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Abstract 

 

Isoelectric focusing is recognised as a powerful analytical separation 

technique that can be applied to separate amphoteric components based on 

their unique isoelectric points. It has become established as a valuable 

addition to the tools of many researchers engaged in analytical or preparative 

procedures.  

This increased demand for the technique engenders a need for suitable 

calculations in its analysis. The emergence of computers has brought renewed 

interest in simulations and model programs, which increase our 

understanding of many areas of separation science research.  

Using dynamic computer simulations, new sampling strategies for capillary 

isoelectric focusing in a broad (3.00–11.00) pH range are described, where the 

sample components are mixed with carrier ampholytes (routine procedure), 

applied as a short zone within the carrier ampholyte zone, or sandwiched 

between zones of carrier ampholytes or on either side of the carrier ampholyte 

zone. Simulation data reveal that when samples are not mixed with 

ampholytes, the separation mechanism of the analytes differs from the double 

peak approach to equilibrium, which is characteristic of the customarily used 

method. Furthermore, when samples are introduced between two ampholyte 

zones, the formed pH gradient will be flatter and disturbed, and a 

conductance gap appears at the spot where the sample components initially 

occupied the region of carrier ampholytes. This conductance gap results from 

the in situ lower concentration of carrier ampholytes in the fluid element, 

which accompanies the focusing procedure (memory effect).  

In the second part of this thesis, two-pH-unit gradients with end components 

at or around pI 7 were observed. In these narrow gradients, the formation 

and characteristics of the pure water zone were examined. Data show that a 

zone of pure water appears when no carrier compounds with suitable 

properties cover the neutral pH region. Furthermore, additional carrier 

components that decrease in concentration by 20% from component to 
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component on either side of the main 5.00–7.00 or 7.00–9.00 pH gradient can 

prevent the formation of this water zone. Carbonic acid originating from the 

atmospheric carbon dioxide can also prevent evaluation of the water zone. 

This compound in IEF systems can be considered as an impurity and should 

be taken into consideration when performing experiments. 

Finally, the impact on IEF separation of electrode solutions with different 

properties was studied. The routinely used electrolyte pairs (phosphoric acid 

and sodium hydroxide) were replaced by volatile compounds (formic acid and 

ammonium hydroxide) and the pH was titrated to different values to visualise 

and analyse the electrophoretic mobilisation process. Simulation data reveal 

that a change of electrode solution has no significant effect on the focusing 

part of the process; conversely, it affects the ITP patterns on the anodic and 

cathodic sides of the pH gradient. It was also found that with an increased 

amount of formic acid in the catholyte an enhanced cathodic displacement of 

the pH gradient and analytes could be achieved. Conversely, using formic acid 

titrated with ammonium hydroxide as the anolyte, enhanced anionic 

electrophoretic mobilisation was achieved. 

For all of these investigations, it is essential to become acquainted with the 

basic properties of ampholytes; to recognise the importance of good carrier 

amphoteric electrolytes that might cover the neutral region of the separation 

channel; to identify marker molecules, which can be used as internal 

standards; and to examine the significance of the properties of suitable 

electrolytes, or even impurities, which may affect the electrophoretic systems. 
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1 Introduction  

 

1.1 The methods of capillary isoelectric focusing  

 

Isoelectric focusing (IEF) is a high-resolution analytical technique for the 

separation and characterisation of amphoteric compounds based on 

differences in their isoelectric points (pIs). Amphoteric sample components 

migrate in a pH gradient established by carrier ampholytes between a 

cathode and anode, and align themselves in between according to their pI. In 

natural gradients as described by Svensson (Svensson 1961), an electrical 

current passes through a mixture of ampholytes establishing the focusing 

gradient.  

The first demonstration of IEF experiments in gels most likely dates back to 

1968 (Wrigley 1968). However, this procedure appeared to be difficult, since 

the preparation of the gel was time consuming and the evaluation was 

challenging. IEF performed in capillaries can be executed in free solution with 

no need for gels. Furthermore, this separation offers higher efficiency, 

because the small-diameter tubes permit the dissipation of Joule heat and 

higher voltages can be applied for separation. The advantage of capillary 

isoelectric focusing was recognised early, and the first application of 

isoelectric focusing in fused silica capillaries was performed by Hjertén and 

Zhu (Hjertén and Zhu 1985). Later, proteins were separated in natural pH 

gradients using cIEF as well (Hjertén et al. 1986; Hjertén, Elenbring, et al. 

1987; Kilár and Hjertén 1989b, 1989a; Kilár 1991; Zhu et al. 1992; Zhu et al. 

1993; Kilár 1994). 

A diagram illustrating capillary isoelectric focusing is depicted in Figure 1. 

The capillary tube is filled with an aqueous buffer and placed between the 

source vial and destination vial. Introduction of analyte components is 

performed at the one end of the capillary away from the detector by replacing 

the source vial with a sample vial. There are three techniques that are used 
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for sample injection: hydrodynamic, gravity, and electrokinetic method. The 

separation of the analytes is initiated by an electric field, which is generated 

between the source and destination vials. The monitoring device, which 

detects the separation process through an optically transparent bare window, 

is located at the other end of the capillary. There is another option developed 

by Pawliszyn et al. (Wu and Pawliszyn 1995; Fang et al. 1998) to monitor 

cIEF process in a real-time mode using the imaging detector. The Whole 

Column Imaging Detection (WCID) system has a short capillary (5 cm) 

without outer polyimide layering; the inside of the capillary is covered with 

hydrophilic polymer. After focusing, the analytes are imaged with a charge-

coupled device (CCD) camera. This detection technology obviates the need for 

mobilisation and avoids the disadvantages associated with the process. 

 

 

Figure 1. Diagram of capillary isoelectric focusing system  

 

1.1.1 Two-step capillary isoelectric focusing  

The first demonstration of IEF in capillaries was carried out without 

endosmosis, but further cases were also reported (Hjertén 1985; Hjertén, 

Liao, et al. 1987; Hjertén, Elenbring, et al. 1987; Kilár and Hjertén 1989b) 

where the separation was executed in a capillary with a linear polyacrylamide 

coating of the inner wall, eliminating EOF.  Once an electric current is passed 

through the medium of carrier ampholytes, a pH gradient begins to develop 
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and the sample components start to migrate according to their isoelectric 

behaviour. In the absence of electroosmotic flow, special steps must be taken 

to mobilise the entire liquid content in the capillary towards the detection 

point (Kilár 1994). There are two general methods of mobilisation, 

hydrodynamic (Hjertén and Zhu 1985) and chemical mobilisation (Hjertén 

and Zhu 1985; Hjertén, Liao, et al. 1987) that can be performed after focusing. 

In hydrodynamic mobilisation, the entire liquid in the capillary will be 

transported towards the detector using pressure (30–50 mbar) or a vacuum 

(Chen and Wiktorowicz 1992; Huang et al. 1994) at one end of the separation 

column. During chemical mobilisation, the chemical composition of electrode 

solutions is altered by using acidic or basic compounds, sodium chloride 

(Hjertén, Liao, et al. 1987; Hjertén, Elenbring, et al. 1987) or zwitterions 

(Hjertén, Liao, et al. 1987) as additives, which cause a shift in the pH gradient 

towards the detection point.  

 

1.1.2 Single-step capillary isoelectric focusing 

In the presence of EOF, the analytes become separated and focused while 

being driven towards the detector in a single step. Focusing and transport of 

the carrier ampholytes and sample components occurs simultaneously. The 

pH gradient is established by the carrier ampholytes. The mobilisation of the 

focusing pH gradient in uncoated capillaries is accomplished by EOF from the 

anode towards the cathode (Mazzeo and Krull 1991; Thormann et al. 1992; 

Caslavska et al. 1994).  

 

1.1.3 Sequential injection protocol  

In previous cIEF configurations, sample components and carrier ampholytes 

were introduced into the separation channel as mixtures. A further 

development, the sequential injection protocol of Kilár et al. (Kilár et al. 1998) 

offers efficient separation of amphoteric compounds that have pIs outside the 

range of the established pH gradient. The separate introduction mode of the 
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ampholyte and sample components into the electrophoretic space, i.e. the 

sandwich (ampholytes/sample/ampholytes) or half-sandwich 

(ampholyte/sample or sample/ampholyte) sampling strategies (Figure 2), 

gives unique advantages for analysis and has advantages for MS detection 

(Páger et al. 2011). A similar sandwich injection procedure was simulated by 

Chmelík et al. (Chmelík and Thormann 1992). 

The previously used methods may cause undesirable effects between analytes 

and ampholytes (Kilár and Hjertén 1989a); sequential injection overcomes 

many of the problems of isoelectric focusing and enables the elimination of 

initial interactions between ampholytes and samples prior to injection, as 

well as the use of combinations of different ampholyte solutions. 

 

 

Figure 2. Different injection protocols. (A) Shows the sample sandwiched between 
two ampholyte zones, whereas (B) depicts half sandwich injection with the sample 
placed on the anodic side. Configuration (C) represents the other type of half 
sandwich, where the sample is loaded into the capillary after the catholyte. 
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1.2 Isotachophoresis as a concomitant process of isoelectric 

focusing  

 

In conventional isotachophoresis (ITP), two specifically selected electrolyte 

systems allow the components to be separated according to their net 

mobilities, whereby each of the separated zones moves at the same rate. 

Under the influence of electric current, the zones migrate between the so-

called leading (LE) and terminating (TE) electrolytes.  

The original concept of isotachophoresis was described by Kohlrausch 

(Kohlrausch 1897). According to his autoregulating function, the 

concentration of ions is determined by their effective mobilities at a migrating 

boundary between two salt solutions (Righetti and Gelfi 2008). Furthermore, 

the concentrations of the separated components ( ) are adjusted for a fixed 

concentration of the leading component ( ) in the LE (Thormann 1984). The 

connection between the two concentrations is:  

∗   (mol/cm3)   (1) 

where  is a function of the mobility coefficients of the charged species 

involved (Schumacher and Studer 1964; Everaerts et al. 1976; Boček 1981; 

Bier and Allgyer 1979; Schumacher et al. 1981; Thormann 1981b, 1981a). In 

other words, the higher the concentration of the leading ion, the more 

concentrated the zones. This is the concentrating effect of ITP. 

 

An isotachophoretic separation will take place when the leading and the 

terminating electrolyte contain ions with the same sign as sample ions and 

an effective mobility higher and lower than that of any sample ions, 

respectively (Everaerts et al. 1976). The zones are consecutively introduced 

into a capillary divided by sharp boundaries. Under the influence of an 

electric field, the analyte zones begin to migrate according to their mobility 

and identical velocities are reached at equilibrium. In the zone with the 
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highest effective mobility, the field strength is the smallest, while we expect 

the highest field strength in the zone with lowest mobility (Figure 3). The 

increase in the electric field strength in the consecutive zones induces the 

zone-sharpening effect: when an ion diffuses into the adjacent zone, its 

velocity changes and immediately returns to its own zone, hence the zones 

are separated by a sharp boundary interface. It is one of the fundamental 

properties of isotachophoresis. 

 

 

Figure 3. Diagram of capillary isotachophoresis system with adjacent zones of 
leading ion L-, samples A- and B-, and terminating ion T-. The dotted line shows the 
mobility and the solid line represents the electric field pattern in each zone, 
according to Righetti et al. (Righetti and Gelfi 2008). 

 

The stairlike profile is characteristic of ITP separations (as a result of the 

Kohlrausch regulation function), where each plateau of the "stair" represents 

an electrolyte or analyte zone that shows an increase in electric field pattern 

and a decrease in conductivity profile. The concentration of the substance 

within a homogeneous zone is constant from front to rear boundary 

(Hjalmarsson and Everaerts 1981). 

 

To facilitate the separation of sample components, other ionic compounds 

with intermediate net mobilities, the so-called spacers, are able to segregate 
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adjacent analyte zones. Carrier ampholytes can be used as spacer components 

in protein isotachophoresis, as has been published in the literature (Routs 

1971; Chrambach and Rodbard 1972; Griffith and Catsimpoolas 1972; 

Griffith et al. 1973). A novel method for identification of unlabelled analytes 

using fluorescent carrier ampholytes (FCA) and isotachophoresis was 

presented by Bercovici et al. (Bercovici, Kaigala, Backhouse, et al. 2010; 

Bercovici, Kaigala, and Santiago 2010). Figure 4 depicts the schematic 

representation of such an ITP process. 

 

 

Figure 4. Diagram of isotachophoretic separation and indirect detection using the 
FCA assay (a) in the absence of sample components, fluorescent carrier ampholytes 
are focused between leading (LE) and terminating (TE) electrolytes. The fluorescent 
signal is continuous (blue dashed line). (b) Separation when analytes and fluorescent 
carrier components, creating gaps in the signal, are present. The NSI (red dashed 
line) is a cumulative integral of the fluorescence signal from LE to TE. x marks 
demarcate the plateau regions of the normalised signal integral and are associated 
with gaps in the fluorescent signal. This is Fig. 1 from (Bercovici, Kaigala, and 
Santiago 2010). 

 

One of the main differences between isoelectric focusing and isotachophoresis 

is that, while during IEF separations the stationary steady state can be 

reached, a migrating steady state is achieved in ITP. A completed ITP 

separation is characterised by a dynamic equilibrium in which all zones 

migrate with equal velocities. The unique blend of IEF and ITP has been 

shown in single-step focusing when the catholyte contained sodium chloride: 

the gradual ion penetration from the electrode chamber through the gradient 
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mobilises the whole pattern towards the cathode in an isotachophoretic 

fashion (Thormann and Mosher 2006). The same hybrid configuration was 

described when model proteins dissolved with ampholyte compounds were 

separated between an anolyte and a catholyte buffer both having the same 

pH (pH 3) (Chartogne et al. 2002). Furthermore, the characteristic ITP zone 

patterns are established at the interfaces between the electrode solutions 

(catholyte and anolyte) and the applied focusing gradient, and that ITP 

processes are responsible for the gradient decay progressions on both sides of 

the pH range (Mosher and Thormann 1990; Mao et al. 2000; Mosher and 

Thormann 2002). 
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1.3 Theoretical approaches to electrophoresis 

 

Since the first computers became available, considerable effort has been 

applied to develop computer based dynamic models to help with visualisation 

and analysis of electrophoretic processes. Before any laboratory work 

commences, computer simulations allow exploration of the behaviour of a 

system in an articulated way. This imitation of a real-world process, such the 

prediction of separation dynamics, formation and stability of the pH gradient, 

electrophoretic mobilisation, and focusing behaviour of amphoteric 

compounds shows good qualitative agreement with the practical experiments 

published in the literature (Thormann and Mosher 1988; Mosher, A., et al. 

