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Summary

This review gives a survey of selectivity modes in capillary electrophoretic

separations in pharmaceutical analysis and bioanalysis. Despite the high

efficiencies of these separation techniques, good selectivity is required to

allow quantitation or identification of a particular analyte. Selectivity in

capillary electrophoresis is defined and described for different separation

mechanisms, which are divided into two major areas: 1) capillary zone

electrophoresis, and 2) electrokinetic chromatography. The first area

describes aqueous (with or without organic modifiers) and non-aqueous

modes. The second area discusses all capillary electrophoretic separation

modes in which interaction with a (pseudo) stationary phase results in a

change in migration rate of the analytes. These can be divided in micellar

electrokinetic chromatography and capillary electrochromatography. The

latter category can range from fully packed capillaries, via open tubular

coated capillaries to the addition of microparticles with multiple or single

binding sites. Furthermore, an attempt is made to differentiate between

methods in which molecular recognition plays a predominant role and

methods in which the selectivity depends on overall differences in

physicochemical properties between the analytes.

The calculation of the resolution for the different separation modes

and the requirements for qualitative and quantitative analysis are

discussed. It is anticipated that selectivity tuning can be easier in separation

modes in which molecular recognition plays a role. However, sufficient

attention needs to be paid to the efficiency of the system in that it not only

affects resolution but also detectability of the analyte of interest.

2.1 Introduction

Selectivity is one of the key parameters in separation sciences. Without

good selectivity, it is cumbersome to achieve accuracy, precision and

linearity. Selectivity expresses the ability of an analytical method to

distinguish analytes from each other. If the response of an analyte (A) can

be distinguished from the responses of all other compounds in the sample,

the method is said to be selective for this analyte [1]. WELAC defines
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selectivity as the extent to which a particular analyte can be determined in

a complex mixture without interference from other components in the

mixture [2]. Specificity can be defined as the ultimate degree of selectivity:

The response for an analyte can be distinguished from that of any other

compound, i.e. this analyte alone is responsible for the signal that is

measured [3]. The latter definition of specificity implies that the term can not

be graded: a method can not be more specific than another method, one

should only speak of a more selective method. Persson et al. [4,5]

suggested that for methods in which antigen-antibody reactions are used,

an appropriate term would be ‘group selectivity’, because of the often

present cross reactivity. Likewise, the latter term can also be used in

receptor assays [6].

When it comes to the definition of selectivity the international

organizations seem to be unanimous, but when it comes to the definition of

specificity, there seems to be a difference of opinion. According to the

survey made by Vessman [7], the IUPAC definition of specificity is supported

by WELAC, but seems to be unacceptable for the ICH. The ICH defines spe

cificity as the ability to assess unequivocally the analyte in the presence of

components, which may be expected to be present. Typically, these might

include impurities, degradants, metabolites, matrix constituents, etc. Lack of

specificity of an individual analytical procedure may be compensated by

other analytical procedure(s) [8].

In qualitative analysis, selectivity can refer to the extent to which

other substances interfere with assessing the presence of a given analyte. In

quantitative analysis selectivity should refer to the extent to which the

amount of a given analyte present in the sample can be determined

correctly without the interference of other substances.

In pharmaceutical analysis, selectivity is demonstrated by testing

mixtures of inactive excipients, drug degradation products and, if

appropriate, synthetic precursors or side-products. In bioanalysis selectivity is

usually demonstrated by the separation of the analyte under study from

matrix components, metabolites and/or structurally related substances.

However, the selectivity in both pharmaceutical analysis and bioanalysis

should be such that correct analytical results are obtained either qualitative

or quantitative or both. The procedure to obtain a full validation report has

been described in detail in the literature [1,9,10].
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Since the initial studies by Tiselius, starting in 1925 for his PhD thesis on

the development of free moving boundary electrophoresis, the basic

concern in electrophoresis studies has been to increase the poor resolutions

due to zone broadening caused by convection currents and by molecular

diffusion. The resolution is usually expressed as Rs  (see section 3). Another

term, which is used in relation to resolution, is efficiency, usually expressed as

the theoretical plate numbers. The theoretical predictions made by

Giddings [11] could not be established (i.e. N >400000), although stabilizers

minimized the problem of convection. After optimization of the technique

by Hjertén in 1967 [12] with his rotating tube, Everaerts et al. (1970) [13] and

Virtanen (1974) [14] introduced the stabilizing “wall effect” by using thin

tubes (i.e. either Teflon or glass tubes) as a separation chamber. The wall of

the tube acts with the viscosity of the liquid to counteract flow, leading to

an increase in efficiency, i.e. minimizing zone broadening. The latter is

proportional to the diameter of the tube and due to the increased surface-

to-volume ratio. Furthermore, the strength of CZE is that the efficiency is

governed by the B-term of the Van Deemter equation (H=Au1/3 +B/u + Cu),

i.e. the plate heights are only dependent on longitudinal diffusion, because

of the absence of a stationary phase (C-term: mass transfer) and because

of the flat profile of the flow due to a uniform distribution along the capillary

(A-term: Eddy diffusion). Once Giddings’ predictions for the very high

efficiencies, which are without doubt still the driving force of CE, were

confirmed in practice by Jorgenson and Lukacs [15], CE experienced a

revival and another important issue, the enhancement of the selectivity in

CE, expressed as α, became a major field for exploration.

In a recent report on the non-chiral separation of some structurally

related phenothiazines by CDs with CE, we have shown that the resolution

in such a system can be readily tuned by changing the selectivity via the

addition of complex-forming agents [16] as shown in Fig.2.1. Another

possibility in tuning selectivity is visualized in Fig 2.2, showing an

electropherogram of a non-baseline separation of the analyte (A) and a

matrix component (M). The idea is to move analyte (A), by addition of, for

instance, complex-forming agents, to a position, where it does not interfere

with M and M1. The use of, for instance, organic solvents for this purpose

would lead to a general extension of the separation window and although
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it may be possible to obtain full baseline separation, the undesirable

consequence may be that the migration times will be increased extensively.

This chapter will give a review of the approaches to obtain, enhance and

tune selectivity in capillary electrokinetic separations. In analogy with the
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Figure 2.2. Non-baseline separated electropherogram. The analyte-ion is depicted as
(A) and the major matrix peak is depicted as (M). The enlarged part of the figure
shows the idea of the tuning of the selectivity without substantial altering of the
migration-time of the other peaks.

Figure 2.1. Electropherograms of the separation of the phenothiazines at 15.5 ºC
without (a) and with (b) the addition of cyclodextrins to the run-buffer. Modified
from Ref. [16].
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general definition of selectivity, selectivity in CE can be defined as the

extent to which the analyte under study can be assessed in a complex

mixture without interference from the other components in the mixture,

obtained by a difference in mobility between the solutes under the

influence of an external electrical field.

2.2 Selectivity principles

Basically, selectivity in CE is obtained by differences in mobilities of the

solutes dependent on their charge (q) and radius (r) and the viscosity of the

medium (η). The mobility, µe , of a solute i in CE can be expressed as:

r

q
ie ηπ

µ
6, = (1)

One of the primary factors in controlling the mobility is the (partial) charging

of the analyte (Eq. 1), which is in most cases a direct consequence of the

pH of the running buffer. Exceptions are, for instance, the quaternary

ammonium compounds. This implies that the following properties of the

running buffer are important: (1) the buffer capacity has to be satisfactory

and should provide the pH range of choice; (2) there should be low

absorbance at the detection wavelength; (3) the ionic strength should be

as low as possible, in order to minimize Joule heating [17].

The velocity of a solute under the influence of an external electrical field (E)

and the presence of an EOF can be given by

Ev eofiei )( , µµ += (2)

where µeof is the electro-osmotic ‘mobility’. The latter is dependent on the

properties of the run-buffer (viscosity:η and dielectric constant:ε) and the

potential between the stationary and the mobile layer on the capillary wall,

called the ξ (zeta)-potential:

µeof=εξ/η (3)
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Altering the pH of the buffer solution will imply a change in the EOF.

However, it should be kept in mind that the mobility of an analyte is a

characteristic of the individual solute and, therefore, the EOF is not

responsible for changes in selectivity, only in migration time and resolution.

