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Chapter 12

1.1 History and development of capillary electrophoresis

1.1.1 History

Electrophoresis is defined as the migration of charged species under the

influence of an externally applied electric field. Differences in mobility of the

analytes are due to their average charge, size, shape, and on the

properties of the used electrolyte solution. The Russian physicist Reuss

carried out the first separations based on this principle in 1809. He studied

the migration of colloidal clay-particles and discovered that the liquid

adjacent to the negatively charged surface of the wall migrated towards

the negative electrode under influence of an externally applied electric

field [1]. The theoretical aspects of this electrokinetic phenomenon that

Reuss called electro-osmosis were formulated in 1897 by Kohlrausch [2]. In

the late 1800’s and early 1900’s, electrophoretic separations in so called ‘U’-

shaped tubes were carried out by several researchers in their attempt to

separate diphtheria toxin, globulin, and toxin/antitoxin solutions. Michealis

introduced the word electrophoresis into the scientific world in 1909 during

his successful attempts to determine the isoelectric points of invertase and

katalase, two enzymes that were at that time not available in pure form [1].

The analytical aspects of electrophoresis were advanced by Tiselius,

starting in 1925 with his PhD thesis on the development of free moving

boundary electrophoresis. This resulted in the separation of complex protein

mixtures based on differences in electrophoretic mobilities [3]. In 1948

Tiselius was awarded the Nobel price for Chemistry for his work on

electrophoresis. In 1950 Durrum introduced paper electrophoresis,

separating serum proteins, which was considered to offer several

advantages over the Tiselius apparatus, soon improved by developing high

voltage equipment [1]. One of the major problems concerning

electrophoresis, however, was the poor resolution observed due to peak

broadening caused by Joule heating and in a minor way caused by

molecular diffusion, as will be explained in Chapter 2. The most common

way to prevent this peak broadening was the use of stabilizers, e.g. starch

gel, paper, agarose, cellulose acetate or polyacrylamide gel, as

summarized by Gordon et al. [4]. Although the above-mentioned stabilizers

minimized the problem of convection, they led to other peak broadening
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phenomena, like Eddy diffusion and undesired interactions between

analytes and stabilizer (if desired we call it electrochromatography).  In the

mid-1960’s Tiselius and Hjertén developed polyacrylamide gel

electrophoresis in 3-mm i.d. rotating capillaries for the separation of

ribosomes and viruses [5]. In 1967 Hjertén reviewed the technique, in which

stabilization was achieved by continuous rotation of the tube about its

longitudinal axis and thus without the mentioned causes of peak

broadening [6-8].

1.1.2 Development

Giddings deduced that in theory, when longitudinal diffusion is the only

cause of peak broadening, a very high efficiency must be possible [9]. The

latter was, to a reasonable extent, verified by experiments done by

Everaerts et al. in 1970 using 200 µm i.d. Teflon® tubes [10] and by Virtanen in

1974 using thin glass tubes [11]. They discovered the stabilizing “wall effect”

by using the thin tubes as a separation column in which the small diameter

of the column counteracts the convective flow, leading to an increase in

efficiency. The latter is a consequence of the phenomenon that the

increase in efficiency is proportional to the decrease in diameter of the

tube due to the increasing surface-to-volume ratio. Although the

theoretical predictions made by Giddings were more or less approximated

over the years [12,13], it was not until 1981 that Jorgenson and Lukacs [14-

17] demonstrated an electrophoresis system using open glass capillaries of

75 µm i.d. with an on-column fluorescence detector. They applied voltages

up to 30KV, which provided the predicted efficiencies (>400000 plates)

illustrated by the separation of fluorescent dansylated amino acids and the

separation of fluorescamine derivatized amino acids in human urine within

25 minutes. In the first review on capillary electrophoresis [18] the possible

advantages of performing zone electrophoresis in open tubes of small

diameter were summarized:

1. Efficient heat transfer within the electrophoresis medium is achieved,

leading to minimal temperature gradients.

2. Disadvantageous effects of remaining temperature gradients are

minimized by solute diffusion back and forth across the tube diameter.

3. The medium is stabilized against convective flow by the wall effect.
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After these initial experiments and after the introduction of the first

commercially available instruments in 1988, the potential of capillary

electrophoresis as a high performance separation technique in analytical

(bio)technology, bioanalysis and pharmaceutical analysis was soon

acknowledged in some early papers [19-24] and emphasized by more than

3000 registered scientific publications in 2000 in contrast to 35 publications in

1990 [25]. It proved to be a powerful and useful method of analysis,

especially when small amounts of sample are available or the analyte is

present at very low mass levels. The mass detection limits with CE are very

good, but the concentration limits are not on a level that can be

compared to, for instance, HPLC. Because of the low injection volume and

the small path-lengths of the UV and fluorescence detectors, the

concentration sensitivity in CE was (and still is) often much lower than that of

conventional detectors used in HPLC [26,27]. CE has been used in

bioanalysis for the separation of the analyte under study from matrix

components, metabolites and/or structurally related substances [28-34]. In

pharmaceutical analysis CE has been used for the separation of inactive

excipients, drug degradation products and, if appropriate, synthetic

precursors or side-products [34-39]. CE has also been introduced as an

analytical technique in cancer research by monitoring tumor markers by

CE-MS [40,41]. In the field of forensic science, CE techniques are routinely

applied, including the analysis of PCR-amplified DNA, the determination of

trace amounts of explosives and their residues [42-47]. In 1996 CE was used

as an analytical technique to provide scientific evidence in a case of

sexual assault. DNA analysis with quantitation by CE was performed in hair

samples and the results led to the conviction of the suspect [48,49].

Especially for chiral separations CE seems to be the separation

technique of choice. Some major advantages of chiral separations in CE in

comparison with HPLC are the low consumption of the chiral selector

(reduced costs) and the high plate numbers due to a reduced peak

broadening as a consequence of the absence of Eddy diffusion and mass

transfer between two phases (the A- and C-term of the Van Deemter

equation, respectively). Also the selectivity that is 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
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external electrical field, is high in CE. The latter expression was extensively

discussed as one of the key parameters in electrokinetic separation

sciences [28]. Therefore, because of the combination of the high plate

numbers and a high selectivity, baseline separations with CE can be

achieved at low(er) concentration levels of the chiral selector.

1.2 Modes of capillary electrophoresis

CZE is probably the most applied capillary electrophoretic separation

technique because of its simplicity and fast separations. CZE is based on the

electrophoretic properties of the analyte and the buffer solution (pH and

ionic strength) only and has been applied in aqueous and non-aqueous

buffer solutions with different electrolyte systems (e.g. capillary moving

boundary electrophoresis, capillary isotachophoresis, and capillary

isoelectric focusing). When CZE is unable to provide an acceptable

selectivity towards the analytes, for instance when dealing with the

separation of neutral and/or chiral compounds, modification of the

separation system is necessary. These modified CE systems are in general

indicated as electrokinetic chromatography (EKC) and can be subdivided,

based on the nature of the used additives, into micellar electrokinetic

capillary chromatography (MEKC) and capillary electro-chromatography

(CEC). In MEKC, micelles are used as a pseudo-stationary phase in order to

separate neutral and/or charged analytes. The separation principle is

based on differences in mobility between the (neutral) analytes that is

obtained by a difference in interaction with either the positively charged

micelle (e.g. Cetyltrimethylammonium bromide, CTAB) or the negatively

charged micelle (e.g. Sodium dodecylsulfate, SDS). In EKC differences in

mobility are obtained by a difference in chromatographic interaction of the

analytes with either a pseudo-stationary phase (e.g. Cyclodextrins (CDs) or

free moving particles) or a stationary phase (CEC, i.e. CE columns fully

packed with for instance octadecylsilane or columns having a thin film of

stationary phase covalently bound to the inner-wall of the capillary, so

called open-tubular columns).

The most interesting approaches in CE are probably the selectors

that provide separations based on chiral or molecular recognition and
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which are consequently able to separate enantiomers. The most widely

used chiral selectors in CE are without doubt the CDs. Especially the

chemically modified CDs, which are commercially available, provide a high

selectivity for chiral but also achiral separations. A new promising mode

seems to be the use of molecularly imprinted microspheres as (chiral)

selectors in CE. These MIP particles should be able to provide a unique

selectivity, based on molecular recognition. The obtained enantioselectivity

is a consequence of the difference of the strength of the interaction of the

chiral selector and the two enantiomers (thermodynamic

enantioselectivity). The peak shape is dependent on the difference in the

rate of the interaction of the chiral selector and the two enantiomers

(kinetic enantioselectivity). When using a CEC system, the efficiency is to a

large extent dependent on the rate of the mass transfer that occurs due to

the distribution of the analytes between two phases. When a slow mass

transfer occurs, it will lead to (severe) peak broadening. The latter

phenomenon is described in the next section.

1.3 Peak broadening

One of the fundamental aspects in separation science is the occurrence of

peak broadening, resulting in a decrease in efficiency. In 1956 Van

Deemter, Zuiderweg and Klinkenberg [50] derived their famous equation

(H=Au1/3 + B/u +Cu, where H is the theoretical plate height and u is the

linear velocity of the mobile phase) that combines the three major sources

contributing to peak broadening: 1) multiple paths (turtuosity) of an analyte

through the separation bed, the so called Eddy diffusion or A-term; 2)

longitudinal molecular diffusion, the B-term, and 3) slow mass transfer

between the phases, the C-term. In CZE, due to the absence of both Eddy

diffusion and a mass transfer, peak broadening is ideally only caused by

longitudinal molecular diffusion (also called axial diffusion).

Although longitudinal diffusion in CZE will be the major contributor to peak

broadening, several authors [18,51-59] have indicated additional

parameters causing a decrease in efficiency:
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• Temperature gradients within the capillary, caused by Joule heating,

generated by the electric current through the system. Joule heating

can be expressed as W=i2/κA2, where i is the electric current, κ is the

specific conductance, and A is the cross-sectional area of the capillary

[60]. The electrophoretic mobility will increase with the temperature of

the medium with approximately 2% per degree Celsius[15,56,61]. The

easiest way to avoid these temperature gradients is to reduce the tube

radius.

• Injection effects (column overloading). Usually, injection volumes larger

than 1% of the total length of the capillary (i.e. 20 nL when the i.d.=50µm

and L=1m) will lead to an increase in peak broadening.

• Peak broadening due to electromigration. If the conductivity of the

sample zone is different to that of the background electrolyte, its

presence in the buffer medium can change the uniformity of the field

strength along the capillary. The distorted electric field leads to

asymmetric and broadened zones. Furthermore, each solute band

moves through the detector window with a velocity that is determined

by its electrophoretic mobility and the applied voltage. The peak width

per time unit is directly related to the velocity of the solutes, i.e. the

solutes with slow velocity migrate through the detector window much

slower than solutes with a high velocity, which results in an increased

peak width for the former solute.

• Wall adsorption. Adsorption of solutes (especially proteins) to the wall of

the capillary leads to a change of the EOF, asymmetric zone

deformation, sample loss, reduction of column efficiency and

irreproducible migration times.

1.4 Proposed mechanisms for chiral and molecular
recognition

In general, from a geometrical point of view, a three-point interaction is

mandatory for chiral and molecular recognition in host-guest chemistry (i.e.
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to form a diastereomeric complex between the analyte and the chiral

selector) as described by Easson and Stedman [62] and later

acknowledged by Ogston [63] and Dalgliesh [64]. This three-point

interaction model has been demonstrated on many designs, but the most

elegant and informative one is probably the “left-and-right-hand” model as

described in many textbooks and which was presented as a vivid model of

chiral recognition by Meyer and Rais [65]. However, it can be possible that

a stable enantiomer-host receptor complex occurs due to, for instance, two

hydrogen-bonding interactions and one steric hindrance as is the case for

some amino-acids in biological systems [66]. In this case, the three-point

interaction model is not based on three attractive interactions, but on two

attractive and one repulsive (non-bonding) interaction. Davankov [67,68]

also mentioned that achiral components like solvent molecules and even

sorbent surfaces can participate in the chiral recognition (i.e. the formation

of the diastereomeric complex). Nevertheless, Davankov stated that the

above-mentioned cases should be seen as an extension to the three-point

interaction model rather than an exception of the model. Finally, Booth et

al. [69] summarized the chiral recognition process for a ligand-receptor

interaction, which consists of four steps: 1) the formation of a selectand-

selector complex; 2) the positioning of selectand-selector to yield optimized

interactions (conformational adjustments); 3) the formation of secondary

interactions (activation of the complex), and 4) expression of the molecular

fit.

For the chiral recognition by CDs, several recognition mechanisms

have been proposed in the literature. A suitable model is the so-called lock-

and-key mechanism or inclusion mechanism, that requires the following

assumptions [70]: (a) an inclusion complex must be formed; (b) there must

be a relatively tight fit between the analyte and the CD, and (c) the chiral

center must be near, and must interact with the ‘mouth’ of the CD cavity.

This mechanism seems to be adequate when it comes to explaining the

chiral separation of, for instance, 1,1’-binaphtalene with β-CD, because in

this system no hydrogen-bonding site(s) exists [66]. Furthermore, in aqueous

systems intermolecular hydrogen bonds are hardly formed because of

strong hydration to hydrogen bonding sites of both host and guest

molecules. Using non-aqueous media in CE, strong hydrogen-bonding may

contribute to the desired chiral recognition and beyond that to a possible
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chiral separation. Also recognition mechanisms like point interactions

through Coulomb forces, point interactions through coordinative bonds,

and dipole-dipole interactions have been described in the literature [71-73].

In all cases it should be realized that when chiral/molecular recognition

occurs, it does not necessarily lead to chiral discrimination (see Chapter 6).

The above-mentioned recognition mechanisms of the enantiomers

and the chiral selector have been extensively studied by NMR techniques

and X-ray crystallography [74]. A challenging approach is the application

of molecular modeling to predict and describe the possible inclusion

complexes [75-79].

1.5 Regulatorial perspective to chiral separations

As has been mentioned in many textbooks, the need for chiral separations

was acknowledged by Louis Pasteur who reported in 1858 the

stereochemical differences between the dextro and the levo form of

ammonium tartrate. He observed that the dextro-isomer was more readily

degraded by a mold than the levo-isomer. The first pharmacological

differences between enantiomers (adrenaline or epinephrine) were for the

first time observed by Abderhalde and Müller in 1908 [69]. Nowadays, the

US Food and Drug Administration (FDA), as well as regulatory authorities in

Europe, China and Japan have provided guidelines indicating that

preferably only the active enantiomer of a chiral drug should be brought to

the market [80-84]. Exceptions are (i) that both enantiomers have a

comparable pharmacological effect, which is hardly ever the case; (ii) if in

vivo or in vitro enantioconversion of the eutomer occurs, or (iii) that the

effect is stereospecific, i.e. the effect is 100% related to the eutomer and the

distomer shows no side-effect. In general, however, the distomer will have a

certain pharmacological activity and, moreover, it may affect the

pharmacological activity of the eutomer.

A more complex situation seems to occur when the chiral compound

possesses two (e.g. scopolamine, ephedrine, labetalol) or even more than

two (e.g. morphine, penicillines, glucose) asymmetrical centers. A chiral

compound possessing n chiral centers can exist of 2n stereoisomers, all with

their own possible pharmacological activity. Some of these stereoisomers
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are geometric isomers or diastereoisomers and are supposed to be treated

as separate drugs and are developed, unless in vivo interconversion occurs,

as such. Yet, little direction is given by any regulatory authority regarding

development of compounds with multiple chiral centers [83,84].

 1.6 References

1  S.Compton and R.Brownlee. (1988) Capillary electrophoresis, Biotechniques. 6, 432-440
2  F.Kohlrausch. (1897) %ber Concentrations-Verschiebungen durch Elektrolyse im Inneren

von Lösungen und Lösungsgemischen, Ann.Phys.Chem.(Leipzig). 62, 209-239
3  Tiselius, A.W.K. (1930) The moving-boundary method of studying the electrophoresis of

proteins, Ph.D. thesis, University of Uppsala, Sweden
4  M.J.Gordon, X.Huang, S.L.Pentoney and R.N.Zare. (1988) Capillary electrophoresis,

Science. 242, 224-228
5  S.Hjertén, S.Jerstedt and A.W.K.Tiselius. (1965) Electrophoretic "particle sieving" in

polyacrylamide gels as applied to ribosomes, Anal.Biochem. 11, 211-218
6  S.Hjertén. (1967) Free zone electrophoresis, Chromatogr.Rev. 9, 122-219
7  S.Hjertén, S.Jerstedt and A.W.K.Tiselius. (1965) Some aspects of the use of "continuous" and

"discontinuous" buffer systems in polyacrylamide gel electrophoresis, Anal.Biochem. 11,
219-223

8  A.W.K.Tiselius, S.Hjertén and S.Jerstedt. (1965) "Particle sieve" electrophoresis of viruses in
polyacrylamide gels, exemplified by purification of turnip yellow mosaic virus,
Arch.Gesamte Virusforsch. 17, 512-521

9  J.C.Giddings. (1969) Generation of variance, theoretical plates resolution and peak
capacity in electrophoresis and sedimentation, Separ.Sci. 4, 181-189

10  F.M.Everaerts and W.M.L.Hoving-Keulemans. (1970) Zone electrophoresis in capillary tubes,
Sci.Tools. 17, 25-28

11  R.Virtanen. (1974) Zone electrophoresis in a narrow-bore tube employing potentiometric
detection. Theoretical and experimental study, Acta Polytech.Scand. 123, 1-67

12  F.E.P.Mikkers, F.M.Everaerts and Th.P.E.M.Verheggen. (1979) High-performance zone
electrophoresis,  J.Chromatogr. 169, 11-20

13  Th.P.E.M.Verheggen, F.E.P.Mikkers and F.M.Everaerts. (1977) Isotachophoresis in narrow-
bore tubes: influence of the diameter on the separartion compartment, J.Chromatogr.
132, 205-215

14  J.W.Jorgenson and K.D.Lukacs. (1981) High-resolution separations based on
electrophoresis and electroosmosis, J.Chromatogr. 218, 209-216

15  J.W.Jorgenson and K.D.Lukacs. (1981) Zone electrophoresis in open-tubular glass
capillaries, Anal.Chem. 53, 1298-1302

16  J.W.Jorgenson and K.D.Lukacs. (1981) Zone electrophoresis in glass capillaries, Clin.Chem.
27, 1551-1553

17  J.W.Jorgenson and K.D.Lukacs. (1981) Zone electrophoresis in open-tubular glass
capillaries. Preliminary data on performance, J.High Resol.Chromatogr. 4, 230-233

18  J.W.Jorgenson and K.D.Lukacs. (1983) Capillary zone electrophoresis, Science. 222, 266-
272

19  Z.Deyl and R.Struzinsky. (1991) Capillary zone electrophoresis: its applicability and potential
in biochemical analysis, J.Chromatogr. 569, 63-122

20  A.G.Ewing, R.A.Wallingford and T.M.Olefirowicz. (1989) Capillary electrophoresis,
Anal.Chem. 61, 292A-303A

21  P.D.Grossman, J.C.Colburn, H.H.Lauer, R.G.Nielsen, R.M.Riggin, G.S.Sittampalam and
E.C.Rickard. (1989) Application of free-solution capillary electrophoresis to the analytical
scale preparation of proteins and peptides, Anal.Chem. 61 , 1186-1194



Chapter 1 11

22  J.W.Jorgenson. (1986) Electrophoresis, Anal.Chem. 58, 743A-760A
23  W.Th.Kok and G.J.M.Bruin. (1988) Capillary zone electrophoresis, Eur.Chromatogr.News. 2,

22-26
24  S.R.Rabel and J.F.Stobaugh. (1993) Applications of capillary electrophoresis in

pharmaceutical analysis, Pharm.Res. 10, 171-186
25  Searches were performed with the WinSPIRS program (SilverPlatter International) using the

database: Medline (National Library of Medicine) searching on the keywords : capill*
electro*,  CEC, MEKC, CE and micel* electro*,(2000).

26  B.L.Karger. (1989) High-performance capillary electrophoresis. Product review, Nature. 339,
641-642

27  I.S.Krull and J.R.Mazzeo. (1992) Capillary electrophoresis: the promise and the practice,
Nature. 357, 92-94

28  T.De Boer, R.A.De Zeeuw, G.J.De Jong and K.Ensing. (1999) Selectivity in capillary
electrokinetic separations, Electrophoresis. 20, 2989-3010

29  C.M.Boone, J.C.M.Waterval, H.Lingeman, K.Ensing and W.J.M.Underberg. (1999) Capillary
electrophoresis as a versatile tool for the bioanalysis of drugs - a review,
J.Pharm.Biomed.Anal. 20, 831-863

30  R.A.Frazier, J.M.Ames and H.E.Nursten. (1999) The development and application of
capillary electrophoresis methods for food analysis, Electrophoresis. 20 , 3156-3180

31  H.J.Issaq. (1999) Capillary electrophoresis of natural products-II, Electrophoresis. 20, 3190-
3202

32  S.C.Beale. (1998) Capillary electrophoresis, Anal.Chem. 70, 279R-300R
33  W.Thormann, Y.Aebi, M.Lanz and J.Caslavska. (1998) Capillary electrophoresis in clinical

toxicology, Forensic Sci.Int. 92, 157-183
34  H.Wätzig, M.Degenhardt and A.Kunkel. (1998) Strategies for capillary electrophoresis:

method development and validation for pharmaceutical and biological applications,
Electrophoresis. 19, 2695-2752

35 A. Guttman and N. Cooke. (1994) Practical aspects of chiral separations of
pharmaceuticals by capillary electrophoresis. I. Separation optimization, J.Chromatogr.A.
680, 157-162

36  H.Nishi. (1999) Capillary electrophoresis of drugs: current status in the analysis of
pharmaceuticals, Electrophoresis. 20, 3237-3258

37  A.Tivesten, S.Folestad, V.Schönbacher and K.Svensson. (1999) Nonaqueous capillary
electrophoresis for the analysis of labile pharmaceutical compounds, Chromatographia.
49, Suppl. I., S7-S11

38  L.J.Brunner and J.T.DiPiro. (1989) Capillary electrophoresis for therapeutic drug monitoring,
J.Chromatogr. 471, 2848-2855

39  W.Thormann and J.Caslavska. (1998) Capillary electrophoresis in drug analysis,
Electrophoresis. 19, 2691-2694

40  J.Ding and P.Vouros. (1997) Capillary electrochromatography and
electrochromatography-mass spectrometry for the analysis of DNA adduct mixtures,
Anal.Chem. 69, 379-384

41  W.Schrader and M.Linscheid. (1995) Determination of styrene oxide adducts in DNA and
DNA components, J.Chromatogr.B. 171, 117-125

42  J.M.Butler, B.R.McCord, J.M.Jung, M.R.Wilson, B.Budowle and R.O.Allen. (1994)
Quantitation of polymerase chain reaction products by capillary electrophoresis using
laser fluorescence, J.Chromatogr.B. 658, 271-280

43  D.Schmalzing, L.Koutny, O.Salas-Solano, A.Adourian, P.Matsudaira and D.Ehrlich. (1999)
Recent developments in DNA sequencing by capillary and microdevice electrophoresis,
Electrophoresis. 20, 3066-3077

44  N.A.Guzman. (1997) Dr. Bruce R. McCord (Editor's Page), J.Cap.Electrophoresis. 4, 3A-4A
45  K.A.Hargadon and B.R.McCord. (1992) Explosive residue analysis by capillary

electrophoresis and ion chromatography, J.Chromatogr.B. 602, 241-247
46  D.M.Nortrop, B.R.McCord and J.M.Butler. (1994) Forensic applications of capillary

electrophoresis,  J.Cap.Electrophoresis. 1, 158-168



Chapter 112

47  W.Thormann, A.B.Wey, I.S.Lurie, H.Gerber, C.Byland, N.Malik, M.Hochmeister and C.Gehrig.
(1999) Capillary electrophoresis in clinical and forensic analysis: recent advances and
breakthrough to routine applications, Electrophoresis. 20, 3203-3236

48  11 Judicial Dist.203757, Div. I Criminal Ct., The people of Tennessee versus Paul Ware.(1996)
49  E.Marchi and R.J.Pasacreta. (1997) Capillary electrophoresis in court: The landmark

decision of The people of Tennessee versus Ware, J.Cap.Electrophoresis. 4, 145-156
50  J.J.Van Deemter, F.J.Zuiderweg and A.Klinkenberg. (1956) Longitudinal diffusion and

resistance to mass transfer as causes of nonideality in chromatography, Chem.Eng.Sci.  5,
271-289

51  G.Cowdrey, M.Firth and G.Firth. (1995) Separation of cerebrospinal fluid proteins using
capillary electrophoresis: a potential method for the diagnosis of neurological disorders,
Electrophoresis. 16, 1922-1926

52  P.Gebauer and P.Bocek. (1997) Predicting peak symmetry in capillary zone
electrophoresis: the concept of the peak shape diagram, Anal.Chem. 69, 1557-1563

53  E.Grushka, R.M.McCormick and J.J.Kirkland. (1989) Effect of temperature gradients on the
efficiency of capillary zone electrophoresis separations, Anal.Chem. 61, 241-246

54  X.Huang, W.F.Coleman and R.N.Zare. (1989) Analysis of factors causing peak broadening
in capillary zone electrophoresis, J.Chromatogr. 480, 95-110

55  S.Kaupp, R.Steffen and H.Waetzig. (1996) Characterisation of inner surface and adsorption
phenomena in fused silica capillary electrophoresis capillaries, J.Chromatogr.A. 744, 93-
101

56  J.H.Knox. (1988) Thermal effects and band spreading in capillary electro-separation,
Chromatographia. 26, 329-337

57  R.L.Williams and G.Vigh. (1996) Polyethylene glycol monomethylether sulfate based
background electrolyte in capillary electrophoresis, J.Chromatogr.A. 744, 75-80

58  R.L.Williams, B.Childs, E.V.Dose, G.Guiochon and G.Vigh. (1997) Peak shape distortions in
the capillary electrophoretic separations of strong electrolytes when the background
electrolyte contains two strong electrolyte co-ions, Anal.Chem. 69, 1347-1354

59  M.Y.Zhukov, S.V.Ermakov and P.G.Righetti. (1997) Simplified mathematical model of
irreversible sample adsorption in capillary zone electrophoresis, J.Chromatogr.A. 766, 171-
185

60  R.S.Sahora and M.G.Khaledi. (1994) Nonaqueous capillary electrophoresis, Anal.Chem. 66,
1141-1146

61  R.J.Wieme, in E.Heftmann (Editor), Chromatography: A Laboratory handbook of
Chromatographic and Electrophoretic Methods, Van Nostrand Reinhold, New York, 1975,

62  E.H.Easson and E.Stedman. (1933) CLXX-Studies on the relationship between chemical
constitution and physiological action. Molecular dissymmetry and physiological action,
Biochem.J. 27, 1257-1257

63  A.G.Ogston. (1948) Interpretation of experiments on metabolic processes using isotopic
tracer elements, Nature. 162, 963-963

64  C.E.Dalgliesh. (1952) The optical resolution of aromatic amino-acids on paper
chromatograms, J.Chem.Soc. 137, 3940-3942

65  V.R.Meyer and M.Rais. (1989)  A vivid model of chiral recognition, Chirality. 1, 167-169
66  K.Kano. (1997) Review commentary. Mechanisms for chiral recognition by cyclodextrins,

J.Phys.Org.Chem. 10, 286-291
67  V.A.Davankov, V.R.Meyer and M.Rais. (1990) A vivid model illustrating chiral recognition

induced by achiral structures, Chirality. 2, 208-210
68  V.A.Davankov. (1997) The nature of chiral recognition: is it a three-point interaction ?,

Chirality. 9, 99-102
69  T.D.Booth, D.Wahnon and I.W.Wainer. (1997) Is chiral recognition a three-point process ?,

Chirality. 9, 96-98
70  D.W.Armstrong, T.J.Ward, R.D.Armstrong and T.E.Beesley.  (1986) Separation of drug

stereoisomers by the formation of β-cyclodextrin inclusion complexes, Science. 232, 1132-
1135

71  R.Corradini, A.Dossena, G.Impellizzeri, G.Maccarrone, R.Marchelli, E.Rizzarelli, G.Sartor and
G.Vecchio. (1994) Chiral recognition and the separation of amino acids by means of a



Chapter 1 13

copper(II) complex of histamine monofunctionalized β-cyclodextrin, J.Am.Chem.Soc. 116,
10267-10274

72  K.Kano, K.Mori, B.Uno, M.Goto and T.Kubota. (1990) Voltammetric and spectroscopic
studies of pyrroloquinoline quinone coenzyme under neutral and basic conditions,
J.Am.Chem.Soc. 112, 8645-8649

73  H.J.Schneider, T.Blatter, R.Kramer, S.Kumar, U.Schneider and I.Theis, in J.L.Atwood (Editor),
Inclusion Phenomena and Molecular Recognition, Plenum Press, New York, 1990, p. 65-74

74  B.Chankvetadze and G.Blaschke. (1999)  Selector-selectand interactions in chiral capillary
electrophoresis, Electrophoresis. 20, 2592-2604

75  D.G.Durham and H.Liang. (1994) Molecular modelling of the inclusion complexes between
beta-cyclodextrin and (R)/(S)-methylphenobarbitone and its application to HPLC,
Chirality. 6, 239-244

76  M.T.Faucci, F.Melani and P.Mura. (2000) 1H-NMR and molecular modelling techniques for
the investigation of the inclusion complex of econazole with alpha-cyclodextrin in the
presence of malic acid, J.Pharm.Biomed.Anal. 23, 25-31

77  R.Ficarra, P.Ficarra, M.R.Di Bella, D.Raneri, S.Tommasini, M.L.Calabro, M.C.Gamberini and
C.Rustichelli. (2000) Study of beta-blockers/beta-cyclodextrins inclusion complex by NMR,
DSC, X-ray and SEM investigation, J.Pharm.Biomed.Anal. 23, 33-40

78  R.Ficarra, P.Ficarra, M.R.Di Bella, D.Raneri, S.Tommasini, M.L.Calabro, A.Villari and
S.Coppolino. (2000) Study of the inclusion complex of atenolol with beta-cyclodextrins,
J.Pharm.Biomed.Anal. 23, 231-236

79  S.P. Van Helden. (1992) Structure and stability of cyclodextrin complexes. A molecular
modelling study, PhD thesis, Rijksuniversiteit Utrecht

80  W.H.DeCamp. (1993) Chiral drugs: the FDA perspective on manufacturing and control,
J.Pharm.Biomed.Anal. 11, 1167-1172

81  D.T.Witte, K.Ensing, J.P.Franke and R.A.De Zeeuw. (1993) Development and registration of
chiral drugs, Pharm.World Sci. 15, 10-16

82  A.Marzo. (1994) Incoming guidelines on chirality, Arzneim.-Forsch./Drug Res. 44, 791-793
83  FDA Policy statement for the development of new stereoisomer drugs. (1992), Chirality. 4,

3238-3340
84  R.C.Williams, C.M.Riley, K.W.Sigvardson, J.Fortunak, Ph.Ma, E.C.Nicolas, S.E.Unger,

D.F.Krahn and S.L.Bremmer. (1998)  Pharmaceutical development and specification of
stereoisomers, J.Pharm.Biomed.Anal. 17, 917-924



Chapter 114



Chapter 2 15

Chapter 2

Selectivity in Capillary Electrokinetic
Separations [#]

                                                          
[#]  This Chapter was  published as a review in:
 T. de Boer, R.A. de Zeeuw, G.J. de Jong and K. Ensing. Electrophoresis,
20 (1999) 2989-3010   



Chapter 216

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
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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
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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
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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

21

2

WW
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R r
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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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Chapter 3
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The driving force of capillary electrophoresis has always been the high

efficiencies that can be obtained. Research on capillary electrophoresis

was mainly focussed on increasing the plate-numbers to a level that was

theoretically predicted. Once these high plate-numbers were achieved,

another very important issue, the selectivity of the separation system,

became the main subject. As a matter of fact, the combination of a high

efficiency and a high selectivity is very attractive. In Chapter 2, a detailed

review on selectivity in capillary electrophoretic separations is given and it

could be deduced that it is not always possible to achieve adequate

separation in straight CZE systems. For that reason, in the past two decades,

several modified CE systems have been introduced for the separation of

neutral and charged (chiral) analytes. The use of micelles has proven to be

very adequate for the separation of neutral analytes, but is not suitable for

chiral separations. Also the use of stationary phases (CEC) or stationary films

(OTCEC) inside the capillary have been extensively described. A major

drawback of these systems that are partially based on chromatographic

interactions is the increase in peak broadening due to a slow mass transfer.