1992; Mosher, Thormann, et al. 1989; Mosher, Dewey, et al. 1989; Thormann 

et al. 1986). Furthermore, simulations are suitable for surveying the entire 

separation process step by step, and for optimising separation conditions such 

as the injection protocol, the properties of carrier ampholytes or the 

electrolyte systems to be applied. 

Initially, with the rapid growth of computer techniques, research efforts were 

targeted towards investigation of the dynamics of electrokinetic separations 

in aqueous solution. The first pioneers of the simulation process were Vacík 

et al. (Czech Republic, Prague), Schumacher (Switzerland, Bern), and Bier 

(USA, Tucson - Arizona). The early dynamic electrophoretic models of Vacík 

et al. (Vacík and Fidler 1981; Fidler, Fidler, et al. 1985; Fidler, Vacík, et al. 

1985), Ryser (Ryser 1976), Gaš (Gaš 1975) and Moore (Moore 1975) worked 

with restrictions but were suitable for gaining insight into the processes of 

zone electrophoretic (ZE), moving boundary electrophoretic (MBE) and 

isotachophoretic (ITP) configurations. The modelling of IEF and handling of 

both, strong and weak electrolytes was possible with the later model versions 

linked to the names of Bier and co-workers (Bier et al. 1983; Saville and 

Palusinski 1986; Palusinski et al. 1986), Roberts (Roberts 1984; Roberts et al. 

1989), Schafer-Nielsen (Schafer-Nielsen 1986). Radi and Schumacher (Radi 

1982; Radi and Schumacher 1985) developed a system that was not capable 
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of treating IEF but was able to use binding constants to describe a chemical 

equilibrium.  

In the 1990s, PCs became available and this new world opened up the 

possibility of simulating new and more complex problems with the help of 

dynamic model programs. These early simulators were developed by Gaš et 

al. (Gaš et al. 1991; Schwer et al. 1993; Hruška et al. 2006), Mosher and 

Thormann (Mosher, Gebauer, et al. 1992; Thormann et al. 1993; Mosher et 

al. 1995; Thormann et al. 1998; Mao et al. 2000; Thormann et al. 2004), 

Ermakov et al. (Ermakov, Mazhorova, and Popov 1992; Ermakov, Mazhorova, 

and Zhukov 1992; Ermakov et al. 1994), Shimao (Shimao 1994, 1999), 

Schafer-Nielsen (Schafer-Nielsen 1995), Martens and co-workers (Martens et 

al. 1997), Beckers and Boček (Beckers and Boček 2000), Ikuta and Hirokawa 

(Ikuta and Hirokawa 1998), and Sounart and Baygents (Sounart and 

Baygents 2000). The expanded and upgraded PC-based simulation program, 

SIMUL5 (Hruška et al. 2006) (http://natur.cuni.cz/gas) from Gaš and co-

worker (Gaš et al. 1991; Schwer et al. 1993) is able to treat any number of 

mono- and multivalent electrolytes and ampholytes. It calculates the only 

part of the separation space where considerable changes from the initial 

values are predicted, thus saving computational time. The newest version of 

the simulator enables modelling of the desalting that occurs during isoelectric 

trapping (IET) separations in recirculating multicompartment electrolysers 

(Hruška et al. 2009). 

The latest one dimension open-source simulator tool is SPRESSO (Stanford’s 

Public Release Electrophoretic Separation Solver — 

http://microfluidics.stanford.edu/spresso) (Bercovici et al. 2009; Bercovici, 

Lele, et al. 2010) which solves transient advection-diffusion equations for 

multiple multivalent weak electrolytes and includes pressure-driven flow. It 

features a sixth order compact scheme combined with an adaptive grid 

(Bahga et al. 2012); it is designed to focus the grid around regions of 

concentration change. 
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Mosher and Thormann advanced their model GENTRANS (Thormann et al. 

1986; Mosher, Thormann, et al. 1989; Sounart et al. 2005; Thormann et al. 

2010) based on the simulation program of Bier and co-workers (Bier et al. 

1983; Saville and Palusinski 1986; Palusinski et al. 1986; Mosher, Dewey, et 

al. 1989). It permits the handling of proteins and peptides (Mosher, Gebauer, 

et al. 1992), biprotic ampholytes, monovalent weak acids and bases, and 

monovalent strong acids and bases. It calculates in situ electroosmotic flow 

from wall titration data (Mosher et al. 1995; Thormann et al. 1998) and allows 

the use of plug flow (Thormann et al. 1993). The program has been extended 

for application of 300 components with 20000 as the maximum number of 

segments. Inputs required include the length of the separation space and its 

segmentation, the initial distribution of each component, the pK and mobility 

values that describe each compound, the input data for electroosmosis, the 

current density and the amount of electrophoresis time. The model outputs 

concentration, pH, ionic strength, flow distributions, and conductivity values 

for each inserted component, and at the end of the simulation process the net 

electroosmotic flow and current density as functions of time are also available. 

Simulations can be executed with fixed or variable boundary conditions at the 

column ends, to obstruct or allow free transport of buffer and sample 

compounds in and out of the separation space, respectively. This simulation 

tool also encompasses the selection of data smoothing, which removes 

negative concentrations caused by numerical oscillations and thereby allows 

simulations to be executed at a smaller number of segments. 

The presented models describe in detail the principles of electroneutrality of 

solutions, conservation of mass, and charge and various reaction equilibria 

(Okhonin et al. 2004; Andreev and Lisin 1993; Mosher, Dewey, et al. 1989). 

Except for SPRESSO, the models encompass second order centred numerical 

schemes with a uniform grid. The described tools are 1D separation solvers 

since they do not deal with capillary wall adsorption; the only attention is on 

the longitudinal distribution of analytes. Ermakov et al. (Ermakov et al. 1995) 

constructed a pseudo 2D model which takes the adsorption mechanisms via a 

thin layer into consideration but radial distribution in the rest of the system 
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is still considered as constant. A two-dimensional spatial IEF model appeared 

from Roberts (Roberts 1984; Roberts et al. 1989) and Shim and co-workers 

(Shim et al. 2007, 2008b) which provides insight into the dynamics of 

electrophoretic zones migrating through tapered and curved channels, the 

effect of ionic strength on mobilities of carrier ampholytes (Shim et al. 2008a) 

and the dispersion of protein bands in a horseshoe microchannel (Shim et al. 

2009). Yoo et al. developed a more efficient model with a parallel scheme 

algorithm (Yoo et al. 2014). 

Many examples demonstrate the utility of simulations for the prediction and 

description of separation dynamics. For instance, the studies of Thormann et 

al. (Thormann et al. 1986; Mosher and Thormann 1990, 2008a; Thormann 

and Mosher 2008) pointed out that IEF in the presence of carrier ampholytes 

consists of two phases, a relatively fast separation phase followed by a very 

slow stabilising phase during which a steady state can be reached. It was also 

found that electrophoretic mobilisation and isotachophoretic decay 

progressions occur where the pH gradient meets with the anolyte and the 

catholyte. Furthermore, many simulations performed in the presence of 

carrier ampholytes have been published in the literature (Thormann et al. 

1986; Steinmann et al. 1996; Thormann et al. 1998; Shim et al. 2008a; Mosher 

and Thormann 2008b). 
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1.4 Components defining the focusing configurations of cIEF 

 

1.4.1 Carrier ampholyte molecules in cIEF 

Amphoteric electrolytes are determinant factors in capillary isoelectric 

focusing configurations. Therefore, not all buffers can be used for IEF 

separations in order to achieve a pH gradient with suitable properties. 

According to Svensson (Svensson 1961, 1962a, 1962b), good amphoteric 

buffers known as carrier ampholytes (CA) with both acidic and basic 

functional groups (Figure 5) should fulfil a number of requirements to be 

useful for isoelectric focusing. 

 

 

Figure 5. The general chemical formula of carrier ampholytes (Davies 1970; 
Westermeier 2001). 

 

Carrier ampholytes used in appropriate amounts in isoelectric focusing 

systems must possess two fundamental characteristics: To be amphoteric and 

carriers in the isoelectric state (Righetti 1990a). This means that these 

components should possess high buffering capacity, should be soluble at their 

pI, providing good conductivity and maintaining a constant pH value. Carrier 

ampholytes should also be small molecules having little or no optical 

absorbance at wavelengths where proteins typically absorb (Berkelman 

2005). The absence of chemical and biological reaction with the separand or a 

very low non-specific binding of dyes and other molecules is also a criterion 

(Haglund 1971; Rilbe 1973; Righetti 1983; David Garfin and Ahuja 2005). 

Furthermore, in the case of a biprotic carrier ampholyte, the two pK values 

should be close to each other, ideally bracketing (intercepting) the pI value at 
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equal distance. The pI value of a simple biprotic electrolyte is calculated via 

the algebraic mean of its two pKs: 

      (2) 

The difference in the two pK values preferably does not exceed an appropriate 

sum to achieve sufficient buffering capacity. When 4, the 

buffering capacity of the carrier ampholyte drops so dramatically that only 

4% of the maximum value is available. Therefore, an optimal range for ΔpK 

of an ampholyte is 0.5–2.5 and it should not be more than 3 (Vesterberg 1976) 

(see Figure 6). The following equation shows the connection between the 

buffer capacity and the degree of ionisation (Rilbe 1973):  

4       (3) 

Where  is the buffering capacity and  represents the degree of ionisation. 

The degree of protolysis at the isoelectric point is defined as follows (Haglund 

1971): 

     (4) 

The relative buffering capacity in isoelectric state is:  

      (5) 

Where 1 and defined as (Righetti 1983): 

      (6) 

and 

log ∆ log       (7) 
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 is the activity factor and  and  are the two dissociation constants of a 

biprotic carrier ampholyte. 

The value of the parameter s can be considered as a quality mark of carrier 

ampholytes: the lower the s value, the better are the conductivity and the 

buffering capacity. 

The combination of Equations 3, 4 and 5, the degree of ionisation can be 

expressed as: 

    (8) 

Figure 6 shows a graphical visualisation of the relationship between buffering 

capacity and ΔpΚ i.e. parameter s and degree of ionisation. 

 

Figure 6. Relative buffer capacity bi and degree of ionisation αi in the isoprotic state 
as a function of ΔpΚ and the parameter s (as defined in Eq. 6), according to Rilbe 
(Rilbe 1973). 
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Righetti et al. (Righetti et al. 2007) provided examples and a good 

visualisation of a very good and very poor ampholyte (Figure 7), which are in 

good agreement with the previous equations. 

 

 

Figure 7. Examples of a “good” and a “poor” carrier ampholyte. Buffering capacity is 
shown as function of pH for Lysine (upper panel) and Bicine (lower panel). In case of 
Lysine (pI = 9.74), at its pI the β (or bi) value is high, accompanied by a very good 
conductivity. The opposite is true for Bicine (pI = 5.30), where the β power reaches a 
value close to zero. Such a “carrier ampholyte” with low conductivity is useless in 
theoretical and practical studies for isoelectric focusing. This is Fig. 9 from (Righetti 
et al. 2007). 

 

It can be seen from the figure above that buffering capacity and conductance 

of a carrier ampholyte are two properties that are closely connected, as 

described by Svensson (Svensson 1962a). 
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Another good example demonstrating the importance of the use of proper 

carrier ampholytes was provided by Mosher et al. (Mosher et al. 1986, 1988). 

They discovered some instability associated with pH gradients, a progressive 

flattening of the range in the neutral region (plateau phenomenon), when 

carrier ampholytes are not isoelectric, i.e. the concentrations of their 

positively and negatively charged species are not equal. 

The relation of buffering capacity and ΔpΚ is suitable only for ampholytes 

with two pK values. The pI of ampholytes determines the range of the formed 

pH gradient and determines the position of each component according to its 

properties. Thus, the most acidic ampholytes take their place at the anodic 

end of the gradient and the most basic carrier components will be closer to 

catholyte. This is in agreement with the law of pH monotony defined by Rilbe 

(Svensson) (Rilbe 1973). In his work, Svensson (Svensson 1961) also described 

artificial pH gradients, which arise from a previously created composition of 

buffer solutions, whereas natural pH gradients are established by well-

defined ampholytes under the influence of electric field. These low molecular 

mass carrier components are exposed to a voltage, to form a stable 

equilibrium and complete stability, created by the current itself. The impact 

of the electric field and applied voltage on the resolution (∆pI) is expressed in 

the following equation (Haglund 1971): 

∆ 3.07
	

     (9) 

Where ∆  is the resolution necessary to separate two adjacent bands, the 

smallest resolved difference;  is the diffusion coefficient;	  is mobility of the 

analyte;	  is the applied field strength (V/cm);	 /  is the pH gradient; 

μ / 	is the mobility slope at the pI and it describes the mobility-pH 

relationship. 

In the case of carrier ampholytes, it can answer the question of how many 

ampholyte species per pH unit are required to achieve stable pH gradients in 
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an electric field. Data on the sufficiency of carrier ampholytes were obtained 

on the basis of computer calculations by Almgren (Almgren 1971). He pointed 

out that the optimal distribution of ampholytes is required at ∆ 0.05 (at 

least 20 carrier ampholytes per pH unit) to create a smooth, stepless narrow 

pH range. According to the work of Vesterberg and Svensson (Vesterberg and 

Svensson 1966), the resolution limit is given as 0.02 pH units. Brown et al. 

(Brown et al. 1977) estimated the number of carrier ampholyte components 

to be 62. After the outlined properties of ideal amphoteric molecules were 

explained, the synthesis of carrier ampholytes made by Vesterberg 

(Vesterberg 1969) succeeded in creating of a series of required polyamino-

polycarboxylic (“polyprotic amino carboxylic”) acids as carrier molecules with 

a pI range of 3–10 that was later extended to 2.5–11.5 (Vesterberg 1976). 

These amphoteric electrolytes ensured the appropriate isomers and 

homologues to achieve the adequate species number and spatial distribution 

of ampholytes along the separation column. 

1.4.1.1 Water as carrier ampholyte 

Another important question is, if an extended set of carrier ampholytes is 

available, how to create narrow pH “cuts” — gradients with sharp 

discontinuities at both extremities — without creating a water zone. The 

studies of Righetti et al. (Sebastiano et al. 2006; Simó et al. 2006; Simó, 

Mendieta, et al. 2007; Simó, Citterio, et al. 2007a, 2007b; Righetti et al. 2007) 

revealed that the real character and range of a narrow pH range ampholyte 

might differ from the indicated properties shown by the manufacturer due to 

fractionation and production. Furthermore, carrier ampholytes with the same 

range but of different origin could also show deviations. The composition and 

the end components in the pH gradient created by an ampholyte mixture are 

crucial in every respect.  