Nevertheless, a change in resolution could imply that an adaptation of the

method is necessary. The selection of the buffer solution has been identified

by several authors to have a minor effect on selectivity [18-20]. Equation (2)

shows that increasing the applied electric field will lead to a general

reduction in migration time of the analytes. The mobility of the analyte and,

therefore, the selectivity of the system will not be changed, but the

efficiency can be substantially improved [15,21], because the analysis time

can be reduced, diminishing the longitudinal diffusion.

Since the renewed introduction of capillary electrophoresis in the

beginning of the 1980’s, the selectivity in a CE system was often improved

by the use of additives. Basically, there are a few methods that can be

distinguished on the basis of their separation mechanism as extensively

reviewed in the literature [17,22-26].

We can divide the use of CE as a separation technique for

bioanalysis and pharmaceutical analysis into two major fields of exploration:

1) the separation of large macrobiotic molecules like DNA fragments, oligo-

peptides, large peptides and proteins, 2) the separation of smaller

molecules like drugs, drug degradation products, synthesis impurities, matrix

components, metabolites and/or structure related substances. For the first

area, the use of CGE seems to be mandatory, because the separation is

mainly based on the sieving effect of the gel that is either bound to the

capillary wall or present as a removable liquid gel in the capillary. In this

review we will limit ourselves to the separation of smaller molecules and we

divide the different mechanisms into two major modes:

• Capillary zone electrophoresis (section 2.2.1)

• Electrokinetic chromatography (section 2.2.2)

In section 2.2.3 selectivity enhancement using combinations of the

mentioned electrophoretic modes is discussed.
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2.2.1 Capillary zone electrophoresis

2.2.1.1 Aqueous systems
The mobility of the analyte is strongly dependent on the choice of the

electrolyte system as can be seen from Eqs.(1,2 and 3). The most basic

method of CE, strictly based on the electrophoretic properties of the

analyte and the buffer solution, is capillary zone electrophoresis (CZE). Three

other modes, based on the same electrophoretic principles but differing in

the choice of the electrolyte system, are 1) capillary moving boundary

electrophoresis; 2) capillary isotachophoresis, and 3) capillary isoelectric

focusing. In this section we shall focus on the common principle of the four

modes: the characteristics of the buffer-solution, i.e. the pH and the ionic

strength.

The most widely used aqueous buffer-solutions in CE are phosphate

(pH 1.1-3.1 and pH 6.2-8.2), acetate (pH 3.8-5.8), borate (pH 8.1-10.1) and

zwitterionic buffers, such as 2-(N-morpholino) ethane sulfonic acid (MES, pH

5.5-6.7) and tris [hydroxymethyl-aminomethane] (Tris, pH 7.3-9.3) [27].

Selectivity in an electrophoretic system is obtained by many factors, such as

the degree of ionization of the analytes, the influence of cations and anions

in the electrolyte on the electromigration of the analytes, the ionic strength

of the electrolyte, the effect of pH and the addition of organic solvents to

the electrolyte. The influence of the buffer anions, which may affect the

current, the heat generated, the interaction of analytes with the wall of the

capillary, as well as the mobilities of the ions, is shown in Fig 2.3. The

presence of phosphate in the electrolyte solution results in a better

separation. The authors suggested that the latter was a result due to its

stronger interaction with the silica surface of the capillary wall, but it may be

that another explanation could be the interaction of the phosphate with

the analyte.

Cations seem to influence the migration behavior only due to their size [28].

The effect of the ionic strength or concentration of the buffer-solution on

the selectivity and efficiency has been extensively described [28-30]. The

ionic strength is strongly determined by the concentration (c) of ion i and

the charge (z) of the ion. The observed current is proportional to the ionic

strength of the electrolyte for a given applied voltage, which can lead to

severe peak broadening due to the effect of Joule heating. Furthermore,
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the peak efficiency is observed to decrease when the ionic strength of the

sample is increased which is supposed to be explained in terms of the ratio

of sample electrolyte concentration to carrier electrolyte concentration

[21]. Issaq et al. [28] derived the following expression for the dependence of

electrophoretic mobility on concentration:

CZ

e
ep η

µ
710.3

≅     (4)

Here, e is the excess charge in solution per unit area, Z is the charge of the
ion, η is the viscosity of the solution and C is the buffer-concentration.

Figure 2.3. CE of recombinant human erythropoietin (r-HuEPO) in free
solution. A) pH=4.00 , 100mM CH3COONa-CH3COOH; B) pH=4.00, 100mM
CH3COONa-H3PO4; C) pH=4.00 , 100mM CH3COONa-H2SO4. Experimental
conditions as described in Ref [21].
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Changing the buffer pH will influence the ionization of the analytes

depending on their pKa values and therefore influence the electrophoretic

mobility of the ion, implying a change in selectivity (Eq. 1). Often optimum

resolution for compounds with approximately the same pKa value is at a

pH, near that pKa value [31,32].

Sarmini and Kenndler [33] investigated the effect of organic solvents (often

referred to as organic modifiers) added to the run-buffer in CE. Common

organic solvents like methanol, ethanol, propanol, acetonitrile,

tetrahydrofuran, dimethylsulfoxide, formamide, N-methylformamide, N,N-

dimethylformamide and acetone may increase the solubility of analytes

when they are poorly soluble in pure aqueous buffer solutions. More

important is their ability to enhance selectivity by influencing the effective

mobility of the analytes and the mobility of the EOF. Also, organic solvents

may influence the pKa value, especially of weak electrolytes. Furthermore,

organic solvents are known to reduce the EOF, which may result in a better

Figure 2.4. Effect of methanol on the separation selectivity of four
inorganic anions. A) pure aqueous; B) 15% (v/v) MeOH. Experimental
conditions as described in Ref [34].
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resolution, but it will consequently lead to a strong increase in analysis time.

Sarmini and Kenndler [33] summarized selectivity enhancement in CE by

adding organic solvents to the aqueous buffer for several anions, cations,

pharmaceuticals, amino acids, peptides, proteins, polyethers and inorganic

ions. Figure 2.4 shows the effect of methanol on the separation selectivity of

four inorganic anions.

2.2.1.2 Non-aqueous capillary electrophoresis (NACE)
Non-aqueous CE appears to be a promising mode and will be discussed

below. Walbroehl and Jorgenson [34] were the first to describe that CE was

not limited to separations in aqueous solutions. They performed separations

in acetonitrile-based buffers. The performance of electrophoresis in non-

aqueous solvents makes it necessary to add ionic species (e.g. magnesium

acetate) to warrant an electric current through the system. The latter

implies that only those organic solvents can be used in CZE that are able to

dissolve salts. An exception to this rule is when the solvent has the ability to

perform autoprotolysis. Both types of solvents, however, should be able to

solvate charged analytes. In an overview on CE in non-aqueous media,

Valkó et al. [35] indicated that the dielectric constant and the background

electrolyte viscosity are parameters which affect the electrophoretic (µep)

and electroosmotic (µeof) mobility (i.e. µep=2εζion / 3η and µeof=εζwall /η,

respectively): where ε is the dielectric constant, ζion is the zeta potential of

the analyte ion and ζwall is the zeta potential of the capillary wall. The higher

the ε/η ratios, the faster the electrophoretic migration and EOF. Jansson

and Roeraade [36] derived an equation for the efficiency of the separation

in organic solvents,

 2
0

2 )()32( E
T

r

t

N
rwallion εεξξ

ηκ
−∝ (5)

where κ is the Bolzmann constant. They showed that especially high ε2/η
values of the solvent would lead to high efficiencies. In Table 2.1 the

physicochemical parameters of some selected organic modifiers and water

are summarized. From the table it can be seen that according to the



Chapter 226

parameter suggested by Jansson and Roeraade, N-methylformamide

would be the solvent of choice. In Fig. 2.5 Valko et al. showed the superior

effect of N-methylformamide in the separation of dansyl-glutamic acid

enantiomers. Although CE will mainly be used with aqueous solutions, the

use of organic solvents as background electrolyte might have applicability

in the separation of (in)organic ions, peptides, pharmaceuticals,

surfactants, polyethers, porphyrin monomers and porphyrin oligomers, as

mentioned by Bowser et al. [38]. They also described solvent-solvent and

solvent-analyte interactions (e.g. solvent strength, solvophobic interaction;

electrostatic interactions; donor-acceptor interactions; analyte-additive

interactions) in non-aqueous CE and pointed out that solvophobic

interactions in organic solvents are much weaker than in water, implying

that additives binding primarily through the latter are only useful in solvents

with high cohesian energy densities.