One way to overcome this problem for packed capillaries is the use of

small, porous, particles. For OTCEC the use of capillaries with a very small

diameter can solve the problem of peak broadening.

Even these modified techniques cannot always provide an acceptable

selectivity, especially when closely resembling analytes are involved.

Therefore, in this thesis, we investigate the potential of more dedicated

methods to optimize the selectivity in electrokinetic separations of closely

related compounds, in particular the use of additives that can provide

advanced molecular recognition.

The second part of the thesis (Chapters 4-6) describes the use of neutral

cyclodextrins with or without the addition of a polyethylene glycol solution

for the separation of several (chiral) analytes. It is anticipated that chiral

selectors like cyclodextrins, either dissolved in the run buffer or incorporated

in a liquid gel, can have a positive effect on the selectivity due to their

specific interaction with chiral or non-chiral compounds, as compared to

selectors based on chromatographic principles (e.g. organic solvents or

micelles). This differentiation is accomplished by the fact that only a small

part of the compounds present will have an interaction with the complex-
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forming agent leading to differences in selectivity between the analytes.

Furthermore, the use of a replaceable liquid gel decreases the total

amount of chiral selector necessary for one separation and provides its own

selectivity, probably by hydrogen-bonding interactions.

The third part of the thesis (Chapters 7 and 8) deals with the addition of

charged CDs for the separation of neutral and/or oppositely charged

analytes. Chapter 7 reviews the use of these charged CDs in

pharmaceutical analysis. The use of charged CDs might even have a larger

resolving power than neutral CDs, due to the large difference in the

electrophoretic mobilities between free analytes and complexed analytes.

The theoretical predictions mentioned in Chapter 7 are experimentally

verified in Chapter 8 by the chiral separation of ofloxacin in urine using

negatively charged CDs.  In Chapter 8 also the effect on resolution of

neutral CD-derivatives, added to the anionic CD, was examined.

The fourth part of the thesis (Chapters 9 and 10) describes the use of

molecularly imprinted polymers as novel (chiral) selectors in CE. Chapter 9

gives an overview on the applicability of molecularly imprinted polymers

(MIPs) in bioanalysis and pharmaceutical analysis and Chapter 10 describes

the addition of spherical particles as (chiral) selectors to the run buffer. This

approach excludes the necessity of using frits to immobilize the stationary

phase. A drawback in using MIPs in CE is the strong interaction of the

analyte with the polymer implying a negative effect on the mass transfer. By

reducing the size of the MIPs, the contribution of the mass transfer between

the phases to the peak broadening becomes less significant, implying a

higher efficiency. The microspheres are obtained via precipitation

polymerization and have an average diameter less than 1 µm. Size

distribution and (surface) morphology is monitored by scanning electron

microscope techniques.

In Chapter 11 some general conclusions and future perspectives are given.

Finally, in the appendix of this thesis the influence of the sample volume and

the position of the electrode and the capillary-end in the sample vial on the

electrokinetic injection is discussed. Two capillary electrophoresis systems
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that differ in their electrode capillary configuration were studied. It was

shown that the mentioned parameters may affect the injected amount of

the electrokinetically injected analytes and hence the sensitivity. It was

concluded that using an injection system with a more or less fixed position

of the electrode and the capillary may reduce the effect of sensitivity loss

and furthermore, that a constant volume in the sample vial should be

maintained to warrant reproducible electrokinetic injections.
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Chapter 4

Determination of the Enantiomeric Purity
of (−) Terbutaline by Capillary

Electrophoresis using Cyclodextrins as
Chiral Selectors in a Polyethylene

Glycol Gel#

                                                          
# A slightly modified version of this chapter was published in:
T. de Boer and K. Ensing. J.Pharm.Biomed.Anal., 17 (1998) 1047-1056
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Abstract
A method was developed for determination of the enantiomeric purity of

the therapeutic-pharmacological active (-) enantiomer of terbutaline using

cyclodextrins as a chiral selector dissolved in a removable liquid

polyethylene glycol gel by use of capillary electrophoresis. The effect of

temperature, type and concentration of polyethylene glycol and

cyclodextrins was studied on the resolution between the two enantiomers.

Best results were obtained with 10mM hydroxyethyl-β-cyclodextrin dissolved

in a 10% polyethylene glycol-2000 solution at 15 °C. Under these conditions,

an impurity of 0.1% (distomer / eutomer) can be readily detected.

4.1 Introduction

Enantiomers of racemic drugs often differ in their pharmacokinetic behavior

and/or pharmacological action [1]. Terbutaline, see Fig. 4.1, a

sympathomimetic drug-selective β2-receptor agonist is used in the

treatment of asthma and lung diseases. When administered in large doses it

can be used as a growth promoter to improve meat-to-fat ratios in cattle.

At high concentrations in liver or in meat, residues of these compounds are

toxic to humans, leading to sickness and possible heart complications.

Therefore, they are not authorized for use as a growth promoter in the

European Union.

OH

N

OH

HO
*

Figure 4.1. The chemical structure of terbutaline,
* indicates the chiral centre
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The drug is usually administered as a racemate, but studies have

shown that only the (-) enantiomer has the desired therapeutic

pharmacological effect [2]. For that reason it is of great importance that

the enantiomers of such molecules can be separated. Basic enantiomers

like terbutaline can be separated by capillary electrophoresis using

cyclodextrins (CDs) as a chiral selector [3-9].

CDs dissolved in liquid or immobilized polyacrylamide (PAG) gels, solid

bovine serum albumine (BSA) gels, liquid crown ether gels or polyethylene

glycol gels seem to improve the chiral separation as a result of a decrease

in the adsorption of the analyte(s) to the capillary wall [10-16]. This paper

describes a method for the determination of the enantiomeric purity of (-)

terbutaline by systematical research of the effect of the CD type and its

concentration, the PEG type and its concentration and the influence of the

temperature on the enantiomeric separation of racemic-terbutaline. The

capillary was filled with cyclodextrins dissolved in a removable liquid

polyethylene glycol (PEG) gel, in order to improve the selectivity of the

chiral separation and to extend the useful lifetime of the capillary, but also

to decrease the total amount of chiral selector necessary for one

separation.

4.2 Experimental

4.2.1 apparatus

The CE system was a Model PRINCE with a 4-position sample tray and a

programmable injector system from Lauerlabs (Emmen, The Netherlands).

Detection at 210 nm was carried out with a LAMBDA 1000 UV/VIS VWL

detector (Bischoff, Leonberg, Germany). The bare fused-silica capillary with

an outer polyimide coating (50 µm i.d., 375 µm, o.d.) was from Polymicro

Technologies (Phoenix, AZ, USA). Data acquisition of CE/UV was performed

by the Maclab system (ADinstruments, Castle Hill, Australia) using the Chart

program (version 3.3, ADinstruments) for recording the electropherograms.

For interpretation of the electropherograms, the Peaks program

(ADinstruments) was used. The vials used were 4 ml glass vials sometimes
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with a 0.7 ml plastic insert for a Waters 96 and were obtained from Phase

Sep (Waddinxveen, The Netherlands).

4.2.2 Solutions

The CE run-buffer was prepared by dissolving sodium dihydrogen

phosphate monohydrate (Merck, Darmstadt, Germany) to a concentration

of 100mM and adjusting the pH with concentrated ortho-phosphoric acid

(85%, Merck) to a pH of 2.5 and a conductivity of 7.0 mS/cm. β-Cyclodextrin

(β-CD) was obtained from Serva (Heidelberg, Germany), heptakis (2,6-di-O-

methyl)-β-cyclodextrin (DM-β-CD) and hydroxyethyl-β-cyclodextrin (HE-β-

CD) were obtained from Wacker-Chemie (Munich, Germany).

Polyethylene glycol 300 (PEG-300) was obtained from Brocacef

(Maarssen, The Netherlands), PEG-2000 was from Merck and PEG-6000 was

from Genfarma (Maarssen, The Netherlands). Water was purified with a Milli-

Q system (Millipore, Bedford, MA, USA). The conductivity of the purified

water was always less than 2 µS/cm.

Terbutaline hemisulphate racemate (Pharmacopoeial quality) was

dissolved in a solution containing 1 part run-buffer and 9 parts of water to a

final concentration of 20 µg/ml.

(-) Terbutaline and (+) terbutaline were separated by HPLC (Chiral

column: SERVA Si100 β-CD 5 µm, covalently bound, 4.6mm X 250 mm,

Heidelberg, Germany) using a modification of the procedure reported by

Walhagen et al. [17] using 5/95 (v/v)  methanol (Merck) / 0.025 M citric acid

buffer as the mobile phase. The citric acid buffer was prepared by

dissolving citric acid monohydrate (Merck) to a concentration of 0.025 M

adjusting the pH to 6.0 with a 1M sodiumhydroxide (Merck) solution.

Separation took place at 4°C. Under these conditions a full baseline

separation was achieved. (-) Terbutaline was collected and concentrated

using a Solid Phase Extraction according to the previous published method

of Van Vyncht et al. [18]. The  SCX cation-exchange columns (Analytichem

International, Harbor City, CA, USA) were preconditioned with 5 ml

methanol, 5 ml water and 5 ml 0.01M potassiumdihydrogen phosphate

(pH=3.0). After addition of the sample that was adjusted to pH 3.0 with
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concentrated phosphoric acid, the column was washed with 2 ml 0.01M

potassiumdihydrogen phosphate (pH=3.0) and 2 ml methanol. After drying

under depression,  (-) terbutaline was eluted under gravity with 2 ml of a

methanol / ammonia solution (95:5,  v/v).

The extract was dried under a nitrogen stream at room-temperature

and dissolved in 300 µl of a solution containing 1 part run-buffer and 9 parts

of water and then spiked with racemic terbutaline  for impurity experiments.

All solutions were filtered through a membrane filter  (0.45 µm) and

degassed for five minutes in an ultra-sonic bath (50 kHz, Branson Europa

B.V., Soest, The Netherlands), immediately prior to use.

4.2.3 CE conditions used for experiments

A capillary with a total length of 70 cm and an effective length of 55 cm

was used. An optical viewing window with a length of 0.5 cm, obtained by

burning off the polyimide coating, was aligned with the UV detection cell.

The coating of the first 2 mm of the capillary was also stripped.

New capillaries were rinsed with 1 M sodium hydroxide for 10 minutes at

1000 mBar, with water for 10 minutes at 1000 mBar and with the run-buffer

for 10 minutes at 1000 mBar.

When cyclodextrins and polyethylene glycol were used for separation, they

were dissolved in the run-buffer and hydrodynamically injected as a

removable gel until the capillary was fully filled. The latter was monitored by

UV-detection. The analyte was then injected electrokinetically in order to

avoid the PEG/CD gel to be forced out. The injection (10 kV,6s) and

separation voltage (30 kV) were ramped at 6 kV/s. After each run the

capillary was refilled with de PEG/CD gel. Because we inject the removable

liquid gel directly into the capillary instead of adding it to the ground-

electrolyte, the electro-osmotic flow (EOF) should be suppressed to avoid

the removable gel to be forced out of the capillary. The latter is partially

accomplished by the increased viscosity, but a working pH of the ground-

electrolyte of pH<3 will generally eliminate the EOF. For the same reason the

analyte(s) can only be introduced into the capillary by electrokinetic

injection, which implies that although electrokinetic injection increases
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sensitivity due to stacking,  some precautions with respect to the amount of

injected analyte(s) should be taken into account [19-22, appendix].

Separations were carried out after the electrode and the capillary-end

were dipped in a vial containing water and began when the ground

electrode and the capillary-end were placed into the vial containing the

run-buffer.

 4.2.4 Statistical methods used for experiments

One-way analysis of variance (ANOVA), the paired and independent two-

sample t-test and linear regression were performed with an Origin 3.0

(MicroCal Software, Inc., Northampton, MA, USA) program.

4.3 Results and discussion

4.3.1 Type and concentration of cyclodextrin

In Fig. 4.2, the resolutions for (+) and (-) terbutaline are presented as a

function of the molarity of three different types of cyclodextrins. Because

the solubility of β-CD in aqueous solutions is low, concentrations of β-CD > 15

mM cannot be prepared and therefore not be compared with DM-β-CD

and HE-β-CD in this matter.  According to the data obtained, the resolution

shows an increase when the CD-concentration increases, this is due to an

increase in complexation with the analytes.

Furthermore, the derivatized β-cyclodextrins are more chiral selective,

probably as a consequence of the less apolar side-chain of the host

molecule in combination with the molecular structure of the analyte.

The highest resolutions were obtained with DM-β-CD and ranged from

1.25 to 3.64 (~191%) for concentrations of DM-β-CD ranging from 5 to 40

mM.
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4.3.2 Type and concentration of polyethylene glycol

To explore the influence of the removable gel, hydroxyethyl-β-cyclodextrin

was used in a concentration of 10 mM for further experiments. At this

concentration the resolutions obtained with HE-β-CD and DM-β-CD are

nearly the same and for practical reasons further experiments were carried

out with HE-β-CD. It was therefore dissolved in a removable polyethylene

glycol (PEG) gel and injected hydrodynamically into the capillary until it was

fully filled. In Fig. 4.3, the resolutions are presented as a function of the

percentage PEG with different chain lengths. For PEG 300 resolutions range

from 1.17 (0% PEG) to 1.57 (5% PEG), which corresponds to a maximum

increase of ~34%. An independent two-sample t-test of the data confirms

that there is a significant difference between the means at a 95% reliability

level  (α=0.05; t=2.6101, p=0.04012).

Similar experiments were made with PEG-6000; resolutions are plotted in Fig.

4.3. as a function of the concentration of the polyethylene glycol. For PEG-

Figure 4.2. Effect of cyclodextrin concentration on resolution of racemic-
terbutaline

a a


a a


a a


a a


Theo De Boer
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6000 resolutions range from 1.17 (0% PEG) to 1.75 (2% PEG), which

corresponds to a maximum  increase of ~49%. An independent two-sample

t-test of the data confirms that there is a significant difference between the

means at a 95% reliability level (α=0.05; t=3.3640; p=0.01515).

When 10 mM HE-β-CD is dissolved in a solution containing PEG-2000

resolutions range from 1.17 (0% PEG) to 2.45 (5% PEG), which corresponds to

a maximum increase of ~109%. An independent two-sample t-test of the

data confirms that there is a significant difference between the means at a

95% reliability level (α=0.05; t=3.98936; p=0.01043).

The resolutions obtained with a 20 mM HE-β-CD dissolved in a PEG-2000

solution are also plotted in Fig.4.3. The maximum increase in resolution here

is 16%; an independent two-sample t-test does confirm that there is a

significant difference between the means at a 95% reliability level.  (α=0.05;

t=3.96968; p=0.00061).

Figure 4.3. Effect of the polyethylene glycol (PEG) concentration in different
types of cyclodextrin on the resolution of racemic-terbutaline.
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It seems that addition of polyethylene glycol to the CD solutions has a

positive effect on the resolution using low concentrations of CD, but beyond

a certain concentration of polyethylene glycol, that depends on the type

of polyethylene glycol used, the baseline tends to fluctuate and makes it

impossible to determine the resolution. This phenomenon might be

dependent on fluctuations in temperature. Another phenomenon is an

optimum in resolution also depending on the type of polyethylene glycol

used. Both phenomena might be due to a change in conformation of the

polyethylene glycol, but cannot be explained properly at the moment.

4.3.3  Effect of temperature on chiral separation

The next step in optimizing was to monitor the influence of the temperature

on chiral separation.  For this reason 10 mM HE-β-CD was incorporated in a

PEG-2000 gel. Table 4.1 shows that for chiral separation using cyclodextrins,

the resolution increases when the temperature decreases. The latter can be

explained by the fact that decreasing the temperature will result in an

increase of the viscosity and therefore a decrease of the mobility of the

enantiomers resulting in an increase in the difference between the complex

formation constants of the two enantiomers. The improved temperature

control considerably reduced the baseline fluctuations observed in the

preliminary experiments. Therefore we were able to test concentrations of

PEG-2000 up to 15% Table 4.1 shows the resolutions obtained with different

concentrations of polyethylene glycol at different temperatures. In the

table the maximum and minimum resolutions along with the maximum

increase are indicated. The highest resolution occurs when 10%

polyethylene glycol is dissolved in 10 mM HE-β-CD at 15°C. Furthermore, the

table shows that the reduction in temperature can give rise to a more than

100% increase in resolution. The effect of temperature on resolution is also

visualized in the electropherograms in Fig. 4.4.



Chapter 482

Table 4.1.   Effect of temperature on resolution of racemic terbutaline using different
concentrations  PEG-2000 dissolved in a 10 mM HE-β-CD solution.

PEG-2000 (%) 15°C 20°C 25°C
Rs R.S.D. (%) Rs R.S.D.(%) Rs R.S.D. (%)

0

1

2

3

4

5

7

10

15

Max

increase

1.73a

1.87

1.92

2.00

1.93

1.97

2.05

2.42b

2.33

40%

7.5

5.3

6.0

6.1

8.9

2.9

12

13

11

0.94a

1.21

1.38

1.24

1.20

1.25

1.50b

1.38

1.43

60%

18

9.1

11

34

5.2

14

20

24

4.7

0.82a

1.00

1.20b

0.97

1.04

1.04

0.95

1.09

1.06

46%

35

43

2.4

32

11

10

17

15

3.5

R.S.D. corresponds to the relative standard deviation and is given by the quotient of the
standard deviation and the mean. a Depicts the lowest obtained resolution; b Depicts the
highest obtained resolution.

4.3.4 Enantiomeric impurity profiling of (-) terbutaline

A typical detection limit for enantiomeric impurities monitored by CE is 0.1%

(area of distomer / area of eutomer) [23-26].  The enantiomeric impurity of

(-) terbutaline was calculated by internal normalization from corrected

peak areas (peak area divided by the corresponding migration time) as

suggested by Altria [23]. The resolution, that is defined as the extent of

separation between two compounds is generally considered to be

adequate when R=1.5 (less than 0.2% overlap for symmetrical comparable

peaks).
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To accomplish a full baseline separation to allow impurity studies up to 0.1%

a  resolution of 2.5 is necessary, as can be calculated from the theoretical

overlap of symmetrical peaks by simple overlap studies. When a resolution

of 2.5 is achieved, the contribution of the main component ((-) terbutaline)

to the peak area of the impurity ((+) terbutaline) is less than 0.2% for

symmetrical peaks. The purity of the collected (-) terbutaline was tested by

the developed CE method. No trace of the (+) enantiomer was observed

(<0.1%).

   Fig. 4.5 shows some representative electropherograms of (-) terbutaline

spiked with low levels of (+) terbutaline. The limit of detection (L.O.D.)

observed was 0.1% impurity of (+) terbutaline. In order to illustrate the

linearity of the detector response, linear regression analysis (Y=a+b.X) was

performed and gave in the range of 0.1-1.3% (+) terbutaline, the following

equation: Y= 0.021(± 0.006) + 0.0243.X (± 0.0007) corresponding with an

Figure 4.4. Electropherograms of separation of racemic-terbutaline at different
temperatures (15, 20 and 25 °C, respectively) using 10% PEG-2000 in 10 mM
HE-β-CD as a removable gel

a a


a a


a a
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adequate linearity, expressed as the coefficient of determination (r2 = 0.998;

p=0.0009; n=4).

4.4 Conclusion

The use of cyclodextrins dissolved in a removable liquid polyethylene glycol

solution appears to be an effective method to improve the separation of

the enantiomers of terbutaline by capillary electrophoresis. Complexation

and therefore resolution increases when the cyclodextrin concentration is

increased. The addition of polyethylene glycol also results in an increase in

resolution. However at higher concentrations the baseline starts to fluctuate

impairing quantitation of low concentrations of the individual enantiomers.

Another important variable is the temperature as we not only experienced

with the CE experiments but also with the HPLC method as described in the

experimental section. Baseline separation of racemic-terbutaline could only

be achieved at relatively low temperatures. Finally, impurity as low as 0.1%

Figure 4.5. Electropherograms of  0.1, 0.5, 0.7 and 1.3% spiked (+) terbutaline
using 2% PEG-2000 in 10 mM HE-β-CD as a removable gel. Electrokinetic
injection, 30KV, 12 s; separation, 30KV

a a


a a
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(distomer / eutomer) can be readily detected. In the next chapter, a model

for optimal chiral separation of other sympathomimetic drug-selective β2-

receptor agonists is presented.
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Abstract

A two-factor central composite design was used to determine a

mathematical model for prediction of the optimal conditions for the

separation of the enantiomers of some widely used β2-sympathicomimetic

drugs (β2-agonists) by capillary electrophoresis using cyclodextrins as a

chiral selector in a polyethylene glycol gel. The effects of the chemical

structure of these drugs along with the addition of polyethylene glycol to

the cyclodextrin solution on the resolution of their enantiomers were studied.

To allow impurity studies downto 0.1% (distomer/eutomer) a resolution of 2.5

should be warranted. Those β2-agonists containing two hydroxylic groups in

the aromatic ring structure show the highest enantiomeric separation, due

to the fact that one of their enantiomers has a better geometric structure to

fit into the β-cyclodextrin cavity.

5.1 Introduction

β2-Sympathicomimetics (β2-agonists) stimulate the sympathic nervous

system by reducing the tone of smooth muscle cells particularly in the lungs

and the uterus. For that reason they are often used as vasodilator to

decrease arterial blood pressure (oxedrine), as bronchodilator in the

treatment of obstructive airway diseases  (e.g. terbutaline, salbutamol) or as

tocolytic agent (i.e. fenoterol, ritodrine) to avoid premature birth.

Clenbuterol is a β2-agonist that is not authorized by the European Union as a

drug for human treatment but may be used for the treatment of bronchi-

obstruction in cattle. When the therapeutic doses of β2-agonists are

exceeded, these compounds act as growth promoters to improve meat-to-

fat ratios in cattle. Residues of these compounds, which are mostly

abundant in liver and in meat, are toxic to humans and can cause heart

complications. In addition, the medical commission of the International

Olympic Comity has listed the β2-agonists as illicit agents for athletes when

used in non-therapeutic doses.

The general molecular structure of these β2-agonists (terbutaline,

salbutamol, clenbuterol, fenoterol, ritodrine, oxedrine and isoprenaline)
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along with their pKa-values is given in Table 5.1. These drugs are

administered as a racemate, but pharmacological studies have shown that

Table 5.1. Molecular structure of the used sympathicomimetics. The general
chiral center is depicted with *. A possible second chiral center
(ritodrine) is depicted with an #. The second chiral center in
fenoterol in the R1 substituent is depicted with *.

R4

R3

R2

N
H

R1

R5

OH

*
#

pKa R1 R2 R3 R4 R5

Terbutaline

Salbutamol

Clenbuterol

Oxedrine

Isoprenaline

Ritodrine

Fenoterol

8.7
10.0
11.0

9.3
10.3

<1
9.6

9.3
10.2

8.6
10.1
12.0

N.A.

8.5
10.0

- C(CH3)3

- C(CH3)3

- C(CH3)3

- CH3

- CH(CH3)2

CH2 CH2 OH

CH

CH3

CH2 OH
*
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-H

-OH

-H
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-H

-H

-H

-H

-H
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only one of the enantiomers has the desired therapeutic pharmacological

effect [1]. For that reason it is of great importance that the enantiomers of

such molecules can be fully baseline separated.

Basic enantiomers can be separated by capillary electrophoresis using

cyclodextrins (CD) as a chiral selector [2-8]. CDs are commercially available

oligosaccharides consisting of 6,7 or 8 D-(+)-glucopyranose units and they

are designated as  α, β and   γ-CD. Derivatization of the plain CDs leads to a

large variety of CDs, all with their own selectivity in their interaction with

chiral or non-chiral compounds. Derivatization of CD improves the solubility

in water/methanol solutions [9].

In chapter 4 we have shown that the enantiomers of terbutaline can

be readily separated resulting in a resolution that is satisfactory for

enantiomeric impurity studies  (Rs > 2.5).  In that study the addition of

polyethylene glycol 2000 (PEG-2000) showed a positive change in selectivity

along with a decrease of the total amount of chiral selector necessary for

one separation. In this chapter it was tested if the observed phenomenon

would also occur for some terbutaline-analogs. For this reason, the optimal

conditions for the enantiomeric separation of the mentioned β2-agonists

were predicted by using a central composite design [10] as a

chemometrical tool to generate an empirical model. The use of

experimental designs in, for instance, pharmaceutical analysis has been

well described in reviews by Corstjens et al. [11] and Altria et al. [12]. More

specific was the use of a central composite design for the determination of

the optimum conditions for analysis of ranitidine [13], amphetamines [14]

and chlorophenols [15].

The hydroxypropyl-β-cyclodextrin (HP-β-CD) concentration and the PEG-

2000 concentration (two-variable design) were chosen as the parameters

for the selected design according to earlier described chiral optimization

models [5,16,17]. For this class of compounds HP-β-CD is the chiral selector

of choice (see Chapter 4).
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5.2 Experimental

5.2.1 Apparatus

The CE system was a Model PRINCE with a 4 position sample tray and a

programmable injector system from Lauerlabs (Emmen, The Netherlands).

Detection at 210 nm was carried out with a LAMBDA 1000 UV/VIS VWL

detector (Bischoff, Leonberg, Germany). The fused-silica capillary with an

outer polyimide coating (50 µm i.d., 375 µm, o.d.) was from Polymicro

Technologies (Phoenix, AZ, USA). Data acquisition of CE/UV was performed

by the Maclab system (ADinstruments, Castle Hill, Australia) using the Chart

program (version 3.3, ADinstruments) for recording of the

electropherograms. For interpretation of the electropherograms, the Peaks

program (ADinstruments) was used. The vials used were 4 ml glass vials and

were obtained from PhaseSep (Waddinxveen, The Netherlands).

5.2.2 Chemicals and solutions

Acetonitrile, methanol, NaOH and PEG-2000 all of pro analyse (p.a.) quality

were obtained from Merck, Darmstadt, Germany. Hydroxypropyl-β-

cyclodextrin (HP-β-CD), p.a. was obtained from Wacker-Chemie, Munich,

Germany. The used β2-sympathicomimetics: terbutaline, salbutamol,  

clenbuterol, fenoterol, ritodrine, oxedrine, isoprenaline, were all racemates

and of pharmacopoeial quality. Ritodrine and fenoterol were used in the

study as mixtures of four stereoisomers. They were dissolved in a solution

containing 1 part run-buffer and 9 parts of water to a final concentration of

20 µg/ml. The CE run-buffer was prepared by dissolving sodium dihydrogen

phosphate monohydrate (p.a., Merck) to a concentration of 100 mM and

adjusting the pH with concentrated ortho-phosphoric acid (p.a. 85%,Merck)

to a pH of 2.5 giving a conductivity of 7.0 mS/cm. Water was purified with a

Milli-Q system (Millipore, Bedford, MA, USA). The conductivity of the purified

water was always less than 2 µS/cm.
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All solutions were filtered through a membrane filter  (0.45 µm) and

degassed for five minutes in an ultra-sonic bath (50 kHz, Branson Europa

B.V., Soest, The Netherlands), immediately prior to use.

5.2.3 CE conditions used for experiments

A capillary with a total length of 70 cm and an effective length of 55 cm

was used. An optical viewing window with a length of 0.5 cm, obtained by

burning off the polyimide coating, was aligned with the UV detection cell.

The coating of the first 2 mm of the capillary was also stripped.