The applied ampholytes are usually present in aqueous solution, thus 

molecules of water are always present in the IEF system. Molecules of pure 

water can be considered as biprotic ampholyte molecules having two intrinsic 

pK values both equal to 7.0 (Righetti 2005), but when applied as a carrier 
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ampholyte, they do not carry significant current, thus the transference 

number approaches zero. The current carried by hydrogen and hydroxyl ions 

is negligible (Shimao 1981). In the absence of sufficient carrier ampholytes, 

neutralisation of the carried ions of water occurs in the neutral point of the 

pH gradient (Svensson 1962a; Kolin 1970). This process is responsible for the 

accumulation of a pure water zone. This kind of “ampholyte” absorbs 

practically the entire voltage and heat in the specified section of the capillary 

(Haglund 1971; Rilbe 1973, 1976; Righetti 1983). This is called Joule heating. 

Hjertén (Hjertén 1990) has blamed this phenomenon on zone broadening. 

According to the hypotheses of Haglund (Haglund 1975), and Righetti and 

Drysdale (Righetti and Drysdale 1976), the accumulation and formation of a 

pure water zone at pH 7 shows an inclination for cathodic drift of the pH 

gradient. Experimental evidence in favour of different models has been 

provided by Fawcett (Fawcett 1975) and Baumann and Chrambach 

(Chrambach et al. 1973). Gianazza et al. (Gianazza et al. 1979) and Arosio et 

al. (Arosio et al. 1978) have proposed an additional hypothesis of the 

interaction of carrier ampholytes among themselves and the presence of ’poor’ 

amphoteric species, which could generate a cathodic drift.  

The effects of a pure water zone are an obvious drawback for IEF systems, 

therefore special precautions must be made to inhibit the formation of such 

water zones. Thus in theoretical approaches and in experiments, it is 

important to apply ampholytes with appreciable conductance (Svensson 1956) 

in the whole pH range, in order to fill the gap and prevent excessive heating 

at the neutral point (Rilbe 1984). In 1957, Herman Haglund considered 

aspects of the pure water zone question. He tried to find a good carrier 

ampholyte, which would offer the essential condition of conductivity at the 

location of the neutral point. It has been described recently, that a zone of 

water can be developed in carrier free systems (Mikkonen et al. 2015). 

Therefore attention must be paid to the use of good carrier ampholytes with 

low s values around the neutral point, in order to fill the region of water and 

generate a pH gradient useful for IEF (Vesterberg 1969). In practice, this is 

possible using the synthesised carrier ampholytes defined by Vesterberg. 
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1.4.2 Impurities in the form of salts 

Carbon dioxide as an impurity originating from the atmosphere may present 

obvious drawbacks caused by zones (Macka et al. 1997; Gebauer, Borecká, et 

al. 1998; Gebauer, Desiderio, et al. 1998; Gebauer et al. 1999) and boundaries 

(Malá and Gebauer 2006; Gebauer et al. 2008; Malá et al. 2009) in 

electrophoretic systems, such as difficulties in UV detection, qualitative 

evaluation and selectivity, and interactions with sample components that 

alter the course of separation (Malá et al. 2011). In the presence of carbonate 

salts at alkaline pH, it is expected that the pH, conductivity, and ionic 

strength in the system will be affected (Persat et al. 2009; Mikkonen et al. 

2015). 

According to Delincée (Delincée 1980) cathodic drift can originate from 

atmospheric carbon dioxide adsorption at the cathode. Carbon dioxide 

dissolved in the terminating electrolyte has an impact on conventional IEF 

and this effect is often used to provoke endosmosis (Delincée and Radola 1978) 

and so achieve mobilisation (Hjertén and Zhu 1985).  

Burdett (Burdett 1982) depicts the adsorption of gaseous carbon dioxide at 

high pH in electrophoretic systems (Figure 8). This graphical representation 

describes the circular migration of CO2: the dissolution, acidification, and 

effect of atmospheric carbon dioxide in conventional IEF systems (Righetti 

1990b). This phenomenon generally occurs in open-air IEF systems, and 

needs to be considered. 
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Figure 8. Graphic demonstrating the principle of adsorption of atmospheric carbon 
dioxide at high pH in electrophoretic systems. Atmospheric CO2 dissolves in the gel 
at alkaline pH and forms HCO3- ions. This acidification electrophoretically mobilises 
the carrier ampholyte compounds causing a drift of the pH gradient above pH 6.3 
towards the cathode. At pH 6.3, carbon dioxide will be liberated from the gel. 

 

Focusing configurations are sensitive to even very small concentrations of 

impurities or salts added in electrolytes or in the system (Fidler, Fidler, et al. 

1985). They can greatly alter the migration rates of components and cause a 

pH shift towards the end of the column and even distortion, depending on the 

carbonate concentration in the terminating zone. They may also affect anionic 

ITP (Verheggen et al. 1983; Hirokawa et al. 1991; Boček and Gebauer 1984). 

Fidler et al. (Fidler, Fidler, et al. 1985) studied the impact of impurities in 

electrolytes and sample injection on ITP separation dynamics and the course 

of conductance. Vacík and Everaerts describe that a small amount of impurity 

in the terminating and the leading electrolyte migrates as a zone according 

to the moving boundary principle. They become elongated with time, 

depending on the effective mobility and concentration of the ion (Vacík and 

Everaerts 1979). The effect of carbon dioxide has been used to achieve 

simultaneous focusing and separation in ITP systems. Buffers containing 

amino groups interact with atmospheric carbon dioxide and thus can form 

carbamate ions that overspeed and accumulate just ahead of the terminating 

electrolyte (Khurana and Santiago 2009). The dilution and elongation effect 

of carbonate ions on the sample zone was also described by Hirokawa et al. 
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(Hirokawa et al. 1991). Malá et al. (Malá et al. 2011, 2016) also examined and 

demonstrated the unwanted effects of carbonate ions in capillary zone 

electrophoresis at high pH. As Haglund (Haglund 1970) and Routs (Routs 

1971) pointed out, the carbonate ions at high pH disturb the stability of the 

zone boundaries in the same way as hydroxyl ions. 

 

According to the hypothesis developed by Buzás et al. (Buzás et al. 1983) the 

adsorption of CO2 into the cathodic end is responsible for the instability of the 

pH gradient in sequential moving boundary systems. 
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1.4.3 Electrolytes 

The composition and physical chemical parameters of electrolytes play an 

important role in CE performance. The ionic strength and pH of electrode 

solutions has an influence both on sensitivity and on efficiency. In general, 

non-volatile acids and bases are used as anolytes and catholytes, respectively. 

In most cases, solutions of phosphoric acid and sodium hydroxide have been 

found to be suitable. 

The formation and stability of the pH gradient is dependent on the anolyte 

and catholyte used in an IEF system. The anodic, cathodic and symmetrical 

gradient drifts can be influenced by proper “choice of electrode solution types 

and concentration as well as the volume of the electrode reservoir” (Mosher 

and Thormann 1990). According to Nguyen and Chrambach (Nguyen and 

Chrambach 1977a), cathodic drift occurs when strong acidic and basic 

electrolytes are replaced by buffers, but even if the gradient is stabilised, the 

residual drift is in the cathodic direction (Nguyen and Chrambach 1977c; 

Nguyen and Chrambach 1977b). They replaced the typical strong electrolytes 

with weak (partially ionised) electrolytes to stabilise pH gradients (Chambers 

et al. 1985). It was also found that a weak anolyte and a strong catholyte could 

reverse the cathodic drift (Nguyen et al. 1978). There are many studies which 

describe that the increase of the pH of anolyte plays an important role in the 

stabilisation of the pH gradient (An der Lan and Chrambach 1980; Nguyen 

and Chrambach 1976; Nguyen and Chrambach 1977a; Nguyen and 

Chrambach 1977c; Nguyen and Chrambach 1977b). Murel et al. proved by 

computer modelling, that the stability of the pH gradient depends on a 

balance between the mobilities and concentrations of protons and hydroxyl 

ions migrating in opposite directions (Murel et al. 1979). Kolin shed light on 

the main role of electrolytes in stabilising the pH gradient against convective 

mixing (Kolin 1954a, 1954b, 1955).  
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In the proper selection of electrolytes, there are many cases that provide good 

examples of enhanced separation of sample components. A demonstration of 

improved resolution in sample separation using pH-adjusted electrolytes, 

where the pH of sodium hydroxide was adjusted with phosphoric acid was 

performed by Lopez-Soto-Yarritu et al. (Lopez-Soto-Yarritu et al. 2002). They 

found in their experiments that a higher NaOH concentration (as catholyte) 

induces slower EOF, longer migration time, and thus smaller cathodic drift. 

Furthermore, it was also found that the presence of the acid in the catholyte 

reduces the migration time and enhances the resolution. Later, the same 

effect was obtained in the experiments of Lacunza et al. (Lacunza et al. 2007). 

Chartogne et al. (Chartogne et al. 2002) used aspartic acid as anolyte (pH 3) 

and potassium acetate as catholyte, titrated to pH 3 with formic acid, and 

performed successful separation of proteins, in addition to components with 

very similar pI values. They pronounced the separation process as “transient 

cIEF moving isotachophoretically” and showed that decreased concentration 

of the leading electrolyte (catholyte) increases the resolution. Furthermore, 

the selectivity of the separation can be influenced by the choice of the 

catholyte counter-ion. Another study revealed the influence of the pH 

adjusted electrolytes on the resolution, and the length of the pH gradient 

(Páger et al. 2012). Moreover, it was also described that changes in the charge 

state of components induced alterations in their migration order. 

Poitevin et al. (Poitevin et al. 2008) improved cIEF performance by using 

quasi-isoelectric buffers as anolyte and catholyte. They used ‘narrow pH cuts’ 

(NC), fractionated ampholytes as electrolytes. Furthermore, several studies 

describe the application of water as the electrode solution in IEF (Fredriksson 

1975; Rademacher and Steele 1987; Macounová et al. 2000; Li et al. 2004; 

Demianová et al. 2007; Naydenov et al. 2009). 

Hjertén et al. showed that the mobilisation of focused proteins in the capillary 

can be achieved by designing anolytes and catholytes of appropriate 

compositions (Hjertén, Liao, et al. 1987). This electrophoretic mobilisation 

process is based on the changed charge state of each ampholyte, which is 
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caused by the gradual ion penetration from the electrode chamber through 

the pH gradient. This electrophoretic phenomenon was verified by theoretical 

calculations by Thormann and Mosher (Thormann and Mosher 2006). As a 

continuation, Thormann et al. modelled the electroosmotic and 

electrophoretic mobilisation and studied the effects of the presence of formic 

acid in the catholyte (Thormann et al. 2007). They found that all amphoteric 

components acquire a slight positive charge upon focusing, which mobilises 

the whole pattern towards the cathode. This cationic isotachophoretic process 

is more pronounced when the concentration of the added acid increases. 

Furthermore, electroosmotic flow is not much altered, but the current density 

profile changes significantly during this process.   

Another study published by Jenkins and Ratnaike reports the focusing and 

electrophoretic mobilisation of haemoglobin variants in a one-step process 

(Jenkins and Ratnaike 1999). The cathodic displacement is achieved using a 

catholyte containing a salt of an acid, and anionic displacement is achieved 

using an anolyte containing a salt of a base (Jenkins and Ratnaike 1999; 

Lopez-Soto-Yarritu et al. 2002). 

Zhang et al. succeeded in elution of complex protein mixtures by stepwise 

control of electrophoretic mobilisation by altering the inlet pressure or voltage 

(Zhang et al. 2000). They used ammonium acetate and acetic acid as the 

catholyte and anolyte, respectively, and induced anionic and cathodic drift by 

altering the concentrations of the electrolytes. 

 

Another key aspect for the appropriate selection of electrolyte solutions is the 

cIEF-(ESI)-MS hyphenation (Yang et al. 1996; Kirby et al. 1996), sometimes 

together with a glycerol-water based medium for sample and carrier 

ampholytes (Mokaddem et al. 2009; Lecoeur et al. 2010; Przybylski et al. 

2015; Poitevin et al. 2007; Busnel et al. 2005). The connection between these 

techniques can be considered as an advanced option of two-dimensional gel 

electrophoresis: it begins with isoelectric focusing in the first dimension, and 
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then detects the molecules according their mass to charge ratio in the second 

dimension. 

To ensure CE-MS compatibility, online coupling requires the replacement of 

traditional strong inorganic acids and bases with volatile anolytes and 

catholytes, such as formic acid and ammonium hydroxide, respectively 

(Hühner et al. 2015; Páger et al. 2011; Kuroda et al. 2005). The presence of 

less volatile polymeric additives and separation media is also an obstacle for 

online mass spectrometry detection with ionisation of analytes (Tang et al. 

1995; Zhong et al. 2011; Lecoeur et al. 2010). The practicality of CE in 

conjunction with MS was first demonstrated by Olivares et al. in 1987 

(Olivares et al. 1987), whereas the first coupling of MS and CIEF by 

electrospray ionisation (ESI) was introduced by Tang et al. in 1995 (Tang et 

al. 1995). The usefulness of CE-MS hyphenation for analysis of proteins has 

been described in many studies (Wehr et al. 1996; Righetti and Bossi 1997; 

Righetti et al. 1997; Fang et al. 1998; Dolník and Hutterer 2001; Shimura 

2002; Hutterer and Dolník 2003; Kilár 2003; Dolník 2006, 2008) and Wehr 

has summarised the developments of CIEF-MS coupling up to 2004 (Wehr 

2004).  

 

  



34 
 

1.4.4 Marker molecules 

Coloured pI marker molecules are advantageous both in the determination of 

the pI value of different amphoteric compounds and in the qualitative 

analysis of molecules, as an internal standard when they are adjacent to 

another peak. The properties of good dye marker molecules should be the 

same as those of good carrier ampholytes (good focusing ability and 

hydrophilicity, chemical stability, purity) as defined by Svensson. 

Furthermore, coloured pI standards should be detectable by the used method 

and have strong colour intensity in the visible range. 

