecting into the capillary. 

All three species namely, the complex, and unreacted IgM and IgG were detected via 

contactless conductivity detection. Alternatively the detection of these species on PMMA 

and quartz microchips was investigated. IgM was detected in a PMMA chip in a 20 mM 

TAPS / AMPD buffer containing 0.05 % of Tween 20. The plastic device was not ideal 

for the detection of all species involved in the immunological reaction; the two unreacted 

immunoglobulins co-migrated and were not resolved. An unstable EOF was observed in 

the plastic microdevice. Better results were obtained with glass microchips. All three 

species were successfully baseline separated in less than 90 seconds. The on-microchip 

detection limit was 34 ng / ml for IgM. 
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 In chapter 2.9 methods for separation of basic pharmaceutical drug substances were 

developed. Their analysis on capillary and microchip platforms was evaluated. Analytes 

amenable to UV detection were deliberately chosen in order to compare the detection 

limits offered by high-voltage contactless conductivity with those published for direct 

UV methods. A pH optimisation was carried out for the analysis of the six 

pharmaceutical amines octopamine, ephedrine, noradrenaline, adrenaline, isoproterenol 

and doxylamine. Complete baseline separation of all six amines was achieved at pH 3 

with a citric acid buffer. Lactic acid buffer provided a stable baseline but noradrenaline 

and ephedrine were not baseline resolved. The separation of the six beta-blockers 

pindolol, propranolol, atenolol, metoprolol, labetalol and acebutolol was examined at low 

pH. In both lactic acid and acetic acid the first two analyte-pairs were not baseline 

resolved. The inclusion of low concentrations of histidine in both buffers facilitated 

baseline separation of all components. The acetic acid/ histidine buffer however gave the 

best detection limits. They were calculated as the three times signal-to-noise ratio and 

were 1.5 • 10-8 g/ml, 1 • 10-7 g /ml and 3.5 • 10-7 g / ml for pindolol, atenolol and labetalol 

respectively. These are one to two magnitudes lower than those reported by Lin et al. for 

CZE with UV detection [92]. Main component analysis was conducted on three 

pharmaceutical preparations. The optimised conditions for basic drug separation were 

transferred to on-microchip analysis. Only three beta-blockers could be baseline 

separated in an 8cm long channel. From this work, it is evident that contactless 

conductivity detection is a viable alternative for UV detection. 

The final chapter 2.10 is a review on potentiometric and conductivity detection for 

capillary electrophoresis. The recent developments in conductivity detection for 

electrophoresis are reported. 

The individual contributions of the various co-authors are stated on a separate page at the 

end of this thesis.
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4 Contributions and Collaborations 
 

In nine of the ten papers presented in this publication I am the first author as I carried out 

the majority of the experiments and prepared the manuscripts for publication. Various co-

authors contributed to the thesis to different extents.  

Benedikt Galliker designed the capillary electrophoresis station on which I performed the 

measurements for the first paper. Maria Schwarz, also co-author of the first paper, 

introduced me to practical capillary electrophoresis. The third paper, chapter 2.3, resulted 

from a collaboration between four institutes; University of Basel, University of Oviedo, 

Spain, Forschungszentrum Karlsruhe and Greiner Bio-One GmbH in Germany. I carried 

out all the measurements except for amino acid determinations which were carried out by 

the exchange PhD student Eva Abad-Villar from the University of Oviedo. Teresa 

Fernández-Abedul and Augustín Costa-García were her supervisors. The co-authors from 

the two Institutes in Germany designed and fabricated the microchip on which the 

measurements were carried out. Karin Schweizer, a former lab-assistant in our group, 

helped with the preparation of the amino acid stock solutions.  

Sandro Leuthardt worked on his diploma project under my supervision. He optimized the 

dual detection of cations and anions on PEEK capillaries (see Fig. 4, chapter 2.6). He also 

contributed Fig. 7 in the review article. Eva Abad-Villar, the second author of the 

organics on chip paper, carried out the work on surfactant analysis. I am the second 

author of paper eight chapter 2.8, a collaboration between tour group and the Spanish 

University of Oviedo. I introduced Ms Abad-Villar to capillary electrophoresis and also 

contributed to the buffer optimisation for this paper. 
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