Furthermore, they addressed the rather complicated analyte-additive

interactions due to the strong ion-ion, ion-dipole and dipole-dipole

interactions in organic solvents. Despite the fact that organic solvents can

increase the selectivity in capillary electrophoresis, the sensitivity can be

decreased substantially, due the high UV absorbance of the various

organic solvents.

Table 2.1. Some physicochemical parameters of frequently used organic
solvents in non-aqueous CE [37].

Solvent η ε ε/η ε2/η

Water

Formamide

N-methylformamide

N,N-dimethylformamide

N,N-dimethylacetamide

Dimethylsulfoxide

Acetonitril

Methanol

Ethanol

0.89

3.30

1.65

0.80

0.78

2.00

0.34

0.54

1.07

80

111

182

36.7

37.8

46.7

37.5

32.7

24.6

89.9

33.6

110.3

45.9

48.5

23.4

110.3

60.6

23.0

7191

3733

20075

1683

1831

1090

4136

1980

566
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Recently, Bjornsdottir et al. [39] described the use of enantiomerically pure

(+)- or (-)-camphorsulphonates as ion-pairing reagents for the chiral

separation of cationic chiral drugs in non-aqueous CE systems.

Riekkola et al. [40] were able to separate a drug mixture using NACE

as shown in Fig. 2.6.

Figure 2.5. Effect of background electrolyte and organic solvent on the separation
of dansyl-glutamic acid enantiomers. Background electrolyte: A) 10 mM β-CD and
10 mM NaCl in formamide; B) 10 mM β-CD and 10 mM NaCl in N-
methylformamide; C) 80 mM β-CD and 10 mM NaCl in N-methylformamide.
Experimental conditions as described in Ref [138].
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2.2.2 Electrokinetic chromatography (EKC)

For reasons of simplicity, we divided this section into two major parts: (1)

micellar electrokinetic chromatography (MEKC), which can be seen to act

as a pseudo-stationary phase, and (2) capillary electrochromatography

(CEC). The latter can be subdivided into:

(2a) CEC using a normal stationary phase, either a packed column or an

open tubular column (OTCEC).

(2b) CEC with chiral selectors dispersed in the capillary liquid as a

pseudo-stationary phase, providing chiral recognition.

(2c) CEC with receptors or antibodies dispersed in the capillary liquid as

a pseudo-stationary phase, providing molecular recognition.

(2d) CEC with MIPs as a stationary or a pseudo-stationary phase,

providing molecular recognition.

Figure 2.6. Separation of a drug mixture in (A) ethanol-acetonitrile-acetic acid (50:49:1)
containing 20 mM ammonium acetate and in (B) methanol-acetonitril-acetic acid (50:49:1)
containing 20 mM ammonium acetate. Analytes: 1 amphetamine, 2 ephedrine, 3
levophanol, dextromoramide, 5 morphine, 6 hydrochlorothiazide, 7 benzoic acid, 8 meso-
2,3-diphenylsuccinic acid, 9 probenecid, 10 chlorothiazide, 11 1,2-phenylenediacetic acid,
12 ethacrynic acid. Experimental conditions as described in Ref [40].
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2.2.2.1 Micelles
Because neutral molecules can not be separated by CZE (they migrate all

with the velocity of the EOF), Terabe et al. [41] suggested using micelles to

separate such molecules. Separation of neutral molecules with anionic

micelles (e.g. SDS) is based on the principle that since SDS micelles are

negatively charged they migrate in the opposite direction of the EOF.

Neutral molecules interact with the buffer solution, acting as a mobile

phase, and with the slower moving, electrophoretically retarded, pseudo-

stationary micellar phase. Even slight differences in these interactions may

result in successful separations. Because of the resemblance with

chromatographic systems, this technique is often referred to as micellar

electrokinetic capillary chromatography (abbreviated as MECC or MEKC).

Addition of micelles may lead to a situation where the analyte dissolves in

the hydrophobic inner-part of the micelle. The retention of the solute will

increase with an increase in interaction with the micelles. Since anionic

micelles migrate to the anode, i.e. in the opposite direction of the EOF, it is

essential that the EOF of the electrophoretic system is higher than the

mobility of the negatively charged micelles. Nowadays MEKC is a well-

established separation mode in CE for the separation of neutral as well as

charged species [42-45]. Palmer [46] reviewed the use of micelle forming

polymers (e.g. poly[sodium 10-undecylenate], poly [sodium 10-undecenyl

sulphate) as stationary phases in MEKC for a variety of applications,

including the analysis of hydrophobic compounds and the application of

mass spectrometric detection. Palmer also described the use of chiral

micelle polymers, formed by modification of conventional micelles (which

are not able to separate enantiomers) with L-valine, forming, for instance,

poly [sodium undecenoyl-L-valinate]. Because micelle polymers do not

have a critical micelle concentration (CMC), the method is more robust

because it is not dependent on temperature and/or organic modifiers. The

latter is visualized in Fig. 2.7.
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Ong et al. [47] mentioned the use of mixed surfactants with different

selectivities, i.e. anionic (SDS) and cationic (CTAB) in MEKC for the

separation of  phenylthiohydantoin amino acids. Hilhorst et al. [43] used the

same two surfactants for the impurity profiling of fluvoxamine, resulting in

plate numbers above 8 x 105 per meter in the SDS system and somewhat

broader peaks, especially for the impurities, in the CTAB system.  Palmer

and Terabe [48] compared the use of SDS and poly(sodium undecenyl

sulphate) for the separation of PAHs. Their results are shown in Fig 2.8,

indicating a much better selectivity with the micelle polymer.

The migration behavior in MEKC, which is easily adapted by changing the

pH of the system, has been described by Yang and Khaledi [49] via linear

solvatation energy relationships (LSERs). The solvent-related properties of the

solutes (SP), also referred to as the logarithm of the capacity factor (k’), can

be described in terms of the solvatochromic parameters in the following

general form:

Figure 2.7. Effect of the migration time on the concentration of SDS
(dotted line) and of  polymer micelles (straight line). Changing the
migration time will affect the CMC of the SDS micelles and both slopes,
whereas there is a little change in the slope described by the polymer
micelles.
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SP (or log k’) = SP0 + mV/100 + sπ* + bβ + aα (6)

where SP (or log k’) is the solutes’ property to take part in solute-solvent

interactions, SP0 is the regression constant, V is the molar volume of the

solutes, π* is a measure of solutes’ ability to engage in

dipolarity/polarizability interactions with the solvent, β is the solutes’ basicity

and α is the solutes’ acidity. The coefficients are related to the chemical

nature of the solvent systems. For a detailed description of the terms we

refer to the original papers about the use of LSERs [49-52]. Yang and Khaledi

evaluated in their papers the capacity factors as well as solute-micelle

binding constants and concluded that the concentration of the surfactant

had a significant effect on migration factors in MEKC, which is supposed to

be due to the change in the phase ratio, although the coefficients are only

slightly varied with the change of SDS concentration. They also showed that

the migration behavior of solutes in MEKC with SDS micelles was mainly

influenced by the size (V/100) and basicity (β) of the solutes and in a minor

way by the solutes’ dipolarity/polarizability (π* ) and acidity (α). Terabe [53]

mentioned in his review on selectivity manipulation in micellar electrokinetic

chromatography that the Kraft point of the surfactant, i.e. the temperature

below which an ionic surfactant does not dissolve in water sufficiently to

reach the concentration required to form a micelle, must be lower than the

operating temperature used in MEKC. Because nowadays various modified

SDS micelles are commercially available it should be kept in mind that the

counter ion of an ionic surfactant affects its Kraft point. The latter implies

that the choice of buffer type (donating these counter ions) is crucial in the

preparation of a MEKC system.

In MEKC, different types of interactions can be distinguished: 1) the

solute is adsorbed onto the surface of the micelle by electrostatic or dipole

interaction, 2) the solute behaves as a co-surfactant by participating in the

formation of the micelle, 3) the solute is incorporated into the core of the

micelle. Recently, Quirino and Terabe [54] mentioned a 5000-fold

concentration of diluted neutral analytes in MEKC by the narrowing of

neutral analyte zones under constant electric fields. This concentration

effect is called sweeping, which is defined as the picking and accumulating

of analytes by the pseudo-stationary phase that fills the sample zone during

application of voltage.
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2.2.2.2 CEC
CEC is a combination of HPLC and CE and it is often stated that CEC has

the advantages of the high selectivity of HPLC and the high efficiency of CE

[55-57]. Selectivity is obtained by virtue of either the chromatographic

properties of the solutes (neutral species) or by both the chromatographic

and electrophoretic properties (charged species). When we have a

packed capillary or when we have a coated capillary, we speak of a

stationary phase in analogy with HPLC, when the packing material is added

as free moving particles to the background electrolyte we speak of a

pseudo-stationary phase.