In the early history of cIEF, proteins were used as pI marker molecules, but 

because of their obvious drawbacks scientists have searched for other 

alternatives. Šlais and Friedl developed new, low mass, orange 

aminomethylnitrophenol marker molecules, which are suitable for gradients 

of pH 5–10 (Šlais and Friedl 1994, 1995; Friedl and Šlais 1997). Later, 

Štastná and co-workers investigated azo dyes as coloured isoelectric point 

markers in the acidic pH region (Štastná et al. 2005; Štastná and Šlais 

2005a), which were determined using methods independent of isoelectric 

focusing (Štastná et al. 2005). These molecules are suitable for gel 

electrophoresis because of their dissimilar colour properties. Other synthetic 

peptides (Jin et al. 2002), tryptophan-containing oligopeptides (Shimura et 

al. 2000b) pI dyes that absorb ultraviolet light and compounds of unknown 

structure for UV- and UV-excited fluorescence detection (Horká et al. 2001) 

have become available over time. Furthermore, Šlais et al. introduced a set of 

fluorescein-based molecules for use in LIF detection (Šlais et al. 2002). For 

instance, for derivatisation of proteins, fluorescent agents that associate with 

a protein are not covalently bound to the protein and azo dyes have also been 

used (Benito et al. 1999; Moody et al. 1999). Mohan and Lee (Mohan and Lee 

2002) reported the use of trypsin-digested cytochrome c as pI marker 

molecules.  

There have been numerous reported cases in which low-molecular mass dye 

molecules have been applied to identify the pI values of different amphoteric 
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compounds (Caslavska et al. 1994; Deml et al. 1995; Schnabel et al. 1996; 

Shimura et al. 2000b, 2000a; Crowley and Hayes 2005; Štastná and Šlais 

2005b).  
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2 Aims of the study 

 

The aim of this thesis is to study certain processes involved in capillary 

isoelectric focusing with the help of computer modelling. Computer 

simulations are important because some parts of the separation processes are 

not clearly visible during the experimental procedure. The following aims 

were pursued concerning capillary isoelectric focusing systems: 

 To investigate the impact of different sampling strategies and initial 

sample distribution on the isoelectric focusing process.  

 To explore the effect of the pH of the anolyte and the catholyte on the 

selectivity and speed of the isoelectric focusing. 

 To investigate the impact of different electrode solution pairs on the 

dynamics of separation. 

 To point out the conditions that lead to the formation and prevention 

of the pure water zone during focusing. 

 To study certain impurities and their impact on the ionic strength, 

conductivity and pH of electrophoretic systems. 
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3 Materials and Methods 

 

The described simulation program, GENTRANS (generalised model for 

transient electrophoretic processes) was used in this work. Simulations were 

performed in a 10 cm electrophoresis column divided into 10000 segments of 

equal length (x = 10 μm). At the beginning of the separation, 2 cm (from 3% 

to 23% or 40% to 60% of the capillary length) of the total column was occupied 

by carrier ampholyte and sample components, at the anodic capillary end or 

in the centre of the capillary. If not stated otherwise, 101 hypothetical biprotic 

carrier ampholytes were used to establish broad (eight-pH-unit) and narrow 

(two-pH-unit) gradients between the anolyte (10 mM phosphoric acid) and 

catholyte (20 mM sodium hydroxide). Simulations were made with pH 3.00-

11.00; 5.00-7.00; 7.00-9.00; 4.80-6.80; 7.20-9.20; 5.20-7.20; 6.80-8.80; 4.00-

8.00; 6.00-8.00 gradients and some variations with added extra components. 

For each ampholyte, ΔpK was 2.5; the ionic mobility was 2.5 × 10−8 m2/Vs. If 

not stated otherwise, the initial concentration of carrier ampholytes was 200 

µM. The difference between the pI values varied between 0.02 (configuration 

with 101 and 141 carrier ampholytes), 0.04 (arrangement with 101 

amphoteric electrolytes in 4.00-8.00 pH gradient) and 0.08 (setup with 101 

carrier ampholytes in 3.00-11.00 pH gradient). A small quantity of chloride 

ions (2.711 mM) was added to the sample components, since such a counter 

component is typical for IEF separations and some selected simulations were 

performed with a small amount of carbonic acid (1 mM) in the catholyte to 

represent the uptake of atmospheric carbon dioxide at alkaline pH.  

Simulations for 40, 25 or 10 minutes electrophoresis were performed at a 

constant voltage of 1000 V or at a constant current density of 100 or 200 A/m2 

and with a constant cathodic EOF of 100 µm/s or zero EOF. The initial 

boundary widths were overall 0.001% and an open cathodic column end 

allowed free transport of mass into and out of the separation space. Employed 

boundary conditions were constant at the anodic column end (Thormann et 

al. 2007). Data smoothing as described by Mosher et al. (Mosher et al. 2011) 
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was used. Employing 10000 segments and personal computers featuring Intel 

Pentium G 870 3.1 GHz and G 2130 3.2 GHz, the CPU time were about 54 

and 88 hours. For making plots, data were imported into the SigmaPlot 

Scientific Graphing Software Windows Version 11.0 (SPSS, Chicago, IL, 

USA). 

Input data of analytes and electrolytes used for simulation runs are presented 

in Table 1. 

 

Sample components occupied 2 % (0.2 cm) of the total column length and were 

introduced in between the two ampholyte zones (sandwich sampling), as a 

short zone within the carrier ampholytes, at the anodic or cathodic end of the 

ampholyte zone, or at the anodic or at the cathodic side of the ampholyte zone 

(half sandwich). Simulations were made also with samples mixed with carrier 

ampholytes. Input data of different sampling strategies used for these 

simulation runs are presented in Table 2. 

 

In one kind of simulation, two-pH-unit gradients with stepwise increasing 

concentration sequence of added carrier ampholytes on the anodic side 2.31, 

2.88, 3.60, 4.50, 5.63, 7.04, 8.80, 11.0, 13.7, 17.2, 21.5, 26.8, 33.6, 41.9, 52.4, 

65.5, 81.9, 102, 128 and 160 μM were analysed. The opposite arrangement of 

edge components (from 160 to 2.31 μM) was used on the cathodic side. Input 

data are summarised in Table 3. 

 

For cIEF-MS coupling, the use of a volatile electrode solution is required, thus 

the second type of simulation was executed with 10 mM formic acid and 20 

mM ammonium hydroxide and compared with the simulation which 

contained 10 mM phosphoric acid and 20 mM sodium hydroxide as anolyte 

and catholyte, respectively. Simulation input parameters for these two 

configurations are collected in Table 3, last two lines. 
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In the third type of simulation 100 mM ammonium hydroxide (pH: 5.0), 50 

mM formic acid (pH: 11.0) and their pH-adjusted variations were applied. The 

desired pH values of catholyte (pH: 10.8; 10.3; 9.8; 8.9; 8.1) and anolyte (pH: 

5.0; 2.5) were achieved by titrating 50 mM formic acid with 100 mM 

ammonium hydroxide and 100 mM ammonium hydroxide with 50 mM formic 

acid, respectively. Input data of the electrolytes used for these simulation 

runs are summarised in Table 4. 
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Table 1. Input parameters of sample components and electrolytes used in 
simulationsa) 

Compound pKa1 pKa2 

Mobility 

(x10-8 

m2/Vs) 

Initial concentrationb)  

(M) 

anolyte sample catholyte 

pI 5.3 dye 3.70 6.90 2.0  463  

pI 6.4 dye 4.68 8.12 2.0  398  

pI 6.6 dye 5.10 8.10 2.0  520  

pI 7.2 dye 5.70 8.70 2.0  368  

pI 7.9 dye 6.81 8.99 2.0  329  

pI 8.6 dye 7.70 9.50 2.0  281  

pI 10.4 dye 9.50 11.30 2.0  352  

H3PO4 c) 2.00 - 3.67 10,000   

HCOOH 3.75 - 5.66 10,000   

H2CO3 6.35 10.33 
4.61 

7.18 

 
 1000 

Cl- - - 7.91  2711  

Na+ - - 5.19   20,000 

NH4+ 9.25 - 7.62   20,000 

H+   36.27    

OH-   19.87    

 

a) pK and mobility values were taken from the Simul5 data base 

(http://web.natur.cuni.cz/gas/). 

b) For all 7 dyes the concentrations correspond to 143 g/mL. Dyes are 

injected as hydrochlorides. 

c) Phosphoric acid was treated as monovalent weak acid as it was employed 

in a low pH environment only. 
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Table 2. Input parameters for simulations with various sampling strategies, applying 3.00-11.00 pH gradient formed by 101 carrier 
ampholytes (∆pI = 0.08). Simulations were executed for 40 minutes with a constant voltage of 1000 V together with an EOF of 100 µm/s 
Results detailed in section 4.1. 

Presented in Sampling strategy 
Space occupied by carrier 

ampholytes in the 
column 

Space occupied by 
dyes in the column 

Figure 9

Figure 10D 
Sample mixed with carrier ampholytes 03-23% 03-23% 

 Sample introduced as a short zone within the carrier ampholyte zone   

Figure 10A

Figure 11 

Figure 12 

Sample at the anodic end of the carrier ampholytes 

03-23% 

03-05% 

Figure 10B

Figure 12 
Sample from 9-11% 09-11% 

Figure 10C

Figure 12 
Sample at the cathodic end of the carrier ampholytes 21-23% 

 Sample introduced as short zone without carrier ampholytes

Figure 13A; D

Figure 14 
Sample at the anodic side of the carrier ampholytes 05-23% 03-05% 

Figure 13B

Figure 12 

Figure 15 

Sample from 9-11% 03-09% and 11-23% 09-11% 

Figure 13C

Figure 14 
Sample at the cathodic side of the carrier ampholytes 03-21% 21-23% 



42 
 

Table 3. Input parameters for simulations using narrow pH gradients, which start or end close to neutrality*. Simulations were performed 
for 10 minutes with an EOF of 100 µm/s. Results detailed in section 4.2.*  *Except last two lines.   

Presented in pH 
gradient 

Number of 
ampholytes 

H2CO3 
added to 
catholyte 

Space occupied by 
carrier ampholytes 

in the column 

Space occupied 
by dyes in the 

column 

Constant 
current density Electrolytes 

Figure 16A 5.00-7.00 

101 

(∆pI = 0.02)
- 03-09% and 11-23% 09-11% 

100 A/m2

10 mM H3PO4, 

20 mM NaOH 

Figure 16B

Figure 17B 
7.00-9.00 100 A/m2 

Figure 17A 7.00-9.00 200 A/m2

Figure 16C 4.80-6.80 100 A/m2 

Figure 16D 7.20-9.20 100 A/m2

Figure 16E 5.20-7.20 100 A/m2

Figure 16F 6.80-8.80 100 A/m2

Figure 18A 4.60-7.40 141 (∆pI = 

0.02) 
- 03-09% and 11-23% 09-11% 100 A/m2 

10 mM H3PO4,  

20 mM NaOH Figure 18B 6.60-9.40 

Figure 19A 5.00-7.00 101

(∆pI = 0.02) 
1 mM 03-09% and 11-23% 09-11% 100 A/m2 

10 mM H3PO4,  

20 mM NaOH Figure 19B 7.00-9.00 

Figure 20A 

4.00-8.00 
101 (∆pI = 

0.04) 
- 03-09% and 11-23% 09-11% 100 A/m2 

10 mM H3PO4,  

20 mM NaOH 

Figure 20B 
10 mM HCOOH,  

20 mM NH4OH 
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Table 4.  Input data and composition of catholyte and anolyte in simulations when titration, pH adjustment of electrolytes occurred. 
Simulations were executed for 25 minutes with a constant current density of 200 A/m2 and without EOF. Results detailed in section 4.3. 

Presented in Applied pH 
gradient 

Space occupied 
by ampholytes 
and samples in 

the capillary 

The initial concentrations (mM) of electrolyte solutions and 
titrants added to electrolytes Titrated pH 

Anolyte  
50 mM Formic acid 

Catholyte  
100 mM Ammonium hydroxide 

Anolyte Catholyte 

Figure 21A; 

Figure 22A 

6.00-8.00 

(∆pI = 

0.02) 

40-60% 

− − 2.5 11.0 

Figure 21B − + 69.11 mM HCOOH 2.5 8.9 

Figure 21C − + 93.39 mM HCOOH 2.5 8.1 

Figure 22B + 47.32 mM NH4OH − 5.0 11.0 

Figure 22C + 47.32 mM NH4OH + 69.11 mM HCOOH 5.0 8.9 

Figure 22D + 47.32 mM NH4OH + 93.39 mM HCOOH 5.0 8.1 

Figure 23A; 

Figure 24A 

Figure 25A 

7.00-9.00 

(∆pI = 

0.02) 

40-60% 

− − 2.5 11.0 

Figure 23B 

Figure 25A 
− + 2.11 mM HCOOH 2.5 10.8 

Figure 23C 

Figure 25A 
− + 7.98 mM HCOOH 2.5 10.3 

Figure 23D 

Figure 25A 
− + 21.92 mM HCOOH 2.5 9.8 

Figure 24B + 47.32 mM NH4OH − 5.0 11.0 

Figure 24C + 47.32 mM NH4OH + 69.11 mM HCOOH 5.0 8.9 

Figure 24D + 47.32 mM NH4OH + 93.39 mM HCOOH 5.0 8.1 
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4 Results  

 

Computer simulations were run in order to investigate certain processes in 

capillary isoelectric focusing system. The introduction of the ampholyte and 

sample into the capillary is a crucial moment of capillary isoelectric focusing. 

The conventional method of component injection does not account for the 

possibility of disturbing effects of ampholytes in the detection. The results of 

various sampling setups are summarised in this section. 

During the simulations, in two-pH-unit gradients with end components 

having pI values at or around 7.00, the formation of a water zone is observed 

and presented. 

Simulations investigating the influence of the electrolyte solutions and the 

variations in their pH values were performed and are presented in the last 

part of this section. 

 

4.1 Computer simulation of different sampling strategies for 

capillary isoelectric focusing (Paper I)  

 

The purpose of these simulation runs was to observe and compare different 

injection strategies where: the sample is mixed with carrier ampholytes; the 

sample is introduced as a short zone within the carrier ampholyte zones; the 

sample is sandwiched between or on either side of the carrier ampholyte 

zones. 

Focusing of seven amphoteric dye components between 20 mM NaOH 

(catholyte) and 10 mM phosphoric acid (anolyte) was observed in the presence 

of 101 hypothetical biprotic carrier ampholytes forming a broad pH gradient 

of 3.00–11.00 (ΔpI = 0.08). All compounds initially occupied 20% of the column 

(from 3 to 23% of the total length of the capillary). Simulations were 

performed under a constant voltage of 1000 V (100 V/cm) with a constant 
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cathodic EOF of 100 µm/s. Input data and sampling configurations used for 

these simulations are summarised in Table 2.  