New capillaries were rinsed with 1M sodium hydroxide for 10 minutes

at 1000mBar, with water for 10 minutes at 1000mBar and with the run-buffer

for 10 minutes at 1000mBar, respectively.

Cyclodextrins and polyethylene glycol were dissolved in the run buffer

and hydrodynamically injected as a removable gel until the capillary was

fully filled. The latter was monitored by UV-detection. The analytes then

were electrokinetically injected in order to avoid the PEG/CD gel to be

forced out. The injection (10 kV, 6s) and separation voltage (30 kV) were

ramped at 6 kV/s and took place at a constant temperature of 15°C. After

each run the capillary was refilled with fresh PEG/CD gel. Because we inject

the removable liquid gel directly into the capillary instead of adding it to

the ground-electrolyte, the electro-osmotic flow (EOF) should be suppressed

to avoid the removable gel to be forced out of the capillary. The latter is

partially accomplished by the increased viscosity, but a working pH of the

ground-electrolyte of pH<3 will generally eliminate the EOF. This approach

implies that the analyte(s) can only be introduced into the capillary by

electrokinetic injection. Despite the fact that electrokinetic injection

increases the sensitivity due to stacking, some precautions with respect to

the amount of injected analyte(s) should be taken into account [18-21].

Especially possible vibrations that can occur during the injection process

should be excluded and a constant volume in the sample should be

warranted (see appendix). After the injection the electrode and the

capillary-end were dipped in a vial containing water. The separation was
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started when the ground electrode and the capillary-end were placed into

the vial containing the run buffer.

5.3 Statistical methods for experiments

Chemometrical analysis was performed with a Design-Expert  program,

version 3.05 (Stat-Ease, Inc, Minneapolis, MN, USA). Contour-plots were

produced by Matlab: high performance numeric computation and

visualisation software (Natick, MA, USA).

5.4 Results and discussion

A two-factor central composite design was used to obtain data for the

fitting of a second-order polynomial model that is defined as [10]:

y1i  = b0 + b1x1i + b2x2i + b11 x1i 2   + b22x2i 2 + b12x1ix2i + e1i

where x1 and x2 indicate the representative variables (quantitative factors):

percentage PEG-2000 and concentration HP-β-CD, respectively. A two-

factor design (i.e. x1 and x2 ) results in 2k + (2*k) + 1 = nine experimental

conditions. In order to estimate the experimental uncertainty, the center

point of the design is measured another three times, resulting in twelve

experiments for each sympathicomimetic drug that take place in random

order. The window wherein the design was selected was restricted by the

maximum concentrations of PEG-2000 (10%) and CD (25 mM). Larger

concentrations gave rise to strong baseline fluctuations with the

consequence that the efficiencies became very low or even that peaks

could not be detected. The corner points of the design were selected

according to previous experiments for the enantiomeric separation of

terbutaline (see Chapter 4).
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For example, the experimental conditions for the enantiomeric separation

of clenbuterol were tested in random order and are presented along with

the corresponding resolutions (y1i)  in Table 5.2. The coefficients of the

mathematical model were obtained by matrix calculation via b = (X’X)-1

(X’y), where X is a matrix containing the columns which contain the

coefficients of the model parameters for each experiment. Finally the

polynomial can be given

Rs  = -2.1 –0.07 x1i + 0.36 x2i - 0.11 x1i 
2  - 0.14x2i 

2 + 0.28x1ix2i + e1i.

The adequacy of the model, ‘the goodness of fit’ is summarized by the

coefficient of multiple determination (R2 = 0.846) and by the F-ratio for lack

of fit (FLOF = 0.05). Using a 95% significance level the model is probably

adequate, i.e. there is no lack of fit, when the FLOF ≥ 0.05 [10]. It is important

to realize that the polynomial is only valid for the tested ranges, i.e. 3-9%

PEG-2000 and 8 - 22 mM HP-β-CD. The results of the calculated polynomial

are visualised as a contour plot in Fig. 5.1. In the same manner experiments

Table 5.2 Experimental conditions for the enantiomeric separation of
clenbuterol along with the obtained resolutions and the calculated
polynomial

PEG 2000 (%) = x1 HP-β-CD(mM) = x2 Rs

6
6
6
6
4
8
8
9
6
6
4
3

15
15
15
15
10
10
20
15
8

22
20
15

2.1
2.2
2.0
2.2
1.5
1.7
1.6
2.0
1.2
2.6
2.5
1.9

Rs  = -2.1 –0.07 x1i + 0.36 x2i - 0.11 x1i 
2  - 0.14x2i 

2 + 0.28x1ix2i + e1i
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were completed for the other β2-agonists. The resulting polynomials, the

concentrations needed to warrant the aimed resolution of 2.5 or higher and

the adequacy of the models are given in Table 5.3

As can be seen in Table 5.3, the calculated models for isoprenaline and

oxedrine exhibit a significant lack of fit (FLOF = 0.016 and 0.015, respectively).

For a good separation of the enantiomers of the β2-agonists, a three point

interaction or more of the hydroxyl and amino groups of one of the

sympathicomimetic enantiomers with the hydroxyl groups of the

cyclodextrins and a complexation of the (substituted) aromatic ring of this

enantiomer with the inner hydrophobic moiety of the cyclodextrin cavity is

necessary [22,23]. We try to explain the data given in Table 5.3 combined

with the molecular structures and their pKa values given in Table 5.1.

Because the pKa values of the tested compounds are practically the same

and all compounds are fully protonated at the working pH (2.5), differences

Table 5.3. The calculated polynomials with their adequacy and predictive ability of
the β-agonists along with the conditions that will warant a resolution of 2.5
or highera.

Cat Compound Results of the second order
polynomial

PEG 2000
(%) = x1

HP-ß-CD
(mM) =x2

Rs

A Terbutaline R2 = 0.884; LOF = 0.153; 10.0* 25* 7.9

A Isoprenaline R2 = 0.869; LOF = 0.016; 10.0* 25* 2.7

A Fenoterol R2 = 0.824; LOF = 0.068; 4.7 11.7 2.0

B Salbutamol No separation

C Ritodrine R2 = 0.592; LOF = 0.389; 6.0 25* 1.5

C Oxedrine R2 = 0.838; LOF = 0.015; 10.0* 15.5 1.1

D Clenbuterol R2 = 0.846; LOF = 0.050; 0.0* 25.0* 4.2

a Polynomials are valid for the ranges 3-9% PEG 2000 and 8-22 mM HP-ß-CD.
* When the predicted concentrations are outside the tested ranges, the values  are marked
with an asterisk
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in resolutions can be attributed to differences in their molecular structure

only.

We divided the analyzed compounds in four categories. A) compounds

with two phenolic-hydroxy groups in the aromatic ring structure. B)

compounds with a phenolic hydroxy group and an aliphatic hydroxy group

in the aromatic ringstructure. C) compounds with one phenolic hydroxy

group in the aromatic ringstructure. D) other substituents in the aromatic

ringstructure.

To allow enantiomeric impurity profiling down to 0.1% a resolution of

2.5 is necessary, as can be calculated from the theoretical overlap of

symmetrical peaks by simple overlap studies as mentioned in the former

Chapter. The resolution is defined as the extent of separation between two

compounds and is formally calculated by R = 2 (t2 - t1 ) / (w1 + w2 ) [24],

where t 1 and t 2 are the migration times and w 1 and w 2  the peakwidths at

the baseline of the more mobile (1) and the less mobile (2) analyte.

According to Table 5.3 compounds belonging to category A (fenoterol,

terbutaline and isoprenaline) and to category D (clenbuterol) give the best

resolution. It appears that the largest discrimination between the

enantiomers is found were the β2-mimetics contain substituents in the

aromatic ringstructure and especially on the R2 and R4 position (terbutaline

and clenbuterol), due to the fact that one of their enantiomers has a better

geometric structure to fit into the β-cyclodextrin cavity.

In Figures 5.1(I) and 5.1(II) it is shown that for clenbuterol and

terbutaline, respectively, the minimal resolution we were aiming for (2.5) is

readily achieved within the tested design without the necessity for further

optimization.

In Fig 5.1(II) it can also be seen that the addition of PEG-2000, referring to

the contour responding to a resolution of 2.5, results in a decrease of the

necessary concentration of CDs.  The same contour in Fig. 5.1(I) shows a

different effect of the addition of PEG 2000. This phenomenon can not be

explained at the moment. In both cases, however, the optimal conditions

for a satisfactory result (i.e. a resolution of 2.5) should be achieved with the

lowest concentration possible for either component.
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For isoprenaline, which contains two lipophilic substituents located on R2

and R3, the minimal resolution cannot be obtained within the selected

design, but is still situated within the restricted window area (10% PEG-2000

and 25 mM CD), therefore further optimization is necessary. The latter could,

for instance, be accomplished by using a two-factor simplex experimental

design [10,11].  Fenoterol which also has the apparently essential lipophilic

substituents on R2 and R4 also contains a large R1 substituent that appears

to decrease the resolution compared to the above described compounds.

Although fenoterol has two chiral centres, only one pair of enantiomers can

Fig.5.1. The calculated contourplots of the β-agonist belonging to category A and D.
(I) terbutaline; (II) clenbuterol; (III) fenoterol; (IV) isoprenaline. The central composite
design used is designated in the figure.

a a


a a


a a
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be separated within the used maximum separation time (i.e. 30 minutes).  A

resolution of 2.5 in this case cannot be accomplished within the used

restricted window area.

Apparently, the methoxygroup of salbutamol on the R2 position, category

B, prevents separation of the enantiomers because no resolution is

obtained. When we compare the compounds of category C with the

compounds of the other categories, we observe that for both compounds

no baseline separation can be obtained.

5.5 Conclusion

The use of HP-β-CD as a chiral selector in a polyethylene glycol solution

appears to be an adequate method to separate the enantiomers of the β2-

sympathicomimetics. The addition of PEG changes the selectivity but does

not always result in an increase in resolution. In most cases addition of PEG

results in a lower concentration of CDs necessary to obtain the desired

minimum resolution of 2.5 necessary for the detection of impurities as low as

0.1 % (distomer / eutomer).

The enantiomers of compounds containing two hydroxylic groups

substituted at the aromatic ring could be readily separated, resulting in the

aimed resolution, due to a higher complexation with the cyclodextrins of

one of the enantiomers.  The selected design within the restricted window

area (10% PEG-2000 and 25 mM CD) appears to be adequate for

calculation of a mathematical model for a fast optimization of the

separation. If the desired resolution is not achieved within the valid range of

this two-factor composite design, further optimization could be carried out

with a two-factor simplex design. A better resolution for the compounds of

category B and C can probably be achieved by using other types of

cyclodextrins.
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Abstract

Cyclodextrins were used for affecting the selectivity of the capillary

electrophoresis system in the separation of ten widely used phenothiazines.

It was shown that the addition of cyclodextrins substantially improved the

selectivity. The effect of temperature and cyclodextrin concentration on

the resolution between the screened phenothiazines was studied. The best

results were obtained with 8 mM hydroxypropyl-β-cyclodextrin at 15.5 °C.

Under these conditions a resolution of at least 1.5 between all

phenothiazines could be obtained. In addition the chiral separation of the

enantiomers of trimeprazine could be accomplished. Structure

separatability relations between the phenothiazines showed that a change

in the side chain at the R10 position had the largest effect on the migration.

6.1 Introduction

In capillary zone electrophoresis (CZE) the selectivity in non-chiral

separations can be influenced by various factors, e.g. by changing the pH

or by adding organic modifiers to the run-buffer [1-5]. When separating

closely related substances, the effect of these parameters on the selectivity

is restricted, because the pKa-values of these analytes will all be in the

same range and therefore changing the pH may have a unilateral effect

for all analytes involved. This is especially true when a pH is used that

warrants full protonation. The addition of organic modifiers may also lead to

a general increase in migration time because the separation window will

only be enlarged: all analytes will have a similar extension of their residence-

time. Micellar electrokinetic chromatography (MEKC) is another way to

affect selectivity, being dependent on the interactions of the analytes with

micelles (as the pseudo-stationary phase) and the mobile phase. Even slight

differences in these interactions may result in successful separations. In these

cases, selectivity is dependent on and restricted by the type and solubility

of the micelles used [6-9]. In our studies on the separability of some closely

related phenothiazines, we found that straight CZE was unable to separate

the ten drugs under study. This Chapter describes the use of hydroxypropyl-
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β-cyclodextrins (HP-β-CD) to provide the necessary selectivity to obtain

baseline separation between the analytes.

Furthermore, we tried to investigate the possibility of a structure-

relationship between the mentioned phenothiazines and their migration

time, due to complexation with the HP-β-CD, under the prescribed

conditions. A possible advantage of CDs compared to MEKC is that the

CDs, instead of micelles, do not migrate towards the electrode under these

conditions; thus a higher selectivity can be expected. Also, the nature of

the selectivity is not based on chromatography but on the complexation of

the specific analyte with the CDs.

The choice of CDs as a non-chiral selector in CE was inspired by

recent observations on the enantiomeric separation of promethazine

[10,11] and structure-related β-adrenergic sympathicomimetics (see

Chapters 4 and 5). Similar applications have been described for

anthracenes [12], monosialogangliosides [13], estrogens [14] and

tetracyclines [15]. CDs are oligosaccharides consisting of 6, 7 or 8 D-(+)-

glucopyranose units and are designated as α, β and γ-CD. Derivatization of

the plain cyclodextrins leads to a large variety of cyclodextrins, all with their

own selectivity in their interaction with chiral or non-chiral compounds.

Derivatization of CD improves the solubility in water/methanol

solutions [16].

Phenothiazines are mainly used in the therapy of schizophrenia, organic

psychoses, the manic phase of manic-depressive illness and other acute

idiopathic psychotic illnesses. They may also be used as antiemetics,

antinausea and antihistaminics. The molecular structures of the

phenothiazines under study, along with their pKa-values, are given in Table

6.1. The nature of the substituent at position 10 influences the

pharmacological activity. According to their substituent, we can devide the

phenothiazines into three groups, phenothiazines with an aliphatic side

chain (A), phenothiazines with a piperidine moiety (B) and phenothiazines

with a piperazine group (C). The latter is found to be the most potent group

of phenothiazines. Substituents on position 2 with an electron-withdrawal

group increase the efficacy of the phenothiazines (CF3 > Cl > H) [17,18].
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Table 6.1. Molecular structure of the ten most frequently used phenothiazines and their
pKa-values. Possible chiral centers are depicted with an ‘*’

S

N

R10

R2

Group Name pKa R2 R10
A Acepromazine 9.30 -C(O)CH3

CH2 CH2 CH2 N(CH3)2

A Chlorpromazine 9.30 -Cl
CH2 CH2 CH2 N(CH3)2

A Promazine 9.40 -H
CH2 CH2 CH2 N(CH3)2

A Promethazine 9.10 -H

CH2 CH

CH3



N(CH3)2

A Trifluopromazine 9.41 -CF3

CH2 CH2 CH2 N(CH3)2

A Trimeprazine 9.00 -H
CH2 CH

CH3

CH2 N(CH3)2


B Thioridazine 9.50 -SCH3
CH2 CH2

N
H3C

*

C Perphenazine 7.80 -Cl
CH2 CH2 CH2 N N CH2 CH2OH

C Prochlorperazine 8.10 -Cl
CH2 CH2 CH2 N N CH3

C Trifluoperazine 8.10 -CF3
CH2 CH2 CH2 N N CH3
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6.2 Experimental

6.2.1 Apparatus

The CE system was a Model PRINCE with a four-position sample tray and a

programmable injector system from Lauerlabs (Emmen, The Netherlands).

Detection at 210 nm was carried out with a LAMBDA 1000 UV/VIS VWL

detector (Bischoff, Leonberg, Germany). The fused-silica capillary (50 µm

i.d., 375 µm, o.d.) with an outer polyimide coating was from Polymicro

Technologies (Phoenix, AZ, USA). Data acquisition of CE/UV was performed

by the Maclab system (ADinstruments, Castle Hill, Australia) using the Chart

program (version 3.3) for recording of the electropherograms. For

interpretation of the electropherograms, the Peaks program (ADinstruments)

was used. The vials used were 4 ml glass vials and were obtained from

PhaseSep (Waddinxveen, The Netherlands).

6.2.2 Chemicals and solutions

Acepromazine maleate, chlorpromazine hydrochloride, perphenazine

base, prochlorperazine base, promazine hydrochloride, promethazine

hydrochloride, thioridazine base, trifluoperazine hydrochloride,

trifluopromazine hydrochloride and trimeprazine tartrate, were all of

pharmacopoeial quality and were dissolved in a solution containing 1 part

run-buffer and 9 parts of water to a final concentration of 20 µg/ml.

Thioridazine, trimeprazine and promethazine were used as racemates. The

CE run-buffer was prepared by dissolving sodium dihydrogen phosphate

monohydrate, p.a., Merck, Darmstadt, Germany to a concentration of 100

mM and adjusting the pH with concentrated ortho-phosphoric acid (p.a.

85%, Merck) to a pH of 2.5, giving a conductivity of 7.0 mS/cm.

Hydroxypropyl-β-cyclodextrin (HP-β-CD), analytical grade was obtained

from Wacker-Chemie, Munich, Germany. Water was purified with a Milli-Q

system (Millipore, Bedford, MA, USA). The conductivity of the purified water

was always less than 2 µS/cm. All solutions were filtered through a

membrane filter  (0.45 µm) and degassed for five minutes in an ultra-sonic
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bath (50 kHz, Branson Europa, Soest, The Netherlands), immediately prior to

use.

6.2.3 CE conditions

A capillary with a total length of 70 cm and an effective length of 55 cm

was used. An optical viewing window with a length of 0.5 cm, obtained by

burning off the polyimide coating, was aligned with the UV detection cell.

The coating of the first 2 mm of the capillary was also stripped. New

capillaries were rinsed with 1 M sodium hydroxide for 10 minutes at 1000

mBar, with water for 10 minutes at 1000 mBar and with the run buffer for 10

minutes at 1000 mBar, respectively. Cyclodextrins (8-22 mM) were dissolved

in the run buffer and hydrodynamically injected until the capillary was fully

filled. The latter was monitored by UV-detection. The injection (10 kV, 6s)

and separation voltage (30 kV) were ramped at 6 kV/s and took place at a

constant temperature of 15.5, 18 or 20.5 °C, respectively. After each run the

capillary was refilled with fresh run medium. Because we inject the

removable run medium directly into the capillary instead of adding it to the

ground-electrolyte, the electro-osmotic flow (EOF) should be suppressed to

avoid the former solution to be forced out of the capillary. The latter is

accomplished by keeping the working pH of the ground-electrolyte below

pH=3. This approach implies that the analyte(s) can only be introduced into

the capillary by electrokinetic injection. Despite the fact that electrokinetic

injection increases the sensitivity due to stacking, some precautions with

respect to the amount of injected analyte(s) should be taken into account

[19]. Especially possible vibrations that may occur during the injection

process should be excluded and a constant volume in the sample vials

should be warranted (see appendix).

After the injection, the electrode and the capillary-end were dipped

in a vial containing water. The separation was started when the ground

electrode and the capillary-end were placed into the vial containing the

run buffer.
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6.2.4 Statistical evaluations

One-way analysis of variance (ANOVA) and the paired two-sample t-test

were performed with an Origin 2.9 (MicroCal Software, Northampton, MA,

USA) program.

6.3 Results and discussion

In Figure 6.1 the resolutions of the ten phenothiazines are shown at 15.5 ºC,

18.0 ºC and 20.5 ºC using a 8, 15 or 22 mM HP-β-CD solution as a (non-)

chiral selector. These conditions were chosen based on recent experiences

described in Chapters 4 and 5. Baseline separation is accomplished when

the resolution is at least 1.5. The resolution is defined as the extent of

separation between two compounds and is calculated by R = 2 (t2 - t1 ) /

(w1 + w2 ), where t 1 and t 2 are the retention times and w 1 and w 2  the

peakwidths at the baseline of the more mobile (1) and the less mobile (2)

analyte. As can be seen in Figure 6.1, only at 15.5 ºC using an 8 or a 15 mM

HP-β-CD solution all resolutions calculated between the measured

phenothiazines including the enantiomers of trimeprazine, exceeded the

1.5 criterion for the resolution, resulting in 11 peaks in the electropherogram.

Lower temperatures could technically not be achieved. The enantiomers of

promethazine and thioridazine could not be separated under these

conditions. ANOVA showed that there was not a significant difference

between the resolutions of the phenothiazines at 15.5 ºC,  using a 8, 15 or 22

mM HP-β-CD solution at a 95% reliability level (α=0.05; P= 0.961), where α is

the error in accepting the null-hypothesis and P is the probability factor that

indicates the chance that the given test-statistic is not correct. The latter

was also found for the separation of the phenothiazines at 18 and 20.5 °C

(α=0.05; P=0.965 and P=0.973, respectively). The effect of the temperature

can be calculated by comparison of the resolutions obtained with the three

molarities of the HP-β-CD solution at 15.5, 18 and 20.5 ºC, respectively.

ANOVA showed that there is no significant difference between the

resolutions obtained with different temperatures  (α = 0.05; P=0.790 [8 mM],

P=0.961 [15 mM] and P=0.901 [22 mM], respectively).
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Fig. 6.1 Resolutions between the phenothiazines in various run media and at A) 15.5°C;
B)18.0°C; C) 20.5°C. Trifluoperazine; 1) prochlorperazine; 2) perphenazine; 3)
promethazine; 4) promazine; 5) trifluopromazine; 6) acepromazine; 7&8) trimeprazine
enantiomer; 9) chlorpromazine; and 10) thioridazine.



Chapter 6 109

Paired two-sample t-tests showed that there was only a significant

difference at a 95% reliability level between the resolutions when

comparing the resolutions obtained with an 8 mM HP-β-CD solution at

15.5ºC, giving the best results, with the resolutions obtained with an 8 mM

HP-β-CD solution at 20.5 ºC (P=0.0442). All the other possible combinations

did not indicate a significant difference between the resolutions at a 95%

reliability level (0.0819 ≤ P ≤ 0.945). Use of concentrations lower than 8 mM

HP-β-CD may result in significant differences between the resolutions at the

temperatures used but according to earlier research described in Chapter

4 and the research mentioned in this Chapter, concentrations lower than 8

mM will probably not lead to an increase in resolution. This is also based on

the fact that when there are no CDs added, the phenothiazines cannot be

fully separated.  In Figure 6.2 the electropherograms of the phenothiazines

are shown using only run-buffer for the separation, i.e. straight CZE (A) and

using an 8 mM HP-β-CD solution for the separation (B) at 15.5ºC. As can be

seen in Figure 6.2(a) the ten phenothiazines could not be sufficiently

separated and the peaks corresponding to perphenazine(3) and

promethazine(4) could not be separated. Plate numbers calculated for the

peaks in Figure 6.2(b) range from 97000 to 189000 (Rt < 22 min).

The separation between two analytes in the same run can be expressed by

a selectivity factor (sf ). This selectivity factor is calculated by sf = (tri - tri(0) ) /

tri(0) , where tri is the migration time of analyte i in the presence of CDs and

tri(0) is the migration time of the same analyte in a straight CZE system under

the same conditions. The sf-values, calculated from the data shown in

Figure 6.2, are presented in Table 6.2.  Although there are no changes in

elution order, the variation in the calculated sf-values implies that CDs have

the ability to change the selectivity in a capillary electrophoresis system not

just by an extension of the separation window but by an increase in

selectivity that is dependent on the structure of the phenothiazine, i.e. its

variation in complexation with the CDs.

Structure separability relations can be derived from the results shown

in Figure 6.2(b) and the molecular structures shown in Table 6.1. The

phenothiazines with a piperazine group (C) on the R10 position migrate

quickly and the phenothiazine with a piperidine moiety (B) migrates slowly.
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When we compare trifluoperazine with prochlorperazine (both belonging to

group C) we can see that the substituent on the R2 position also has some

influence on the migration. Apparently, the electron withdrawal group

and/or its size has a negative effect on the complexation of the analyte

with the CDs. The same can be seen when we compare promazine,

trifluopromazine, acepromazine and chlorpromazine (group A). The order of

A

B

Figure 6.2. Electropherograms of the separation of the phenothiazines at 15.5°C without
(A) and with (B) the addition of cyclodextrins to the run buffer. 1) Trifluoperazine; 2)
prochlorperazine; 3) perphenazine; 4) promethazine; 5) trifluopromazine; 6)
acepromazine; 8&9) trimeprazine enantiomer; 10) chlorpromazine; and 11) thioridazine.

a a


a a


a a


a a
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migration (R2 = H > CF3 > Acetyl > Cl ) can be due to a change in, for

instance lipophilicity, dipole-dipole interactions, electronegativity,

hydrogen-bonding or steric hindrance, and cannot be adequately

explained.

Extension of the side chain (promethazine and trimeprazine, group A) shows

an increase in the migration time, probably due to the increase in

lipophilicity or to one of the other factors mentioned above.

The effect of the side chain (R10) and the substituent at the R2

position on the migration time can be calculated with a simple factorial

design [20]. Four phenothiazines are chosen to visualize this effect; two

different side chains at the R10 position (a piperazine (A) and a propyl-

[dimethyl]amine (B) side chain) and two different substituents at the R2

position (a trifluoromethyl group (C) and a chloride atom (D)). The four

phenothiazines are trifluoroperazine (A+C), prochlorperazine (A+D),

trifluopromazine (B+C) and chloorpromazine (B+D). The effect on the

migration time is calculated by taking the average migration time of the

Table 6.2. Calculated selectivity factors (sf) of the phenothiazines along with
their migration times measured with (tri) and without (tri(0)) the
addition of cyclodextrins at 15.5ºC using 8 mM HP-β-CD.

Phenothiazine group tri tri(0) sf

1
2
3

4
5
6
7
8
9

10

11

Trifluoperazine
Prochlorperazine
Perphenazine

Promethazine
Promazine
Trifluopromazine
Acetopromazine
Trimeprazine (-/+)
Trimeprazine (+/-)
Chloorpromazine

Thioridazine

C
C
C

A
A
A
A
A
A
A

B

11.07
11.64
11.98

12.42
13.84
14.34
14.61
15.04
15.33
16.22

20.81

9.19
9.46
9.54

9.54
10.83
11.15
11.38
11.70
11.70
11.70

12.82

0.204
0.231
0.256

0.303
0.278
0.286
0.284
0.285
0.310
0.386

0.623
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phenothiazines with the piperazine chain minus the average migration time

of the phenothiazines with the propyl(dimethyl)amine chain, giving Eff=

3.93. In the same way, the effect of the substituent at the R2 position on the

migration time can be calculated. For this, the average migration time of

the phenothiazines with de -CF3 group is deducted with the average

migration time of the phenothiazines with de -Cl atom on the R2 position,

resulting in Eff= 1.22.

It appears that a change in the side chain at the R10 position has the

greatest effect on the migration time of the phenothiazines. The latter is

visualized in Figure 6.3.  

6.4 Conclusion

The use of cyclodextrins as a non-chiral selector dissolved in the run-buffer

appears to be an adequate method to change the selectivity in the

separation of phenothiazines by capillary electrophoresis. Although there

are no changes in elution order, the calculated sf-values imply a small non-

unilateral change in selectivity that can be significant for full baseline
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Figure 6.3. Effects of the chain at the R10 position and the substituent
at the R2 position of the phenothiazines on the migration time.
1) Average migration time with piperazine chain; 2) average
migration time with propyl(dimethyl)amino chain; 3) difference in
migration time; 4) average migration time with CF3 group; 5) average
migration time with Cl atom and; 6) difference in migration time.
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separation. A concentration of 8 mM HP-β-CD led to a minimum resolution

of 1.5 between the examined phenothiazines, where one-way analysis of

variance does not confirm an increase in resolution when higher

concentrations are used.

A decrease in temperature led to an increase of the analysis time

but also improved the resolution. Of the three chiral phenothiazines only the

enantiomers of trimeprazine could be successfully separated. These data

confirm our hypothesis that the addition of complexation agents is a more

straightforward way to obtain the required selectivity in capillary

electrophoresis than by pH-adjustment and/or addition of organic

modifiers.
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Summary

A review is presented on the use of charged cyclodextrins (CDs) as chiral

selectors in capillary electrophoresis (CE) for the separation of analytes in

pharmaceutical analysis. First, an overview is given of theoretical models,

that have been developed for a better prediction of the enantiomeric

resolution and for a better understanding of the separation mechanism.

Several types of charged CDs have been used in chiral capillary

electrophoretic separations (anionic, cationic, and amphoteric CDs).

Especially the anionic CDs seem to be very valuable due to the fact that

many pharmaceutically interesting compounds can be easily protonated

(e.g. amine groups). For that reason several anionic CDs are nowadays

commercially available. Cationic and amphoteric CDs are less common in

chiral analysis and only a few of them are commercially available.

Attention is paid to the most common synthesis routes and the

characterization of the CDs used in chiral capillary electrophoretic

separations. The degree of substitution in the synthesized CDs may vary from

one manufacturer to another or even from batch to batch, which may

have a detrimental effect on the reproducibility and ruggedness of the

separation system. In Sections 4, 5, and 6 the applications of anionic,

cationic, and amphoteric CDs for the chiral separation in CE are described.

Many interesting examples are shown and the influence of important

parameters on the enantioselectivity is discussed.

7.1 Introduction

The field of enantiomer separation in pharmaceutical analysis and

bioanalysis for the monitoring of drugs, drug impurities, i.e. degradation

products, synthetic precursors, side products, or metabolites has been

extensively explored over the last decades. Indirect chiral separations, i.e.

via derivatization of the enantiomers with optically pure reagents, have

been performed with several chromatographic separation techniques

(HPLC, GC, TLC) [1-3]. Although GC usually offers a higher efficiency due to

a larger number of plates available in the column than HPLC, the obtained

diastereomers are often less volatile. This limits the use of GC for these
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purposes. Furthermore, the indirect approach is rather time-consuming,

needs very pure optical agents and, most important, for derivatization a

functional group with sufficient reactivity towards the derivatization agent is

necessary. In both GC and HPLC, also direct separations with CDs as chiral

selectors have been described. The CDs are either coupled to the

stationary phase in the column (GC, HPLC) or are added to the mobile

phase (HPLC). Both principles are limited in their success. First, when chiral

selectors are covalently bound to the stationary phase, an increased peak

broadening is expected due to a relatively slow masstransfer (the C-term of

the Van Deemter equation). Second, inherent to HPLC, a large amount of

chiral selector is needed when added to the mobile phase.