Packed and coated capillaries
CEC was introduced by Pretorius et al. [58] in 1974 by applying an electrical

field to column chromatography. In 1981 Jorgenson and Lukacs [59]

performed separations on a column (I.D. of 170 µm, O.D. of 650 µm, L of 68

cm) that was packed with 10 µm packing material (ODS) using acetonitrile

Figure 2.8. Separation of PAHs in 60% methanol using SDS (A) and poly(sodium
undecenyl sulphate)(B). Peaks: 1=naphtalene; 2= diphenyl; 3=diphenylmethane;
4=fluorene; 5=phenanthrene; 6=o-terphenyl; 7=anthracene; 8=fluoranthrene; 9=pyrene;
10=m-terphenyl; 11=p-terphenyl; 12=triphenylene. Only analytes 1,7 and 9 were injected
for the SDS separation. Experimental conditions as described in Ref [48].
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as the mobile phase, resulting in the separation of 9-methylanthracene and

perylene. Efficiencies were obtained of 23000-31000 theoretical plates when

30KV was applied. Furthermore they stated that the velocity of the EOF was

independent of the size and geometry of the channels in the packing, so

that irregularities in the packing did not affect the uniformity of the flow.

In CEC capillaries are commonly packed with packing materials, like

ODS, SCX, α1-acid glycoprotein and CDs, as summarized by Altria et al. [56].

When CDs are used as packing material, separations are consequently

based on electrophoretic, chromatographic and chiral recognition and

should be referred to as chiral-capillary electrochromatography. Recently

the use of chlorotrifluoroethylene [60], octadecyl-sulfonated-silica [61,62],

polyacrylamide-modified-silica derivatives and polysaccharide-modified-

silica derivatives [63] and permethyl-beta-CD-modified silica [64], have

been described as novel packing material in CEC.  Behnke et al. [65] used

capillary columns (I.D. of 100 µm, L of 6 cm) packed with octadecylated 1.5

micron silica particles connecting a resistor capillary (I.D. of 25 µm) to the

outlet of the packed column. A different approach using fritless packed

capillaries has been described by Mayer et al. [66]. Under standard CEC

conditions, frit preparation is cumbersome, but Mayer et al. used CEC

conditions where the negatively charged particles (1.5 µm non-porous

reversed-phase particles) were retained by electrophoretic attraction

towards the anode by a tapered capillary inlet, without the need of a frit at

the outlet end. Via this method they were able to obtain separations with

efficiencies of more than 500.000 plates/m.

One of the major problems in packed CE columns is bubble

formation, due to either Joule heating or differences in the EOF velocity

between the packed and unpacked regions of the column [67], leading to

the breakdown of the current and the EOF. One way to overcome this

problem is to apply pressure to the inlet and outlet buffer vials. Also the use

of an HPLC pump to generate a solvent gradient has been mentioned

which gave good selectivity and column efficiency [68]. Other limitations

have been mentioned [56] as well: low column capacity, especially in chiral

separations and poorer levels of sensitivity and precision compared to

HPLC. Furthermore, it should be acknowledged that because CEC implies

samples to be introduced electrokinetically, some precautions with respect

to the amount of injected analyte(s) should be taken into account [69].
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CEC nowadays seems to be a promising CE-mode and efficiencies upto

300.000 [70,71] or even 1.000.000 [57] theoretical plates have been

mentioned.

Using a CEC system with a packed capillary, the influence of

longitudinal diffusion (B-term of the Van Deemter equation) on peak

broadening is minimized by increasing the linear velocity. When using

packing material with a small diameter (1 µm) the column efficiencies may

be similar to those experienced in CE [57].  More important for the efficiency

is the increase of the C-term of the Van Deemter equation. The C-term, i.e.

the mass transfer is defined as: C=(k/(1+k))2dp2/Dm , where dp is the average

particle diameter of the packing material, k is the capacity factor and Dm is

the diffusion coefficient of the solute in the mobile phase.

The impact of the C-term is strongly dependent on the porosity of

the packing material. With a higher dp, the mass transfer will be slower,

implying a severe influence on the peak broadening, although the

loadability may be increased. When there is a stationary phase on the

capillary wall, the influence of the mass transfer is proportional with the

thickness of this stationary phase. The layer should be as thin as possible, but

a reduction of the stationary film will give a reduction of the loadability. This

approach, which was already described in 1982 by Tsuda and Nomura [72],

is often referred to as Open-Tubular CEC (OTCEC) [73-75]. It can be seen as

a hybrid separation technique between open tubular capillary liquid

chromatography and CE. Advantages of OTCEC in comparison with

packed capillaries are the more rapid separations due to the elimination of

the intraparticulate diffusion and the excellent peak shape since columns

with extremely small diameters are used. Wu et al. [76] described OTCEC for

ultrafast peptide mixture analysis using fused silica capillaries (L=30-40 cm)

with an I.D. of 9 µm and an O.D. of 150 µm with a C8 stationary phase

loaded onto the capillary wall. They achieved baseline separation of a six-

peptide mixture within 3 min, injecting 1-2 fmol, using an on-line ion trap

storage/reflectron time-of-flight mass detector (See Fig 2.9). Martin and

Guiochon [77] derived the following equation for the plate-height in an

OTCEC system:
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where, in analogy with the Van Deemter equation, H is the plate height, u is

the linear flow velocity, k’  is the capacity factor, df is the thickness of the

stationary phase, Ds and Dm are the diffusion coefficients in the stationary

phase and mobile phase, respectively, and dc is the inner diameter of the

column.

According to Eq. (7), dc should be small. Using this equation, the kinetic

performance of OTCEC can be estimated by plotting the theoretical plate-

height (H) as a function of the linear flow rate [76,78]. Wu et al. [76]

mentioned that for analytes with  k’ values between 0.1 and 1.0, the plate

Figure 2.9. OTCEC separation of a six-peptide mixture using a column with
APS coating. Six peptides : 1, methionine enkephaline; 2, bradykinin; 3,
angiotensin III; 4, methionine enkephaline-Arg-Phe; 5, substance P and 6,
neurotensin. Experimental conditions as described in Ref [76].
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height increases very slowly until the linear flow velocity exceeds ~3 mm/s

and that an optimum linear flow velocity should be close to this value.

Chiral selectors
Usually CE modes in which chiral additives are added are not considered as

a CEC-mode, however the change in migration rate of the analytes is a

result of an interaction with a pseudo-stationary phase. For the latter reason,

we included the use of chiral additives to this section.

An important applicability in CE is the separation of enantiomers in

pharmaceutical analysis and bioanalysis. Many chiral pharmaceuticals are

currently administered as racemates (75-90%). However, pharmaceutical

companies nowadays produce new drugs, if appropriate, only as the

eutomer, because of a better safety profile [79-81]. Gassmann et al. [82]

were the first to perform chiral separations using ligand-exchange complex

formations, but nowadays the most frequently used chiral selectors are plain

and modified neutral CDs [25,83-85], charged CDs (anionic and cationic)

employed for both charged and uncharged analytes [25,86-89] and CD

polymers [90]. Other chiral selectors are crownethers, proteins (e.g. serum

albumin, glycoproteins), macrocyclic antibodies (e.g. rifamycin B,

Figure 2.10. Chemical structure of β-cyclodextrin (Mw=1135) containing 7 D-
(+)-glucopyranose units. The general shape of the native cyclodextrins is also
visualized in the figure, where r is the outer diameter (α-CD= 14.6Å, β-CD =
15.4Å, γ-CD = 17.5Å).
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vancomycin, ristocetin A), calixarenes, oligo-and polysaccharides (e.g.

heparin, dextran sulphate, maltooligosaccharides), chiral micelles, micelle

polymers, polymer surfactants, (modified) dendrimers, ergot alkaloids, and

microemulsions as reviewed by Palmer [46] and Riekkola et al. [40]. In the

following paragraphs we will mainly focus on CDs.