 

4.1.1 Sample mixed with carrier ampholytes 

As it is customarily done, seven samples and all ampholyte compounds were 

mixed and introduced into the separation space (3–23% of the column), 

between the anolyte (20 mM phosphoric acid) and the catholyte (10 mM 

sodium hydroxide). Computer predicted focusing dynamics of analytes mixed 

with carrier ampholytes at selected time points are presented in Figure 9A, 

and the corresponding pH and ionic strength distributions are shown in 

Figure 9B. Electric field strength and current density profiles are shown in 

Figure 9C and 9D, respectively. The simulation followed the processes for a 

40-minute IEF run upon power application. 
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Figure 9. Focusing data of simulation using seven sample components mixed with broad pH range (3.00-11.00) carrier ampholytes. Focusing 
profiles are shown at different time points (0, 1, 4, 16, 40 minutes). Panel A depicts the distribution of analytes (solid black lines, y-axis to the 
right) with carrier ampholytes (overlapping carrier ampholyte concentrations, solid cyan lines, y-axis to the left), whereas panel B presents 
the pH (dark blue lines) and ionic strength (dark yellow lines) profiles. Electric field strength in the column at different time points is shown 
in panel C. The change of current density during the focusing is presented in panel D. Simulation was performed at a constant voltage of 1000 
V and a constant EOF of 100 μm/s towards the cathode. In panels A–C, the cathode is to the right.
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The simulation data revealed that the carrier ampholytes form overlapping 

zones and produce a peak height of about 19 mM during power application. 

The sample components form sharp peaks (1.31–3.18 mM concentration) in 

the fourth minute of their migration (Panel A in Figure 9). Moreover, 

phosphoric acid and sodium hydroxide as the electrolytes of the system have 

an impact at the gradient edges, but not within the focusing part. Further 

application of current flow shows the well-known isotachophoretic 

arrangement of the substances at both the anodic and cathodic end of the pH 

gradient, which is nicely seen in Figure 9A and Figure 9B, showing the 

distribution of ampholytes. 

The pI 10.4 analyte migrates as a cation in the cathodic ITP part. The graphs 

show (Figure 9A) the initial (bottom graph with zero time point), the transient 

(from 1.0, 4.0 and 16 minutes), and the steady-state (top of the graph with 40 

minutes) of the sample component and carrier ampholyte distribution, using 

whole column detection. The simulation data show the analyte (as the total 

concentration of the samples, drawn as solid black lines) and the carrier 

ampholyte (as the total concentration of ampholytes, drawn as solid cyan 

lines) responses. Electroosmotic flow transports the content of the whole 

capillary towards the cathode after 16 and until 40 minutes, and the pH 

gradient is swept out of the electrophoretic space (Figure 9). The current 

density decreases with time, and the initial value of 1370.91 A/m2 drops to 

88.59 A/m2 at 12.2 min (panel D in Figure 9), however, the most drastic fall 

occurs in the first minute (insert in panel D) during the formation of the pH 

gradient. Afterwards, the current density is predicted to increase to a value 

around 1000 A/m2, which corresponds to the approximate time point of 20 min 

(around this time point, the pH gradient leaves the separation space). 

Thereafter, a steady state is reached at a constant value. The steady state is 

characterised by a balance between the isotachophoretic migration of the 

most acidic carrier compounds towards the anode (marked with asterisks in 

the top graph of panel A) and the electroosmotic transport toward the cathode. 

The established pH gradient is associated with high electric field strength 
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(panel C in Figure 9) and low ionic strength (panel B). These properties within 

the catholyte and anolyte are much larger than within the gradient system. 

 

4.1.2 Sample introduced as a short zone within the carrier ampholyte 

zones 

The conditions were selected such that the sample zone had a length of 2% of 

the total column, corresponding to 10% of the length of the ampholyte zone, 

and was applied as a short zone within the initial carrier ampholyte zone (pH 

3.00-11.00). Sample components can be introduced at the anodic end (Figure 

10A), in a medial position (Figure 10B), and at the cathodic end (Figure 10C) 

of the initial carrier ampholyte zone.  

For comparison Figure 10D shows the results obtained with sample-

ampholyte mixture similar to Figure 9. 
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Figure 10. Focusing data and distribution of analytes at different time points (0, 0.2, 0.6, 1.0, 1.4 minutes). Panel A depicts the analytes 
sampled at the anodic end (3-5% of column length), panel B represents the distribution of analytes (9-11 % of column length) mixed with 
carrier ampholytes with a pH range of 3.00–11.00 and placed between 3% and 23% of column length. Panel C shows the samples at the 
cathodic end of the carrier ampholyte zone (20-23% of column length) and panel D represents the sampling of analytes mixed with 
ampholytes, corresponding to the sample injection described in section 6.1.1. The current density profiles of each injection mode are depicted 
in panel E. The initial distribution of carrier ampholytes are depicted as cyan lines and sample compound are shown as solid black lines. 
The analytes are labelled with the pI values at 1.4 min in each panel. Simulations were performed at a constant voltage of 1000 V and a 
constant EOF of 100 μm/s towards the cathode. The cathode is to the right.
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This sequence of sample injection causes the migration of samples placed at 

the anodic edge towards the cathode (Figure 10A), while samples at the 

cathodic, basic end of the pH gradient behave as anions (Figure 10C). The 

double-peak approach to equilibrium occurring in other isoelectric systems 

(Mao et al. 2000) is characteristic for each component, when the samples and 

ampholytes are in a uniform mixture (Figure 10D). During this the process 

the concentration of a uniformly distributed ampholyte or sample is flat at 

the beginning of the focusing, but often shows double peaks which approach 

to each other during the separation phase, meeting to form the final focused 

profile (Dishon and Weiss 1977).  

Introducing samples as a short zone within the carrier ampholyte resulted in 

a fast separation of sample components, but it was not complete at the 1.4 

minute time point presented in Figure 10. This separation is much faster 

compared with the uniform commonly used method, as the sample and 

ampholytes are together in one mixture (Figure 10D). This can be observed 

when the sample is placed at the anodic end of the carrier ampholyte zone 

(Figure 10A) and separation is achieved at a time point of 0.6 minutes. The 

same phenomenon is true for the other two setups, but at 1.0 (Figure 10C) 

and 1.4 minutes (Figure 10B). When samples are injected on the cathodic side, 

we can separate all components except for the pI 6.4 and 6.6 samples after 

the 0.6 minute time point (Figure 10C).  

  

The sample dynamics together with the carrier ampholyte distribution at 

different time points are represented in Figure 11A, when analytes are 

introduced in a short zone at the anodic end of the initial carrier zone. Panel 

B of Figure 11 illustrates the corresponding pH profiles.  

In focusing of sample components applied at the anodic end of the ampholyte 

zone (Figure 10A), a faster initial separation process can be expected 

compared with the carrier compounds (Figure 11A). All analytes were 

separated after 0.2 min of current application, with the exception of the pI 8.6 

and 10.4 samples (Figure 10A and Figure 11A). During the separation 
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process, the sample components behave as cations since the pH of the 

environment is lower than their pI value. This is clearly the case at 0.2 

minutes, when the pI 5.3, 6.6, 6.4, 7.2, and 7.9 samples reside at pH 4.71, 

5.37, 5.63, 5.95, and 6.46, respectively. As the separation process of the carrier 

ampholytes continues and approaches a steady state (Figure 11A), the sample 

components migrate until they reach their focusing location and their net 

charge becomes zero (Figure 10A). After 1.0 minutes, the separation of the 

samples and carrier ampholytes is complete (Figure 11A) and the analyte 

components in their locations have a small impact on the steady state 

distribution of amphoteric electrolytes. The positions of the seven samples are 

indicated by arrows at 1.4 and 3 minutes in Figure 11A.  

 

The characteristic shape of the pH gradient formed by the ampholytes is 

achieved after 1.0 minutes of power application. Subsequently, simulation 

reveals changes in the final adjustment of the isotachophoretic decay 

structures at the edges of the pH ranges (areas marked with asterisks in the 

uppermost graph of Figure 11A). It is important to note that the centre of the 

ampholyte zone is still unchanged (pH 7) at 0.2 min, whilst the cathodic part 

of the gradient between pH 7 and 11 is becoming established (solid dark green 

line in Figure 11B). Furthermore, the isotachophoretic zone formed by a small 

group of carrier ampholytes widens out and deviates from the gradient (at 1.4 

and 3.0 minutes in Figure 11A).  
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Figure 11. Computer predicted distribution of (A) all components and (B) pH for 
focusing with the sample forming a short zone at the anodic end of the initial carrier 
ampholyte (pH 3.00-11.00) zone (corresponding to the configuration in Figure 10A). 
Different time points (0, 0.2, 0.6, 1.0, 1.4, 3.0 minutes) of the simulation are shown. 
The positions of the seven analytes (shown as solid red lines) at 3.0 minutes are 
marked with arrows and are labelled with their pI values. Carrier ampholyte 
components are presented as grey lines. Asterisks with horizontal arrows shown at 
3.0 minutes demarcate the isotachophoretic decay structures at the gradient edges. 
The simulation was performed at a constant voltage of 1000 V and a constant EOF 
of 100 μm/s towards the cathode. The cathode is to the right. The concentration of 
substances is the same as in Figure 9.  
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Figure 12A shows the comparison of different types of sample injection after 

one minute of power application. Panel B of Figure 12 depicts the pH and 

electric field distributions of each sample injection scheme.  

The comparison of the different sample injection schemes shows that analytes 

applied as a short zone within the carrier ampholyte zone have a small impact 

on the peak heights of the carrier ampholytes (panel A, sample from 9–11%) 

when sample components and ampholytes were injected together. An asterisk 

marks the spot in Figure 12A where sampling components were initially 

placed and this effect is visible. The electric field pattern in Figure 12B shows 

the same protrusion drawn in pink. Current density data for all cases, which 

are shown in panel E of Figure 10, were predicted to be identical with the 

protocol where analytes are mixed with carrier components. 
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Figure 12. Computer predicted focusing data after one minute of power application. 
Panel A depicts the distribution of all components (sample at the anodic end, sample 
between 9 to 11 % of the column length, sample at the cathodic end, and sample 
mixed with carrier ampholytes, from the bottom to the top, respectively.) Asterisks 
mark the region where the initial sampled analytes were placed within the carrier 
ampholyte zone. Carrier ampholyte components are presented as grey lines. The 
corresponding pH and electric field strength profiles are shown in panel B. 
Simulations were performed at a constant voltage of 1000 V and a constant EOF of 
100 μm/s towards the cathode. The cathode is to the right. 
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4.1.3 Sample introduced as a sandwich between the carrier ampholyte 

zones 

The injection setups presented in this section were carried out according to 

Kilár et al., referred to as sandwich (Kilár et al. 1998) (Figure 13B) and half-

sandwich (Páger et al. 2011) Figure 13A, B and C show different sample 

injection regimes at different time points. The data presented in panels A, B 

and C of Figure 13 are very similar to panels A, B and C in Figure 10, the 

only difference being that the injected sample zone does not contain carrier 

ampholytes and thus the initial volume of ampholytes is 18% instead of 20%. 

Figure 14 depicts different sequential injection protocol simulations after one 

minute of power application, together with the corresponding pH and electric 

field profiles. Figure 15 shows the same configuration as Figure 13B, where 

a sample zone that does not contain any carrier components is sandwiched 

between two ampholyte zones. 

In the case of half-sandwich sampling, where sample components are 

positioned at the anodic side of the gradient, the introduced analytes are 

predicted to become separated and stacked within a few minutes of current 

application (0.2 minutes in Figure 13A). This is clearly seen in Figure 13D, 

where the same injection scheme and the corresponding pH profile is 

presented after 0.1 minutes of power application. In addition, the initial 

sample separation is complete within about 0.6 minutes (Figure 13A). 

All sample components introduced at the anodic side behave as cations and 

begin to migrate towards the cathode, until they reach their focusing 

locations. This process is similar to the other half-sandwich arrangement 

(Figure 13C), where sample components are positioned at the cathodic side of 

the gradient. They begin to migrate as anions toward the anode. Analytes 

sampled at the cathodic side of the carrier ampholytes show a rapid 

separation after a very short time (within few seconds). Similar behaviour is 

predicted in the case of the sandwich mode setup, where the seven analytes 

are introduced between the two ampholyte zones (Figure 13B). 
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Figure 13. Computer predicted focusing of seven amphoteric dyes after 0, 0.2, 0.6, 1.0 and 1.4 minutes of separation using (A) half-sandwich 
injection, where the sample is at the anodic side of the carrier ampholyte (pH 3.00-11.00) zone, (B) sandwich introduction, where the sample 
is between the two ampholyte zones, and (C) half-sandwich injection, where the sample is at the cathodic side of the carrier ampholyte 
zone. Panel D shows the initial distribution of the samples (solid red lines) and carrier ampholytes with their corresponding pHs after 0.1 
minutes of power application using the configuration depicted in panel A. The sum of carrier ampholytes is depicted as cyan lines. 
Simulations were performed at a constant voltage of 1000 V and a constant EOF of 100 μm/s towards the cathode. The cathode is to the 
right. 



57 
 

In order to gain further information, different sandwich injection protocols 

were compared after one minute of power application.  

Simulation data for three sampling methods together with the corresponding 

pH and electric field profiles after 1 minute of power application are depicted 

in Figure 14A and 12B. In comparison to sample dynamics (Figure 13), there 

are no major differences between the examined half-sandwich arrangements. 

Sandwich simulations show that there is a gap formed in the place where the 

sample was placed initially (Panel A, sample from 9–11%). This area consists 

of ampholytes with lower concentrations, causing a flatter region in the pH 

profile. It is described as a zone of lower conductivity and therefore the 

simulation has higher electric field in that area (Figure 14B). The area 

persists to the later time points (Figure 15), delaying the focusing of carrier 

ampholytes. 
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Figure 14. Computer predicted component distributions of (A) all components of 
different consecutive injection methods (sample placed at the anodic side, between 
9% and 11% of the column length and at the cathodic side of the gradient, from 
bottom to top, respectively); and (B) pH and electric field profiles after one minute of 
power application. The gap region marks the spot where the sample components 
were initially placed between the two ampholyte zones. The cathode is to the right. 
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Figure 15. Computer predicted distribution of all components introduced according 
to the sandwich injection protocol after 2, 3, and 4 minutes of power application. 
Sample components are shown as red lines, while carrier ampholytes are presented 
as grey lines. Other conditions are as for Figure 13B. The cathode is to the right. 
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4.2 The impact of the water zone on separation (Paper II) 

 

In the previous configurations, broad, eight-pH-unit gradients were 

examined. Here, in order to observe the formation of pure water zones, 

simulations were performed using narrow, two-pH-unit ranges around the 

neutrality point. As in the previous cases, simulation data were obtained for 

a configuration using 101 biprotic ampholytes and seven samples between the 

anolyte (10 mM phosphoric acid) and the catholyte (20 mM sodium 

hydroxide). Program runs were executed at a constant current density and 

with a constant cathodic EOF of 100 µm/s. Similar to the previously described 

setups, the initial occupation of the 10 cm separation column was 20%, where 

samples (2%) were sandwiched between two ampholyte zones (6% and 12%). 