In the last two decades, the use of CE as a novel, fast, and efficient
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Figure 7.1.  Illustration of the separation of a cationic
analyte with an anionic CD, under the conditions that the
EOF is eliminated and that both analyte and CD are fully
charged.
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separation technique, has proven to be suitable for chiral separations with

CDs added to the run buffer, as reviewed by several authors [4-8]. Some

major advantages of chiral separations in CE in comparison with HPLC are

the low consumption of the chiral selector (reduced costs) and the high

plate numbers due to a reduced peak broadening as a consequence of

the absence of Eddy diffusion and mass transfer between two phases (the

A- and C-terms of the Van Deemter equation, respectively). Also the

selectivity, which was extensively discussed as one of the key parameters in

electrokinetic separation sciences [9], is high in CE. This implies that because

of the combination of the high plate numbers and a high selectivity,

baseline separations can be achieved at much lower CD concentrations.

Besides the often used neutral CD derivatives, a relatively new class of CDs,

the charged CDs, are gaining much interest because of their ability to

perform fast chiral separations at low concentrations and because of the

possible chiral separation of neutral racemates. Moreover, charged CDs

are expected to give the best resolving power when the analytes are

oppositely charged, because interactions of the CDs with the analytes are

now not only based on inclusion complexation but also on strong

electrostatic interactions. For example, for an anionic CD, the

electrophoretic mobility of the CD is towards the anode, implying a larger

difference between the effective mobilities of the analyte and the

complexed analyte, resulting in an increased selectivity factor (α). The

mobilities of an anionic CD, a cationic chiral analyte, and their inclusion

complexation products are depicted in Fig. 7.1.

The figure shows the chiral separation of the racemate under ideal

conditions, i.e. the anionic CD as well as the cationic analytes are fully

charged and the EOF is eliminated. Obviously, the mobilities of the

enantiomers are equal (µA1 = µA2), whereas the mobility of the CDA1

complex (top) is smaller than the mobility of the CDA2 complex (bottom).

This is due to the fact that in the latter case interaction is only based on

inclusion complexation, whereas in the former case interaction is based on

inclusion complexation and strong ion-interaction (diastereomeric

interaction). However, the most important factor in discrimination between

the enantiomers is the difference in the binding constants (K1 and K2)

between the CD and the analytes as will be explained in the next section. It

is also possible that only diasteromeric ion-pair interactions occur, i.e.
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without inclusion complexation. In such cases, the capability of

enantioseparation is reduced because of the (much) lower chiral

recognition for one of the enantiomers. In analogy with separations using

neutral (substituted) CDs as chiral selectors, the migration order of the

analytes may be altered when using different types of charged CDs, as

depicted in Fig 7.2 and sometimes even the migration order of the

enantiomers may be altered. A reversal of migration order can have several

advantages, for instance when dealing with impurity profiling where

enantiomers are not completely baseline-resolved. It is likely that in this case

integration errors occur, especially when

the distomer (smaller peak) is located at

the tail of the eutomer (larger peak)

[10,11].

Charged CDs are chemically

modified naturally occuring oligo-

saccharides with 6, 7 or 8 glucopyranose

units, usually designated as α-, β-, and γ-

CD, respectively. Particularly the β-CDs

seem to have an excellent resolving

power for chiral molecules containing a

(substituted) aromatic ring and for

instance an amino group or a carboxyl

group [9]. Modification of the CDs occurs

with either strongly charged functional

groups (e.g. sulfate or sulfoalkylether

groups) or weakly charged functional

groups (carboxy(m)ethyl, phosphate or

amino groups). Sulfated CDs or the often

used sulfobutylether-CD can be used

over a wide pH range without affecting their net charge. Quaternary

ammonium cyclodextrins have the advantage that they are always

positively charged, irrespective of the pH of the background electrolyte.

The objective of this paper is to review the use of charged CDs as

chiral selectors for baseline separations in pharmaceutical analysis, starting

with the pioneering work of the group of Terabe [12,13]. Furthermore, it

Figure 7.2. Electropherogram
(modified from [97] showing the
reversal of the migration order of
racemic labetalol (L) and
propranolol (P) using 30 mM
phosphate buffer containing either
20g/L of SBE-γ-CD or 7.7 g/L of
S-β-CD.
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provides the most common synthesis routes and characterization

techniques for the anionic and cationic CDs.

7.2 Theoretical aspects

The advantage of using charged CDs has been described in the theoretical

model for CD-based separations, developed by Wren and Rowe [14,15].

From their model it can be derived that chiral baseline separations are

achieved at rather low CD concentrations in comparison with neutral CDs.

Since the model of Wren and Rowe, that relates mobility differences to the

concentrations of the CD and the organic solvent, other mathematical

models were developed. Vigh and co-workers [16-19] described a multi-

equilibria based model for both chiral weak acids and weak bases to

account for the effects of the pH of the buffer and the CD concentration in

the buffer. Surapaneni et al. [20] developed a theoretical model for the

separation of enantiomers of neutral species by employing a combination

of charged and neutral CDs. Their model is able to calculate resolution and

selectivity based on model parameters, which was demonstrated by

resolving the enantiomers of LY213829 and its sulfoxide metabolites with a

run buffer containing anionic sulfobutylether-β-CD (SBE-β-CD) and the

neutral β-CD. The model is based on simultaneous multiple interactions

between the neutral analyte with the charged CD and the neutral CD, with

the assumptions that the EOF is negligible and the charged CD is fully

charged under the given pH conditions. As a consequence, the neutral

analyte becomes mobile when it is complexed with the charged CD. The

use of a dual CD system is based on the principle that the free fraction of

the neutral analyte that is able to complex with the charged CD decreases

when neutral CDs are added to the solution. The neutral CDs

stereoselectively affect the free fraction of the chiral analyte available for

complexation with charged CDs. This way it is more easily to fine-tune the

separation system.  The apparent electrophoretic mobility of the

enantiomer (S) can be given as
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where µS,ICD is the mobility of the analyte (S)/ionized-CD (ICD) complex, KS,ICD

is the equilibrium constant of the analyte-charged CD system and KS,NCD is

the equilibrium constant of the analyte-neutral CD system.

Although there are advantages in using charged CDs in the

separation of oppositely charged analytes (and to a lower extent for

neutral analytes) some limitations have been mentioned [21]. For instance,

anionic CDs can be used in CE systems with normal polarity (counter-EOF)

and reversed polarity (co-EOF). When using reversed polarity, the anionic

CD-concentration should be increased to generate a negative net mobility

for cationic analyte-anionic CD complexes. Yet, higher CD-concentrations

can lead to electrodispersion causing band broadening. Also, cationic CDs

(containing an amine group) may adsorb to the wall of the capillary due to

electrostatic interactions between the negatively charged wall and the

positively charged amine groups, leading to a reduction or reversal of the

EOF and possible peakbroadening. Williams and Vigh [22] mentioned some

additional difficulties with the use of charged CDs: 1) Most commercially

available materials are complicated mixtures containing a large number of

isomers; 2) the ionic strength may change dramatically if the concentration

of the charged CD in the background electrolyte is changed; 3) there is no

method that can be used to measure EOF rates in the presence of charged

CDs. The latter is important to monitor the experimental variables that affect

the separation. In their paper, Williams and Vigh derived a set of guidelines

to optimize the separation of chiral compounds using charged CDs. This so-

called CHARM model (characteristics of the charged resolving agent

migration model), that focuses on method development for enantiomeric

separations using a rational and predictable selection of the operating

conditions, was experimentally verified in aqueous and non-aqueous

solvents [23-26]. Charged CDs can be used for the separation of non-

electrolyte enantiomers, strong electrolyte enantiomers, and for the

separation of weak electrolyte enantiomers. For the most common and in

pharmaceutical analysis most favorable application of charged CDs, i.e.

the separation of positively charged analytes using strong anionic CDs, they
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suggest that at (or near)  the CD concentration where the enantiomers start

to migrate in the same direction, the resolution can be increased, but at the

expense of the ruggedness of the separation and the run time [22].

Finally, Wang and Khaledi [27] expressed the resolution between

two enantiomers, based on the equation originally developed by Giddings

[28] and Jorgenson and Lukacs [29] as:
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where N is the number of theoretical plates, K1 and K2 are the binding

constants between the enantiomers and the CDs, µf and µc are the

mobilities of the enantiomers in free and in fully complexated forms, µavg is

the average electrophoretic mobility of the two enantiomers and µeof is the

mobility of the EOF.

In the above equation µc is considered the same for both

enantiomer-CD complexes, but in theory they are not. Although the

differences in µc of the two enantiomers-CD complexes may be small, it

should be described as originally done by Wren and Rowe [14]. They

expressed the difference in the apparent electrophoretic mobility between

the two enantiomer-CD complexes as:
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Wang and Khaledi [27] mentioned that for separations with charged CDs of

oppositely charged analytes, a higher separation selectivity can be

achieved due to a larger ‘separation window’, i.e. the µf - µc term in Eq.(2),

than when using neutral or equally charged CDs and analytes. Furthermore,

they showed that in non-aqueous media the ion-pair effect between the

charged CD and the oppositely charged analyte was even stronger, which

resulted in chiral baseline separations at lower CD concentrations than in

aqueous solutions [30]. Finally, according to Wren and Rowe [14], the

optimal concentration of CD is inversely related to the binding constants of

the enantiomers:
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21/1][ KKCD opt = (4)

Several papers have been published describing the applicability of

charged cyclodextrins in separation systems. A small number is directed to

HPLC [31-35], but the majority of the publications concerns the use in

aqueous and non-aqueous [4,8,36-40] CE.

7.3 Synthesis and characterization of charged cyclodextrins

Croft and Bartsch [41] wrote a comprehensive review on the synthesis of

chemically modified CDs. They summarized in their paper the synthesis of

acylated, alkylated, deuterated, mesylated, tosylated, and rigidly capped

cyclodextrins. Furthermore, the synthesis was described of CDs containing

amino, azido, halogen, nitrate, phosphorous, imidazole, pyridine, sulfur,

alcohol, aldehyde, keto, oxime, carboxyl, carbonate, carbamate, silicon,

boron and tin as functional groups.

In this review, we will discuss the synthesis and characterization of

those CDs that are in use for pharmaceutical analysis with CE. Several

cationic and anionic CDs (e.g. sulfobutylether SBE[I-VII]-CDs,

carboxy(m)ethylated-CDs, sulfated-CDs, mono-(6-[2-hydroxy] propyl-

trimethylamino-6-deoxy)-β-cyclodextrin (DS=3.5)) are nowadays

commercially available from several companies (Supelco, Bellefonte, PA,

USA, Wacker-Chemie, Munich, Germany and Cyclolab, Budapest, Hungary)

in contrast to only one amphoteric derivative, i.e. β-cyclodextrin substituted

at the 6-postition with 2-hydroxypropyl-trimethylamonium chloride (DS=2.0)

or a sodium acetate group  (DS=2.0) (Supelco).

7.3.1 Synthesis of anionic cyclodextrins

Vigh and co-workers described the synthesis of several anionic CDs, namely

heptakis(2,3-diacetyl-6-sulfato)-β-cyclodextrin (CD1) [42], hepta-6-sulfato-β-

cyclodextrin (CD2) [43] and heptakis(2,3-dimethyl-6-sulfato)-β-cyclodextrin

(CD3) [44]. The synthesis is based on principles described in the papers of
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Takeo et al. [45] and Newton et al. [46] and is basically similar for all three

CDs. The principle is shown (without the experimental conditions and

purification steps) in Fig. 7.3 (Scheme 1). Sulfopropylether-β-CD (SPE-β-CD)

was synthesized by Mayer and Schurig [47]. (Fig. 7.3, scheme 2). The

structural analog sulfobutylether-γ-CD was synthesized using 1,4-

butanesulfone and γ-CD. It was shown that a lower concentration of 1,4-

butanesulfone, a higher reaction temperature or a longer reaction time,

resulted in a lower degree of substitution [48]. Terabe et al. [12] described

the synthesis of 2-O-carboxymethyl-β-CD via the reaction of β-CD with
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Figure 7.3. Synthesis of anionic CDs. Scheme 1: Synthesis of 2,3-(dimethyl) or 2,3-
(diacetyl)-6-sulfato-cyclodextrins or 6-sulfated cyclodextrins. The reaction is started by
the addition of β-cyclodextrin to dimethyl-tert-butylchlorosilane (Fig.7.3, step A). The
intermediate is then per-acetylated or methylated (Fig.7.3, step B). The dimethyl-tert-
butylsilyl protecting group is removed (Fig.7.3, Step C), followed by complete sulfation
of the primary hydroxyl groups of the CD (Fig.7.3, step D). After neutralization with
NaOH (Fig.7.3, step E) the 6-sulfated CD is obtained by complete deacetylation
(Fig.7.3, step F).  Scheme 2: Synthesis of sulfopropylether-β-CD by reaction of β-CD
with 1,3-propane sulfone.
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sodiumiodoacetate in DMSO according to a slightly modified synthesis

route originally developed by Kitaura and Bender [49].

7.3.2 Synthesis of cationic cyclodextrins

6A-methylamino-β-CD was synthesized by Nardi et al. [50] (see Fig 7.4,

scheme 1). 6A,6D-dimethylamino-β-CD, was synthesized [50] through

regioselective capping of β-CD with biphenyl-4,4’-disulfonylchloride

according to [51]. The glucose-unit at the A-position was linked at the 6-

methoxy group via the 6-methoxy group of the glucose-unit at the D-

position with the disulfonate group.
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Figure 7.4. Synthesis of cationic cyclodextrins. Scheme 1: Synthesis of 6A-
methylamino-β-CD  by reacting β-CD with p-toluenesulfonylchloride according to ref.
[155] (Fig. 7.4, step A). The tosyl groups are substituted by methylamine according to
ref. [52] (Fig. 7.4, Step B); Scheme 2: Synthesis of 2-hydroxypropyltrimethylammonio-
β-CD (QA-β-CD) by reacting β-CD with 2,3-epoxypropyl-trimethylammonium
chloride.  Scheme 3: Synthesis of methoxyethylamine-β-CD. Plain β-CD was
perbrominated via the procedure described in Ref. [156] (Fig. 7.4, step C). After that,
the brominated product was dissolved in methoxyethylamine or hydroxyethylamine
(Fig 7.4, step D).
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Substitution of this biphenyl-4,4’-disulfonyl group with methylamine was

according to ref. [52]

Another cationic CD, 2-hydroxypropyltrimethylammonio-β-CD (or

sometimes referred to as 2-hydroxy-3-trimethyl-ammoniopropyl-β-CD) was

first synthesized by Parmeter et al. [53,54].(Fig. 4, scheme 2).

Haynes III et al. [55] described the synthesis of methoxyethylamine-β-

CD (see Fig. 7.4, scheme 3). A similar derivative, hydroxyethylamine-β-CD

where the methoxy group was substituted by a hydroxyl group, was

synthesized by using ethanolamine instead of methoxyethylamine [56].

7.3.3 Characterization and inclusion behavior of charged
cyclodextrins

7.3.3.1 Characterization
Characterization of sulfobutylether-β-CD with various degrees of substitution

was described by Luna et al. [57,58]. They applied the fractionation of the

different substituted CDs by preparative anion exchange chromatography,

after which characterization took place by 1H-NMR spectroscopy and CE

analysis with MS detection. Chankvetadze et al. [59] demonstrated the use

of electrospray-ionization mass spectrometry (ESI-MS), matrix-assisted laser-

desorption /ionization time-of-flight mass spectrometry (MALDI-TOF-MS), and

fast-atom bombardment mass spectrometry (FAB-MS) for the determination

of molecular weight, degree of substitution (D.S.) and purity of several

charged CD derivatives. Charged CD-derivatives were dissolved in H2O and

introduced into the MS system at final concentrations of approximately 100

µg/ml (ESI), 1 µg/ml (MALDI-TOF) and 3-5 µg/ml (FAB), respectively. They

concluded that ESI-MS and MALDI-TOF-MS were suitable methods for the

rapid analysis of the degree of substitution and purity of the derivatized

CDs, whereas the FAB-MS method was more suitable for the determination

of the molecular weight of pure molecules. The determined D.S. was

verified by capillary electrophoresis separations.

Tanaka et al. [60] described the composition analysis of some

charged CD derivatives by on-line CE/ionspray mass spectrometry (CE-ISP-

MS), using a pneumatically assisted electrospray ionization interface. They

dissolved the CD-derivatives at final concentrations of 1-5 mg/ml in 0.05%
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formic acid in water/methanol (1:1). Samples were infused into the ISP

interface directly at 5 µl/min with a syringe pump and the ion-spray voltage

was maintained at 5 kV for the cationic CDs and at –4.5 kV for the anionic

CDs. 

Typical mass spectra of charged CDs are shown in Fig. 7.5. The figure shows

the heterogeneity of the synthesized CDs. Therefore, the peaks obtained by

CE separation should be identified by CE-MS. In addition, CE-MS seems to

be a good method to monitor the batch-to-batch differences in

synthesized CDs.  It should be kept in mind that due to the heterogeneity of

the derivatized CDs, the reproducibility of the obtained selectivity factors

and/or resolutions can be influenced severely. Furthermore, different

synthesis routes may lead to different selectivities and even differences in

batch-to-batch productions of the same manufacturer might influence the

outcome of the analysis.

Figure 7.5. Mass spectra of charged CDs. (a) QA-β-CD in 0.05% formic acid in
water/methanol (1:1) (5 mg/ml), (b) CM-γ-CD in 20 mM ammonium acetate in
0.05% formic acid in water/methanol (1:1) (1mg/ml). X is the fragment ion
HN+(CH )  from QA-β-CD. Taken from ref. [157], with permission.
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7.3.3.2 Inclusion behavior
NMR spectroscopy can provide suitable information about the environment

of individual atoms and intermolecular interactions and thus provide data

about the structure and molecular dynamics of complexes. Furthermore, it is

able to dynamically monitor inclusion complexation, i.e. the chiral

recognition mechanism. Still, although NMR spectroscopy can provide

useful information about complexation patterns in the liquid phase, some

restrictions, should be taken into account [4]. For instance, the NMR signals

observed in racemate/CD solutions are the time-averaged signals of both

the complexated and the free substances. This implies that because there is

a difference in binding constants between the two enantiomers and the

cyclodextrin, the more strongly complexed enantiomer will subsequently be

more shifted, which leads to a difference in the intensity of the signal. If two

enantiomers have the same binding constants but the obtained

diastereomeric complexes have different NMR spectra, this will

consequently lead to signal splitting in NMR.

In CE it is a common fact that the mobility of the analyte is strongly

dependent on the characteristics of the buffer solution (pH and ionic

strength). Furthermore, electro-dispersion can be reduced by an increased

ionic strength. Chankvetadze et al. [4] described the effect of the ionic

strength and the pH of the run buffer on the chiral recognition of CM-β-CD

with 1H-NMR and CE. They showed that the resolution was substantially

increased when increasing the ionic strength of the phosphate buffer. Yet, it

was shown that the ionic strength had no significant effect on the chiral

recognition process monitored by 1H-NMR. Hence, the resolution was

increased mainly by a change of the effective mobility of the enantiomers

and not by an improved chiral recognition of the CD-derivative. Changing

the pH of the run buffer will have an effect on the solute-CD interaction and

therefore on the resolution. Chankvetadze et al. [4] showed that the upfield

chemical shift of the 2-H signal of the imidazole moiety of (±)-metomidate

and the complexation-induced nonequivalence of the chemical shift

between the enantiomers and the carboxymethylated CDs was enhanced

by an increase of the pH. This increase in chiral recognition was also

observed in CE, illustrated by an increased resolution. The latter

observations show a good correlation between the data obtained by CE

separation and 1H-NMR spectroscopy.
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Kitae et al. [61] used 6-(2-thioglycolic acid)-6-deoxy-β-CD and mono-(6-

amino)-β-CD to study the chiral recognition of α-amino acids by means of
1H-NMR spectroscopy. They verified that inclusion of the guest into the host

cavity and intermolecular Coulomb interactions participate cooperatively

in the complexation. This, and the observation that charged CDs possess a

higher chiral recognition ability compared to native or neutral CDs, was also

confirmed by other authors using 1H-NMR or 13C-NMR [62,63].

A different approach to study the inclusion behavior of analytes with

CDs was described by Shuang et al. [64]. They used steady-state

fluorometry to study complexation interactions of carboxymethyl-β-CD with

procaine at different concentrations. Procaine exhibits a weak

fluorescence emission in the absence of CDs. When the concentration of

CM-β-CD increases, an enhanced fluorescence emission of procaine is

observed. They concluded that the formation of an inclusion complex

affected the ground state properties of the procaine molecule and

protected it from quenching occurring in aqueous solutions. The formation

constants of the solutes and the CDs were obtained from fluorescence

data, evaluated at different pH values (assuming a 1:1 inclusion model), by

the modified Benesi-Hildebrand equation [65].

7.4 Applications of anionic cyclodextrins in CE

Terabe and co-workers [12,13] were the first to introduce an anionic CD, i.e.

2-O-carboxymethyl-β-CD (CM-β-CD), for separation purposes, although in

their first paper they did not use them for chiral separations. Since that time

different types of negatively charged CDs have been described in the

literature. Besides the carboxymethylated CDs, the most commonly used

are the sulfated and the sulfoalkylether substituted CDs.  It took over four

years before another paper reported the use of CM-β-CD for the chiral

separation of several pharmaceuticals at different pH’s [66]. With this

material, at low pH (<4) all carboxylic functions were protonated and the

CDs behaved like ordinary neutral (substituted) CDs, whereas at high pH

(>5) the carboxylic functions were deprotonated to give negatively

charged CDs as a moving stationary phase that could separate neutral

analytes. Later on, CM-β-CDs were used for the chiral separation of
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anticoagulants [67], anti-epileptics [68], anti-tumor agents [69,70],

antihistaminics [71], anxiolytics [68], antidepressants [62,72], sedatives, (e.g.

barbiturates) [68,73] calcium channel blockers [74], diuretics [68],

corticosteroids [75], and several peptides [76-78]. In these cases either a

fused silica capillary, a polyacrylamide coated capillary or, once reported,

a 3-(trimethoxysilyl)propyl methacrylate coated capillary [72] were used.

Although most applications on the use of anionic CDs concern the

separations of basic compounds, the theoretically less favorable separation

of acidic compounds like barbiturates and non-steroidal anti-inflammatory

drugs (NSAIDS) at a pH where they are undissociated, have been described

[79]. The latter approach is supposed to be less favorable due to the equal

charge of the CD and the analyte.

Table 7.1 gives a list of the analyzed neutral or positively charged

compounds, along with the used anionic chiral selector. The table mentions

only those analytes that have been baseline-separated. Besides CM-β-CD,

four other structurally related carboxylated CDs have been described in the

literature, namely carboxyethylated-β-CD (CE-β-CD) [66,75,80-82], a

gamma-CD derivative: CM-γ-CD [83], and carboxymethylethyl-β-CD (CME-

β-CD) [84] for the development of GR50360A and GR57732A

Nowadays the most widely used anionic CD-derivative is probably

sulfatobutylether-β-CD, often referred to (although incorrect according to

the chemical nomenclature) as sulfobutylether-β-CD (SBE-β-CD). It was

introduced in 1994 for the chiral separation of the neutral enantiomers of

thalidomide [85]. Other early applications include cationic drugs of forensic

interest [86], ephedrine and related compounds [87], nadolol [88], illicit

drugs like cocaine and khat [86], and many other pharmacologically active

substances (β-agonists, β-antagonists, phenylethylamines, stimulants, etc.)

[89]. After these first experiments, SBE-β-CD was used for the analysis of

acidic and neutral impurities in illicit heroin [90], cocaine [91] and

metamphetamine [92], and for the separation of substance P, a cationic

peptide (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2) [93]. In the

latter study, phytic acid was employed as a run buffer additive to eliminate

the interaction of substance P and its cationic N-terminus metabolites with

ionized silanol groups. Besides SBE-β-CD, the use of the structurally related

sulfoethyl ether-β-CD (SEE-β-CD), sulfopropyl ether-β-CD (SPE-β-CD), and

SBE-γ-CD has been described (see Table 7.1).
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Table 7.1.  Applications of anionic CDs for chiral and achiral separations

Compound CD References

Acebutolol S-β-CD, CM-β-CD, SBE-β-CD, Ph-β-CD [83,94,98,132]
Acenocoumarol CM-β-CD, S-β-CD [67]
Acetanilide SBE-β-CD [133]
Acetaminophen (paracetamol) SBE-β-CD [133]
Adrenaline CM-β-CD, S-β-CD [134,135]
Alclofenac CM-β-CD [79]
Alprenolol S-β-CD, CM-β-CD, SBE-β-CD [94,129,132]
Aminoacids and peptides (e.g.
dinitrobenzoyl aminoacids and
dansylated aminoacids)

CM-β-CD, CE-β-CD, SBE-β-CD, S-β-CD, TGA-β-
CD, CML-β-CD, SBE-γ-CD

[48,61,76,81,
83,108,
136-138]

Aminoglutethimide CM-β-CD, S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD [69,83,94]
Amlodipine CM-β-CD [74,129]
Amphetamine impurities SBE-β-CD, SBE-γ-CD, S-α-CD, S-β-CD, S-γ-CD [86,89,92]
Anisodamine SBE-β-CD [139]
1-(9-anthryl)-2,2,2,-trifluoroethanol SBE-γ-CD [48]
Aromatic compounds (hydrophobic,
achiral)

SBE-β-CD, [140]

Atenolol SBE-β-CD, S-β-CD, CM-β-CD [83,89,94,129,
132,136,141]

Azelastine Ph-β-CD, CM-γ-CD [83]
Bencynonate SBE-β-CD [139]
Benzhexol SBE-β-CD [139]
Benzoin CM-β-CD , CE-β-CD, SBE-β-CD, S-β-CD, DMS-β-

CD, Ph-β-CD
[23,81,83,94]

Bepridil SBE-β-CD [139]
Betaxolol CM-β-CD, SBE-β-CD [129]
Bevantolol CM-β-CD, SBE-β-CD [129]
Binaphtol, CM-β-CD, CE-β-CD, SUCC-β-CD, SBE-γ-CD [48,66]
R/S-1,1’-binaphthyl-2,2’-diyl
hydrogen phosphate

CM-β-CD, SBE-β-CD + SEE-β-CD [142]

Bisoprolol SBE-β-CD, Ph-γ-CD [83,139]
Bromoidoles SBE-β-CD [143]
Brompheniramine CM-β-CD, CE-β-CD , S-β-CD [71,80,94]
Bunitrolol CM-β-CD, SBE-β-CD, CE-β-CD, Ph-β-CD, Ph-γ-CD [81,83,132]
Bupivacaine SBE-β-CD, S-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,94,136]
Bupropion S-β-CD [94]
Butaclamol SBE-γ-CD [138]
Caffein SBE-β-CD [133]
Canadine S-β-CD [94]
Carbamazepine CM-β-CD [72]
Carbinoxamine S-β-CD [94]
Carprofen CM-β-CD [79]
Carvedilol SBE-β-CD [139]
Catecholamines + related compounds S-β-CD [95]
Chlorcyclizine S-β-CD [144]
Chlormezanone CM-β-CD, SBE-β-CD [68,83]
Chloroquine S-β-CD, CE-β-CD [80,94]
Chlorpheniramine CM-β-CD, CE-β-CD , S-β-CD, SBE-β-CD, CM-γ-

CD, Ph-γ-CD
[71,80,83,94,
135,144,145]
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Table 7.1. continued
Compound CD References

Chlorprenaline Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83]
Chlorthalidone CM-β-CD, SBE-β-CD [68]
Cimaterol SBE-β-CD [89]
Clenbuterol SBE-β-CD [89]
Clomipramine CM-β-CD [72]
Clozapine S-β-CD [99]
Cocaine impurities SBE-β-CD [91]
Cyclopentolate S-β-CD [144]
Denopamine S-β-CD, SBE-β-CD, Ph-γ-CD [83,135]
Desipramine CM-β-CD [72]
Diisopyramide S-β-CD, SBE-β-CD [94,129,141]
Dimetindene CM-β-CD, CE-β-CD, SUCC-β-CD, S-β-CD [66,94,145]
Doxylamin CM-β-CD, CE-β-CD, SUCC-β-CD, S-β-CD [66,80,94,144]
Eperisone SBE-β-CD, CM-γ-CD, Ph-γ-CD [83]
Ephedrine CM-β-CD, CE-β-CD, SUCC-β-CD [66,145]
Ephedrine and derivatives SBE-β-CD, S-α-CD S-β-CD S-γ-CD [87,103]
Epinastine SBE-β-CD, Ph-γ-CD, CM-γ-CD [83]
Esmolol SBE-β-CD [139]
Estrogens S-α-CD S-β-CD S-γ-CD [100]
Etilefrin SBE-β-CD, Ph-γ-CD [83]
Fencamfamine isomers SBE-β-CD [146]
Fenfluramine CM-β-CD [145]
Fenoprofen SBE-β-CD [147]
Fenoterol CM-β-CD , CE-β-CD, SBE-β-CD, Ph-γ-CD [81,83]
Flufenamic acid CM-β-CD [79]
Flurbiprofen CM-β-CD [79]
Glutamine, SBE-β-CD [89]
Glutethimide SBE-β-CD [139]
Glycopyrrolate SBE-β-CD [139]
GR50360A and GR57732A CME-β-CD [84]
Guaifenesin SBE-β-CD [133]
Heroin impurities SBE-β-CD [90]
Hexobarbital CM-β-CD, CE-β-CD, SBE-β-CD, SPE-β-CD, SUCC-

β-CD
[66,68,118,
147]