CDs are torus-like rings with a polar outside and an apolar cavity, as

shown in Fig 2.10. The hydrophilic outside of the CDs makes it possible to

dissolve in aqueous solutions, whereas the lipophillic cavity is responsible for

the formation of inclusion complexes with a variety of guest molecules. CDs

used as chiral selectors usually consist of 6,7 or 8 D-(+)-glucopyranose units,

which are designated as α, β, and γ-CD.

When a guest molecule is too large to fit into the cavity or when a guest

molecule is too small in comparison with the cavity, no complex is being

formed. Although it is usually assumed that the stoichiometry of the complex

is 1:1, it is likely that a large guest molecule may fit into the cavity only

partially and that it can be complexed by more than one CD molecule

[91]. Guillaume and Peyrin [92] derived a polynomial equation, which

describes the behavior of the guest molecule complexing n CD molecules

])[]([1

])[]([0

tct
M
i

tct
M
i

M
i

M

e MnCD

MnCD

−+
−+

=
β

µβµµ (8)

where µe is the effective mobility, µiM are the mobilities of the guest

molecule(i)-CD forms, βiM are the global constants of the guest molecule(i)-

CD complex formations
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[CDt] is the total CD concentration, [Mt] is the total guest molecule

concentration and nc is the average number of CD molecules bound per

guest molecule (nc=[CDb]/[Mt]). The latter expression implies that the free

(unbound) CD concentration [CD] can be written as: [CD] = [CDt] - nc [Mt].

 Usually these chiral selectors are added to the ground electrolyte,

but they can also be bound to the capillary wall, working as a chiral

stationary phase [93,94]. In contrast to HPLC, indirect separations of
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enantiomers via the formation of diastereomers in straight CE are not often

reported, due to the identical molecular masses and the minimal

differences in charge. However, the separation of diastereomers by MEKC is

based on differences in partitioning (see section 2.2.1), and can be an

alternative way to separate enantiomers (via derivatization to

diastereomers), as reported in the literature [95,96]. When CDs are bound to

the capillary wall in an electrophoresis system, the system can be referred

to as chiral capillary electrochromatography (CEC) [93]. Armstrong et al.

[97] used a permethylated allyl-substituted β-CD coating which was

covalently bound to an organohydrosiloxane polymer, whereas Szeman

and Ganzler [98] coated the capillary wall with an acrylamide polymer to

which a CD derivative was bound. The capillary can also be fully packed

with similar packing material like in HPLC as demonstrated by Li and Lloyd

[99] for the resolution of amino acid derivatives.

It is generally assumed that (non)-chiral separations using CDs are

accomplished by inclusion complexation between the analyte and the

CDs. Dalgliesh [100] pointed out already in 1952 that at least a three-point

interaction should take place between the analytes and the chiral selector,

i.e. the analyte should, for instance, contain an α-amino-group or carboxyl

group (hydrogen bonding), an aromatic ring (hydrophobic interaction) and

the ring should contain one or more substituents allowing a closer ‘fit’ with

the cavity and hence a greater interaction with one of the enantiomers

than with the other. Armstrong et al. [101] mentioned some requirements for

chiral recognition by CDs: 1) an inclusion complex must be formed; 2) there

must be a relatively tight fit between the analyte and the CD, and 3) the

chiral center or a substituent at the chiral center must be near and interact

with the mouth of the CD cavity. They showed via computer graphic

images that the unidirectional 2- and 3-hydroxyl groups located at the

mouth of the β-CD cavity are particularly important in the chiral recognition

of d- and l-propranolol. In this particular case the secondary amine group of

d-propranolol seems to be ideally placed for hydrogen bonding to both a

2- and 3-hydroxyl group of the CD. They suggested that for suitable chiral

interaction with β-CD, the analytes under study should contain at least one

aromatic ring (hydrophobic interaction) but they also mentioned that, in

spite of some structural similarities to the resolved compounds, a number of

closely related enantiomers could not be chirally separated. In our study on
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the chiral separation of some β2-sympathomimetics [102] we made similar

observations. The evidence for the inclusion mechanism in enantioselective

binding is supported by the observation that small structural modifications

may lead to decreases but also to increases of enantioselectivity. The latter

can be a consequence of sterical hindrance during the penetration into

the cavity [103], but also the three-point interaction may play a role.

 Recently, electrostatic (dipole-dipole) interactions in the inclusion

complex formation by the CD host have been evaluated by direct

calculations of the stoichiometry, binding constants (K) and binding

selectivity (α), using 1H NMR spectroscopy. It was shown that the technique

provided direct confirmation of the inclusion complex formation and

considerable information about the structure of these complexes, as

illustrated by the chiral recognition of racemic 1,1’-binaphtyl-2,2’-diyl-

hydrogen phosphate [104] and racemic metomidate [105]. It seemed that

although hydrogen bonding contributed to the total energy of the

complexes, electrostatic and Van der Waals forces were the main factors in

the complex formation [106]. In their study, Amato et al. described the

molecular modeling of β-CD complexes with nootropic drugs and

concluded that in all cases the binding energies increased when the phenyl

ring approached the cavity. Furthermore, the most favorable interactions

were found when the aromatic ring approached the β-CD at the side of

the secondary hydroxyl groups and it was anticipated (based on X-ray

analysis) that the host molecule undergoes conformational modifications to

ensure the fitting of the guest into the cavity. Finally, several papers

reported that the stability constants were greater for the unprotonated

guest molecules than the protonated guest molecules [91,92].

Peterson et al. [45] summarized some restrictions concerning the use

of CDs in CE. Since plain β-CD (which seems to have the best complex

forming ability for analytes that are of interest in pharmaceutical analysis

and bioanalysis) has limited water solubility, the use of derivatized CDs may

be preferable. However, many of the derivatized CDs are rather costly, the

average degree of substitution can vary from one manufacturer to another

and purity factors are often not provided, although the purity of the used

CDs may have a substantial effect on selectivity, reproducibility and

reliability of a separation. Also, the fact that CDs are only available in one

enantiomeric form can be a disadvantage in impurity cases where
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enantiomers are not baseline resolved. Errors can occur in the integration of

the distomer (smaller peak), especially if the latter is located on the tail of

the eutomer (larger peak). If the other enantiomeric CDs were available

one may be able to change the elution order, which would solve this

problem.

It should be noted that more recently CDs have found additional

applicabilities in the separation of non-chiral compounds as reviewed by

Lurie [84] and Luong and Nguyen [107].  For instance, Lurie [108,109] used

either charged and/or neutral CDs for both chiral and achiral analysis of

illicit drug seizures including chiral applications of phenethylamines and

cocaine and achiral analysis of their naturally occurring impurities.

Furthermore, for achiral separations, CDs have been applied to the analysis

of PAHs [110,111] and to the separation of structurally related

phenothiazines [16].

Affinity capillary electrophoresis (ACE)
The use of biological-like interactions (molecular recognition) for the

separation of sample components is well-known in HPLC and is referred to

as affinity chromatography [112]. When CE is combined with affinity

chromatography it is referred to as affinity capillary electrophoresis

[113,114]. ACE may be classified into three modes: a) nonequilibrium

electrophoresis of equilibrated sample mixtures. The receptor and ligand

are present in the sample and not in the separation buffer; b) dynamic

equilibrium affinity electrophoresis. Here, the receptor protein is present in

the sample, whereas the separation buffer contains the ligand. Binding and

separation of the affinity components occur within the capillary, and c)

affinity-based CE or CEC separations. Receptor proteins can be immobilized

on the walls of a portion of the capillary, or on microbeads, membranes or

microchannels [114].

In the first mode, CE is used to separate and quantitate bound and

free molecules. Phillips and Chmielinska [115] were able to separate

cyclosporin A and its metabolites with CE after they were extracted and

concentrated via immunoextraction from tear samples.

The second mode, dynamic equilibrium affinity electrophoresis

resembles the classical approach of affinity chromatography. The
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concentration of the interacting ligand, which is free in solution, can be

easily controlled, in analogy with the addition of chiral selectors as

mentioned earlier.

The last mode is often termed as electrokinetic affinity

chromatography or capillary electroaffinity chromatography. Ensing and

Paulus [116] demonstrated the immobilization of antibodies in CE in a

fluoroimmunoassay for the herbicide atrazine. Their approach is depicted in

Fig.2.11.