Summarised input data for these simulations are shown in Table 3. 

 

4.2.1 Narrow pH gradients that allow the formation of a water zone 

located at pH 7  

Six configurations of two-pH-unit gradients were selected which covered the 

following pH ranges, as shown in Figure 16A–F: 5.00–7.00; 7.00–9.00; 4.80–

6.80; 7.20–9.20; 5.20–7.20; 6.80–8.80. All component distributions are 

presented together with pH data and conductivity profiles (Figure 16G–H and 

Figure 16I–J respectively).  

After 10 minutes of power application, the formation of a water zone is 

observed in configurations of pH 5.00–7.00; 7.00–9.00; 4.80–6.80; and 6.80–

8.80 (panels A to D in Figure 16); but no water zone is predicted in the setups 

with 5.20–7.20 and 7.20–9.20 pH ranges (panels E and F of Figure 16). If the 

pI of the most basic amphoteric electrolyte is lower than or equal to 7.00, a 

zone of water is predicted to form on the cathodic side of the pH gradient 

(Figure 16A and 16C). In the opposite case, when a carrier ampholyte with a 

pI greater than or equal to 7.00 is the most acidic component of the applied 

pH range, a water zone is formed on the anodic side of the pH range (Figure 
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16B and 16D). No water zone formation is predicted when carrier ampholytes 

with pI values above or below 7.00 cover the neutral point in the pH gradient 

(Figure 16E and F), and an isotachophoretic decay structure evolves on either 

side of the gradient. The evolvement of the water zone is predicted to be faster 

when the last component of the pH gradient differs from pI 7. In these cases, 

(panels C and D) the movement of the last components near pI 7 ampholyte 

is rather isotachophoretic, whilst for panels A and B the pI 7 components 

show a slower broadening by diffusion. 
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Figure 16. Computer simulated data of six gradients covering two pH units (panels 
A–F) together with the corresponding pH gradients (panels G and H) and 
conductivity distributions (panels I and J) presenting the evolvement and inhibition 
of the water zone after 10 minutes of power application. Asterisks mark the formed 
water zone, carrier ampholytes are presented as grey lines, and sample compounds 
with their pI are depicted as solid red lines. The thin red horizontal line in G and H 
indicates the pH 7.00 level. Simulations were performed at a constant current 
density of 100 A/m2 and a constant EOF of 100 μm/s towards the cathode. The 
cathode is to the right. 
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Two configurations were selected to study the behaviour of the created water 

zone. The first setup was performed using 200 A/m2 (Figure 17A, C and E) 

and the other arrangement was run with 100 A/m2 of constant current density 

(Figure 17B, D and F). The latter configuration corresponds to setup B in 

Figure 16. Figure 17 shows the concentration profiles of all components (A 

and B) together with the corresponding pH and conductivity distributions (C 

and D) and the formation of the water zone marked with asterisks with an 

elongated x-axis scale (E and F). 

 

 

Figure 17. Computer predicted dynamics of seven analytes (red lines and positions 
are marked with their pI values) and all 101 carrier ampholytes (grey lines) forming 
a 7.00–9.00 (ΔpI = 0.02) pH gradient between the anolyte (H3PO4) and the catholyte 
(NaOH). The simulations were performed at a constant EOF of 100 µm/s and at (A) 
200 A/m2 and (B) 100 A/m2 of constant current density. Panels C and D present pH 
(solid lines) and conductivity (broken lines) profiles after 10 minutes of current 
application. The thin red horizontal line in C and D indicates the pH 7.00 level. An 
expanded view of the water zone between the first three analytes (pI 5.3, 6.4, and 
6.6) and the first carrier ampholyte (pI 7.0) is shown in panels E and F. Asterisks 
mark the water zone. The cathode is to the right. 
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In both cases, samples with pI values covered by the formed 7.00–9.00 pH 

gradients (pI 7.2, 7.9, 8.6) focus within the gradient, whereas the remaining 

components (5.3, 6.4, 6.6 and 10.4) migrate isotachophoretically towards the 

anode and cathode, respectively. As seen previously, these components take 

part in the formation of ITP structures on both sides. This is the case in all 

instances where the development of a water zone is predicted between the 

sample of pI 6.6 and the first ampholyte of the gradient, and no carrier 

components migrate towards phosphoric acid. The water zone is 

characterised with very low conductivity of 5.4175*10-6 S/m. The difference in 

water zone length and behaviour is clearly illustrated in panels E and F. The 

pI 7.0 carrier ampholyte slowly diffuses into the water zone. For the case of 

simulations using 200 A/m2 (shown in panels A, C and E of Figure 17), the 

water zone is longer than in the 100 A/m2 simulation (Figure 17B) and would 

become larger with prolonged electrophoresis (data not shown).  

  

4.2.2 Narrow pH gradients with more realistic ampholyte distribution 

The simulations of this section are very similar to the previous configurations 

shown in 4.2.1 which allowed the formation of water zone. The prior 

simulations demonstrated gradients with sharp discontinuities at the 

gradient edges, where no carrier compounds with pI values below and above 

of the defined pH range are expected. Available commercial mixtures, 

however, comprise carrier components with pI values below and above the 

claimed pH range; accordingly, no sharp discontinuities at the gradient edges 

are formed. For the sake of modelling the pH ranges used in experimental 

studies, two other types of pH arrangements (Figure 18A and C) are 

presented in this section after 10 minutes of power application. 101 

hypothetical biprotic carrier ampholytes with a uniform distribution of ΔpI = 

0.02 were used for each simulation, but further carrier “edge” components 

(drawn as green lines) were also considered, as they are always present on 

either side of a pH gradient in real life experiments. Thus, the simulations 

presented in this section contain a total number of 141 carrier ampholyte 
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components, meaning that the main pH ranges (5.00–7.00 and 7.00–9.00) 

containing 101 ampholytes were bracketed with 20–20 additional edge 

components decreasing in concentration by 20% from component to 

component on either side of the main pH gradient. The stepwise increasing 

concentration sequence on the anodic side was 2.31, 2.88, 3.60, 4.50, 5.63, 

7.04, 8.80, 11.0, 13.7, 17.2, 21.5, 26.8, 33.6, 41.9, 52.4, 65.5, 81.9, 102, 128 and 

160 μM. The opposite arrangement of edge components (from 160 to 2.31 μM) 

was used on the cathodic side. Sample were introduced as a short zone 

(sandwich) between the carrier ampholyte zones, which contained the main 

and edge carrier components together. Both simulations were performed at a 

constant current density of 100 A/m2 and a constant electroosmotic flow of 

100 µm/s towards the cathode. Figure 18 shows simulations with these 

setups. The first configuration (A and C) applies to a pH gradient of 4.60–7.40 

(ΔpI = 0.02), while the second simulation (B and D) operates with a 6.60–9.40 

pH range (ΔpI = 0.02). 
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Figure 18. Computer predicted separations of (A, B) all sample (red lines and 
positions are shown with their pI values) and carrier ampholyte components (grey 
lines) together with (C, D) the corresponding pH (solid lines) and conductivity 
(broken lines) profiles. For both setups, the first 20 and last 20 carrier ampholytes 
were applied in stepwise increasing concentrations from 2.31 to 160 µM and in 
stepwise decreasing concentrations from 160 to 2.31 µM, respectively. All other 
ampholytes were applied at 200 µM concentrations. The first and last extra edge 
components are shown as green lines. The thin red horizontal line in C and D 
indicates pH 7.00 level. The simulations were performed at a constant current 
density of 100 A/m2 and a constant electroosmotic flow of 100 µm/s towards the 
cathode. The cathode is to the right. 

 

Data obtained from simulations show that the presence of edge components 

covering the neutral range prevents the formation of a pure water zone. This 

situation is similar to the case presented in Figure 16E and F — the pI 7.0 

ampholyte occupies the position of water at the neutral point and prevents its 

evolution. As expected, the edge components take part in the formation of 

isotachophoretic decay structures on both sides of the pH range. It is clearly 

observed in Figure 18A that samples with pI 5.3, 6.4 and 6.6 reach their 

focusing locations in the gradient established by the 141 carrier ampholytes 

in the central region and analytes with pI 7.9, 8.6 and 10.4 migrate as ITP 

zones behind the sodium hydroxide (catholyte). The seventh analyte (pI 7.2) 

is predicted to be located in the zone formed by the edge components on the 

cathodic side. In the second configuration (Figure 18B), the pI 5.3, 6.4 and 6.6 

samples migrate isotachophoretically before the phosphoric acid (anolyte) and 
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the pI 10.4 sample migrates behind the sodium hydroxide (catholyte). Sample 

components of pI 7.2, 7.9, and 8.6 become focused within the pH gradient 

established by the carrier ampholytes. The extra ampholytes introduced as 

edge components with percentile decreasing amounts, shown in Figure 18, do 

not alter the main formed pH gradient significantly, as can be seen by 

comparing the pH distributions of panels C and D in Figure 18 to Figure 16G 

and H. The conductivity around pH 7 is still very low (Figure 18C and D). 

Furthermore, there is a visible peak of slightly higher concentration, which is 

present in the main pH gradient; it has been identified as the pI 7.00 carrier 

ampholyte. This elevated peak was not predicted for cases in which edge 

components were applied at equal concentrations besides the carrier 

ampholytes in the central region. However, a comparable effect was also 

predicted when the beginning of a concentration change was shifted to 

another component, e.g. the pI 7.06 carrier ampholyte. The last carrier 

ampholyte with the concentration of 200 µM forms a distorted shape and 

elevated peak height after focusing. 

 

4.2.3 Impurities – The effect of atmospheric carbon dioxide on cIEF 

Carbonic acid from atmospheric carbon dioxide dissolves in the catholyte 

(NaOH) at alkaline pH, and has an impact on the ionic strength, conductivity, 

and pH of the electrophoretic arrangement; as a result it influences the whole 

separation system. In this section, the effects of the existence of atmospheric 

carbon dioxide converted into carbonic acid in cIEF separation are presented. 

The graphs shown here (Figure 19) depict the configurations of Figure 16A 

and B with the addition of 1 mM carbonic acid to the catholyte (green lines) 

to observe its impact on the separation. The conditions were the same as 

described above. Analogous to the simulations of the 5.00–7.00 pH and 7.00–

9.00 pH gradients, each simulation was made with the application of a 

current density of 100 A/m2 and a constant EOF of 100 µm/s. The predicted 

conductivity (marked as broken lines) and pH profiles (depicted as solid lines) 
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are presented in panels B and E of Figure 19 after 10 minutes of power 

application. 

 

Figure 19. Computer predicted distribution of pH gradients of (A) 5.00 to 7.00 and 
(D) 7.00 to 9.00 after 10 minutes of power application. Solid grey lines represent 
carrier ampholytes, whereas solid red lines demarcate sample components (positions 
are marked with their pI values) and solid green lines show atmospheric carbonic 
acid. The thin red horizontal line in B and E indicates the pH 7.00 level. Panels B 
and E represent the conductivity and pH profiles, whereas C and F show the 
elongated y-axis of panels A and D, respectively. Other conditions are as for Figure 
16 panels A and B. The cathode is to the right. 

 

Carbonic acid added to the catholyte penetrates through the gradient and 

migrates towards the anode. After reaching the anolyte, it forms an 

anionically migrating zone with a plateau concentration of 12.2 mM between 

the ampholyte with the lowest pI and phosphoric acid (shown as a green line 

in panels A and C in Figure 19). The delivery of carbonic acid from the 

catholyte is continuous.  

In the focusing gradient, the concentration of carbonic acid is predicted to 

increase from the cathodic to the anodic end of the pH range (from 0.003 to 
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0.497 mM, shown in Figure 19C) without having an influence on the pH 

gradient and conductivity pattern. The concentration of carbonic acid is low 

in the cationic ITP zone, which is formed by samples of pI 7.2 to 10.4 (around 

1 µM). This has the impact on the ITP zone of increasing the plateau length 

formed by analytes migrating as cations (compare the zones of the pI 7.2, 7.9, 

8.6 and 10.4 components in Figure 16A and Figure 19A). In simulations with 

carbonic acid, the conductivity values become higher and the pH values lower, 

compared with the other cases. Furthermore, the migration rate of the ITP 

boundaries is slightly higher in the presence of carbonic acid in the catholyte.  

 

Analysis of a second, more alkaline pH gradient configuration with 1 mM of 

carbonic acid added to catholyte (NaOH) is presented in panels D, E and F of 

Figure 19. The constant delivery of the added acidic compound with the 

sodium hydroxide is observed here, as in the case described above. The 

appearance of the water zone is also hindered here, but there is no observed 

influence on the pH and conductivity in the focusing part of the gradient. 

Furthermore, the component present as an impurity changes the composition, 

lengths, and migration rates of the isotachophoretic decay zones on both sides 

of the pH gradient. The concentration of carbonic acid within the pH range is 

predicted to be 30 µM; we expect a concentration of about 5.5 µM in the ITP 

zone formed on the cathodic side by the most alkaline carrier ampholytes. The 

smallest concentration (0.3 to 0.5 µM) of carbonic acid is predicted to be in the 

zone established by the pI 6.4 and 6.6 analytes.  
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4.3 The impact of the electrolyte properties on separation (Paper 

II and Paper III) 

 

4.3.1 Computer simulation of different electrolytes used in capillary 

isoelectric focusing 

In the previous simulations, phosphoric acid and sodium hydroxide solutions 

were used as the anolyte and catholyte, respectively. To ensure compatibility 

with coupling of cIEF to MS detection, volatile electrolytes are needed. The 

comparison of the previous setup with phosphoric acid and sodium hydroxide 

(Figure 20A) and the simulation using the volatile electrode solutions formic 

acid and ammonium hydroxide (Figure 20B) is presented in this section. The 

corresponding pH and conductivity profiles are shown in panels C and D of 

Figure 20. Both configurations comprised a pH 4.00–8.00 gradient that is 

formed by 101 hypothetical biprotic carrier components with isoelectric points 

differing by 0.04, and the seven sample compounds listed in Table 1. Sample 

components were introduced as a short zone (2%) between two ampholytes 

zones (6% and 12%). Input parameters of the configurations are shown in 

Table 3, last two lines. During the simulations, a constant current density of 

100 A/m2 and a constant EOF of 100 µm/s were applied. Data for 10 min of 

power application are presented in Figure 20. 