Homochlorcyclizine S-β-CD [144]
Hydantoins S-β-CD [94]
Hydroxyxhloroquine S-β-CD [94]
Idazoxan S-β-CD [94]
Imazalil CM-β-CD , CE-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-

CD
[81,83]

Indapamide SBE-β-CD [139]
Indomethacin CM-β-CD [79]
Indoprofen CM-β-CD [79]
Isoxuprine S-β-CD [94]
Ketamine S-β-CD, Ph-β-CD [83,94]
Ketoprofen CM-β-CD, SBE-β-CD [79,147]
Labetalol CM-β-CD, SBE-β-CD, S-β-CD [97,98,132]
Laudanosine S-β-CD [94]
Lobeline SBE-β-CD [139]
Loxapine S-β-CD [99]
Mandelic acid esters CM-β-CD , CE-β-CD, Ph-β-CD [81,83]
Meclizine SBE-β-CD, CM-γ-CD [83]
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Table 7.1. continued
Compound CD References

Mepenzolate S-β-CD [94]
Mephenytoin CM-β-CD, SBE-β-CD [68]
Mephobarbital CM-β-CD, SBE-β-CD [68,141]
Mepivacaine S-β-CD [94]
Methanephrine S-β-CD, Ph-β-CD, Ph-γ-CD [83,98]
Methoxamine SBE-β-CD [139]
Methoxyphenamine S-β-CD [94]
Methylphenidate SBE-β-CD [139]
Metoprolol SBE-β-CD, S-β-CD, CM-β-CD, Ph-γ-CD [94,129,132,

136]
Mexiletine S-β-CD, SBE-β-CD, Ph-γ-CD [83,94]
Mianserine CM-β-CD, SBE-β-CD, SEE-β-CD, S-β-CD, SBE-γ-

CD
[62,62,138,
144]

Midodrine S-β-CD [94]
Nadolol SBE-β-CD, S-β-CD [88,98]
Nafronyl S-β-CD [98]
Naproxen CM-β-CD, SBE-β-CD [79,148]
Nebracetam Ph-γ-CD [83]
Nefopam S-β-CD [94,144]
Nicardipine Ph-β-CD, SBE-β-CD, CM-γ-CD [83]
Niflumic acid CM-β-CD [79]
Nitro aromatic explosives SBE-β-CD, SUCC-β-CD [107]
Noradrenaline S-β-CD [135]
Norephedrine Ph-β-CD [83]
Norlaudanosoline S-β-CD [135]
Normethanephrine S-β-CD [98]
Ofloxacin S-β-CD [101]
Oligosaccharides (2-aminobenzamide
derivatized)

SBE-β-CD, SBE-γ-CD [149]

Ondansetron SBE-β-CD [139]
Opipramol CM-β-CD [72]
Orphenadine S-β-CD [94]
Oxazolidinon CM-β-CD, CE-β-CD, SUCC-β-CD [66]
Oxprenolol CM-β-CD, SBE-β-CD, S-β-CD [94,132,136]
Oxyphencyclimine CM-β-CD , CE-β-CD S-β-CD, SBE-β-CD [81,83,94]
Pentobarbital CM-β-CD, SBE-β-CD [68,150]
Phenacetin SBE-β-CD [133]
Pheniramine CM-β-CD, CE-β-CD ,S-β-CD, SBE-β-CD [71,80,94,141]
Phensuximide S-β-CD [94]
Phenylephrine SBE-β-CD, Ph-β-CD [83,139]
Pinacidil SBE-β-CD [139]
Pindolol SBE-β-CD, S-β-CD, CM-β-CD, CM-γ-CD [83,94,129,132

,136,141]
Piperoxan S-β-CD [94]
Piroxicam CM-β-CD [79]
Praziquantel and metabolites SBE-β-CD [151]
Primaquine S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,94]
Procaine CM-β-CD [64]
Promethazine SBE-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,136]
Propranolol + metabolites CM-β-CD, CE-β-CD, SBE-β-CD, SBE-γ-CD, SUCC-

β-CD and S-β-CD
[66,94,97,129,
132,135,136,
141,152]
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Table 7.1. continued
Compound CD References
Protriptyline CM-β-CD [72]
Pyridoxine SBE-β-CD [133]
Protriptyline CM-β-CD [72]
Pyridoxine SBE-β-CD [133]
Salbutamol SBE-β-CD, Ph-β-CD [83,89]
Secobarbital CM-β-CD, SBE-β-CD, SBE-γ-CD [48,68,138]
Sotalol CM-β-CD, SBE-β-CD [129,132]
Substance P + metabolites SBE-β-CD [93]
Sulconazole SBE-β-CD, CM-γ-CD [83]
Sulfonium ions S-β-CD [96]
Sulindac CM-β-CD, SBE-β-CD [79,147]
Sulpiride Ph-β-CD, SBE-β-CD [83]
Suprofen CM-β-CD [79]
Synephrine SBE-β-CD [139]
Terazosin SBE-β-CD [139]
Terbutaline, SBE-β-CD, S-β-CD, CM-β-CD [83,89,94,136,

145,153]
Tetrahydropapaveroline S-β-CD [94]
Tetramisole S-β-CD [94,144]
Thalidomide and metabolites CM-β-CD, SBE-β-CD [73,85,89]
Thiopental CM-β-CD, SBE-β-CD [68]
Thioridazine S-β-CD, Ph-β-CD, CM-γ-CD, Ph-γ-CD [83,144]
Tiaprofenic acid CM-β-CD [79]
Timepidium S-β-CD [135]
Toliprolol CM-β-CD, SBE-β-CD [132]
Tolperisone S-β-CD, CM-γ-CD, Ph-γ-CD [83,94]
Tramadol CM-β-CD, SBE-β-CD [70,139]
Tranylcypromine S-β-CD [94]
Triamcinolone acetonide CM-β-CD , CE-β-CD, S-β-CD, Ph-β-CD [75]
Trihexyphenidyl S-β-CD, SBE-β-CD [83,94]
Trimetoquinol S-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,135]
Trimebutine Ph-β-CD, SBE-β-CD, CM-γ-CD [83]
Trimipramine CM-β-CD , CE-β-CD S-β-CD, SBE-β-CD, CM-γ-CD,

Ph-γ-CD
[81,83,94,144]

Trimeprazine S-β-CD [144]
Troger’s base S-β-CD [94]
Tropa-alkaloids SBE-β-CD, S-β-CD, DAS-β-CD [106]
Verapamil S-β-CD, Ph-β-CD, SBE-β-CD, CM-γ-CD, Ph-γ-CD [83,94,135,

141]
Voriconazole SBE-β-CD [154]
Warfarin CM-β-CD, SBE-β-CD, S-β-CD, DMS-β-CD [23,67,94,141,

147]

Abbreviations: CE-β-CD (carboxyethyl-β-CD), CM-β-CD (carboxymethyl-β-CD), CME-β-CD
(carboxymethylethyl-β-CD), CML-β-CD (carbamoylated-β-CD), DAS-β-CD (2,3-di-O-acetyl- 6-sulfato-β-CD),
DMS-β-CD (2,3-dimethyl-6-sulfato-β-CD), Ph-β-CD (phosphated-β-CD), S-β-CD (sulfated-β-CD), SBE-β-CD
(sulfobutylether-β-CD), SEE-β-CD (sulfoetylether-β-CD), SPE-β-CD (sulfopropylether-β-CD), SUCC-β-CD
(succinylated-β-CD) TGA-β-CD (6-(2-thioglycolic acid)-6-deoxy-β-CD).

Sulfated CDs (S-β-CD), i.e. without any alkyl chain located between the 6-O

position and the sulfate-group, are recently gaining much interest. Like the



Chapter 7 135

sulfoalkylether substituted CDs, all sulfated CDs (D.S. usually between 7-10)

are negatively charged over the entire pH range that is common in CE

separations (pH= 2-12). This in contrast to, for instance, CM-β-CD. Stalcup

and Gahm [94] and Gahm and Stalcup [95] described the use of mixtures

of substituted S-β-CDs for the separation of 56 compounds of

pharmaceutical interest, among them anesthetics, antidepressants,

antihistamines, and catecholamines as shown in Fig. 7.6. Also the separation

of sulfonium ions [96], β-antagonists [97,98] and antipsychotic drugs [99] has

been described. Wang and

Khaledi [98] mentioned the use of

capillaries coated dynamically

with poly(vinylalcohol) for the

separation of some β-antagonists.

Munro et al. [100] applied on-line

charged CD-mediated sample

stacking techniques in MECC for

the separation of neutral

hydrophobic estrogens. They

showed that the sensitivity was

increased tremendously by

replacing the organic modifier

methanol by S-β-CDs.

We have developed a

rapid chiral separation system for

ofloxacin, a synthetic anti-

microbial agent (see Chapter 8).

Separations are performed in urine samples obtained from patients suffering

from hemophilic diseases. The objective of the study is to investigate the use

of sulfated-β-CDs in combination with several neutral CD-derivatives for dual

chiral separation systems in order to monitor possible metabolic

racemizaton of S(-) ofloxacin [101]. Only a few reports have been written on

the use of sulfated α- and γ-CDs, among which a European patent

application [92,102]. Highly sulfated α-, β-, and γ-CDs, with an average

number of sulfate groups per cyclodextrin of 11,12, and 13, respectively,

were just recently described by Chen and Evangelista [103] and Verleysen

et al. [104]. They used highly sulfated CDs developed by scientists at the

Figure 7.6. Electropherograms showing
the separation or norephedrine (1,1’), α-
methylbenzylamine (2,2’), and sec-
phenethyl alcohol (3,3’) using sulfated-β-
CD as the chiral selector. Taken from ref
[95], with permission.
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Beckman Company, which

are not commercially

available at this time. The

C-6 primary hydroxyl groups

of these CDs are

completely sulfated, the C-

2 secondary hydroxyl

groups are 70% sulfated,

but there is no sulfate

substitution at the C-3

secondary hydroxyls.

Verleysen et al. compared

the use of the highly

sulfated CDs (D.S.=12) to

the use of sulfated CDs with

a D.S. of 4 for the chiral separation of isomeric α- and β-aspartyl containing

di- and tripeptides. They experienced a higher selectivity for the highly

sulfated CDs. A special type of sulfated CDs are the 2,3-subsituted CDs that

are sulfated at the 6-position. So far, two types have been mentioned in the

literature: The 2,3-dimethyl-6-sulfato-β-CD (DMS-β-CD) by Cai et al.

[23,44,105] and the 2,3-di-O-acetyl-6-sulfato-β-CD (DAS-β-CD) by Wedig

and Holzgrabe [106] and Vincent et al. [42].  These 2,3-subsituted sulfated-β-

CDs are supposed to give even higher resolutions than plain S-β-CDs or

sulfoalkylether-β-CDs. Fig. 7.7 shows the enantio-separation of 2-indanol

using DMS-β-CD as the chiral selector. Finally, some rare anionic derivatized

cyclodextrins have been described. Among these are succinylated-β-CD

[66,107], 6-(2-thioglycolic acid)-6-deoxy-β-CD [61] phosphated-CDs (both γ-

and β-CD) [75,83] and carbamoylated β-CDs [108]. Wang and Khaledi [109]

recently published an article in which for the first time an anionic β-CD (i.e.

sulfated β-CD) was used in non-aqueous solutions. They achieved chiral

separations of the enantiomers of several pharmaceuticals in formamide. In

non-aqueous systems, the CD concentration (Eq. 4) is not as critical as in

aqueous solutions, due to the lower binding constants between solutes and

CDs observed in less polar solvents [110].

Szeman et al. [111] found that the degree of substitution in CM-β-CD

can have a significant effect on resolution. This is probably a consequence

Figure 7.7. Electropherogram of the chiral
separation of 2-indanol, migrating to the anode in
the acidic 2,3-dimethyl-6-sulfato-β-CD (DMS-β-
CD) background electrolyte. N= nitromethane.
Taken from ref [23], with permission.
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of a difference in electrostatic interaction with the analytes. Also the width

of the CD ‘mouth’ may be affected, so that the inclusion complexation

may change. Francotte et al. [48] studied the influence of the degree of

substitution of SBE-γ-CD derivatives (D.S =3.5-7.5 ) on the chiral separation of

several solutes (binaphtol, trifluoroanthranyl ethanol, secobarbital and

dansylated amino acids). Conceivably, the number of ionic groups will

affect the electrophoretic mobility of the CD due to a difference in charge

density.

7.5 Applications of cationic cyclodextrins in CE

The most common application is the separation of carboxylic acids or

amino acids. A wide variety of mono- and poly-substituted amino

derivatives of CDs were described in a review by Croft and Bartsch [41]. As

with anionic CDs, Terabe [13] was the first in 1989 to achieve separation of

six dansyl amino acids enantiomers using mono-(6-β-aminoethylamino-6-

deoxy)-β-CD (AEA-β-CD). In a period of four years no other publications

appeared using cationic CDs in CE separations, then Fanali and co-workers

[50] mentioned the use of 6A-methylamino-β-CD (6A-MA-β-CD) and 6A,6D-

dimethylamino-β-CD (6A,6D-DMA-β-CD) for the enantiomeric resolution of

some 2-hydroxy acids. Since then only a few other cationic derivatives have

been mentioned in the literature. 6-Methylamino-β-CD (MA-β-CD), with

several degrees of substitution at the 6-position, was used in the chiral

separation of several acidic and basic compounds [112] as listed in Table

7.2. In the latter paper, it was shown that the degree of substitution at the 6-

position affected the chiral resolution of fenoprofen: It was not baseline

separated using mono-MA-β-CD, but was baseline separated when using

hepta- MA-β-CD. Mono-MA-β-CD was described for the chiral separation of

some propionic acid derivatives belonging to the NSAID’s [113], several

organic acids [114], chlorthalidone (diuretic) and precursors [114], and

binaphthyls [63]. The most widely used cationic CD is 2-hydroxypropyl-

trimethylammonio-β-CD, which is the only commercially available cationic

(quaternairy ammonium substituted) β-CD. Its usual abbreviation is QA-β-

CD.
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Table 7.2. Applications of cationic CDs for chiral and achiral separations.

Compound Cyclodextrin-derivative References

Abscisic acid QA-β-CD [121]
Acenocoumarol MA-β-CD, [112]
Amethopterin ED-β-CD [124]
α-Amino acids (dansylated) NH2-β-CD, HEA-β-CD, HA-β-CD, QA-β-CD,

ED-β-CD, Im-β-CD, Hm-β-CD
[27,56,61,123,
124,126]

Atrolactic acid NH2-β-CD [114]
Barbituric acid derivatives QA-β-CD [117]
Benzocyclobutene carbonxylic acid ED-β-CD, QA-β-CD [124]
Benzoin NH2-β-CD [114]
1,1’-Binaphtyl-2,2’-diyl phosphate, 1,1’-
binaphtyl-2,2’-dicarboxylate

NH2-β-CD, QA-β-CD, ED-β-CD [27,63,124]

4-Bromomandelic acid QA-β-CD [120,121]
Brompheniramine QA-β-CD [117]
Carprofen NH2-β-CD, MEA-β-CD, QA-β-CD [27,55,113]
(Chlorophenoxy)propionic acid derivatives HEA-β-CD, MEA-β-CD, ED-β-CD [55,56,124]
p-Chlorowarfarin QA-β-CD [121]
Chlorthalidon NH2-β-CD, QA-β-CD [114,117]
Chrysanthemum monocarboxylic acid QA-β-CD [121]
Trans-4-cotinine carboxylic acid ED-β-CD, QA-β-CD [124]
Cyclodrine QA-β-CD [115,120]
Cyclopentolate QA-β-CD [115,120]
2-(2,4-dichlorophenoxy)propionic acid HEA-β-CD [56]
Fenoprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Flurbiprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Hexobarbital QA-β-CD [116-118]
Hydrobenzoin NH2-β-CD [114]
2-(4-hydroxyphenoxy)propionic acid ED-β-CD, QA-β-CD [124]
3-(4-hydroxyphenyl) lactic acid ED-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [124,125]
Hydroxymandelic acid derivatives 6A-MA-β-CD, 6A,6D-DMA-β-CD NH2-β-CD,

ED-β-CD, QA-β-CD, Im-β-CD, Hm-6-deoxy-
β-CD

[50,114,124,125]

Ibuprofen HEA-β-CD, MEA-β-CD [55,56]
Indollactic acid ED-β-CD, QA-β-CD [124]
Indoprofen MEA-β-CD, QA-β-CD, ED-β-CD [27,55,124]
Ketoprofen MA-β-CD, HEA-β-CD, MEA-β-CD, QA-β-CD [27,55,56,112]
Labetalol QA-β-CD [21]
Mandelic acid 6A-MA-β-CD, 6A,6D-DMA-β-CD, NH2-β-CD,

QA-β-CD
[50,114,120]

Menadione bisulfite QA-β-CD [121]
2-methoxyphenylacetic acid QA-β-CD [120]
Methylether benzoin NH2-β-CD [114]
Methylpheno barbital QA-β-CD [116]
5-methyl-5-phenylhydantoin QA-β-CD [116]
Nafronyl QA-β-CD [21]
, N-[1-(naphtyl)-ethyl]phtalamic acid QA-β-CD [27]
Naproxen MA-β-CD, [112]
Nefopam QA-β-CD [21]
Norpseudo ephedrine QA-β-CD [120]
Phendimetrazine QA-β-CD [120]
2-phenoxypropionic acid QA-β-CD, HEA-β-CD [56,121]
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Table 7.2. continued

Compound CD References

2- and 3-phenyllactic acid 6A-MA-β-CD, 6A,6D-DMA-β-CD, MA-β-CD,
QA-β-CD, ED-β-CD

[50,112,114,121,
124]

2- and 3-phenylbutyric acid NH2-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [114,120,121,
125]

Phenylpropionic acid NH2-β-CD, QA-β-CD, Im-β-CD, Hm-β-CD [114,120,125]
Pholedrine QA-β-CD [120]
Promethazine QA-β-CD [21]
Propiomazine QA-β-CD [21]
Salbutamol QA-β-CD [117]
Suprofen MEA-β-CD, QA-β-CD [27,55]
Terbutaline QA-β-CD [117,120]
Thalidomide QA-β-CD [116]
Thioridazine QA-β-CD [21]
Tiaprofenic acid MA-β-CD, [112]
Trimeprazine QA-β-CD [21]
Trimipramine QA-β-CD [21]
Tropic acid QA-β-CD [120,121]
Warfarin MA-β-CD, QA-β-CD [112,117]

Abbreviations: AEA-β-CD (6-β-aminoethylamino-6-deoxy-β-CD), DMA-β-CD (6,6-dimethylamino-6-deoxy-β-
CD), ED-β-CD (6-ethylenediamino-6-deoxy-β-CD), HA-β-CD (6-hexylamino-6-deoxy-β-CD), HEA-β-CD (6-
hydroxyethylamino-6-deoxy-β-CD), Hm-β-CD (6-N-histamino-6-deoxy-β-CD),  Im-β-CD ([4-(2-aminoethyl)
imidazolyl]-6-deoxy-β-CD), MA-β-CD (6-methylamino-deoxy-β-CD), MEA-β-CD (6-methoxyethylamino-6-
deoxy-β-CD), NH2-β-CD (6-amino-6-deoxy-β-CD), QA-β-CD (2-hydroxypropyl-trimethyl ammonium-β-CD).

The first application of this cationic derivative in CE was in 1996 for the chiral

baseline separation of cyclodrine and cyclopentolate. [115]. QA-β-CD was

further used in the chiral separation of several barbiturates [116-119],

hydantoins [116], binaphtyls [116], tricyclic amines (e.g. antidepressives,

antipsychotics, antihistaminics) [21], sympathomimetics [117,120],

sympatholytics [21], antimuscarinics [120], diuretics [117], antihistaminics

[117], anticoagulants [117], NSAIDs [27], organic acids [121,120] and several

derivatized amino acids [27], peptides and proteins [122]. In these cases,

either a linear polyacrylamide coated fused silica capillary or additives like

tetraalkylammonium ions and pyridinium ions were used, to reduce the EOF

and/or to prevent wall absorption.

Finally, some rare cationic CDs have been described for the chiral

analysis of several acidic compounds. NSAIDs and phenoxypropionic

herbicides (PAHs) were enantio-separated using methoxyethylamine-β-CD

[55] or hydroxyethylamine-β-CD [56]. The use of hexylamino-β-CD was

described for the separation of some amino acid derivatives [123] and
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mono substituted ethylenediamine-β-CD for the separation of (among

others) several dansylated amino acids [124]. α-Hydroxy acids and

carboxylic acids were separated using either 6-N-histamino-6-deoxy-β-CD or

[4-(2-aminoethyl) imidazolyl]-6-deoxy-β-CD [125,126]. The former material

was superior in these separations. Furthermore, the pH played an important

role. This may allow us to modulate the number and position of the positive

charges as a function of the pH, thus providing a model system for

investigating the role of charge in the recognition process.

Wang and Khaledi [27] were the first to perform chiral separations

using a cationic β-CD (i.e. QA-β-CD) in non-aqueous solutions. They

achieved chiral separations of several NSAIDs and several dansyl-amino

acids in formamide, N-methylformamide, methanol, and dimethylsulfoxide.

Formamide was the best organic solvent in the latter application.

7.6. Applications of amphoteric cyclodextrins in CE

Amphoteric compounds (for instance carprofen, see Tables 7.1 and 7.2)

can be separated with cationic and with anionic CDs, dependent on the

pH of the run buffer. Obviously, the most interesting approach in these

cases is the use of amphoteric CDs. So far, only two papers were published

using an amphoteric or zwitterionic CD.

Table 7.3. Applications of amphoteric CDs for chiral separations.

Compound Cyclodextrin-derivative References
4-Bromomandelic acid HPTMA/SA-β-CD [121]
Carprofen GluA-β-CD [127]
Chlorthalidone GluA-β-CD [127]
4-Chromomandelic acid HPTMA/SA-β-CD [121]
Chrysanthenum monocarboxylic
acid

HPTMA/SA-β-CD [121]

Dansylated amino acids HPTMA/SA-β-CD [121]
Hydrobenzoin GluA-β-CD [127]
3-Phenylbutyric acid HPTMA/SA-β-CD [121]
2-Phenoxypropionic acid HPTMA/SA-β-CD [121]

Abbreviations: GluA-β-CD: Glutamylamino-6-deoxy-β-CD;  HPTMA/SA-β-CD:
2-hydroxypropyl-trimethylamonium chloride (DS=2.0) or a sodium acetate group
(DS=2.0).
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Tanaka and Terabe [121] used a commercially available amphoteric CD,

i.e. a mixture of 2-hydroxypropyl-trimethylamonium chloride (DS=2.0) and a

sodium acetate group  (DS=2.0) at the 6-position for the chiral separation of

several solutes (see Table 7.3).

Lelievre et al. [127] used a zwitterionic CD, glutamylamino-6-deoxy-β-CD for

the chiral separation of chlorthalidone at pH=2.3, where the zwitterionic CD

is partially protonated. Comparison with the cationic mono-(6-amino-6-

deoxy)-β-cyclodextrin showed that larger differences in mobility between

the free analyte and the analyte-cyclodextrin complex provide a better

resolution. Hydrobenzoin enantiomers were separated at pH=11.2, a pH at

which the zwitterionic CD is anionic. Under these conditions, the migration

order was opposite to that observed in the presence of β-CD-NH2 at pH 2.3.

When no separation was obtained directly with GluA-β-CD, a dual

cyclodextrin system was developed. Carprofen enantiomers, which are

neutral at the given pH, were resolved at pH 2.3 in the presence of a GluA-

β-CD/trimethyl-beta-cyclodextrin (TM-beta-CD) system in which the

charged CD confers a non-zero mobility to the analyte, while the neutral

CD allows chiral recognition. In this case the tuning of the chiral separation

is somewhat different from that of other more common used dual CD-

systems. Here, the neutral CDs are used for the chiral separation of the

neutral enantiomers whereas the charged CDs/analyte complexes provide

the necessary mobilities.

7.7. Concluding remarks

The use of charged CDs has proven to be successful in the chiral analysis of

a wide variety of pharmaceutically interesting racemic compounds. Their

potential as chiral selectors are likely to be explored further in the next

decade(s) not in the least because the US Food and Drug Administration

(FDA), as well as regulatory authorities in Europe, China and Japan have

provided guidelines indicating that preferably only the active enantiomer

of a chiral drug should be brought to the market [128,129]. Exceptions are

that both enantiomers have a comparable pharmacological effect, or that
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racemization occurs. Furthermore, for each enantiomeric drug,

racemization by metabolic conversion should be studied [130].

Chiral separations with CE can be used to monitor drug impurities,

i.e. degradation products, synthetic precursors, and side products

(pharmaceutical analysis), or in metabolic profiling to study

pharmacokinetics of active and/or inactive compounds (bioanalysis).

Especially for charged analytes the use of oppositely charged CDs can

provide a unique capability of chiral recognition at much lower

concentration levels than commonly used in chiral separations with neutral

(substituted) CDs. On the other hand, high concentrations of charged CDs

should be avoided for it can lead to an extreme increase in the current.

Also, commercially available CDs with a defined degree of substitution may

lead to a better modeling, optimization, reproducibility, and to a more

rugged separation system.

On the other hand, with the use of different types and numbers of

cationic or anionic groups attached to the CDs, unique chiral separation

systems can be exploited, as long as the synthesized CDs can be produced

in reproducible fashion and can be well-characterized.

A special application of charged CDs seems to be the addition of

the charged CDs as chiral selectors in CE-MS [131]. When the CDs enter the

ion source of the MS, they can show a detrimental effect on sensitivity.

However, due to the counter-migration principle described in the

introduction, charged CDs do not necessarily enter the ion-source and may

therefore retain the unique informativeness of MS.
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Abstract

A method was developed for the enantioseparation of ofloxacin, a

member of the fluoroquinolones, using an anionic cyclodextrin-derivative

and, when appropriate, a neutral CD-derivative, as the chiral selector(s) in

an electrokinetic chromatography system.

The best results were obtained with 0.35 mM S-β-CD dissolved in a 50

mM phosphate buffer, pH=2.5 at 15°C. Under these conditions a resolution

of 2 was readily achieved. Furthermore, under adequate separation

conditions, studies were performed in order to assess possible in vitro and in

vivo enantioconversion of levofloxacin.

The current method allows detection of 2 µg R-(+)-ofloxacin/ml diluted

urine without the necessity of sample clean up.

8.1. Introduction

Ofloxacin, see Fig. 8.1, is a member of the fluoroquinolones, a class of

synthetic anti-microbial agents. The fluoroquinolones are recently gaining

much interest because they provide activity against both gram positive

(fluor atom) and gram negative (piperazine group) organisms, bearing little

side effects [1,2].

Ofloxacin is used for the

treatment of (both uncom-

plicated and complicated)

urinary tract infections,

gonorrhea, non-gonococcal

urethritis, and cervitis [3].

Pharmacological research has

shown that the antibacterial

activity of the levo-enantiomer

of ofloxacin (S-(-)-ofloxacin or

levofloxacin) is 8 to 128 times

higher than that of R-(+)-

ofloxacin and approximately

two times higher than that of the racemate [4]. It should be noted that

N

O

N

N

F

O

COOH

CH3H3C
#

pKa = 8.00
pKa = 6.00

Figure 8.1. The molecular structure of
ofloxacin with the approximate pKa values
[40]. The pI value is 6.97 [41]. # indicates the
chiral center.
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levofloxacin is excreted for approximately 93% unchanged in the urine

within 24 hours, whereas the urinary excretion of the unchanged racemate

is approximately 75%, within 24 hours. For both the racemate and the

eutomer it has been found that only 3% is metabolized [3].

Nowadays, the US Food and Drug Administration (FDA), as well as

regulatory authorities in Europe, China and Japan have provided guidelines

indicating that preferably only the active enantiomer of a chiral drug

should be brought to the market [5-9]. For that reason, and in general to

monitor the enantiomeric purity of the eutomer, it is mandatory to develop

enantio-selective separation methods for every enantiomeric drug that has

been or will be brought to the market.

Zeng et al. [10] recently described a method for the direct chiral

separation, i.e. without the necessity of derivatization, of ofloxacin

enantiomers in microsomal incubates by ligand-exchange reversed phase-

liquid chromatography (RP-LC) with fluorescence detection. They were

able to monitor the stereoselective metabolism of ofloxacin in the

glucuronidation process by obtaining baseline separations (resolutions

between 1.69-1.75) of the ofloxacin enantiomers within 25 minutes.

However, it should be noted that for impurity profiling and the monitoring of

possible in vivo or in vitro enantioconversion a high resolution is required to

quantitate both enantiomers, especially when the distomer (smaller peak) is

located at the tail of the eutomer (larger peak) [11,12]. To achieve

resolutions exceeding 2.0 in LC using the method described by Zeng et al.,

unacceptably long retention times would be necessary. Therefore, for rapid

and efficient chiral separations, the use of capillary electrophoresis (CE)

seems a useful alternative. Some major advantages of chiral separations in

CE in comparison with LC, are the low consumption of the chiral selector

and the high plate numbers due to a reduced peak broadening as a

consequence of the absence of Eddy diffusion and mass transfer between

two phases (the A- and C-term of the Van Deemter equation [13],

respectively). This implies that because of the high plate numbers combined

with a high selectivity, baseline separations can be achieved more readily.

On the other hand LC, in comparison to CE, offers a higher concentration

sensitivity and is capable to detect impurities at a lower level.