Immobilization was accomplished by adsorption of the antibody to a

segment of a C8-modified capillary. After release from the antibodies, the

analytes were electrokinetically concentrated in another portion of the

capillary, whereafter separation by electrophoresis was accomplished. They

also stressed the importance of attaching the antibodies to the capillary

wall as a mono-molecular layer, either by adsorption or by covalent

bonding, instead of to porous particles as described by Guzman et al.[117],

Figure 2.11. Schematic representation of an on-line immunoassay in capillary
electrophoresis. Taken from Ref [116].
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to avoid peak broadening due to differences in mass transport of the

analyte molecules from the solution to the antibody and vice versa.

Because of slow mass transfer, not all antibodies or receptor molecules

spend the same fraction of time in complexes with the ligand during the

analysis. When slow dissociation is the cause of peak broadening, a lower

field strength, allowing more time for equilibration, may result in an increase

in efficiency. There are several ways available in the literature to covalently

immobilize an antibody to the surface of a glass bead or column.

Antibodies can be immobilized by silylation of the silica, by the biotin-avidin

complex or by using covalently linked protein G [117].

A special form of electrokinetic affinity chromatography is the use of

affinity selectors in CE/CEC created by molecular imprinting (‘plastic

antibodies’). The latter technique is described in the next section.

Molecularly imprinted polymers in CE (MICE)
Molecular imprinting or template polymerization constitutes the

incorporation of a template molecule into a monomer solution in order to

form specific binding sites, cavities that remain when after polymerization

the template molecule is removed. Using MIPs for the production of

selective sorbents (artificial antibodies) in order to create a new separation

mode was mentioned originally by Wulff et al. in the early 1970’s [118].

Artificial materials could offer the possibility to overcome some of the

problems encountered when biocomponents are employed, such as

instability and denaturation.

Interaction between the template molecule and the polymer can be

based on three binding-types:

• reversible covalent binding

• metal-chelate complexation

• non-covalent binding

The most common way to produce MIPs is the formation of non-covalent

ionic and hydrophobic bindings between the basic template molecule

and, e.g. the carboxyl groups of the monomers during the polymerization.

The template molecule can be removed by washing with acidified organic

solvents. Separation of template-analogs from each other and/or matrix

components is based on differences in the equilibrium constants, i.e.
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differences in affinity of the various template-analogs for the recognition

site(s) of the imprinted

polymer. An imprinted

polymer can be utilized

for various analytes as

long as the template,

which can be chiral or

non-chiral, has the same

functional groups and

spatial arrangement as

the analytes of interest

[119].

When using MIPs in

CE, the polymer is often

prepared in situ and is

anchored to the capillary

wall in order to avoid the

polymer to be pressed out

during analysis. As such it

can be considered an

affinity-based form of

CEC. Anchoring is usually

accomplished by derivati-

zation of the capillary wall

with [(methacryloxy)

propyl] trimethoxysilane.

The polymer will now be

covalently bound to the lipophilic part of the silane-derivative. MIPs have

been used as chiral selectors in CE as illustrated by the chiral separation of

propranolol [120,121], metoprolol [120], amino acids [122,123], 2-

phenylpropionic acid [122-124] and some local anaestethics [125]. In

analogy with OTCEC the dc -term, i.e. the diameter of the film, see Eq. (7), is

important and should preferably be as low as possible. Slow dissociation of

the analyte from the polymer will lead to a high selectivity factor, but also to

a low resolution.

Figure 2.12. SEM phographs of home-made in situ
polymerized capillaries.
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When polymerizing in situ, there are some restrictions on reproducibility.

Controlling the polymerization is not an easy thing to do. A too long

polymerization time may results in a dense polymer, as shown in Fig 2.12A,

through which the solvent can not be rinsed anymore. Yet only a thin film of

imprinted material occurs when the polymerization time is too short, as

shown Fig 2.12B. The density of the polymer is strongly dependent on the

template molecule used, the polymerization time, the solvent used, type

and concentration of crosslinker and monomer, etc., implying that

optimization of the method is almost impossible and can probably only be

achieved by changing one variable at the time. Walsche et al. [121]

prepared an imprinted polymer originally described by Vlatakis et al. [126]

and grounded it with a mortar to a fine powder (20-30 µm). They added the

imprinted polymer particles to the background electrolyte as additives. The

analytes under study will interact with the imprinted polymer and will move

more slowly than the free analytes because of their increased mass-to-

charge ratio. Via this approach they were able to resolve the enantiomers

of propranolol.

2.2.3 Selectivity enhancement by combination of electrophoretic
modes

Instead of separating analytes (e.g. enantiomers) directly with complex-

forming agents as described in section 2.2.2, combinations of selectivity

modes have also been described in the literature. In 1989, Terabe

introduced the CD-MEKC system [127]. He combined two different

separation modes in CE: Separation of hydrophobic compounds and

enantiomeric separation of neutral racemic mixtures. A high selectivity

could be obtained, because the solutes were distributed among three

phases: An aqueous phase, the micelle and the CD phase. It is anticipated

that the CDs are not solubilized into the micelle, because of the hydrophilic

nature of the CDs [128]. Neutral (non-) chiral analytes in a CD-MEKC system

will either migrate with the velocity of the EOF (when incorporated in CD) or

with the micellar velocity, resulting in an increased selectivity. Recently, the

addition of CDs to MEKC systems has been mentioned for the separation of

polychlorinated biphenyls [129], chiral amino acids [130], and (chiral)
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pesticides [131]. The distribution coefficients between the micelle and the

non-micelle (aqueous) phase are changed because the amount of the

free fraction of the hydrophobic analytes in the aqueous phase differs due

to the ability of the CDs to form complexes with hydrophobic compounds

by interaction with the hydrophobic part of the inner cavity of the CDs. In

this way, CDs have also been used for the replacement of modifiers. After

the initial experiments by Terabe, the use of CD-MEKC has been attempted

by other authors [129-133]. For instance, Jiminez et al. [132] separated PAHs

by CD-MEKC as shown in Fig. 2.13. Also the combination of MEKC with other

chiral surfactants, e.g. N-dodecoxycarbonylvaline [45], maltose [134] and

bile salts [135] have been described.

Guttman et al. [136] used a polyacrylamide polymer incorporated

with CDs to separate the enantiomers of Dns-amino acids, using 10%

methanol as an organic modifier to increase the separation. Other

gels/polymers were used also (e.g. polyvinyl alcohol [137]). Because of the

poor solubility of plain β-CDs in aqueous solutions (18 mM), implying low

resolutions, successful efforts have been made to dissolve β-CDs in organic

solvents in order to use its complex-forming abilities at higher concentrations

(>700 mM) of the plain β-CD. Valko et al. [138,139] showed chiral

separations of dansyl amino acids using formamide and N-

methylformamide as background electrolytes. Wang and Khaledi [140]

used either formamide, N-methylformamide or N,N,-dimethylformamide as

organic solvent and β- or γ-CD as chiral selector for the enantiomeric

separation of several pharmaceuticals (e.g. phenothiazines).

Recently, we have shown [102,141] that the addition of polyethylene

glycol (PEG) could substantially improve the selectivity of a CD-CE system to

separate the enantiomers of several β2-adrenergic sympathomimetics. The

addition of PEG has also been described for the separation of sodium

dodecyl sulfate (SDS) -protein complexes and DNA fragments and as a

coating material to prevent the adsorption of analytes to the inner walls of

the capillary and/or to suppress the EOF [30]. Although it is generally

considered that PEG does not interact specifically with the analytes, we

showed that its addition had a significant influence on the migration times

of the analytes. It is anticipated that a distribution of the analytes occurs

between the PEG, the CDs and the aqueous layer. We also observed

severe baseline fluctuations when the PEG concentration reaches a certain
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maximum and that in our separation system the addition of organic solvents

in the presence of PEG and CD had an overall negative effect on the

separation. Both observations might be a consequence of the fact that

adding organic modifiers to the buffer solution substantially decreases the

host-guest binding constants.

Esaka and Kano [142] mentioned the effective hydrogen-bonding

interaction of the PEG with analytes containing hydrogen-donating

substituents, such as COOH, CONH, OH and NH2 groups. The polymer

moiety of PEG serves as a hydrogen acceptor. They derived an equation

describing the electrophoretic velocity of the analyte (Vep) as a function of

the PEG concentration [143],
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where K is the hydrogen-bonding complex formation constant and Vep,f and

Vep,c are the electrophoretic velocities of the free analytes and the analyte-

PEG complex, respectively.