The simulation data reveal that the change of electrolytes has no essential 

impact on the focusing part of the gradient together with the focused sample 

components. However, an alteration in the cathodic and anodic ITP 

structures on either side of the gradient is expected when different electrode 

solutions are used. The migration rates of the isotachophoretic boundaries 

and the plateau concentrations of the migrating ITP zones are both dependent 

on the electrolytes used. 

In Figure 20, the higher transport rate of the isotachophoretic structures on 

the cathodic side is a consequence of the higher electrophoretic mobility of the 

ammonium ion compared with the sodium ion (Table 1). Moreover, the 
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plateau concentration of the ITP zones in the case of simulation with 

ammonium hydroxide (Figure 20B) is lower compared to the run with sodium 

hydroxide as catholyte (Figure 20A). A similar difference in migration rate is 

visible on the anodic side with formic acid compared to phosphoric acid, and 

the ITP structures in Figure 20A are more compressed than in case of the 

volatile electrolytes. 

 

 

Figure 20. Computer predicted distribution of seven amphoteric samples (presented 
as red solid lines) and all carrier ampholytes (shown as grey solid lines) forming 
4.00–8.00 pH gradients (ΔpI = 0.04) bracketed by (A) 10 mM phosphoric acid as 
anolyte and 20 mM sodium hydroxide as catholyte, and (B) 10 mM formic acid as 
anolyte and 20 mM ammonium hydroxide as catholyte. Panels C and D present the 
corresponding pH gradients and conductivity profiles after 10 minutes of power 
application at 100 A/m2 and a constant EOF of 100 µm/s toward the cathode. The 
thin red horizontal line in C and D indicates the pH 7.00 level. Other conditions are 
as for Figure 17. The cathode is to the right. 
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4.3.2 Different pHs of the anolyte and catholyte 

After the replacement of the non-volatile electrolyte solutions with volatile 

pairs (100 mM ammonium hydroxide and 50 mM formic acid), further 

simulations were executed in order to examine the effect of pH-adjusted 

electrolytes in electrophoretic systems. To study the electrophoretic 

behaviour and impact of pH-adjusted electrolytes on separation, focusing 

gradients comprising two-pH-unit ampholytes were placed in the centre of 

the separation column (40–60%) and EOF input was reduced to zero. Seven 

sample components occupying 49–51% of the column length were sandwiched 

between two equal mixtures of ampholytes. Simulations were completed at a 

constant current density of 200 A/m2 and they ran for 25 minutes of current 

application. Input data of the titrants used for the simulation runs are 

presented in Table 4. 

 

4.3.2.1 pH adjustment of electrolytes in simulations using 6.00-8.00 pH 

gradient 

In the first set of simulations depicted in Figure 21B to C and Figure 22B to 

D, the focusing of samples in a pH 6.00–8.00 gradient established by 101 

amphoteric components between pH-adjusted electrode solutions was studied 

and compared to configurations having only one component in the electrolytes 

(Figure 21A and Figure 22A). The pH of the catholyte varied between 11.0 

and 8.1, and the anolyte varied between pH 2.5 and 5.0. 
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Figure 21. Focusing data and distribution of analytes at different time points (0, 2.5, 
5.0, 10, 25 minutes) for (A) sample components between 100 mM ammonium 
hydroxide (pH 11) and 50 mM formic acid (pH 2.5) applied as catholyte and anolyte, 
respectively. Panel B depicts the separation using a catholyte of pH 8.9 and anolyte 
of pH 2.5, whereas panel C shows the separation with pH adjusted electrolytes 
(catholyte pH 8.1; anolyte pH 2.5). Adjusted pH values of the electrolyte solutions 
are displayed at the top of each panel. The positions of the analytes in panels are 
marked with arrows and labelled with their pI values. Cyan lines depict the carrier 
ampholytes with pI values between 6.00 and 8.00 at the initial time point. EOF input 
is reduced to zero. The cathode is to the right. 

 

In the cases presented here, when the catholyte is titrated with 50 mM formic 

acid in different proportions (Figure 21B and C), the shape of the analytes 

and the pattern of the separation changes compared with the simulations 

with single component electrolytes (Figure 21A). In simulations that handle 

only one-component electrolytes, focusing of the sample components pI 6.4, 

6.6, 7.2 and 7.9 occurs after the 2.5 minute time point. Thereafter, simulation 

reveals changes in the final adjustment of the isotachophoretically migrating 

components of pI 5.3, 8.6 and 10.4 at the gradient edges only (Figure 21A), in 

a manner similar to that seen in the case of the other two-pH-unit gradients. 

Although, the initial stages, between 0 and 2.5 minutes, are very similar in 

each configuration, the positions of the analytes in the separation channel are 
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different at later time points in the compared simulations. The added formic 

ion acts as a counter ion and migrates through the separation space towards 

the anode, in the same way as carbonic acid (4.2.3) (data not shown). 

Therefore, the gradient and the analytes are more compressed compared with 

the case of Figure 21A. It can be clearly seen that the analytes are not in their 

isoelectric state; they acquire a positive charge and migrate towards the 

cathode. Furthermore, the formed ITP structure is completely different to the 

structures observed in other IEF configurations (data not shown). It is 

observed that the migration rate of the isotachophoretically migrating 

structure increases with increased amounts of formic acid in the catholyte. 

The migration rate of formic acid in the catholyte induces the electrophoretic 

mobilisation of both the carrier components and the analytes. The sample 

components are less sharp and they form rather broad zones, the separation 

mechanism seems to be isotachophoresis rather than isoelectric focusing. 

 

In the opposite case, when only the pH of the anolyte is changed, the reverse 

process — an anionic migration — is observed (Figure 22B). The speed of this 

movement is also in direct proportion to the added basic titrant in the anolyte. 

Bidirectional isotachophoretic migration with the broadest samples and 

gradients (data not shown) is expected due to alteration of the migration rate 

in both electrode solutions when both the anolyte and the catholyte are 

titrated with ammonium hydroxide and formic acid, respectively (Figure 22C 

and D). In both cases, a small change in the catholyte pH (8.9 to 8.1) does not 

have any significant effect on the shape of the analytes. 
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Figure 22. Computer predicted distribution of all samples (black lines) after 0, 2.5, 5.0, 10 and 25 minutes of power application. Panel A 
corresponds to the case of Figure 21A, whereas panel B shows a simulation with a catholyte of pH 11.0 and an anolyte of pH 5.0. Panel C 
presents the focusing using a pH-adjusted catholyte at pH 8.9 and an anolyte at pH 5.0. Panel D depicts the run with electrolytes that were 
both titrated with the opposite electrode solution to reach pH 8.1 (catholyte) and pH 5.0 (anolyte). Adjusted pH values of the electrolyte 
solutions are displayed at the top of each panel. The positions of the analytes in panel A are marked with arrows and labelled with their 
pI values. Carrier ampholytes with pI values between 6.00 and 8.00 are depicted as cyan lines at the initial time point. EOF input is 
reduced to zero. The cathode is to the right. 
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4.3.2.2 pH adjustment of electrolytes in simulations using 7.00-9.00 pH 

gradient 

In order to inhibit the formation of a pure water zone at the neutral point, 

20–20 additional carrier ampholytes with decreasing concentrations were 

placed at the edges of the main 7.00–9.00 pH gradient. This kind of 

configuration was presented in the previous section 4.2.2. The second group 

of computer predicted distributions are shown in Figure 23, Figure 24 and 

Figure 25 comprising a 7.00–9.00 pH gradient between titrated electrolytes. 

The pH of the catholyte was titrated to 10.8, 10.3, 9.8, 8.9, 8.1, whereas the 

pH of the anolyte was adjusted to 5.0 in certain cases. 

 

Theoretically, the same behaviour is expected in each case of simulations 

comprising 7.00–9.00 pH gradients (Figure 23, Figure 24, and Figure 25). The 

pH-adjustment of the catholyte, anolyte and both electrolytes results in the 

same alteration of migration rates, therefore the same disposition of 

gradients towards catholyte, anolyte, and bidirectional movement, 

respectively, as in the previous cases. When the catholyte is titrated with 

formic acid (Figure 23B to D) samples with pI 5.3, 6.4, and 6.6, which leave 

the 7.00–9.00 pH range, gather together and form a high sharp peak. The 

analyte components are not in their isoelectric state. As in the previous 

simulations, with increasing acid concentration in the catholyte, the 

compression and migration towards the cathode of the pH gradient increases. 

This is more pronounced after the fifth minute. 
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Figure 23. Computer predicted focusing of seven amphoteric dyes (black lines) after 0, 2.5, 5.0, 10 and 25 minutes of separation using (A) 
100 mM ammonium hydroxide (pH 11.0) and 50 mM formic acid (pH 2.5) as anolyte and catholyte, respectively; and (B) anolyte pH 10.8 
and catholyte pH 2.5. Panel C depicts the configuration using an anolyte pH of 10.3 and a catholyte pH of 2.5, whereas panel D shows the 
simulation with anolyte pH 9.8 and catholyte pH 2.5. Adjusted pH values of the electrolyte solutions are displayed at the top of each panel. 
The positions of the analytes in panel A are marked with arrows and labelled with their pI values. Carrier ampholytes with pI values 
between 7.00 and 9.00 are depicted as cyan lines at the initial time point. EOF input is reduced to zero. The cathode is to the right.
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Figure 24. Computer simulated distribution of seven carrier ampholytes (solid black lines) after 0, 2.5, 5.0, 10, and 25 minutes. Panel A 
shows the configuration using 100 mM ammonium hydroxide (pH 11.0) and 50 mM formic acid (pH 2.5) as anolyte and catholyte, 
respectively. Panel B depicts the simulation setup with 100 mM ammonium hydroxide (pH 11.0) and 50 mM formic acid adjusted to pH 5.0 
with 100 mM ammonium hydroxide as catholyte and anolyte, respectively. Panel C presents a run with pH 8.9 catholyte and pH 5.0 anolyte, 
whereas panel D shows a simulation using a catholyte of pH 8.1 and anolyte of pH 5.0. Adjusted pH values of the electrolyte solutions are 
displayed at the top of each panel. The positions of the analytes in panel A are marked with arrows and labelled with their pI values. 
Carrier ampholytes with pI values between 7.00 and 9.00 are depicted as cyan lines at the initial time point. Other conditions are the same 
as for Figure 23. EOF input is reduced to zero. The cathode is to the right. 
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When the anolyte is titrated with ammonium hydroxide (Figure 24B to D), 

the same situation is observed as in the case of Figure 22B to D — we expect 

anodic migration when the anolyte contains added basic titrants (Figure 

24B), and bidirectional movement when both of the electrolytes are pH 

adjusted (panel C and D). It seems that only altering the pH range (from 6.00–

8.00 to 7.00–9.00) has no impact on the mechanism of analyte movement in 

the titrated configurations. 

 

Separation gradients with different, pH-adjusted catholytes after 10 minutes 

of power application are presented in Figure 25. It is clearly illustrated that 

the system with one-component anolyte and catholyte shows a separation in 

which the samples achieve their isoelectric state, and analytes with pI 7.2, 

7.9, and 8.6 focus within the gradient. Other sample components (pI 5.3, 6.4, 

6.6, and 10.4) migrate isotachophoretically between the gradient and the 

electrode solution (Panel A, bottom). The increased appearance of formic acid 

in the cathodic region seems to have a compressing effect on the length of the 

separation gradient and the plateau concentration of the carrier ampholytes. 

In addition, stepped isotachophoretic zones with sample components are also 

compacted and analytes outside the gradient become much sharper, as in the 

previous separation (Panel A, second to fourth separation from bottom). A 

hash (#) marks the gap with decreased concentrations due to the memory 

effect of sandwich sampling. Panel B shows the pH profiles and compactness 

of each 7.00–9.00 pH gradient. 
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Figure 25. Computer predicted separations using pH-adjusted electrolytes after 10 
minutes of power application. Panel A shows carrier ampholytes forming 7.00–9.00 
pH gradients represented as dark grey lines, sample components (y-axis scale to the 
left) depicted as red lines and electrolytes (y-axis scale to the right) drawn as blue 
lines. Panel B depicts pH profiles of each simulation. EOF input is reduced to zero. 
Other conditions are identical with those in Figure 23. The cathode is to the right. 

The pH properties of the narrow pH gradient are not shown to have any 

essential impact on the width, speed, or shape of the analytes. It is observed 

that the focusing gradient of the separation with one-component anolyte and 

catholyte (Figure 25A, bottom graph) is much broader than in the simulation 

using pH-adjusted electrolytes. With increasing of formic ion concentration at 

the cathode, the gradient becomes more compressed and the migration 

behaviour of the sample components changes. This is clearly shown in Figure 

25A from the bottom to the top and in Figure 25B. 
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5 Discussion 

 

5.1 Computer simulation of different sampling strategies for 

capillary isoelectric focusing 

 

Various sample introduction schemes and isoelectric focusing of seven 

analytes and 101 carrier ampholytes with a uniform pI distribution (ΔpI = 

0.08) forming a pH gradient of 3.00–11.00 between a 20 mM catholyte (NaOH) 

and 10 mM anolyte (phosphoric acid) were investigated using computer 

modelling. Simulations were performed at a constant voltage of 1000 V and a 

constant cathodic endosmotic flow of 100 µm/s.  

In the sampling strategy where the analytes and the carrier ampholytes were 

applied in a homogenous mixture, a transient double-peak approach to 

equilibrium is predicted. In all of the other cases, where the samples were 

placed as a short zone within the initial ampholyte zone, sandwiched (in 

absence of carrier ampholytes) between zones of carrier ampholytes, or 

introduced before or after the initial carrier ampholyte zone, the separation 

of the analytes is observed to be much faster than the separation of the carrier 

ampholytes. When sample injection occurs at the anodic end or at the anodic 

side as a short zone in the presence or absence of carrier components, the 

separation procedure is considered as a cationic process. An anionic process 

is expected in the opposite case, where samples are placed as a short zone at 

the cathodic side or cathodic end of the ampholyte zone. A mixed process 

occurs when analytes are positioned as a short zone in the presence or absence 

of the ampholytes in the centre of the initial arrangement of carrier 

ampholytes. The character of the process depends on the environment (pH) 

and the properties (pI) of the molecule ion. Simulations undertaken with 

gradients that commenced with pI 7 carrier component, samples with pI> 7 

behave as cations and pI<7 analytes behave as anions. The separation process 

of the seven analytes is completely different to the double-peak approach 
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observed where separation commences with a uniform mixture of samples 

and carrier ampholytes. Separation occurs in a transient environment formed 

by the concomitant accumulation of acidic and depletion of basic carrier 

ampholytes (Figure 11A), thereby forming a pH gradient between 

approximately pH 3 and pH 7 (solid dark green line in Figure 11B).  