In the literature only a few chiral separations of ofloxacin using CE

have been mentioned. However, none of these papers describes the chiral
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separation of ofloxacin in a biological matrix. Exotic chiral selectors like

vancomycin, and bovine or human serum albumin (BSA/HSA) were

described by several authors [14-18]. Horimai et al. [19] recently described

the use of an γ-CD-Zn(II)-D-phenylalanine complex to separate several new

quinolone drugs. Fu et al. [20] used a more straightforward and well

described [21-25] approach for the chiral separation of ofloxacin, namely

the use of neutral derivatized cyclodextrins (CDs) as chiral selectors in EKC

systems. The use of cyclodextrins as chiral selectors in CE systems, was first

described by Fanali in 1989 [26] and is considered to be an electrokinetic

chromatography (EKC) mode, because the change in migration rate of the

enantiomers is a direct consequence of the interaction (formation

constants) of the analyte with a pseudo-stationary phase [27]. A relatively

new approach is the use of charged cyclodextrins, because of their ability

to perform fast chiral separations at low concentrations and because of the

potential for chiral separation of neutral racemates [28]. Three types of

charged cyclodextrins have been used in chiral capillary electrophoretic

separations (anionic, cationic and amphoteric cyclodextrins), sometimes in

combination with neutral CDs [25,29-35]. The principles and applications of

these so-called dual CD systems have been described in the literature and

may provide the opportunity to fine-tune the separation system: The neutral

CDs may stereoselectively influence the free fraction of the chiral analyte

available for complexation with the charged CDs, with the possibility to

change the migration order of the enantiomers and without increasing the

electrical current over the capillary [36].

This paper describes the use of a commercially available anionic β-

CD, sulfated β-CD (S-β-CD, D.S=7-11) in combination with neutral

(substituted) α-, β-, and γ-CD as chiral selectors in a dual CD-system for the

enantioseparation of ofloxacin. Furthermore, under adequate separation

conditions, studies were performed in order to assess possible in vitro and in

vivo enantioconversion of levofloxacin.

Levofloxacin was prescribed to hemophilic patients who were

suffering from infections due to an immune-deficiency manifested by the

administration of cytostatics. The possible in vitro enantioconversion

(chemical enantioconversion) was studied by adding levofloxacin to

diluted human urine and to a 10-5 M HCl solution. Possible

enantioconversion was monitored over 2 weeks by injection of the test-
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solutions into the chiral CE system. The in vivo enantioconversion (metabolic

or chemical) of levofloxacin was investigated in urine samples from 20

subjects.

8.2. Materials and methods

8.2.1 Instrumentation

Analyses were carried out on a Beckman P/ACE system 5500 capillary

electrophoresis system (Beckman Instruments, Fullerton, CA, USA) equipped

with a diode array detector. The bare fused silica capillary with an outer

polyimide coating (50 µm i.d., 375 µm o.d.) was from Composite Metal

Services (Hallow, UK). Data acquisition was performed with P/ACE 5000

Series Software. The vials used were 4 ml glass vials sometimes with a 0.7 ml

glass insert obtained from PhaseSep (Waddinxveen, The Netherlands)

8.2.2. Chemicals and solutions

The CE run-buffers were prepared by mixing 50 mM orthophosphoric acid

(Merck, Darmstadt, Germany) with 50 mM sodium dihydrogen phosphate

monohydrate (Merck) until the desired pH was obtained (pH=2.5). Water

was purified with a milli-Q system (Millipore, Bedford, MA, USA). The

conductivity of the purified water was at a constant 18.2 MΩ. Levofloxacin

(S(-)-ofloxacin) hemihydrate (TAVANIC) was from Hoechst, Marion Roussel

(Germany) and the hydrochloric acid salt of racemic ofloxacin was

obtained as an infusion liquid with a concentration of 2 mg/ml in an isotonic

hydrochloric acid solution, pH=5.0 (TARIVID, Hoechst). Both were a gift from

the Academic Hospital of the Free University in Amsterdam (The

Netherlands). Solutions of racemic ofloxacin were prepared by diluting the

infusion liquid with run-buffer to a final concentration of 20 µg R(+),S(-)-

ofloxacin per ml. Stock solutions (1mg/ml) of levofloxacin were prepared in

methanol (Merck) which were diluted just before use with run-buffer to a

final concentration of 10 µg/ml.
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The patient-urine samples were diluted 10 times with water, to

exclude irregular peak shapes. The in vitro enantioconversion of

levofloxacin was studied in diluted human urine. For these studies drug free

urine from volunteers was diluted 10 times with water, whereafter

levofloxacin was added to a final concentration of 10 µg per ml diluted

urine. The same concentration was used for studies in an aqueous solution

brought to pH=5 with hydrochloric acid in order to mimic the actual

ofloxacin formulation. Both solutions were kept for two weeks in reduced

light at 37°C (to quicken the process), during which daily samples were

taken and analyzed. The in vivo enantioconversion of levofloxacin was

studied in patient urine. For these studies the urine samples were diluted 10

times with water, containing approximately 10 µg levofloxacin per 1 ml of

diluted urine. The patient urine samples were gathered from hemophilic

patients (20), who were administered 500 mg levofloxacin daily during a

period of at least one-month. Within 10 hours after the first administration,

urine samples were taken and stored in a freezer at –80 °C for a period of at

least 14 days (with a maximum of 36 days). The patient-urine samples were

defrosted to room temperature just before use and analyzed using the

developed chiral separation system.

Highly sulfated β-cyclodextrin (D.S.=7-11) and β-cyclodextrin, were

obtained from Sigma (Zwijndrecht, The Netherlands). Hydroxypropyl-β-

cyclodextrin (HP-β-CD, D.S.=1.0) was obtained from Wacker-Chemie

(Munich, Germany). α-Cyclodextrin was a gift from AVEBE (Foxhol, The

Netherlands) and γ-cyclodextrin was a gift from the department of

Pharmaceutical Technology of the University of Groningen, The

Netherlands. All solutions were filtered through disposable syringe sample-

filters obtained from Upchurch Scientific (Oak Harbor, WA, USA) and

degassed for five minutes in an ultra-sonic bath (50 kHz, Branson Europa

B.V., Soest, The Netherlands), immediately prior to use.

8.2.3 CE conditions

A capillary with a total length of 37 cm and an effective length of 30 cm

was used. An optical window with a length of 2 mm, obtained by burning

off the polyimide coating, was aligned with the UV detection cell.
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New capillaries were rinsed for 10 min at 20 p.s.i. (1313 mBar) with 1 M

sodium hydroxide, water, 1 M hydrochloric acid, water and with the run

buffer, respectively. Maximum absorption for the drugs was observed at a

wavelength of 291 nm and the diode array detector was consequently set

to monitor the effluent at 291 nm. At this particular wavelength there is no or

negligible interference of the matrix compounds. Cyclodextrins were

dissolved in the run-buffer and hydrodynamically injected until the capillary

was fully filled. The capillary was mounted in a cartridge and thermostated

at 15 °C. Injections were done at 0.5 p.s.i. (33 mBar) for different periods and

separation took place at 25 kV. The ramp time of the applied voltage was

0.17 min.

8.3 Results and discussion

8.3.1 Enantiomeric separation of ofloxacin

As can be deducted from Fig 8.1, ofloxacin is an amphoteric substance

with a pI-value of 6.97.

At a pH of 2.5 the substance is fully protonated. CE separations were

performed using either HP-β-CD, α-CD, β-CD, γ-CD or sulfated-β-CD at

different concentrations. Only the hydroxypropyl-substituted CD and the

Table 8.1. Effect of different HP-β-CD and S-β-CD at different concentrations
on resolution of racemic ofloxacin. Injections at 3s, 0.5 p.s.i. and
separation at 25 KV.

HP-β-CD S-β-CD
Conc (mM) α Rs Conc

(mM)
α Rs

0 - - 0 - -
1 - - 0.1 1.012 < 1.5
2 1.014 < 1.5 0.15 1.016 < 1.5
5 1.030 1.5 0.20 1.027 < 1.5
10 1.045 2.0 0.25 1.034 1.5
15 1.039 2.0 0.40 1.064 2.7

0.60 1.105 3.5
0.80 1.146 4.3
1.0 1.151 4.3
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sulfated CD were able to resolve the enantiomers within 7 minutes (Rs > 1.5).

In Table 8.1, the selectivity factors (α) and the resolutions (Rs) are presented.

As was anticipated, baseline separation of the ofloxacin enantiomers with

the sulfated CDs could be readily achieved at much lower concentrations

than with the hydroxypropyl-substituted CDs. Furthermore, the maximum

obtained resolution is at least a factor 2 higher with the charged CD than

with the neutral CD. Concentrations higher than 1.0 mM could not be used,

due to severe baseline fluctuations. A baseline separation, i.e. Rs> 1.5, of

ofloxacin in 10x diluted (drug free) human urine could be obtained by using

a 0.25 mM S-β-CD solution, within 4 minutes as shown in Fig 8.2.  The

electropherograms also show the good selectivity, which can be obtained

for the direct injection of 1:10 diluted urine.

A critical note on using negatively charged CDs in a normal polarity

CE system should, however, be given.

Because the mobility of the negatively charged CD is towards the anode, it

should be warranted that the net mobility of the analyte/S-β-CD complex is

towards the cathode for the obvious reason that otherwise the peaks will

not be detected. The latter is dependent on the S-β-CD concentration.

When the desired resolution is not obtained before the critical S-β-CD

concentration is reached or when electro-dispersion is observed, dual CD-

systems, i.e. combinations of a neutral CD and S-β-CD may be an

alternative.
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Figure 8.2. Electropherograms of racemic ofloxacin in (a) 50 mM phosphate buffer,
pH=2.5 and (b) 0.25 mM S-β-CD, added to the same buffer. Sample is drug-free
human urine obtained from a volunteer (10x diluted with water) spiked with 20 µg
ofloxacin  per ml diluted (1:10) urine. Sample injection: 3s at 0.5 p.s.i.; EK separation
at 15°C (25 KV); UV-detection at 291 nm.
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Therefore, the next step was to investigate the tuning effect of several

neutral CDs added to an anionic CD solution on resolution. For that reason

we added α-CD, HP-β-CD, β-CD or γ-CD in various concentrations (0-5 mM)

to a 0.25 mM S-β-CD solution (stock solution). This S-β-CD concentration (0.25

mM) was the minimal concentration that was able to achieve baseline

separation. For that reason it was chosen to observe the tuning effect of the

addition of other neutral chiral selectors on resolution and selectivity factors.

In Fig 8.3, the selectivity factors (α) obtained by using these dual CD

systems are presented. The figure shows the positive effect when γ-CD was

added to the stock solution and the negative effect when either HP-β-CD or

α-CD was added to the system. It can be concluded that although it is

possible to fine-tune the selectivity of the separation system, relatively large

amounts of neutral CD-derivatives are necessary and, moreover, only a

small increase of the S-β-CD concentration could result in the same increase

of the selectivity. The most interesting feature is probably the effect of HP-β-

CD on both separation factor and resolution. As can be seen from Table

8.1, this neutral substituted CD is capable of baseline separation of

ofloxacin. However, the combination of HP-β-CD with S-β-CD as chiral

selector in the same run seems to eliminate the ability of chiral recognition

of the individual CDs derivatives. The “quenching” effect of this particular
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Figure 8.3. The selectivity factors (α) obtained by dual CD systems. The S-β-
CD concentration was always 0.25 mM.



Chapter 8160

dual CD system could be explained if there was a difference in migration

order of the enantiomers as a consequence of complexation with the CD-

derivatives. However, the use of either CD-derivative leads to the same

enantiomer mobility with the result that we are not able to explain the

observation. Moreover, this is especially interesting while the obtained results

contradict with some recently proposed mathematical models [36], which

are supposed to be able to predict selectivity in dual CD systems. From

these models it was concluded, as was experimentally shown [36,39], that

when both CD derivatives interact selectively with the analyte enantiomers

and lead to independent complexation, the enantioseparation will be

significantly increased if the affinity pattern and the effect of the two CDs

on the analyte mobility are the same.

8.3.2 Enantioconversion studies of levofloxacin

As was described in Section 8.3.1, chiral separation of racemic ofloxacin

can readily be performed with just a single oppositely charged CD, i.e.

without the necessity to use a dual CD system. It is acknowledged that

although a dual CD system could fine-tune the separation, the

concentrations anionic CD used do not lead to any analysis problems as

was addressed in Section 8.3.1. In order to achieve a resolution of at least

2.0, a 0.35 mM S-β-CD solution was used to monitor the possible in vivo and

in vitro enantioconversion.

The hydrochloric acid solution (10-5 M) showed no signs of

enantioconversion and no other peaks were detected. The spiked diluted

urine samples also showed no change in the peak height of levofloxacin,

measured at λ=291 nm. In all cases, no in vitro enantioconversion, detected

at λ=291 nm was observed.

To assess the extent of enantioconversion as percentage of the

active enantiomer, the detection limit of the formed enantiomer R-(+)-

ofloxacin forms a limiting factor.  Furthermore, the detection might be

affected by the presence of a large excess of the active S-(-)-enantiomer.

On the basis of available pharmacokinetic data the concentration of the

latter enantiomer in urine, collected during the first 10 hours after

administration, will be about 100 µg/ml. For that reason the detectability of
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the R-(+)-enantiomer (2, 4, 8 and 12 µg/ml)  was studied in the presence of

100 µg/ml of the S-(-)-enantiomer using 0.35 mM S-β-CD solution as chiral

selector.

The experiments show (Fig 8.4) that the limit of detection for R-(+)-

ofloxacin is 2 µg/ml. However, since urine samples have to be diluted 10-

fold, as a consequence the detection limit in undiluted urine is 20 µg/ml for

R-(+)-ofloxacin. Thus, in vivo enantioconversion can only be seen when R-

(+)-ofloxacin exceeds 20%. In all patient-urines measured at λ=291 nm, the

R-(+)-enantiomer was not detectable, which illustrates that there is no

enantioconversion of the S-(-)-enantiomer which exceeds 20%. In order to

illustrate the linearity of the detector response, linear regression analysis

(Y=a+b.X) was performed over the range of 2-12 µg R(+)-ofloxacin/ml

(expressed as the peakheight). The following equation was obtained: Y=-0.1

(±0.2) + 0.72 X (±0.03), corresponding with a linearity, expressed as the

coefficient of determination of r2=0.9975 (p=0.00127;n=4).
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Figure 8.4. Electropherograms of 2, 4, 8 and 12µg/ml R(+)-ofloxacin and 100 µg/ml
S(-)-ofloxacin using 0.35 mM S-β-CD as the chiral selector in a 50 mM phosphate
buffer, pH=2.5. Sample injection: 3s at 0.5 p.s.i.; EK separation at 15°C (25 KV); UV-
detection at 291 nm.
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8.4. Concluding remarks

The use of charged CDs for the chiral separation of oppositely charged

ofloxacin appears to be an effective method. Combinations of the

charged CD with a neutral CD may be useful for tuning the separation

system, but can also lead to a severe decrease in resolution. To monitor

possible in vitro and/or in vivo enantioconversion of levofloxacin a

concentration of 0.35 mM S-β-CD in a 50 mM phosphate buffer at pH=2.5

was sufficient for baseline separation and resulted in a resolution higher

than 2. Under these conditions chiral separations were obtained within 5

minutes. The analysis of ofloxacin in urine at a wavelength of 291 nm seems

to be very effective with little or no interference of matrix-compounds.

Levofloxacin is rather stable in urine, which implies that analysis of the

samples can take place even after some time. Furthermore, none of the

analyzed urine-samples show demonstrable enantioconversion.

For profiling of drug impurities, degradation products, synthetic

precursors, side-products, or metabolites in pharmaceuticals in general

there is a limit of 0.1%. In the case of enantioconversion in the human body

as a consequence of metabolic or chemical conversion, no clear

guidelines are available. The current method allows detection of 2 µg R-(+)-

ofloxacin/ml diluted urine or buffer solution. This amount can be readily

detected in the presence of a 50-fold excess of the active enantiomer

being 100 µg S-(-)-ofloxacin.  Yet, it should be noted that the extent of

enantioconversion that can be readily detected, is determined by the limit

of detection for R-(+)-ofloxacin and the actual concentration of S-(-)-

ofloxacin present in the diluted urine samples. In an undiluted urine sample

the detection limit is consequently 20µg R-(+)-ofloxacin, i.e. approximately

20%. Chemometrical optimization of the separation system, investigating

parameters like urine dilution factor and injection volume, could decrease

the limit of detection of R-(+)-ofloxacin in urine samples. Furthermore, the

detectability can be improved by extracting the enantiomers from urine

and analysis of the concentrated extract, but then the analysis time would

be increased.
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Abstract

Development of new selective analytical methods and sample enrichment

techniques remains of interest. The implementation of molecular imprints in

chemical analysis may offer objective advantages over existing

methodologies. Criteria for the applicability of molecular imprints (MIPs) in

separation methods, ligand-binding assays, sample pretreatment and

sensors are defined.  It should be noted that each analytical problem asks

for imprints with specific characteristics. Affinities can be comparable with

those observed for antigen-antibody interactions, which enables

application in ligand-binding assays and for sensors. However for

application in separation methods, moderate affinities, allowing fast mass

transfer between mobile and stationary phase are essential to obtain highly

efficient separations. For sample pretreatment procedures a large range of

affinities can be used, however large sample volumes can only be

processed with high affinity materials. Considering the state-of-the-art of

molecular imprinting, the application for sample pretreatment directed to

pre-concentration looks the most promising. It is anticipated that molecular

imprints can find a prominent place in pharmaceutical research not only as

a tool to improve selectivity and sensitivity in analytical methods, but also

for selective extraction of drugs or intermediates from reaction media. In an

environmental context, these imprints may be used for the analysis and/or

removal of pollutants.

9.1 Introduction

Trace analytical methods for complex matrices rely on efficient sample

enrichment techniques and specific assays. A low selectivity and/or a low

capacity for the target analyte often limit current enrichment techniques.

Development of new selective analytical methods and sample

enrichment techniques are therefore of broad analytical interest. One

technique that may find general use is molecular imprinting, which is used

for the preparation of phases with tailor-made binding sites [1-7]. The phases

can be prepared by the synthesis of (highly cross-linked) polymers in the

presence of a target template or print molecule followed by removal of the
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template. The remaining polymer will contain binding sites, which are

complementary to the template molecule. The selection of monomers and

the polymerization conditions will yield materials with different binding

properties, which can be explained by the interactions between

functionalities of the polymer and the template molecule.

The implementation of molecular imprints in chemical analysis

should offer objective advantages over existing methodologies. This implies

that production of a range of imprints and looking for a possible application

is not the way to go.

At this point the properties of any imprinted materials cannot be fully

programmed or even forecasted. However, for any application, criteria can

be defined which should be met, to end up with superior materials and

methods.

Table 9.1. Key references to the four major applications of
molecular imprinting.

Applicability of molecular
Imprinting

Key references,
Reviews (underlined)

Separation methods [3,5,8,9]
 - chiral [10,11]
 - electrophoresis [12,13]
Ligand-binding assays [3,5,8,14,15]
Sample pretreatment [5,8,16-18]
Sensors [3,8,19,20]

In the present article we attempt to define criteria for the applicability of

molecular imprints (MIPs) in different analytical techniques. Where

appropriate, additional criteria indicated by the application area are given

and discussed.

We consider four major analytical techniques, operating in a liquid

environment: Analytical separation methods (liquid chromatography and

capillary electrophoresis); sample pretreatment; ligand binding assays;

sensors. The key references to the analytical techniques are given in table

9.1. Special attention is paid to the identification of approaches to control

the binding characteristics within the physical boundaries of the analytical

technique and the application area: Preparative separations; bioanalytical

separations and trace analysis.
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9.2 Theory

The most common procedures for the synthesis of molecular imprints have

been reviewed in detail [5,7,21]. Single or multiple interactions of functional

groups of both compounds can describe the interaction between analytes

and/or template molecules and the monomers. The types of interaction

can be hydrogen bonds, ion pairing, π-π interaction or driven by the

hydrophobic effect. The selection of the monomer(s) is based on the

generation of these particular interactions. This implies that polymers

generated from these monomers will always interact with the analyte or

template molecule as well as with compounds that contain functional

groups similar to those of the template.

The affinity increases with the number of interacting groups,

however, each individual interaction can be strongly dependent on the

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

presence of complex forming agents, etc. [22-24]. These effects can occur

through interaction with the polymer, the analyte or both. This implies that

affinities can vary from zero to nanomolar equilibrium dissociation constants.

Therefore, application of molecular imprints appears to have potential for a

range of analytical applications.

It is assumed that a change in selectivity of molecular imprinted

polymers in comparison to non-imprinted polymers can only occur when

the analyte and/or the matrix components of the sample will have an

increased number of interaction points [25]. So, single and part of the dual

point interactions that take place between the analyte and the polymer will

affect the selectivity. Note that non-imprinted polymers are successfully

used for analytical applications [26]. In other cases, the interaction of

analytes and matrix components with non-imprinted parts of a polymer

may overshadow the interactions of the analyte with the true imprint so that

the selectivity is not as good as required for the application, irrespective of

the imprinting efficacy. The number of binding sites present in the polymer

that play a role in the selective interaction of the analyte with the imprint

(cavity) is typically less than 1% but can mount to 35% of the theoretical

maximum amount of binding sites [27].

For that reason the impact of both the selective (imprinted part of

polymer) and the non-selective (non-imprinted part of the polymer)
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interactions on the applicability of imprinted polymers in different analytical

techniques is discussed here. A schematic representation of the selective

and the non-selective interactions is given in Fig. 9.1.

9.3 Separation methods

In chromatographic methods the selectivity is dependent on differences in

interaction (specific and non-specific) between analytes and imprint. The

selectivity is generally defined as α, where α is the ratio of the capacity

factors of two compounds. These are proportional to the interaction of the

analytes with the stationary phase.

Figure 9.1. Schematic representation of the interaction of the analyte and
the synthesized polymer. The polymer contains several binding sites. The
most favorable energetic interaction is shown at location A, where three
binding sites result in the most selective (specific) interaction of the
analyte with the polymer. Two-point interactions, which are energetically
less favorable, are depicted at locations C and D, where the analyte is still
allowed to approach the binding sites at more than one way, and therefore
is less selective in its interaction with the polymer. Locations B and E
show the least selective interaction possible and are therefore the least
favorable.
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For separation systems based on modified silicas, α-values exceeding 1.05

are considered adequate to obtain resolutions between eluting

compounds Rij>1.5 allowing quantitation of the individual compounds. An

α-value of 1.05 implies that the last eluting compound has a 5% higher

affinity towards the stationary phase in comparison to the first eluting

compound.

The resolution is not only dependent on the α-value, but also on the

efficiency of the system. The efficiency is an indicator for peak broadening

during the separation process. This implies that a high α-value is required in

systems with severe peak broadening, whereas in highly efficient separation

systems low α-values are acceptable. Fast and efficient separation systems

are also important to warrant the detectability of the analytes.

Chromatographic systems using molecular imprints described by

various authors show that extreme α-values can be obtained, but that

hardly adequate resolutions were reported [10,28-30]. The processes

responsible for peak broadening are: (1) Eddy-diffusion dependent on

particle-size, particle-shape, porosity and flow rate. (2) Longitudinal diffusion

dependent on the viscosity of the mobile phase and the diffusion constants

of the analytes. (3) Mass transfer in/between the phases dependent on

intraparticle diffusion, association with binding sites, dissociation from the

binding sites, reassociation (number of binding sites).

The production process of imprinted polymers is not very elegant.

Polymerization often takes place in glass tubes, which are crushed

afterwards. The polymer materials are milled in a mortar and sieved. Most

researchers used the fraction between 25 and 40 µm particles with irregular

shapes. This explains a substantial contribution from the Eddy-diffusion to the

peak broadening process. Smaller, spherical particles are much more

efficient. Using polystyrene seeding microspheres with a starting diameter of

1 µm and dispersion or precipitation polymerization might be a major

improvement, provided that neither the template nor the other ingredients

of the polymerization mixture diffuse into the medium.

However, mass transfer plays a large role in the peak broadening

process. This can be explained by the fact that retention of a compound

means that molecules migrate from the mobile phase into the stationary

phase independent of each other. If one molecule is captured in the

stationary phase, the other molecules in the mobile phase are moving
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forward. After a while this molecule will be released by the stationary phase

and move forward by the mobile phase. The mean residence time of a

molecule can be calculated by subtraction of the retention time of the

analyte (tri) and the time for the mobile phase to pass the column (tr0). The

mean residence time is composed of the sum of numerous short residences

of the molecule in the stationary phase during the separation process.

Because this is a random variable it means that the standard deviation of

the mean residence time, i.e. peak broadening, is dependent on the

number of phase-changes. Fast and frequent exchange therefore, implies

reduced peak broadening. The situation with molecular imprints is rather

complex, because the analyte molecule can be in the stationary phase in

three different conditions, dissolved in the solvent in the inner pores of the

particles, non-specifically bound to one or two functional groups of the

polymer, or specifically bound in the cavities of the imprint. The condition

that determines to a major extent the peak broadening is the binding

kinetics of the latter interaction. A comparable situation exists with

immunoaffinity columns. To make them suitable for chromatographic

separations and not as a preconcentration device, so called soft-

antibodies with affinities in the micromolar range are to be developed [31].

For both imprints and antibodies this is not so simple because reduction in

affinity will often imply a reduction and a change in selectivity.

In capillary electrophoretic systems, molecular imprints can be used

as well [32-34]. Capillaries can be filled with particles of the imprinted

polymer [32,35,36], or alternatively polymerization can take place inside the

capillary yielding a coated capillary or a continuous bed [13,33,34,37]. The

separation process is dependent on differences in electromigration and on

differences in interaction with the imprinted polymer. This implies that a

different type of selectivity will be obtained in comparison with

chromatography. In capillary electrophoretic separations selectivity values

α>1.01 are often adequate to obtain resolutions Rij>1.5 between eluting

peaks, allowing quantitation of the individual compounds. The low

selectivity requirement can be explained by the efficiency of the

separation process due to the absence of Eddy-diffusion. What remains is

that, also in this separation technique using molecular imprints, the

efficiency is strongly dependent on the binding kinetics of the analyte and

the imprint.
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For separation processes it can be concluded that molecular

imprints can add different types of selectivity. It should be noted, however,

that both the production process of polymers and the selection of mobile

phase or run buffers should be focussed on improvement of mass transfer

processes. Low affinity binding sites are essential.

The selection of monomers and cross-linkers and the extent of cross-

linking are important parameters. The selection of mobile phases or run

buffers should be directed to a reduction of strength of interaction between

functional groups of the analytes and of the polymer and not to the

elimination of a particular type of interaction, because that may lead to the

situation where "recognition" by an imprinted polymer is comparable to the

recognition by non-imprinted polymers.

9.4 Ligand-binding assays

For analytes that lack physicochemical properties that allow selective and

sensitive quantitation in a given matrix, ligand-binding assays can be used.

Ligand-binding assays are based on the competition between an analyte

and a labeled ligand for binding to a macromolecule. The change in the

free or bound fraction of the labeled ligand can be related to the

concentration of the analyte present in the sample. So far, mainly proteins,

e.g. antibodies or receptors have been used as binding macromolecule.

Generally, binding affinities of the analyte and the label for the

macromolecule are in the range from low picomolar to nanomolar

concentrations. The selection of the label, e.g. radioactive, fluorescent or

enzymatic, allows its quantitation at the same concentration level.

Receptors and antibodies do have a different type of selectivity.

Only pharmacologically active compounds, eutomers and active

metabolites, can be measured with receptor assays. If these compounds

are present in combination, the sum of compounds will be determined

providing a therapeutic relevant parameter. Immunoassays will recognize

compounds dependent on the way the antibodies have been raised.

Because most small molecular compounds are not immunogenic, they

have to be linked via a chemical spacer to a larger protein to induce

antibody formation. The antibody will discriminate between substances with
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differences in chemical structure with the exception of the site of the

analyte where the spacer was linked. This implies that selectivities can be

modulated to a large extent. If more compounds with affinity for the

antibody are present in a sample they will be codetermined. However, the

outcome of such an assay is often meaningless [38,39]. The use of molecular

imprints that recognize a particular analyte is principally interesting

because, in contrast to antibodies, all functional groups in the analyte

molecule can contribute to its recognition by the imprinted polymer. The

imprint should selectively recognize both the analyte and labeled ligand.

Dependent on the type of label this might imply some difficulties.

Radioactive tracers do hardly affect the structure of the molecule, but

fluorescent labels are rather bulky and are coupled directly or via a spacer

to a functional group of the analyte molecule. This can have a large

impact on the interaction with the imprint although some successful

examples have been shown [19,40]. Recently, the preparation of a

fluorescent molecularly imprinted polymer has been reported [15].

The selectivity of a ligand-binding assay is dependent on differences

in interaction between analytes and sorbent. However, the differences

needed to obtain accurate measurements are magnitudes higher than for

separation processes. A sorbent used in chromatography showing an α-

value of 1.05, that is considered to be adequate to obtain baseline

separation, implies a cross-reactivity of approximately 95% in a ligand

binding assay. Cross-reactivities of other compounds should be smaller than

1% to allow quantitation of the compound with the highest affinity.

The sensitivity of ligand-binding assays is dependent on the affinity of

the analyte and the labeled ligand towards the imprint. A small number of

binding sites relative to the number of analyte and labeled ligand

molecules is a prerequisite to obtain competition. It would be preferable if

there is a single population binding sites. However, it seems that there is a

gradient of affinities. It is claimed that production processes of molecular

imprints are highly reproducible which might be favorable over the

production of mono- and polyclonal antibodies. Nevertheless, experimental

data disprove the idea that small variations in the polymerization process

do not affect the gradient of affinities for a given imprinted polymer. It

remains to be seen whether or not affinities can be obtained that can

compete with those of antibodies. Association and dissociation kinetics are
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less critical in comparison with separation methods, although dependent on

the method to separate bound and free fraction of the labeled ligand. A

slow dissociation rate is favorable for the sensitivity and for the separation in

that equilibria are maintained.

To facilitate this separation step, imprints can be bound to the

surface of test tubes or microtiter plates, enabling automation of assays. The

required number of binding sites depends on the detectability of the label

and its affinity towards the binding sites. The number of binding sites should

be constant for each test. It should be noted that the imprint might not

interfere with the detection of the labeled ligand.

For ligand-binding assays it can be concluded that molecular

imprints do have potential advantages. Provided that, the analyte or

template molecule is readily available at reasonable prices, imprints can be

made available at higher quantities than biological macromolecules like

antibodies and receptors. Moreover, it is still believed that the imprints can

be made in a reproducible fashion. Compatibility with biological, aqueous

samples is highly commendable.