They anticipated that a change in PEG concentration changes the viscosity

Figure 2.13. Separation of twenty PAHs by MCD-MEKC.
Experimental conditions as described in Ref [132].
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of the medium and therefore the mobility of the analytes. For that reason

they eliminated the viscosity effect by expressing the electrophoretic

velocity as a relative value against that of a reference solute with K ~ 0

(Vep,0).

2.3 Resolution

Although the selectivity of a system is basically given by the selectivity

factor α, the efficiency of the separation also plays a role. The combination

of these two aspects is expressed as the resolution (Rs) between the

successive eluting peaks.

According to the United States Pharmacopoeia (USP) [144], the

resolution of two baseline-separated peaks can be calculated directly from

the electropherogram or chromatogram via
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where ∆tr is the difference in migration time of the two analytes and W is the

peak width on the baseline for the first (1) and the last (2) eluting peak, all

expressed in the same unit of measurement. When an electronic integrator

is used the USP suggests that it may be convenient to determine the

resolution by the equation
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where w0.5 is the peak width on half of the peak height for peak (a) and

peak (b).

This is also the equation suggested by the European Pharmacopoeia

(Ph.Eur.) [145] and the British Pharmacopoeia (BP) [146], minimizing the

effect of tailing on the resolution, by measuring the peak widths at half of

the peak heights. This equation, however, can only be used in association

with the asymmetry factor (As) of the peaks: As = b0.05/2A, where b0.05 is the

width of the peak at one-twentieth of the peak height and A is the distance
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between the perpendicular dropped from the peak maximum and the

leading edge of the peak at one-twentieth of the peak height.

Jorgenson and Lukacs [15] derived an expression for the resolution in

CE from the equation originally introduced by Giddings [11], assuming that

the effective length of the capillary (l, the length from the beginning of the

capillary to the detection window) differs from the total length of the

capillary (L).
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where ∆µ is the difference in electrophoretic mobility between the two

successive peaks, D is the molecular diffusion coefficient, V is the applied

voltage, µ  is the mean electrophoretic mobility of the successive eluting

analytes and µeof  is the electrophoretic ‘mobility’ of the EOF. Terabe et al.

[85] proposed the following equation in analogy with chromatography,

introducing the separation factor α (where α = µ2 / µ1 ≥1) in the equation
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This equation shows that the resolution is determined by the selectivity of the

system, the ratio of the average electrophoretic mobility and the diffusion

coefficient. The latter part of the equation (i.e. the electroosmosis factor)

indicates the importance of controlling the EOF. As a rule of thumb in CE,

the minimum α to obtain resolutions Rij > 1.5 between two successively

eluting peaks is 1.01.

When a pseudo-stationary phase is present in the electrophoretic system

(MEKC) as described in section 2.2.2.1, the separation (i.e. the relative

migration order) is determined by the distribution of the solute over the

stationary and the mobile phases. Foley [147] derived a mathematical

expression for the optimum value of the capacity factor (the ratio of the
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number of solutes incorporated into the micelle to the number of solutes

dissolved in the aqueous phase)

0

'
t

t
k mc

opt = (14)

where tmc is the migration time of the micelle and t0 is the migration time of

the aqueous solution. In the conventional chromatographic systems the

capacity factor is given by k’=(tR-t0 )/ t0, where t0 is the residence time of the

marker indicating the dead volume of the system and tr is the residence

time of the analyte, but because in MEKC not only the aqueous phase is

migrating in the capillary but also the pseudo-stationary phase, Terabe [41]

derived an analogous expression for the capacity factor in an MEKC system
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An advantage of MEKC over reversed-phase HPLC is that the capacity

factor is easily optimized by changing the phase ratio, i.e. the volume ratio

of the micelle to the aqueous phase, as pointed out by Terabe et al. [148].

The minimum α to obtain resolutions Rij > 1.5 between two successively

eluting peaks is 1.02 in MEKC. They derived the following equation for the

resolution of neutral components in an MEKC system
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Where N was calculated similar to that in conventional chromatography.
Peterson et al. [45] gave an equation for the resolution of charged

compounds in an MEKC system.
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Here the efficiencies (N) were calculated using the Foley-Dorsey equation:

25.1/

)/(7.41 2
1.0

+
=

AB

Wt
N R  where, W0.1 is the width at 10% of the height, and B/A is

the asymmetry factor. Eq. (17) shows an additional parameter, namely
t0/tep, in which t0 is the migration time of a neutral analyte that does not
interact with the micelles and tep  is the time it would take for a particular
charged analyte to migrate through the capillary in the absence of
micelles and EOF.

When separating larger molecules like polymers, peptides and

proteins, the use of capillary gel electrophoresis (CGE) is often required.

Although CGE is normally used for the separation of larger molecules, also

the separation of small chiral compounds has been mentioned. Guttman et

al. [136] described the incorporation of CDs in a polyacrylamide gel to

separate dansylated chiral amino acids. They derived the following

equation for the resolution between enantiomers:
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Because the EOF is eliminated, the EOF factor disappears. Terabe et al.

[148] suggested a simplification of the equation, leaving out the last term

(3).

In chiral separations, the retention in systems containing CDs can be

described by [149],
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where Kf is the apparent formation constant for the inclusion complex and

k0 is the retention factor in the absence of CD; k is the retention factor of the

sample solute with a concentration [CD]T in the mobile phase, and N is the

stoichiometry of the complex.

Wren and Rowe [150-152] derived the following equations for the mobilities

in the presence of CDs of the first eluting enantiomer (µa) and the second

eluting enantiomer (µb).
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Here K1 and K2 are the equilibrium constants of the formed CD-analyte

complexes and C is the concentration of the chiral selector. The optimal

chiral selector concentration, giving the highest resolution, can be

calculated with 21/1][ KKC opt = .

Rawjee et al. [153-155] derived a more complex expression of peak

resolution in the CE separation of enantiomers as a function of the

selectivity (α), the electro-osmotic flow coefficient (β) and the effective

charge of the enantiomers (z),
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where e0 is the electric charge, k is the Bolzman constant and T is the

absolute temperature. For the definition of the electro-osmotic flow

coefficient (β) expression, we refer to the summarizing paper on this matter

of Rawjee et al. [155].

The desirable value for the resolution depends on the goal of the

analytes. For qualitative analysis, an Rs value of 1.0 is usually sufficient to

distinguish the analytes, whereas for quantitative analysis as a rule of thumb

an Rs value of 1.5 is required. For quantitative determination of impurities

however, often an Rs is necessary exceeding 2.5, as mentioned by De Boer

and Ensing [141].
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2.4 Chemometrics as a tool for the optimization of selectivity
in CE

Corstjens et al. [156] wrote an extensive review about the use of

chemometrics, i.e. the application of statistical and mathematical analysis

in chemistry, for the optimization of CE. They mentioned that the behavior of

the system can be described by simple mathematical equations for which

only a minimum amount of knowledge is required.

Often, an a priori estimation can be made of the influence that a

variable or an interaction of variables will have on the responses. In our

study on the optimization of chiral separations using CDs as complex-

forming agents [102], we eliminated the temperature as a variable,

because it is widely accepted that the resolution of a chiral separation

using complex-forming agents will increase when the temperature is

lowered. For that matter, the optimal temperature, i.e. within a certain

predefined separation window, can easily be determined beforehand.

When an a priori estimation can not be made, a linear fractional factorial

design like a Plackett-Burman design [157,158] could be used prior to a

quadratic full factorial design, implying a screening of the used variables

using a minimum amount of experiments to be carried out. After elimination

of the variables that show a minor effect on the response, a full factorial

design like a Circumscribed Central Composite Design (CCC) [159] will give

a more detailed description of the selectivity behavior of the system. In both

cases, the different experiments should be carried out in a random order to

take into account uncontrolled factors likely to introduce a bias into the

responses [157]. The use of a Plackett-Burman design in CE has been studied

for screening purposes in the chiral separation of clenbuterol, investigating

the variables pH, CD concentration, electrolyte ionic strength, methanol

concentration and injection time [160], for optimization of the chiral

separation of dexfenfluramine [161] and method development in MEKC

[162]. The use of central composite designs in CE has been studied for the

optimization of the chiral analysis of amphetamines investigating the effects

of the buffer  concentration, pH, chiral selector concentration, temperature

and applied voltage [163], for the optimization of the separation of rare

earth ions [164], for the quantitation of organic solvents by MEKC [165] and
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to optimize the operating electrolyte composition for the analysis of cations

[166].