The developed pH and electric field patterns are very similar for the four 

sampling methods, as clearly illustrated in Figure 12A (1.0 min distribution). 

However, sample injection as a short zone within the ampholyte area has an 

impact on the peak height and concentration of the carrier ampholytes.  

Although the simulation operates with 101 carrier components, sandwich 

injection produces a gap with a relatively low number of carrier ampholytes 

in this region, which can be considered as a hot spot in the electric field 

pattern and has a deleterious effect (panel B in Figure 14). This phenomenon 

occurs as a result of the lower concentration of ampholytes in the initial fluid 

element. This region is initially occupied by the sample and the normal 

density of ampholytes cannot be established there. Therefore, the properties 

of the region are dependent on the sample matrix; the pH gradient becomes 

flatter. This phenomenon, called “memory effect”, is unique to the sandwich 

sampling strategy (Takácsi-Nagy et al. 2012; Thormann and Kilár 2013). In 

a real focusing system, there are more components present in this hiatus 

because of the number of originally applied ampholytes.  
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5.2 The impact of the water zone on separation 

 

The character and the impact of the water zone on separation in the presence 

of seven analytes and using two-pH-unit gradients with end components 

having pI values at, below or above the neutral point (pH 7) was studied. In 

this set of simulations, 10 mM phosphoric acid 20 mM sodium hydroxide 

served as the catholyte and anolyte, respectively.  

For the best approximation to commercial mixtures of ampholytes that form 

real focusing gradients, 20–20 extra carrier ampholytes, with concentrations 

decreasing by 20% from component to component, were placed at the edges of 

the two-pH-unit gradients used in the first set of the simulations. Simulations 

were executed at a constant current density and at a constant cathodic EOF 

of 100 µm/s. 

 

5.2.1 Narrow pH gradients that allow the formation of a water zone 

located at pH 7 

Six simulation configurations with two-pH-unit gradients were studied using 

a constant current density of 100 A/m2 and constant electroosmotic flow. 

Figure 16 shows setups with pH ranges of 5.00–7.00, 7.00–9.00, 4.80–6.80, 

6.80–8.80, 5.20–7.20 and 7.20–9.20 after 10 minutes of power application. 

Concentration distributions are shown in Figure 16A to Figure 16F, pH and 

conductivity profiles are plotted in panels G, H and I, J, respectively. 

Simulation data reveal that the zone of pure water develops during focusing 

when the pH gradient established by the carrier ampholytes does not cover 

the neutral region, when it ends at pH 7.00 or when it begins at pH 7.00. In 

the case of a gradient terminating below or at pH 7.00, the evolution of the 

water zone is visible on the cathodic side of the pH range. A water zone on the 

opposite, anodic side is expected when the applied pH gradient begins at or 

above pH 7.00. No water zone is predicted when “good” carrier components 

cover the neutral region. Moreover, water zones are also formed in the 
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presence of sample components that migrate outside of the focusing gradient. 

These components form ITP zones that migrate behind the leading 

components of the electrode solutions, namely the cation of the catholyte 

(components with pI > 7) or the anion of the anolyte (pI < 7). 

Two 7.00–9.00 pH configurations are presented after 10 minutes of power 

application, in which different applied current densities were chosen and 

analysed (Figure 17). The data depicted are for 10 minutes of power 

application at constant current densities of 200 A/m2 (Figure 17A) and 100 

A/m2 (Figure 17B).  

At the higher current density (200 A/m2), the separation is at a more advanced 

stage because the doubled amount of Coulombs were flown through the 

column, compared to 100 A/m2. This effect is clearly seen not only in the 

length of the formed water zone, but also in the number of edge components 

migrating from the cathodic end of the gradient (nine and four components 

form the isotachophoretic decay structure in the cathodic part of the gradient 

in Figure 17A and B, respectively). The region of the initial sample zone (gap) 

that was placed between zones of carrier ampholyte is more pronounced in 

the case of the higher current density. This gap is characterized with a 

smaller carrier ampholyte concentration and a shallower pH gradient 

(Takácsi-Nagy et al. 2012). 

Furthermore, the current density has an impact on the shape and peak 

heights of analytes and overall components focused during the simulation. 

We expect the concentrations of all amphoteric compounds to be elevated and 

the peaks to be sharper with less overlap. However, the increased current has 

no effect on the plateau concentrations of the ITP zones, but their boundaries 

become sharper (panels A and B in Figure 17). These characteristic 

phenomena of ITP are well known (Mao et al. 2000; Mosher and Thormann 

2002; Thormann and Mosher 2006; Thormann et al. 2007). 
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5.2.2 Narrow pH gradients with more realistic ampholyte distribution 

Configurations with added edge components were studied using computer 

simulations. Data obtained from these simulations show the absence of a 

water zone in the presence of edge components.  

Other carrier, “edge” components with continuously decreasing 

concentrations on both sides of the main carriers were applied in order to 

mimic commercial mixtures of ampholytes, which are generally used for 

capillary isoelectric focusing. It was shown that the presence of additional 

carrier ampholytes in small amounts prevents the formation of the water zone 

and reduces the conductance gap, as they cover the neutral region. The added 

compounds act as isotachophoretic spacers between the focusing gradient and 

the electrolyte solutions or the ITP zones of amphoteric sample components 

with pI values outside the pH gradient or other ions. 

It is important to note that the total number of carrier ampholytes (main 

gradient components and edge components) used in this simulation is still 

much lower than the number of carriers in experimental studies using 

commercial ampholytes. Still, this approximation reflects the reality of 

commercial narrow range carrier ampholytes and gradients commencing or 

ending at pH 7.00, and they can be used in cIEF without any additional or 

edge components to bridge the electrolytic gap and hot spot. 

 

5.2.3 Impurities – The effect of atmospheric carbon dioxide on cIEF 

The effect of atmospheric carbon dioxide on isoelectric focusing was studied 

in this set of simulations. Configurations comprising the pH ranges 5.00–7.00 

and 7.00–9.00 were resimulated with 1 mM carbonic acid added into the 20 

mM sodium hydroxide catholyte. 

It was found that carbon dioxide dissolved and converted to carbonic acid in 

catholyte at high pH might have an impact on the established zone structures. 

The composition of the acidic agent is dependent on the pH environment — 

we find carbonate ions in the catholyte, hydrogen carbonate behind the 
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phosphoric acid, or both, as shown in Table 1. Simulation predictions 

illustrate the presence of carbonic acid throughout all zones between the 

catholyte and anolyte and the formation of a zone of increasing length behind 

the anolyte. Furthermore, the added carbonic acid in the system acts as a 

counter ion, mobilising the carrier ampholyte components on the cathodic 

side, and preventing the formation of pure water zone. This process is very 

similar to the process of electrophoretic mobilisation, where anions are added 

to the catholyte (Thormann and Mosher 2008), which can be considered as a 

contributor to cathodic drift. The formed ITP zone of the pI 7.00 carrier 

ampholyte reaches a relatively high concentration (1.286 mM), which also 

contains carbonic acid at a concentration of 2.32 µM, and therefore its pH 

becomes 6.9937 and its conductivity is 0.3276 mS/m. The carbonic acid 

concentrations in the anionic ITP structure formed by the pI 5.00 to 5.04 

carriers are between 0.106 and 0.114 mM and no significant impact on the 

pH or conductivity is predicted for this side of pH gradient. This behaviour is 

comparable to the situation in anionic ITP at alkaline pH (Thormann and 

Mosher 2006; Thormann et al. 2007).  

The amount of the acidic component in the catholyte has an obvious effect on 

the concentration of carbonic acid in the focusing part and in the ITP zones. 

A concentration of less than 1 mM carbonic acid in the system besides the 

catholyte produces lower amounts of acid in the overall pattern and occurs in 

shorter zones behind the anolyte. Conversely, carbonic acid applied above 1 

mM results in a higher concentration in the focusing part and ITP zones, and 

produces a larger region behind the anolyte. 

However, the number of carrier components taking part in the formation of 

the ITP structure becomes reduced in the presence of carbonic acid in the IEF 

system. This is clearly shown in Figure 19A and Figure 16A (two vs. four 

components in the ITP zone, at the same current density). Still, carbonic acid 

has no impact on the migration rate of the anolyte boundary. These effects 

are in good agreement with the experiences of Hirokawa et al. in studying 

anionic ITP at high pH (Hirokawa et al. 1991). 
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5.3 The impact of the electrolyte properties on separation  

 

Alteration of the electrode solutions had no essential effect on the focusing 

part of the separation. Both the migration rates of the ITP boundaries and 

the plateau concentrations of the migrating ITP zones are dependent on the 

properties of the electrolytes used in the separations (Takácsi-Nagy et al. 

2017). There is no significant difference between the focusing part of the two 

simulations or the migration of the sample components. Five analytes (pI 5.3, 

6.4, 6.6, 7.2, and 7.9) focus within the pH range and samples with pI 8.6 and 

10.4 behave as expected and migrate anionically outside the 4.00–8.00 pH 

gradient, which is in agreement with previous findings (Thormann and Kilár 

2013). 

 

Samples sandwiched between 100 mM ammonium hydroxide and 50 mM 

formic acid, which serve as the catholyte and anolyte, respectively, reach their 

isoelectric positions, and good performance in isoelectric focusing is predicted 

(Figure 21A). The IEF separation mechanism and the distribution of the 

analytes behave very similarly to previous simulations comprising 7.00–9.00 

pH gradients.  

Data obtained from simulations with pH-adjusted electrolytes show that 

gradual titration of the catholyte with the anolyte results in a migration 

change of all components in the gradient. When the solution of ammonium 

hydroxide is titrated with the anolyte, formate ions migrate from the 

catholyte through the entire separation space into the anolyte, where they 

accumulate, similar to the carbonate ions added to the catholyte discussed in 

Section 5.2.3. All carrier and sample components possess a partial net positive 

charge that forces that they migrate electrophoretically towards the cathode 

under the influence of the applied electric field. The nature of the separation 

is rather isotachophoretic than isoelectric and the shape of the analytes 

becomes rather broad, as previously described (Chartogne et al. 2002). This 
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phenomenon is more pronounced with increasing amounts of formic acid in 

the catholyte.  

Although the data presented here describe a cathodic electrophoretic 

mobilisation, all conclusions reached are valid also for mobilisation towards 

the anode. The same migration mechanism is predicted when the anolyte 

contains the ions of the catholyte — the analytes become negatively charged 

and migrate as isotachophoretic zones towards the anolyte. This could be 

interpreted as a chemical mobilisation, where electroneutrality inside the 

capillary is not achieved because of the presence of formate ions in the 

catholyte. This is in good agreement with previous studies (Hjertén, Liao, et 

al. 1987; Thormann and Mosher 2006; Thormann et al. 2007). If both 

electrolytes are altered, the character of the ITP migration of the analyte 

zones is bidirectional and their shape becomes more expanded.  

Both the migration rates of the ITP boundaries and the plateau 

concentrations of the migrating ITP zones are dependent on the properties of 

the electrolytes used in the separation (Takácsi-Nagy et al. 2017). 
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6 Thesis points 

 

1. Comparing sampling strategies, when the sample is introduced as a 

short zone within or adjacent to the carrier ampholytes, the migration 

of analytes is faster than the migration of carrier ampholytes. This 

separation and focusing is predicted to proceed as a cathodic, anodic, 

or mixed process. After the initial separation, analytes continue to 

separate and reach their focusing locations. This is completely different 

from the double-peak approach to equilibrium observed in the case 

where samples and ampholytes are applied as a homogenous mixture. 

 

2. Sequential injection setups offer new possibilities in the application of 

ampholyte zones that do not cover the pIs of the analytes. Simulations 

performed with various injection modes suggest that sample placed at 

the anodic side or at the anodic end of the initial pH gradient are the 

favourable configurations for capillary isoelectric focusing.  

 

3. Sandwich sampling results in a gap in the focusing column, as the 

concentration of the carrier ampholytes will be relatively lowered 

where the sample occupies the initial position of carrier ampholytes. 

As a result of this phenomenon, the pH gradient is flatter, and the 

region is likely to represent a conductance gap (hot spot) that could 

have deleterious effects. This is completely different to the other 

injection methods. 

 

4. Characteristics of narrow, two-pH-unit gradients ending or beginning 

around pH 7.00 were studied, allowing the evaluation of the zone of 

pure water. A water zone formed on the cathodic side of the gradient is 

expected when the pH range ends below or at pH 7.00, whereas a water 

zone on the anionic side is observed when gradient begins at or above 

pH 7.00. No water zone is expected when the components of the 
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established gradient cover the neutral zone. This case is very similar 

to the simulations using added “edge” carrier components with 

gradually decreasing concentrations at the edges of the pH range, 

which mimic commercially available ampholyte mixtures used for 

cIEF, having no sharp discontinuities at the gradient edges. 

 

5. The length of the water zone is dependent on the applied current 

density and the duration of power application. It increases as the 

amount of Coulombs applied increases and as the power application is 

prolonged. Furthermore, impurities, such as atmospheric carbon 

dioxide converted to carbonic acid in the catholyte or other salts, 

influence the evolution of the pure water zone. Although carbonic acid 

has no significant effect on the conductivity or pH profiles, amphoteric 

sample components of pI 7.00 and below become electrophoretically 

mobilised towards the cathode.   

 

6. Different electrode solutions, acids and bases, used as anolytes and 

catholytes, respectively have no significant impact on the focusing part 

of the separation, but the isotachophoretic structures and plateau 

concentrations on either side of the pH gradient are dependent on the 

properties of the electrolytes. Simulationa also revealed that pI 7.00 

ampholyte and carrier components with pI values below 7.00 on the 

cathodic side become electrophoretically mobilised and form 

isotachophoretic zones that migrate towards the cathode. 

Gradually altering the pH of the catholyte by adding formic acid 

induces an electrophoretic migration of all components towards the 

catholyte; the shapes of analytes become broader, and the gradient 

more compressed. Migration of all compounds in the opposite direction 

is expected when the anolyte is titrated with ammonium hydroxide. 

Analytes with bidirectional migration and enlarged gradients are 

observed when both electrolytes are pH-adjusted. 
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