It is unclear whether or not ligand-binding assays based on imprints

can compete with the sensitivity and selectivity of immuno- and receptor

assays. More complex monomer and cross-linking mixtures and step-by-step

polymerization procedures might attribute to obtain imprinted polymers with

the desired binding characteristics.

9.5 Sample pretreatment

For most bioanalytical assays, sample pretreatment steps are mandatory.

The objective of a sample pretreatment procedure is to achieve

preconcentration of the analytes of interest and/or clean-up of the sample

and/or making the sample compatible with the analytical technique.

Preconcentration of analytes is required when the concentration of

analytes in the sample is low, or when the sample volume that can be

introduced in the assay is small, or for the isolation of compounds.

Clean-up of the sample is directed to removal of compounds interfering

with the detection of the analyte of interest (e.g. co-eluting and detected

at the same wavelength in an UV-detector) or removal of compounds that
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affect the performance of the instrumentation (e.g. co-eluting and

affecting the ionization efficiency of the analyte in the interface of a mass

spectrometric detector).

Furthermore, the analytes of interest should be present in a solvent

that can be introduced into the analytical system. For gas

chromatographic methods the solvent should be volatile whereas for liquid

chromatographic analysis, the sample should be miscible with the mobile

phase. Generally, this implies a solvent exchange.

Molecular imprints may serve as a stationary phase in solid phase

extractions [16-18,41,42]. The properties of the imprinted polymers and their

treatment are similar to those described in the section on separation

methods when used in on-line extraction procedures. However, not to the

same extent. Essential is that the elution volume containing the analyte of

interest is small enough not to have a detrimental effect on the

performance of the coupled analytical technique. During sample

application and washing steps the analyte should be strongly bound to the

sorbent so that when larger volumes of sample and/or washing solvent are

applied, there is no break-through of the analyte. The elution medium

should enable a fast dissociation of the analyte from the sorbent. This can

be achieved by choosing conditions that completely destroy the

interaction between functional groups of the analyte and of the sorbent

(imprint). This will induce fronting of the analyte but also of most of the

bound matrix components. In on-line procedures using small particles of

modified silica (<10 µm) the elution step can be considered as a true

chromatographic separation implying that retention of the analyte takes

place. This means that fast dissociation and association kinetics of the

analyte are mandatory. Considering the remarks made in the section on

separation methods, the latter approach is not applicable yet, but stronger

solvents can be applied.

Thus, on-line SPE means elution under rather harsh conditions, forcing an

instant dissociation of the analyte from the sorbent. A limiting factor is that

the eluting solvent should be compatible with the analytical technique

used for quantitation of the analyte.

Off-line solid phase extraction procedures can handle a larger

variation of solvents. In contrast to on-line procedures, miscible and

unmiscible solvents can be used sequentially when the sorbents are dried in
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between. An other aspect is that a solvent used for elution can be

evaporated and the analyte containing residue can theoretically be

dissolved in the solvent of choice. Because off-line procedures are never

used as a mini-chromatographic separation, association and dissociation

kinetics are less critical albeit that small elution volumes do have practical

advantages and are crucial when preconcentration of the sample is an

objective of the sample pretreatment procedure.

Any degree of selectivity of the imprinted polymer can be used. The

higher the selectivity of the sample pretreatment procedure, the lower the

requirements for the selectivity of the analytical technique used for the

quantitation of the analyte of interest. If methods are to be used for the

extraction of a group of analytes, imprints should not be selective towards

individual compounds. Imprints can be made with a single analyte or

template molecule and subsequently these imprints can be mixed,

otherwise a mixture of analytes can be imprinted in one polymerization

process.

It can be concluded that molecular imprints do have a high potential for

application in solid phase extraction procedures. In off-line procedures,

selectivities and clean-up steps can be better due to the larger variation of

solvents that can be used. It should be noted that on-line procedures are

preferred because these are amenable to automation whereas no analyte

is lost in transfer steps.

Efficiency of extraction columns is not important if elution takes

place with solvent mixtures with very high elution strength. Fronting of the

analyte will take place yielding a higher concentration in the eluate at the

expense of clean-up.

9.6 Sensors

The use of sensors in analytical chemistry can be divided into application for

continuous measurements or for measurement of separate samples

[19,20,43]. Imprints are attached to a surface, forming a thin layer. Binding

of analytes to the imprint will change a number of physicochemical

properties of that layer, which can be monitored [43]. Only for the
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measurement of separate samples, indirect detection protocols are

possible. Essentially it can be regarded as a competitive ligand binding

assay in which a unique property e.g. fluorescence of a labeled ligand,

which also binds to the imprint, is monitored. This implies that a fixed

concentration of a labeled ligand is added to a sample, which needs

incubation with the sensor until equilibrium is reached. The binding

molecule, the imprinted polymer, is re-used for many assays. Generally, this

is done to monitor ultra-trace concentrations of analytes with

physicochemical properties that do not allow direct detection.

In all other cases, the interaction of the analyte with the imprinted polymer

changes the properties of the outer layer of the sensor, e.g. inducing

capacitance or optical effects. It is essential to realize that also binding of

the analyte to non-imprinted parts of the polymer will change the signal,

although possibly not to the same extent. Actually, any matrix component

that can interact with the polymeric layer in a selective or non-selective

manner will change the signal of the sensor. This implies that the interaction

of imprinted polymers with matrix components should be minimal and

constant. The latter explains why sensors are frequently used in monitoring of

continuous chemical or biotechnological processes. The time-lag between

a change in concentration of analyte and change in sensor signal is

dependent on the kinetics of the association and dissociation of the

analyte and the imprint. As mentioned previously, high affinities of an

imprint for a particular analyte, required for the detection of low

concentrations thereof, can generally be attributed to a slow off-rate. This

implies that there is a trade-off between the sensitivity and the time-lag of

the sensor.

With the indirect sensors using a labeled ligand, interactions of analyte and

matrix components with the non-imprinted parts of the polymer do not

change the signal of the sensor.

The selectivity of a sensor is dependent on differences in interaction

between analytes and sorbent to the same extent as in ligand-binding

assays. The sensitivity of a sensor is dependent on the affinity of analyte or of

the labeled ligand and on the detection principle.
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In conclusion, due to their stability, molecular imprints can be readily used

as the sensing surface of a chemical sensor. A thin layer with a high density

of imprints is a prerequisite for a sensitive sensor. The sensitivity is strongly

dependent on the interaction of the analyte and in some cases the

interaction of a labeled ligand with the imprint. In cases, where the

detection principle is based on properties of the analyte itself, interaction of

the analyte and other matrix components with non-imprinted parts of the

polymer affect the sensor signal. Particularly in cases where the matrix

composition is constant and the analyte is present in variable

concentrations, sensors can have an application.

9.7 Summary

It is clear that each technique has its own requirements with regard to the

binding properties of the imprinted polymer. Also for every technique each

analytical problem requires imprints with specific characteristics.

Nevertheless, a number of recommendations can be given.

A high density of imprints in the polymer is advantageous for any

technique because it reduces interactions of analytes and matrix

components with the non-imprinted part of the polymer. Generally, due to

the production process, the population of binding sites is heterogeneous.

This is not a problem as long as the imprinted polymer can be produced in

a reproducible fashion and that the range of affinities is small and

substantially (>100-fold) higher than the affinity of analytes and of matrix

components for the non-imprinted parts of the polymer. The latter is

important because the number of binding sites on the non-imprinted part is

considerably higher than the number of imprints present in the polymer. If

this is not the case, it should be considered using non-imprinted polymers

instead of imprinted polymers.

Affinities can be comparable with those observed for antigen-

antibody interactions, which enables application in ligand-binding assays

and for sensors. Preparation of molecular imprints is much faster and

probably more reproducible than the preparation of antibodies.

The selectivity we are looking for can differ quite dramatically. If we

are only interested in the analysis of a single compound, e.g. an
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enantiomer, it is advisable to use that particular compound or the other

enantiomer for imprinting. If we are interested in one class of compounds,

we can look for a structural analog with the same functional groups,

required for interaction with functional groups of the monomers (during

selfassemby) or for a polymer having slightly bigger substituents, so that all

target analytes will fit in the cavities of the imprinted polymer. Alternatively,

imprints can be generated against a mixture of template molecules, or

imprints of different templates can be mixed afterwards.

The use of the analyte molecule itself as template molecule for

imprinting can be problematic in a number of cases. When the compound

is not available in pure form in reasonable amounts and at reasonable

costs, analog compounds that meet the criteria should be considered. The

latter is also the case for highly toxic compounds, chemically unstable

compounds, or poorly soluble compounds under the applied

polymerization conditions. However, there are also some analytical

arguments that may exclude the use of the analyte as template molecule.

During polymerization a small percentage of the analyte will remain in the

polymer and can leak during application [33]. In separation methods this

may lead to drifting baselines or extra peaks induced by the solvent

composition of the injected samples. In ligand-binding assays, sample

pretreatment and sensors, it will affect the accuracy and precision

particularly at lower concentrations. Because these analytical methods are

particularly valuable for trace analysis the use of the analyte as template

molecule should preferably be avoided. Another element is that using the

analyte as template might lead to high affinities of the polymer with slow

dissociation kinetics. For application in chromatography or capillary

electrophoresis this will lead to extensive peak broadening.

Considering the state-of-the-art of molecular imprinting the application for

sample pretreatment directed to preconcentration looks the most

promising. For sample enrichment, rather high binding affinities are

favorable to extract large sample volumes and allow the use of rather harsh

washing steps, which can boost the selectivity.

Preparation of thin coatings containing imprints can contribute to the

development of substance selective sensors.

It becomes clear that the suitability of a given imprint is dependent

on its application. This implies that extensive interaction between organic
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chemists and analytical chemists, is required to produce materials and

procedures that pay off.

It is anticipated, that molecular imprints can find a prominent place

in pharmaceutical research not only as a tool to improve selectivity and

sensitivity in analytical methods, but also for selective extraction of drugs or

intermediates from reaction media independent of their generation

(chemical or biotechnological). In an environmental context, these imprints

may be used for the analysis and/or removal of pollutants.
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10.1 Introduction

The use of molecularly imprinted polymers (MIPs) in the field of Analytical

Chemistry has recently been reviewed [1,2]. MIPs are usually prepared via a

procedure described by Mosbach’s group [3,4]. A certain amount of a

functional monomer and a crosslinker is added to an organic solvent

containing an initiator and a template molecule. These monomers contain

specific functional groups (e.g. carboxyl, hydroxyl, and amino or aromatic

groups) which can bind to the template molecule, either covalently or non-

covalently. The crosslinker is necessary to assure highly selective binding sites

in the complex three-dimensional structure of the polymer that is specifically

orientated around the template molecule. The polymerization is started by

photochemical or thermal initiation.  After the polymerization is completed

the polymer is usually crushed and sieved in order to obtain non-spherical

particles of approximately 25-40 µm. The non-covalently bound template

molecule is then normally removed from the polymer by extraction with an

acidified organic solvent, leaving behind specific memory sites or imprints.

When the template is covalently bound the template can be chemically

cleaved from the polymer by for instance hydrolysis or physically via

degradation (UV light or heat treatment), depending on the properties of

the template. The cavities recognize the template when the MIPs are

added to a (biological) sample in which the template is present or vice

versa. The template molecule can either be the analyte of interest or a

structural-analogue. The latter approach seems to be more attractive

because the polymer particles obtained may still contain some template

molecules, which can lead to bleeding of the template from the polymer

[5]. The structural analogue is chosen such that is has a different

chromatographic behavior to the analyte and the bleeding will then

consequently show no interference with the analyte under study. As a

matter of fact, for forensic purposes, a structure analogue seems to be

mandatory in order to exclude every possibility that the signal obtained

originates solely from the sample and not from the template.

The principle of MIPs has been discussed extensively in the literature

[1,6]. It is assumed to be based on molecular recognition, which is

preferably characterized by a three-point interaction (as the minimum

geometry), although a less selective two-point interaction or even a non-
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specific one-point interaction may also occur. A complete overview of

papers concerning MIPs over the period 1931-present, the Kalmar Molecular

Imprinting Database, can be found on the home page of the Society for

Molecular Imprinting (SMI) [7].

The use of MIPs in capillary electrophoresis (CE) is a relatively

unexplored area in the field of separation science. It can be seen as a

special form of capillary electrochromatography (CEC), which combines

the advantages of the high selectivity of LC and the high efficiency of CE.

In CEC the selectivity is obtained by virtue of the chromatographic and

electrophoretic properties of the solutes. The selectivity of MIPs in CEC has

been recently reviewed in the literature [8-13]. CEC is normally divided into

two sub-areas: i) CEC using a normal stationary phase, where the capillaries

are fully packed and; ii) CEC using open-tubular capillaries (OTCEC).

Conventional CEC as well as CEC using MIPs via the often suggested in situ

polymerization with chemical anchoring to the capillary wall [14-16] is

governed by the Van Deemter equation. In normal CE, the longitudinal

diffusion governs the efficiency of the system due to the absence of both

eddy-diffusion and a mass transfer between two phases. In voltage driven,

packed CE columns, all three factors contribute to peak-broadening [17].

When using packed CEC columns, the electro-osmotic flow (EOF) is the

driving force. Without a significant EOF, severe peak broadening may be

expected. OTCEC offers some advantages. First, there is no need for

column packing, and second, the contribution of the mass transfer from the

stationary to the mobile phase is less significant. Therefore, because the

mass transfer from the mobile phase to the stationary phase becomes more

important, OTCEC should be performed in capillaries with a very small

diameter. However, the thickness of the coating is often hard to control [8].

We now suggest the use of highly crosslinked, molecularly imprinted

microspheres (~100-300 nm in diameter) as a free moving pseudo-stationary

phase in a fritless capillary to minimize the effect of peak broadening by

some of the factors described above.  Such a system should however not

be referred to as a CEC system, due to the absence of an actual stationary

phase, but as an electrokinetic chromatography (EKC) system.

Small particles can be obtained by producing monolithic blocks of

polymers and grinding this until the preferred particles are obtained.

However, the grinding and sieving process is rather time consuming and,
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moreover, the resulting particles are often irregularly sized and shaped. The

grinding process may also be detrimental to some of the binding sites [18].

In order to produce uniformly-shaped spherical particles without the need

for grinding, several polymerization techniques have been developed [18-

20]. One of the most effective approaches seems to be the use of

precipitation polymerization [21,22], which can deliver monodisperse

polymer microspheres up to ~8 µm in diameter, and below 1 µm if desired,

without the need for any added (expensive) surfactant or stabilizer. The

growth mechanism of these microspheres has recently been described by

Downey et al. [23]: During polymerization the growing polymer chains are

separated from the continuous medium by enthalpic precipitation in cases

of unfavorable polymer-solvent interactions, or entropic precipitation, in

cases where cross-linking prevents the polymer and solvent from freely

mixing. Using a good solvent (e.g. chloroform) will result in turbid

macroscopic or microscopic gels, whereas poorer solvents (e.g.

acetonitrile) will result in micrometer-sized particles. The presence of a good

co-solvent (e.g. toluene, xylene, or chloroform) may import significant

porosity to the microspheres, making them potentially useful as separation

resins [22].

Previous reports on the use of precipitation polymerization to

prepare molecularly imprinted monodisperse spherical particles are limited.

Only two papers have reported the addition of a template molecule to a

precipitation polymerization in order to obtain molecularly imprinted

polymers, for the use in a competitive radioassay [18] and an enzyme-linked

sorbent assay [24], respectively. The use of molecularly imprinted spherical

particles as chiral selectors in EKC, was first presented by our group on the

MIP2000 meeting in Cardiff (Wales, UK) preliminary to the results shown in this

paper [25]. A similar approach was recently published by Schweitz et al.

[26]. Only some preliminary experiments were shown and the synthesis

conditions were not varied. The present paper describes an entropic

precipitation polymerization, i.e. a precipitation polymerization carried out

in the presence of both a crosslinker and a thermodynamically poor solvent

in order to obtain monodisperse microspheres imprinted with (+)-ephedrine

as the template molecule. In this approach we employ a fritless capillary

partially filled with a replaceable pseudo-stationary phase in aqueous EKC

(up to 40% ACN). To unequivocally demonstrate the molecular recognition
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properties of the MIPs the chiral separation of ephedrine enantiomers was

chosen, because in all other cases the separation of an achiral analyte

could feasibly be as a consequence of the electrochromatographic

behavior of the analytes.

10.2 Experimental

10.2.1 Materials

The aqueous run-buffers were prepared by mixing (n=10-50) mM

orthophosphoric acid (Merck, Darmstadt, Germany) with 1M sodium

hydroxide (Merck) until the desired pH was obtained (pH < 4) or by mixing n

mM sodium dihydrogen phosphate monohydrate (Merck) with n mM tri-

sodium phosphate dodecahydrate (Merck) until the high pH buffers were

obtained (pH>4). Water was purified with a milli-Q system (Millipore,

Bedford, MA, USA). The conductivity of the purified water was at a constant

18.2 MΩ. Hydroquinone was from Merck, azobisisobutyronitrile (AIBN),

pentaerythritol triacrylate (PETRA), methacrylic acid (MAA ≥ 98%), itaconic

acid (ITA ≥ 99%), 4-vinyl pyridine (4VPy ≥ 99%), ethylene glycol

dimethacrylate (EGDMA ≥ 97%) and divinylbenzene (DVB ≥ 80%) were from

Fluka (Buch, Switzerland). 1,1,1-Tris-(hydroxymethyl)-propan-trimethacrylate

(TRIM) was from Sigma-Aldrich (St. Louis, MO, USA). (1S,2R)-(+)-Ephedrine

hydrochloride was from Jansen Chimica (Beerse, Belgium) and racemic

norephedrine hydrochloride  was from Acros Organics (Geel, Belgium). The

solvents, acetonitrile (HPLC-grade, Lab-Scan Analytical Science, Dublin,

Ireland), methanol (HPLC-grade, Lab-Scan), dichloromethane (Merck), and

toluene (Merck) were dried and stored over molecular sieves (Merck).  AIBN

and ITA were recrystallized from acetonitrile and ethanol, respectively.  All

the liquid monomers and crosslinkers were dried over anhydrous

magnesium sulphate (Merck) for one hour, prior to purification by passage

through an aluminum oxide (activated, neutral, ca. 150 mesh, Sigma-

Aldrich) column. The template molecule, (+)-ephedrine hydrochloride, was

converted into its free-base form by extraction from an aqueous solution

(pH>11) with three aliquots of dichloromethane (Merck). After drying and
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evaporation of the dichloromethane the (+) ephedrine base was collected

and stored in a freezer (-18°C).

10.2.2 Production of the MIPs

The polymerization procedures for producing the imprinted polymers (MIPs)

and the non-imprinted polymers (NIPs) were similar. The principle of

precipitation polymerization is based on the use of an excess of organic

solvent relative to the amount of monomers present [18,24]. Typically, a 2 %

w/v ratio of monomer/solvent is used, where monomer refers to both

functional monomer and crosslinker. The ratio of template molecule :

functional monomer : crosslinker was either 1:4:12 (or 0:4:12 for the NIPs) or

1:4:6 (or 0:4:6 for the NIPs), respectively. The amount of initiator was set to 1

mole % of the total number of polymerizable double bonds present. In order

to produce 300 mg of polymer particles, the monomer, crosslinker, initiator

and template molecule were dissolved in 15-ml dried acetontrile. The

solution was placed on ice and purged with nitrogen for 10 minutes to

remove dissolved oxygen.

The solution was placed in a 20-ml glass tube, which was then

attached vertically to a rotor plate that was rotated around its horizontal

axis at 40 rpm. The rotor plate was placed in a water bath (60°C) in such a

way that the pre-polymerization solution was always beneath the water-

surface. Polymerization took place for 24h, whereafter the polymerization

was stopped by adding some hydroquinone as a polymerization inhibitor to

the mixture.  The microspheres obtained were collected by centrifugation

(25000xg) and washed three times with 15ml acidified methanol (1% HCl) in

order the remove the template, and finally one time with acetone. The

particle size was approximated by means of scanning-electron microscopy.

10.2.3 CE apparatus and conditions used for experiments

Analyses were carried out on a Beckman P/ACE system 5500 capillary

electrophoresis system (Beckman Instruments, Fullerton, CA, USA) equipped

with a diode array detector. The bare fused silica capillary with an outer

polyimide coating (50 µm i.d., 375 µm o.d.) was from Composite Metal
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Services (Hallow, UK). Data acquisition was performed with P/ACE 5000

Series Software. The vials used were 4-ml glass vials, sometimes with a 0.7-ml

glass insert obtained from PhaseSep (Waddinxveen, The Netherlands).

A capillary with a total length of 47 cm and an effective length of 40 cm

was used. An optical viewing window with a length of 2 mm, obtained by

burning off the polyimide coating, was aligned with the UV detection cell.

New capillaries were rinsed for 10 min at 20 p.s.i. (1313 mBar) with 1 M

sodium hydroxide, water, 1 M hydrochloric acid, water and with the run

buffer, respectively. The diode array detector was set at 214 nm to monitor

the effluent. The capillary was mounted in a cartridge and thermostated at

15 °C. MIP particles were suspended (0.1-1.0 w/v) in various mixtures of the

run-buffer and acetonitrile (with a maximum of 40%) and hydrodynamically

injected. The capillaries were partially filled (10-80% of the effective capillary

length) in order to avoid severe baseline fluctuation due to light scattering

in the detection window. Using a working pH of 2.5 eliminates the EOF

almost completely, whereas the MIP particles are partially anionic and

consequently tend to migrate towards the anode. Injections of the analytes

were carried out at 0.5 p.s.i (33 mBar) with different time-lengths and

separation took place at 25 kV. The ramp time of the applied voltage was

always 0.17 min. After each run the capillary was refilled with the MIP-

suspension and after every 5 runs the capillary was rinsed with 1M NaOH

and run-buffer, respectively.

10.3 Results and Discussion

10.3.1 Production and characterization of the polymer particles

Various types of functional monomers and crosslinkers, in two different

ratios, were used in order to obtain the blank and molecularly imprinted

microspheres (NIMs and MIMs, respectively). Table 10.1 shows the

compositions of the polymerization mixtures employed. As can be seen from

the table, the mass of the MIMs produced in comparison to the mass of

NIMs produced was either the same or less. The size and morphology of the

microspheres were also determined. It seems that the addition of the

template molecule to the monomer mixture prior to polymerization
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generally inhibits polymer growth, such that both the mass of polymer

obtained as well as the particle size are reduced.

Table 10.1. Composition of the polymerization mixtures and details about the resulting
microspheres.  The solvent was acetonitrile (ACN). The meaning of the
symbols are as follows: +, ++ and +++  = yield; z and zz = small (300-1000
nm) and very small (100-200 nm), particles  respectively and { = large
and/or amorphous particles (>1 µm); n.y. = no yield.

Composition Ratio Molecularly Imprinted
Microspheres

Non imprinted
Microspheres

Yield Shape Yield Shape

T:MAA:TRIM 1:4:12 +++ zz +++ zz

T:MAA:PETRA 1:4:12 + z ++ z

T:MAA:PETRA 1:4:6 + { + zz

T:ITA:TRIM 1:4:12 ++ zz ++ zz

T:ITA:PETRA 1:4:12 + z ++ {

T:4Vpy:TRIM 1:4:12 n.y. + z

T:4Vpy:TRIM 1:4:6 n.y. + {

T:4Vpy:PETRA 1:4:12 n.y. n.y.
T:4Vpy:PETRA 1:4:6 + ++ z

  Where T = Template molecule: (+)-ephedrine

The latter effect is clearly visible in the SEM pictures shown in Figure 10.1. The

size of the microspheres are in the region of 200 nm.

 
A B

Figure 10.1 Effect of template on polymer particle size. A) with template molecule,
B) without template molecule. Ratio = (+) ephedrine:MAA:TRIM = 1:4:12 (MIM) and 0:4:12
(NIM)
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As can be seen from the Table, some polymer compositions did not

lead to precipitated microspheres. One way that has been found to

increase the yield of polymer particles obtained is to use a

thermodynamically more favorable solvent for the polymerization, e.g. a

mixture of acetonitrile (ACN) and toluene (TOL) or dichloromethane (DCM).

Table 10.2 shows the results of these empirically performed experiments. This

one-variable-at-the-time approach led to some interesting results. In only

one case was DCM successfully used as the co-solvent. The microspheres

obtained were uniformly-sized and about 100nm. In all other cases the

addition of DCM to ACN resulted in a fully polymerized monolith or to large

amorphous particles. The SEM pictures in Figure 10.2 show the effect of

adding a co-solvent to polymerization mixtures prior to polymerization.

Table 10.2 . Composition of the microspheres produced when using co-solvents. The
symbols are as explained in Table 10.1.

Composition Ratio Solvent MIM NIM
Yield Shape Yield Shape

T:MAA:TRIM 1:4:12 ACN+10% TOL +++ z +++ z

T:MAA:TRIM 1:4:6 ACN+10% TOL +++ z +++ z

T:MAA:PETRA 1:4:12 ACN+10% TOL + { ++ zz

T:MAA:PETRA 1:4:6 ACN+10% TOL + zz + z

T:ITA:PETRA 1:4:6 ACN+10% TOL + z + {

T:ITA:PETRA 1:4:6 ACN+30% TOL + z + {

T:4VPy:TRIM 1:4:6 ACN+10% TOL n.y. + {

T:4VPy:TRIM 1:4:6 ACN+30% TOL n.y. + {

T:4VPy:TRIM 1:4:6 ACN+10% DCM + { + {

T:4VPy:PETRA 1:4:6 ACN+10% DCM ++ zz ++ z

T:4VPy:PETRA 1:4:6 ACN+5% TOL n.y. ++ z

T:4VPy:PETRA 1:4:6 ACN+15% TOL + z{ ++ z

T:4VPy:PETRA 1:4:6 ACN+25% TOL + { ++ {

T:4VPy:PETRA 1:4:6 ACN+30% TOL + { ++ {

T:4VPy:PETRA 1:4:6 ACN+35% TOL + { +++ {

T:4VPy:PETRA 1:4:6 ACN+45% TOL ++ { ++ {

The figures show that the addition of a thermodynamically superior solvent

can lead not only to an increase in particle size but also to non-uniformly

sized microspheres. The reproducibility of the polymerization process was

also investigated. For this study the first composition in Table 10.1
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(T:MAA:TRIM, 1:4:12 in ACN) was tested five times to give separate batches

of MIPs. The same product was obtained in all cases (results not shown).

10.3.2 Choice of the EKC system

When using polymerized microspheres (MIMs or NIMs) in EKC-systems, the

best performance should theoretically be achieved by using the smallest

particles as explained in the introduction. For this reason two types of MIMs

were selected for study in the EKC system: M1, i.e. T:MAA:TRIM (ratio =1:4:12,

solvent =ACN) and M2, i.e. T: 4VPy:PETRA (ratio = 1:4:6, solvent = ACN with

A B

C

Figure 10.2. Effect of co-solvent on particle growth. A) T:MAA:PETRA = 1:4:6
with 10% Toluene; B) T:4VPy:TRIM= 1:4:6 with 10% CH2Cl2;  C) T:4VPy:PETRA
=1:4:6 with 25% Toluene;
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10% DCM). When the particles

were injected into the CE system

and reached the detection

window of the capillary, an

increase in the UV absorption was

observed and severe baseline

disturbance due to light

scattering was noticeable. Under

these conditions the peaks of the

analytes could not be detected.

The capillary was therefore

partially filled with the suspension

liquid just before the detection

window. In order to determine the

pH condition where the non-specific binding was acceptable, some off-line

binding studies using a UV-spectro-photometer were performed. To 1 ml

run-buffer, 10 mg of MIM or NIM was added, respectively. The solution was

suspended by placing the mixture for 15 minutes in an ultrasonic bath. Then,

1 ml of a 40 µg/ml ephedrine solution was added. After an incubation time

of 5 minutes, the solution was centrifuged and the concentration of

ephedrine in the supernatant was measured by UV-absorption (215 nm).

The results are shown in Figure 10.3. The NIMs and MIMs gave an identical

curve. At pH > 5 the non-specific binding of the analyte to the MIMs

appeared to be too strong. Because of this strong binding and also

because of the fact that under these pH conditions the EOF plays an

important role, the peaks of the analytes could not be detected before the

particles reached the detection window causing severe baseline

fluctuations.  For this reason the pH of the buffer solution was set to 2.5.

Under these conditions ephedrine is fully protonated, the EOF is eliminated,

and the binding (and in particular the non-specific binding, although it is

measured that the curve of the specific binding is similar to the non-specific

binding curve) is reduced. The latter seems to be contradictory. However,

only a slight difference in binding of the two enantiomers with the MIMs,

leading to a 1-2% difference in effective mobility, between the enantiomers

is required in order to obtain a baseline separation. Furthermore, it was

verified experimentally that the addition of acetonitrile eliminates the non-
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Figure 10.3. Non-specific binding  of
ephedrine to both NIM and MIM
expressed as the peak height in the UV
spectrum as a function of the pH of the
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specific binding, i.e. lowers the sigmoid curve in Figure 10.3. (data not

shown). In contrast, the specific binding will be increased when acetonitrile

is added to the run-buffer as it more closely resembles the polymerization

conditions, i.e. the non-covalent interactions between the ephedrine and

the MIM will be increased.  This may seem to be desirable, but as a

consequence of the strong interactions between the MIP and the

ephedrine under these circumstances, the result will be that the ephedrine

does not dissociate from the MIP. Experiments have shown that addition of

acetonitrile to the run-buffer in levels up to 40% were only useful.

Trying to incorporate the MIM in a renewable and removable

polyethyleneglycol (PEG) gel in analogy with the incorporation of

cyclodextrins in a PEG gel as suggested in previous papers [27,28] for the

chiral separation of some β2-adrenergic sympathicomimetics, resulted in

severe peak-broadening.