Analysis of the design can be accomplished with either Multiple

Linear Regression (MLR) or with the Partial Least Square (PLS) method. The

latter is supposed to be less flexible due to less coefficients and has,

therefore, probably a better predictive ability even when a short amount of

variables is used. The goodness of fit can be described by the coefficient of

multiple determination (R2) and the F-ratio for Lack of Fit (FLOF). Using a 95%

significance level the model is probably adequate, i.e. there is no lack of fit,

when the p-value for FLOF ≥ 0.05. The predictive power can be expressed as

Q2, which is based on the Prediction Residual Sum of Squares, PRESS: Q2 =

(SS-PRESS)/SS.  The value of Q2 lies between 0.1-1.0 and in general a model

has a good predictive ability if Q2 is 0.7 or larger [167-169].

It is important to realize that both the predictive power and the

goodness of fit of the model are only valid for the tested ranges as

mentioned in our paper on the modeling of conditions for the enantiomeric

separation of β2-adrenergic sympathomimetics [102].

2.5 Discussion

So far, we gave an overview of the various methods that have been

described in the literature on selectivity enhancement in CE modes. In this

section, we will try to find the various approaches into perspective. To this

end, the various modes have been depicted in Fig. 2.14.

CZE, ranging from aqueous systems through the addition of organic

modifiers to non-aqueous systems is visualized in Fig. 2.14A, whereas the use

of a packed column (stationary phase) in CE is illustrated in Fig 2.14B. The

use of organic modifiers changes the dielectric constant and the

solvatation properties, thus affecting the mobility of the analytes (Eqs.1 and

2). Consequently, the mobility of the analytes is reduced and a general

increase in migration time is expected. In other words, the separation

window is enlarged: All analytes will have a similar increase in migration

time, implying a limited change in selectivity. The use of non-aqueous

systems can offer several advantages over aqueous buffer solutions for their

faster equilibration of the capillary, their ability to create a more stable
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baseline and their potential to use fluorescence detection due to lack of

quenching effects, which occur in aqueous solutions. Also, their potential in

chiral separations with complex-forming agents with a low water solubility

should be mentioned. For instance, the combination of β-CD, which is an

excellent chiral selector, with formamide and N-methylformamide was

mentioned for the separation of dansyl amino acid enantiomers.

Furthermore, non-aqueous CE is particularly suitable for analytes that have

poor aqueous solubility.

In case of packed columns in CEC, only the free charged analyte

has mobility (µe) in an electric field. In Fig. 2.14B the various dissociation

constants are depicted as K4, K5 and K6, respectively. With reversed phase

material, like in HPLC, the dissociation constant K6 is much larger than K4,

implying that the former equilibrium has the largest retarding effect. Though

the charged compound can have an interaction with the reversed phase

material through primary interactions, secondary interactions between the

charged analyte and residual silanol groups present on the stationary

phase or on the capillary wall itself, may also occur. These secondary

interactions are likely to cause a larger retardation effect than the primary

interactions. Fig. 2.14C depicts MEKC with the separation of neutral or

charged analytes with negatively charged micelles. Although positively

charged micelles may also be used for the separation of neutral and

charged analytes, the most common way is the separation with negatively

charged micelles. In the left part of Fig 2.14C, the interaction between a

positively charged analyte and a negatively charged micelle is shown,

whereas in the right part of the figure the interaction between a neutral

molecule and a negatively charged micelle is visualized. MEKC is a

separation technique often capable to warrant high efficiencies for neutral

analytes, but a major concern is the interaction of the micelle with the

capillary wall, which can lead to severe peak broadening. This problem can

partially be solved by the addition of organic modifiers, yet larger

percentages can prevent micelle formation and hinder the desired

separation mechanism. Fig 2.14D, illustrates the principle of a (chiral)

separation with CDs. In the left part, the use of neutral CDs for charged

analytes is depicted, whereas in the right part the use of negatively

charged modified CDs for the use of neutral solutes is illustrated. Separation

of charged analytes using neutral, and neutral analytes using charged CDs,
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is based on the principle that at a certain pH and a certain concentration

of CDs, the analytes (e.g. enantiomers) are forming complexes with the CDs

which are believed to have the same mobility [150-155]. Differences in

migration of the analytes are, therefore, a consequence of the differences

in equilibrium constants (K10 and K12). The separation process becomes

more complicated when the pH of the system does not warrant full

protonation of the analytes or fully negatively charged modified CDs. Then

the difference in selectivity is not only based on K10 and K12 but also on K11

and K13. Therefore, when separating charged analytes with negatively

charged CDs, it is preferred that a pH should be used that warrants full

protonation of the analytes and elimination of the EOF. The latter is

important because the CDs will not move to the cathode, yielding an

increase in selectivity. Optimization of chiral separations is often based on

varying the qualitative and/or quantitative factors like type of chiral

selector, its concentration, the pH of the system, the ionic strength of the

buffer, the temperature, etc.

It was recently shown [16] that neutral CDs can also be used in the

achiral separation of charged compounds, illustrated by the separation of

some structurally related phenothiazines with similar mass-to-charge ratios.

The pH was 2.5, warranting full protonation of the analytes. Such a system

provides a new and interesting alternative to tune selectivity as can be

seen in Fig 2.1. We believe that using selectors, like CDs as separating

agents, is generally a more promising way to separate solutes than using for

instance organic modifiers or micelles. The optimum concentration may

vary dependent on the nature of the analyte’s affinity for the selector [150-

155].

The most direct way to obtain programmed selectivity is probably

the use of receptors, antibodies or molecularly imprinted polymers (artificial

antibodies), although in these cases  peak broadening may be expected,

due to an increased contribution of the mass transfer. The separation

mechanisms involved in using MIPs is depicted in Fig. 2.14E [170].

The affinity of the analyte(s) increase(s) with the number of

interacting groups, however each individual interaction is dependent on

the properties of the solvent, e.g. protic or aprotic, polarity, dielectric

constants, presence of complex forming agents, etc. It is assumed that a

change in selectivity of MIPs in comparison to non-imprinted polymers can
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only occur when the analyte will have an increased number of interactions.

It is good to realize that non-imprinted polymers in which single and part of

Figure 2.14, a,b,c. Illustration of several separation modes in CE. Fig 2.14(A)
shows the differences in equilibria using aqueous, partial non-aqueous (use of
organic modifiers) and non-aqueous systems. Fig 2.14(B) shows separation in
CE based on chromatography. Fig 2.14(C) shows the separation process using
micelles as selectivity enhancers.
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the dual point interactions take place between the analyte and the

polymer will also affect the selectivity and are successfully used for

analytical applications [171].

In other cases it can be that the interaction of analytes with non-imprinted

parts of a polymer overshadows the interactions of the analyte with the true

Figure 2.14 d and e. Fig 2.14(D) shows the separation of analytes using neutral
and charged cyclodextrins based on molecular recognition and Fig 2.14(E)
shows the use of molecular imprinted polymers. The left part of the figure shows
the energetic most favorable three-point interaction, whereas the right part of the
picture shows a two-point interaction which is less specific but can be selective
enough, depending on the analysis. One-point interactions are referred to as non-
specific and are not depicted in the figure.
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imprint. The number of imprinted binding sites present in the polymer is

typically less than 1% but it can amount to 35% of the theoretical maximum

number of binding sites [172].

2.6 Conclusions

The acceptance of capillary electrophoresis by researchers in the area of

pharmaceutical analysis and bioanalysis can to a large extent be

explained by the realization of plate numbers as high as theoretically

predicted. It is  essential to realize that plate numbers alone do not provide

the resolutions required to separate the analyte of interest and certain

matrix components. However, very narrow peaks suggest that modest

changes in selectivity can be adequate. The overview of the different

separation modes in capillary electrophoresis shows that there are a large

number of  variables and that there is often only a gradual difference

between different modes. It is anticipated that in the near future small

particles (< 1 µm) will be used as a (pseudo) stationary phase in CEC

providing higher efficiencies due to a reduction in peak broadening

caused by mass transfer. In case molecular recognition plays a role in the

separation mode, tuning of the selectivity of the separation system

becomes more simple. The use of chemometric tools is  recommended in

order to obtain methods that do not only have the required selectivity but

which are also fast, sensitive and rugged.
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