10.3.3 Chiral separation using the M1 microspheres

The M1 microspheres were suspended by ultrasonification (~30 min) in a

phosphate buffer, 10mM (0.1-1.0% w/V), at pH=2.5, containing up to 40%

acetonitrile. The resulting suspensions were hydrodynamically injected into

the EKC system. Some useful results were obtained using a 0.5% w/V M1

suspension (stable for a few hours) in a run-buffer with 40% ACN in which

80% of the effective length of the capillary was filled. In this particular case it

was attempted to separate the enantiomers of ephedrine and salbutamol.

Salbutamol is a structural analogue of ephedrine, which should have a

weaker interaction with the MIM. The electropherograms are shown in

Figure 10.4.

Fig. 10.4A shows the electropherograms in a CZE system. Ephedrine

migrates faster than salbutamol. Fig. 10.4B shows the electropherograms

using the nonspecific NIMs. An increase in migration time is observed due to

non-specific interactions of the analytes with the microspheres. Fig 10.4C

shows the non-baseline separation of the enantiomers of ephedrine (left

hand peaks) and the enantiomers of salbutamol (right hand peaks). The

difference in peak shape and height between the two enantiomeric peaks
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may be explained by the fact that one of the enantiomers experiences a

stronger interaction with the microspheres.

The fact that the salbutamol enantiomers migrate later than the

ephedrine peaks seems to be counter-intuitive in that the template

molecule would be expected to have the longest retention. However, the

longer migration time of the salbutamol enantiomers can be explained by a

larger non-specific interaction of the salbutamol enantiomers with the MIMs

than that of the ephedrine enantiomers, because similar migration orders

were obtained using NIMs.

Figure 10.4. Electropherograms of the chiral separation of ephedrine (left peaks) and
salbutamol (right peaks). A) 10mM phosphate buffer, pH=2.5 (40% ACN); B) NIMs; C)
MIMs.
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10.3.4 Chiral separation using the M2 microspheres

Although the enantiomers of ephedrine and salbutamol could be

separated to some extent by the M1 micro-spheres, the next step was to

investigate the M2 micro-spheres.

These microspheres could be more easily suspended in the buffer solution

due their smaller size and

could be retained in

suspension (0.1% w/V) for at

least three days in contrast to

the M1 micro-spheres which

remained in suspension (0.1%

w/V) for not more than three

hours. The most effective

condition was found to be a

0.1% w/V suspension in the

same buffer solution (10mM

phosphate buffer, pH=2.5

with 40% ACN), which was

hydro-dynamically injected

into the CE system (80% of

the effective capillary

length). Figure 10.5A shows

the electropherogram of (-)

ephedrine, and Fig 10.5B

shows the electropherogram

of baseline separated

ephedrine enantiomers. In

comparison to the results

obtained with the M1

microspheres, the enantio-

mer peaks have almost the same size and are fully baseline separated. The

difference in migration-time may be explained by the non-reproducibility of

the partial filling of the capillary and/or the EOF.
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Figure 10.5. Electropherograms of the chiral
separation of ephedrine. A) (-) ephedrine; B)
ephedrine enantiomers.
Buffer = 10mM Phosphate buffer pH=2.5; 40%
ACN and 0.1 m/V imprinted M2 microspheres.
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10.4 Conclusions

This paper describes the potential of spherical molecularly imprinted

polymer microspheres (MIMs) as a pseudo-stationary phase for chiral

separations in CE. The use of very small particles is extremely important for

reduction of the band broadening. Attention has been paid to the synthesis

of the microspheres via precipitation polymerization and their

characterization by scanning electron microscopy. Two types of MIMs have

been used as chiral selectors for the separation of the enantiomers of

ephedrine. The M1 microspheres were able to partially separate the

enantiomers, but the efficiency of the systems was very poor and there was

a considerable difference in peak height between the two enantiomers.

With the same MIMs the enantiomers of salbutamol, a structural analogue

of ephedrine, were also separated. The same difference in peak heights

was observed.  The M2 microspheres showed two base-line separated

enantiomers of ephedrine with a high efficiency.

Although several aspects of the above mentioned EKC systems

should be improved, e.g. the reproducibility of the synthesis and

optimization of both the separation and the synthesis process, the addition

of molecularly imprinted microspheres in EKC systems appears to be a

novel, promising tool for chiral and achiral separations.  One of the

drawbacks in our approach is the fact that the EOF has to be severely

reduced in order to prevent the microspheres from being forced out of the

capillary. However, this is not true if the analytes are migrating prior to the

microsphere plug. In order to benefit from the higher specific binding at

high(er) pH conditions, without the negative effect of the EOF, the use of

coated capillaries (acetonitrile resistant) could be considered.  In the future,

it seems very interesting to synthesize and study microspheres for other

separation principles.
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Capillary electrophoresis for the separation of small pharmaceutically or

biomedically interesting compounds can be subdivided into two major

modes. The first and most simple mode, in which its selectivity is based on

the electrolyte system (pH and the ionic strength) is called capillary zone

electrophoresis (CZE).  When the selectivity in such a system is not sufficient,

often expressed as the selectivity factor α, the use of additives to the

background electrolyte may offer extra separation power. The latter

approach is commonly addressed as capillary electrokinetic

chromatography (CEKC, or EKC), due to the introduction of a (pseudo-)

stationary phase. Hence, it is analogous with coventional chromatographic

methods.

Based on the nature of this (pseudo-) stationary phase, EKC can be

further subdivided in micellar electrokinetic chromatography (MEKC) and

capillary electrochromatography (CEC). This thesis describes the use of

(chiral) selectors that are (partially) based on molecular recognition for the

chiral or achiral separation of pharmaceutically interesting compounds with

closely resembling structures. These selectors may provide a unique kind of

selectivity, as compared to organic modifiers or micelles, and may lead to

an increase in analysis time for only one or a limited number of analytes.

Chiral selectors added to the background electrolyte are

considered to be an EKC mode, while the change in migration rate of the

enantiomers is a direct consequence of the interaction of the analyte with

a pseudo-stationary phase.

Cyclodextrins are by far the most widely used class of chiral selectors in

separation science. We have shown that incorporation of these CDs in a

removable and replaceable gel can significantly improve the selectivity.

The latter was illustrated by the enantioseparation of several β-mimetics.

Furthermore, the use of these chiral selectors for the achiral separation of

structurally related phenothiazines was shown. The latter proves that

additives influencing the selectivity based on chiral and/or molecular

recognition are not only applicable to provide chiral separations, but that

they can also be used to fine-tune the selectivity in non-chiral separations.

One of the aims of this thesis was to investigate the different selectivities that

the various types of cyclodextrins can offer. It was shown that some

cyclodextrin derivatives are able to separate the enantiomers of a selected
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pharmaceutical, whereas they are unable to accomplish a baseline

separation of a structural analog. A relatively new class is that of the

charged cyclodextrins. Especially the chiral separation of charged analytes

by using an oppositely charged cyclodextrin was a challenging and

theoretically interesting approach. In our study on the chiral separation of

cationic ofloxacin with an anionic cyclodextrin derivative, it was shown that

chiral baseline separations were possible within 4 minutes. Also the use of

dual cyclodextrin systems appeared to result in useful selectivity changes,

although some of the results could not be explained. A challenge for future

research will be the coupling of specific functional groups to the naturally

occurring cyclodextrins, which may provide even higher selectivity towards

certain analytes. One of the major limitations in this approach is the

reproducibility of the synthesis and the characterization of the obtained

cyclodextrin-derivatives. Furthermore, to determine the principle behind the

recognition process of the cyclodextrin derivatives, future research should

focus on the nature of inclusion complexation, e.g. by NMR and by

molecular modeling.

The use of molecularly imprinted polymers (MIPs) is an even more tailor-

made approach in investigating chiral and other separations. In this thesis it

was shown that spherical molecularly imprinted polymer particles added to

the run buffer in capillary electrokinetic chromatography are a challenging

and promising application. Precipitation polymerization seems to be an

effective way to produce spherical particles less than 1 µm, without the

necessity of a time-consuming grinding process. We have shown in some

preliminary experiments that chiral separation using these MIPs can be

achieved. A problem that arises is the fact that only partially filling

techniques can be used to prevent the microspheres from passing the

detector window: that would subsequently lead to major fluctuations in the

baseline signal due to light scattering.  Therefore, electroosmotc flow has to

be prevented by the choice of a low pH value.  Another problem is peak

broadening caused by slow mass transfer of the analyte from stationary to

mobile phase due to a strong interaction with the MIPs, which can lead to a

poor resolution. The production of even smaller particles, nanospheres,

might help to further overcome this problem and may lead to pseudo-
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stationary phase materials that can provide unique and programmable

selectivity in capillary electrochromatography.
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Appendix

Influence of the Sample Volume and the
Position of the Electrode and the

Capillary-end in the Sample Vial on the
Electrokinetic Injection [#]

                                                          
[#] A modified version of this Appendix was published as a short
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Abstract

The influence of the positions of the electrode and the capillary-end and

volume in the sample vials on the electrokinetically injected amount of the

analytes in capillary electrophoresis was studied. The influence may be

reduced by using a more or less fixed position of the electrode and the

capillary.

A.1 Introduction

When the electroosmotic flow is eliminated (pH<3), the amount of material

injected is a function of the electrophoretic mobility of the analyte(s) and

the conductivity of the sample and the running buffer. However, two

important features must be kept in mind. First, because the amount of

material injected is a function of several parameters which are hard to

control, it may be difficult to maintain adequate reproducibility in the

injection of the sample [1-5]. Such parameters can, for instance, be the pH

of the electrolyte and the sample solution as this effects the charge on the

compound and that is related to the amount injected. Other factors

affecting electrokinetic injections include depletion of the sample and

changes of pH of the sample solution due to electrolysis during injection [6].

Second, the amount of each sample component loaded onto the capillary

will be a function of the mobility of each sample component [1,7] and is

related to the sample and buffer viscosity. It is also important that the

column should be free of vibrations during the injection process, because

this may produce a physical disturbance at the end of the capillary,

causing improper field amplification at the injection point [8].

In this Chapter, it is shown that there are some additional

parameters that influence the amount of analyte migrating into the

capillary during electrokinetic injection, namely the positions of the

electrode and the capillary-end and the volume in the sample vial.

Two electrophoresis systems were used to investigate the impact of

these parameters.
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A.2 Materials and Methods

A.2.1 Apparatus

System 1: The CE system was a Model PRINCE with a 4 position sample tray

and a programmable injector system from Lauerlabs (Emmen, The

Netherlands). Detection at 210 nm was carried out with a LAMBDA 1000

UV/VIS VWL detector (Bischoff, Leonberg, Germany). The bare fused-silica

capillary with an outer polyimide coating (50 µm i.d., 375 µm, o.d.) was from

Polymicro Technologies (Phoenix, AZ, USA). Data acquisition of CE/UV was

performed by the Maclab system (ADinstruments, Castle Hill, Australia) using

the Chart program (version 3.3, ADinstruments) for recording the

electropherograms. For interpretation of the electropherograms, the Peaks

program (ADinstruments) was used. The vials used were 4 ml glass vials with

a 0.7 ml plastic insert for a Waters 96 and were obtained from PhaseSep

(Waddinxveen, The Netherlands).

System 2: The second CE system was a HP 3D Capillary Electrophoresis

system (Hewlett Packard, Amstelveen, Netherlands) with a caroussel and a

programmable injector system. Detection was carried out with the built-in

diode array detector at 210 nm. The bare fused-silica capillary with an outer

polyimide coating (50 µm i.d., 375 µm, o.d.) and the polypropylene vials

(1ml/11mm) were from Hewlett Packard. Data acquisition was performed

by the HP 3DCD ChemStation Software (Rev. A. 04.01, Hewlett Packard).

A.2.2 Solutions

The run-buffer was a 100 mM phosphate buffer with a pH of 2.5 and a

conductivity of 0.7 mS/cm. It was prepared by dissolving sodium dihydrogen

phosphate monohydrate (Merck, Darmstadt, Germany) to a concentration

of 100 mM and adjusting the pH with concentrated ortho-phosphoric acid

(85%,Merck).

Analyte solution for system 1, propranolol hydrochloride

(pharmacopoeial quality) was dissolved in water to a final concentration of

25 µg/ml.
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Analyte solution for system 2, propranolol hydrochloride was

dissolved in a solution containing 1 part run-buffer and 9 parts of water to a

final concentration of 50 µg/ml.

Water was purified with a Milli-Q system (Millipore, Bedford, MA,

USA). The conductivity of the purified water was always less than 2 µS/cm.

All solutions were filtered (0.45 µm) through a membrane filter and

degassed for five minutes in an ultra-sonic bath (50 kHz, Branson Europa

B.V., Soest, The Netherlands), immediately prior to use.

A.2.3 CE conditions used for experiments

System 1 used a capillary with a total length of 70.0 cm and an effective

length of 55.0 cm.

System 2 used a capillary with a total length of 38.0 cm and an effective

length of 28.5 cm.

An optical viewing window with a length of 0.5 cm, obtained by burning off

the polyimide coating, was aligned with the UV detection cell. The coating

of the first 2 mm of the capillary was also stripped.

A new capillary was rinsed with 1M sodium hydroxide for 10 minutes

at 1000 mBar, with water for 10 minutes at 1000 mBar and with the run-buffer

for 10 minutes at 1000 mBar. Electrokinetic injection was carried out with

different voltages and injection-times. The injection voltage was ramped by

5KV/s. In system 1 electrokinetic injections were carried out from vials

containing 200, 300, 400, 500, 600 and 700 µl of a 25 µg/ml propranolol

solution. In system 2 electrokinetic injections were carried out from vials

containing 200, 300, 400, 500, 600 and 700 µl of a 50 µg/ml propranolol

solution. Separation was carried out at 30 °C after the electrode and the

capillary-end were dipped in a vial containing water and began when the

ground electrode and the other capillary-end were placed into the vial

containing the run-buffer and the high voltage was switched to 30 KV.

For each volume a different sample was used during injection. Each

sample then was injected 5 times to exclude outliers.
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A.2.4 Statistical methods

One way ANOVA, the paired Two-sample t-test and the independent Two-

sample, the t-test were performed with an Origin 3.0 (MicroCal Software,

Inc., Northampton, MA, USA) program.

A.3 Results and discussions

System 1: In Table A.1 the peak areas are given as a function of the sample

volume. The liquid level of the outlet buffer was the same as the level in a

sample vial containing 500 µl of a solution. One-way analysis of variance of

the data given in Table A.1 confirm that there is a significant difference

between the means at a 95% reliability level (α=0.05; F= 23.5, p=1.60E-08).

Where:

α = the error of the first kind; unreliability in accepting the null-hypothesis

F = probability distribution: the ratio of two independent variance

estimates obtained from the sample normal distribution

p = probability factor: the factor that indicates the chance that the

given test-statistic is not correct

Table A.1 Influence of sample volume on the peak area for different
sample volumes using system 1 with electrokinetic
injection at 10 KV for 3s.

Volume (µl) Peak area

(mV min)

R.S.D. (%)

300

400

500

600

700

0.53

0.72

0.96

1.00

1.04

16

26

4.3

4.4

4.0

(n = 6)

(n = 4)

(n = 5)

(n = 5)

(n = 4)

System 2: In Table A.2 the peak areas are given as a function of the sample

volume. The liquid level of the outlet buffer was the same as the level in a

sample vial containing 500 µl of a solution. One-way analysis of variance of
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the data given in Table A.2 confirms that there is a significant difference

between the means of the peak area at a 95% reliability level (α=0.05; F=

19.6, p=8.88E-08).

The data in Tables A.1 and A.2 show that variations in sample volume may

cause significant variations in the peak areas. It seems that the impact on

the peak area is proportional to the volume in the sample vial. The latter

may be explained by the fact that the applied electric field over the

sample solution in the vial decreases with the volume of the sample solution

in the vial. This leads to a reduced amount of sample in the capillary.

Table A.2 Influence of sample volume on the peak area for different
sample volumes using system 2 with electrokinetic injection
at 10 KV for 3s.

Volume (µl) Peak area

(mAU’s)

R.S.D. (%)

300

400

500

600

700

116.994

126.665

135.058

139.646

146.515

2.1

0.62

0.17

1.1

0.77

(n = 5)

(n = 5)

(n = 5)

(n = 5)

(n = 5)

The relatively high coefficients of variation obtained with sample injection

from the 300 and 400 µl sample vials with system I cannot be explained at

the moment.

Table A.3 gives the significant differences between the tested

sample volumes calculated with an independent Two-sample t-test. The

results implicate that not only the peak areas obtained by injection from the

low volume sample vials with system 1 differ from the rest, but also the peak

areas obtained by injection from the higher volumes significantly differ from

each other.

According to Tables A.1 and A.2 the effect is larger for the Lauerlabs

system, where peak areas range from 0.53-1.04 mV.min (~95%), than for the

Hewlett-Packard system where peak areas range from 90.7-146.5 mAU.s

(~62%). Also the precision of the Hewlett-Packard system was usually better

than that of the Lauerlabs system as can be concluded from the

coefficients of variation (C.V.).
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Table A.3 Significant differences between the sample volumes using system 1
with electrokinetic injection at 10 kV for 3s calculated with an
independent two-sample t-test

Volume (µl) Significantly different

from:

t P

300

400

500

500

600

700

500

600

700

700

10.48

11.34

11.28

2.768

3.229

3.311

3.021

2.427x10-6

1.242x10-6

3.429x10-6

0.0278

0.0145

0.0162

0.0194

The latter may be due to the fact that the systems differ in their electrode

capillary configuration as shown in Figure A.3.

In the Lauerlabs system

(system 1) the electrode is

placed parallel to the

capillary-end whereas in the

Hewlett-Packard system

(system 2) the capillary is

placed inside the electrode at

a fixed position, 5 mm up to

the electrode. The first system

causes a lot more friction of

the electrode which can easily

lead to a change in alignment

of the electrode and the

capillary.

In order to assess the possible contribution of siphoning, some additional

tests were carried out using system 2. Two tests injections were made at 0 KV

for 3 and 9 seconds, respectively. Under these circumstances, the analytes

$
%

%

$

6<67(0 � 6<67(0 �

Fig. A.2. Positioning electrode(B) and capillary-
end (A) in systems 1 and 2.
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can enter the capillary only by siphoning or diffusion, which is expected to

increase with injection time. The peak areas are given in Table A.4.

Table A.4 Peak areas for different volumes using system 2 without applying a
voltage for 3 and 9 s, respectively. (n = 5).

Volume

(µl)

Peak area± S.D.

(mAU s)(0kV, 3s)

R.S.D. (%) Peak area ± S.D.

(mAU s) (0kV, 9s)

R.S.D. (%)

300

400

500

600

700

1.61±0.23

2.48±0.23

2.28±0.22

3.10±0.35

4.27±0.27

14

9.1

9.7

11

6.3

1.89±0.36

2.45±0.47

2.34±0.47

3.57±0.37

4.39±0.70

19

19

20

10

16

One way analysis of variance shows for both injection times that the mean

peak areas for different sample volumes are significantly different at a 95%

reliability level (α=0.05; F=56.6, p=1.68E-12 and F=22.7, p=2.28E-08,

respectively). When we compare the two tests with a paired Two-sample t-

test, the two means are not significantly different at a 0.05 confidence level

(t=-2.34, p=0.0664).

The average peak areas obtained for both injection times are very

small so siphoning can be excluded. The peak areas given in Table A.4

therefore indicate that the phenomena observed in Tables A.1 and A.2

cannot be explained by siphoning.

Finally, we compared the results of an electrokinetic injection at

10KV for 9 seconds with an electrokinetic injection at 30 KV for 3 seconds

using system 2. When siphoning is negligible one should expect that the

peak areas were the same. The results are presented in Table A.5. One way

analysis of variance shows that the means are significantly different for all

sample volumes at a 95% reliability level (α=0.05; F=276, p=0 and F=260, p=0,

respectively). When we compare both tests with a paired Two-sample t-test,

the two means are significantly different at a 0.05 confidence level (t=5.20,

p=0.00345). The latter can not be explained at the moment.
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Table A.5. Peak areas for different volumes using system 2 with electrokinetic
injection at 10 kV for 9 s and 30 kV for 3 s, respectively.

Volume

(µl)

Peak area ±
S.D.

(mAU s)

(10kV, 9s)

R.S.D.

(%)

Peak area ±
S.D.

(mAU s)

(0kV, 3s)

R.S.D.

(%)

300

400

500

600

700

396.10±2.34

398.31±4.34

412.92±2.86

429.08±0.59

439.02±1.62

0.59

1.1

0.69

0.14

0.37

n=4

n=4

n=5

n=5

n=5

363.17±4.08

366.51±3.59

378.69±1.30

392.63±1.78

399.20±0.45

1.1

0.98

0.34

0.45

0.11

n=5

n=5

n=5

n=5

n=5

When we compare the results of the electrokinetic injection with 10KV for 9

seconds in Table A.5 with the results of the electrokinetic injection with 10KV

for 3s in Table A.2,  we can conclude as expected that results of the first is a

factor 3 higher.

A.4 Conclusion

Electrokinetic injection can be used to increase the sensitivity of capillary

electrophoresis. However, the positions of the electrode and the capillary-

end and the volume in the sample vials may affect the injected amounts of

the analytes and hence the sensitivity. Using an injection system with a more

or less fixed position of the electrode and the capillary, like in the Hewlett-

Packard system, may reduce this effect. A constant volume in the sample

vial should be maintained to warrant reproducible electrokinetic injections.
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Samenvatting

Verhoging van de selectiviteit in capillaire
electrokinetische scheidingen op basis van chirale en

moleculaire herkenning

Toepassing in de bioanalyse en de farmaceutische analyse

Wanneer we de lotgevallen van een geneesmiddel in het lichaam willen

volgen of de zuiverheid van een geneesmiddel willen bepalen moeten we

het scheiden van andere (vaak storende) moleculen. Om dit te kunnen

bewerkstelligen zijn er verschillende scheidingstechnieken ontwikkeld. Een

relatief nieuwe scheidingsmethode is Capillaire Electroforese (CE), die in de

begin jaren tachtig is ontwikkeld. Een CE-apparaat bestaat uit een zeer dun

glazen capillair die gevuld is met een buffer oplossing en waarover, door

middel van een stroombron, een spanning tussen de 10.000 en 30.000 volt

geplaatst kan worden. De in het capillair aanwezige geladen analieten

(ionen) bewegen dan naar één van de beide polen al naar gelang hun

lading. Met andere woorden, het principe van CE is het scheiden van ionen

door het verschil in snelheid dat deze ionen krijgen in een elektrisch veld. De

snelheid van zo’n ion is sterk afhankelijk van de hoeveelheid lading van het

ion, van de grootte van het ion en van de viscositeit van het oplosmiddel,

waarin het ion zich bevindt. Meestal is dit oplosmiddel een waterige

oplossing die op een bepaalde stabiele pH is gebracht. Niet in alle gevallen

volstaat het bovenstaande principe om een goede scheiding te krijgen.

Voorbeelden van analieten die niet op deze wijze met CE van elkaar

gescheiden kunnen worden zijn neutrale (niet geladen) analieten of, zoals

dit proefschrift onder meer beschrijft, enantiomeren (analieten met

dezelfde fysische en chemische eigenschappen). In die gevallen die niet

met een eenvoudige buffer oplossing zijn te scheiden zijn we aangewezen

op doelbewuste toevoegingen (additieven) aan het oplosmiddel. Het doel

van dit proefschrift is om additieven te onderzoeken die geheel of

gedeeltelijk gebaseerd zijn op moleculaire herkenning en die daarmee de

selectiviteit in electrokinetische scheidingen beïnvloeden. Zonder een
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goede selectiviteit is het onmogelijk om een adequate kwalitatieve en/of

kwantitatieve analyse uit te voeren en om de hoge efficiëntie die CE biedt

uit te buiten.

Het eerste hoofdstuk van dit proefschrift geeft een introductie in CE

en beschrijft onder meer de herkomst en ontwikkeling van de techniek.

Verder beschrijft het de principes van chirale en moleculaire herkenning.

In hoofdstuk 2 wordt uitgebreid ingegaan op het begrip selectiviteit

in CE. Er wordt benadrukt dat een goede selectiviteit noodzakelijk is om tot

een goede scheiding te komen en op welke wijzen een adequate

selectiviteit verkregen kan worden. Er wordt geconcludeerd dat

scheidingssystemen waar moleculaire herkenning een rol speelt een extra

mogelijkheid voor optimaliseren van de selectiviteit biedt.

Hoofdstuk 3 geeft een overzicht van het proefschrift.

Het eerste experimentele gedeelte van dit proefschrift (de hoofdstukken 4,

5 en 6) beschrijft het gebruik van neutrale chemisch gemodificeerde

cyclodextrines die al dan niet toegevoegd worden aan een vloeibare

polyethyleen glycol gel voor de scheiding van een aantal chirale maar ook

niet-chirale farmaceutisch interessante verbindingen.

Hoofdstuk 4 beschrijft de ontwikkeling van een methode om de

enantiomere zuiverheid te bepalen van (-) terbutaline, een geneesmiddel

dat gebruikt wordt voor de behandeling van o.a. astma.  Dit geneesmiddel

wordt veelal als racemaat, dat wil zeggen gelijke hoeveelheid van de (+)

enantiomeer en de (-) enantiomeer, toegediend. Onderzoek heeft echter

uitgewezen dat alleen de (-) enantiomeer het juiste therapeutische effect

heeft. Het is daarom van groot belang dat enantiomeren van dergelijke

geneesmiddelen kunnen worden gescheiden. Het toevoegen van de

cyclodextrines aan een polyethyleen glycol heeft een gunstig effect op de

scheiding met als resultaat de detectie van een enantiomere onzuiverheid

van 0.1%.

Hoofdstuk 5 beschrijft het gebruik van wiskundige modellen voor het

bepalen van de optimale scheidingscondities van andere zogenaamde β-

agonisten, wederom door gemodificeerde cyclodextrines aan een

polyethyleen glycol gel toe te voegen. Uit deze modellen blijkt dat de

ruimtelijke structuur van deze β-agonisten sterk van invloed is op de

uiteindelijke scheiding.
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In hoofdstuk 6, wordt aangetoond dat cyclodextrines ook kunnen

worden gebruikt voor het afstemmen van de selectiviteit voor het scheiden

van niet-chirale moleculen. Hiertoe wordt een mengsel van 7 niet-chirale

en 3 chirale phenothiazinen (geneesmiddelen die gebruikt worden voor de

behandeling van o.a. schizofrenie) gebruikt. Zowel de temperatuur als de

concentratie van de cyclodextrines zijn gevarieerd en gebleken is dat het

beste resultaat wordt verkregen bij 15 °C bij toevoeging van 8 mM

hydroxypropyl-β-cyclodextrine.

Het tweede experimentele gedeelte (de hoofdstukken 7 en 8) van dit

proefschrift beschrijft het gebruik van tegengesteld (t.o.v. het analiet)

geladen chemisch gemodificeerde cyclodextrines.

In hoofdstuk 7 wordt een overzicht gegeven van geladen

cyclodextrines die op dit moment in CE gebruikt worden en van de

voordelen van geladen cyclodextrines boven neutrale cyclodextrines. Er

wordt in dit hoofdstuk aandacht besteed aan theoretische modellen die

zijn ontwikkeld om de enantiomere scheiding beter te kunnen voorspellen

en om het scheidingsmechanisme beter te kunnen begrijpen.

In hoofdstuk 8 wordt de scheiding van de enantiomeren van

ofloxacine beschreven met behulp van zo’n tegengesteld geladen

cyclodextrine. Ofloxacine is een relatief nieuw antibioticum, waarvan de

ene enantiomeer vele malen sterker werkzaam is dan het andere. Er is

verder gekeken naar het effect van een combinatie van een geladen en

een neutrale cyclodextrine op de chirale scheiding. Meestal was er geen

significante verbetering van de selectiviteit ten gevolge van het toevoegen

van een neutrale cyclodextrine en in één geval was er zelfs een negatief

effect waarneembaar. Onder adequate scheidingscondities is tenslotte

aangetoond dat er geen chemische en/of metabole omzetting plaatsvindt

van de linksdraaiende (levofloxacine) naar het rechtsdraaiende

enantiomeer. Hiertoe zijn urine monsters gemeten van een 20-tal hemofilie

patiënten, die levofloxacine kregen toegediend vanwege infecties die zij

hadden opgelopen ten gevolge van een verminderde weerstand door

toegediende cytostatica (anti-tumormiddelen).
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Het laatste deel van dit proefschrift (de hoofdstukken 9 en 10) behandelt

het gebruik van moleculair geïmprinte polymeer (“Molecularly Imprinted

Polymers”, MIPs) deeltjes in CE.

In hoofdstuk 9 wordt een overzicht gegeven van de

toepassingsmogelijkheden van MIPs.

Hoofdstuk 10 beschrijft het gebruik van MIPs in een CE systeem. De

gedachte achter het toevoegen van MIPs aan de run buffer is ingegeven

door het feit dat op deze wijze de capillairen niet hoeven te worden

gepakt of dat er een coating aan de binnenkant van het capillair hoeft te

worden aangebracht. De methode is in principe eenvoudig al moet

worden opgemerkt dat het capillair alleen gedeeltelijk kan worden gevuld

en dat alleen bij een lage pH (geen voorwaartse beweging van de run

buffer in het capillair) kan worden gewerkt, zodat lichtverstrooiing in de

detectieopening kan worden voorkomen. Er is aangetoond dat toevoeging

van dergelijke deeltjes, met een diameter van circa 100 tot 200 nanometer,

aan de loopvloeistof kan leiden tot chirale scheidingen en dat met name

de grootte van de deeltjes de efficiëntie van de scheiding bepaalt. Tevens

wordt in dit hoofdstuk aandacht besteed aan de synthese en

karakterisering van deze microsferen. Ook al moet er nog de nodige

optimalisering plaatsvinden, de conclusie lijkt gerechtvaardigd dat het

gebruik van microsferen al dan niet met moleculaire herkenningselementen

een veelbelovende, nieuwe methode is binnen de capillaire electroforese.
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