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The applicability of capillary electrophoresis for the analysis of four extensively used penicillin derivatives 
(benzylpenicillin, ampicillin, amoxicillin, oxacilllin) has been studied. Because of structural similarities, 
the electrophoretic behavior of these derivatives is very similar; consequently an efficient separation using 
the conventional capillary zone electrophoresis is hard to be achieved. Their simultaneous separation 
was solved by using micellar electrokinetic capillary chromatography, the separation being based on the 
differential partition of the analytes between the micellar and aqueous phase. Using a buffer solution 
containing 25 mM sodium tetraborate and 100 mM sodium dodecyl sulfate as surfactant, at a pH of 9.3, 
applying a voltage of + 25 kV at a temperature of 25 °C, we achieved the simultaneous separation of the 
studied penicillin derivatives in less then 5 minutes. The separation conditions were optimized and the 
analytical performance of the method was evaluated in terms of precision, linearity, limit of detection, 
and quantification. Also, a simple capillary zone electrophoresis method was applied to study the stability 
of the studied penicillin derivatives in water at different temperatures, using ciprofloxacin hydrochloride 
as internal standard. It was observed that the extent of the hydrolysis of penicillins in water is highly 
dependent on the time and also temperature.

Uniterms: Penicillin/derivatives/stability study. Capillary electrophoresis/drugs analysis.

Estudou-se a aplicabilidade de electroforese capilar para a análise de quatro derivados de penicilina 
(benzilpenicilina, ampicilina, amoxicilina, oxacilina) amplamente utilizados. Em razão das semelhanças 
estruturais, o comportamento electroforético destes derivados é muito semelhante e, por conseguinte, 
a separação eficaz utilizando a electroforese capilar de zona convencional é difícil de ser efetuada. A 
separação simultânea foi realizada por cromatografia capilar electrocinética micelar, que se baseia na 
partição diferencial entre os analitos na fase micelar e aquosa. Utilizando-se solução tampão contendo 
25 mM de tetraborato de sódio e 100 mM de dodecil sulfato de sódio, como agente tensioativo, com pH 
de 9,3, voltagem de +25 kV, à temperatura de 25 °C, obteve-se a separação simultânea das penicilinas 
estudadas em menos de 5 minutos. As condições de separação foram otimizadas e o desempenho do 
método analítico foi avaliado em termos de precisão, linearidade, limite de detecção e de quantificação. 
Além disso, aplicou-se método de electroforese capilar de zona simples para estudar a estabilidade de 
penicilinas em água a diferentes temperaturas, utilizando cloridrato de ciprofloxacino como padrão 
interno. Estabeleceu-se que o grau de hidrólise de penicilinas em água é altamente dependente do tempo 
e também da temperatura.

Unitermos: Penicilina/derivados/estudos da estabilidade. Electroforese capilar/ análise de fármacos.
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achieved (Yongxin et al., 1997 a). From the beginning, it 
was clear that the separation of the two aminopenicillins 
would raise difficulties, as the only difference between 
AMO and AMP is the presence of the hydroxyl group 
attached to the aromatic ring in the side chain.

Their separation can be solved by using MEKC, 
where surfactants are added to the buffer solution in a 
concentration above their critical micellar concentration 
(CMC) in order to form micelles, the separation being based 
on the partition of the analytes between the micellar and 
aqueous phase (Nozal, Arce, Rios, 2004; Landers 2008).

The aim of our work was the elaboration of a 
simple, rapid and efficient CE method for the separation 
of pencillins from a complex mixture, and also to study 
the stability in solution of these antibiotics, depending on 
time and temperature.

MATERIAL AND METHOD

The studied compounds (amoxicillin trihydrate, 
ampicillin trihydrate, benzylpenicillin sodium, oxacillin 
sodium monohydrate) were supplied by Antiobiotice 
Iaşi, Romania. All the substances were of pharmaceutical 
grade.

Reagents of analytical grade were obtained from 
various distributors: sodium tetraborate, sodium dodecyl 
sulfate (Merck, Germany), phosphoric acid (Fluka, 
Germany), sodium hydroxide solution 0.1 N (Agilent). 
Deionized water was prepared with a Milli-Q system 
(Millipore).

We conducted our experiments on Agilent 6100 
CE system. The electropherograms were recorded and 
processed by Chemstation 7.01 (Agilent). The pH of the 
buffer solutions was determined with the Terminal 740 
pH–meter (Inolab). The samples were introduced in the 
system at the anodic end of the capillary by hydrodynamic 
injection. Separations were performed using polyimide-
coated fused silica-capillaries of 56 cm (effective length: 
48 cm) x 50 μm I.D. (Agilent).

The sample solutions were prepared by dissolving 
solid salts in water just before the analyses. The 
electrophoretic runs were performed as quickly as 

TABLE II - The pKa values of the studied penicillins

Penicillin pKa1 Due to pKa2 Due to pKa3 Due to
AMP 2.7 -COOH 7.3 -NH2 - -
AMO 2.4 -COOH 7.4 -NH2 9.6 -OH
OXA 2.8 -COOH - - - -
PEN 2.8 -COOH - - - -

possible, due to the instability of penicillins in solution.
The capillaries were preconditioned with 0.1 M 

NaOH (2 min), distilled water (2 min) and buffer solution 
(2 min).

The detection was carried out by on-column 
photometric measurement at 210nm. Each component 
was identified from the mixture based on their individual 
migration time and UV spectra. Previously, we recorded 
the UV spectra for the studied penicillins, which are 
relatively similar, but definite small differences can be 
observed in the case of all components.

RESULTS AND DISCUSSION

Optimization of the separation conditions

Penicillins have acidic character (due to – COOH 
substituent) and are consequently ionizable in an alkaline 
environment. Aminopenicillins can be detected also in acid 
environment, due to the ionization of the – NH2 substituent, 
but OXA and PEN could not be detected at acid pH values. 
The pKa values of the studied penicillins are presented 
in Table II (Yongxin et al., 1997 a; Hernandez, Borrull, 
Calull, 2003). 

In the preliminary analysis we used 25 mM phosphoric 
acid (pH –2.1), 25 mM disodium hydrogenophosphate – 
25 mM sodium didydrogenophosphate (pH – 7) and 
25 mM sodium tetraborate (pH – 9.3) background 
electrolytes (BGEs), respectively, and we also modified 
the pH of the buffer by adding a 0.1 M sodium hydroxide 
solution. We applied some “standard” electrophoretic 
conditions for a CE analysis: temperature 20 ˚C, applied 
voltage + 20 kV, injection pressure/time 50 mbar/3 sec, 
sample concentration 10 μg/mL. After the initial runs, 
in order to obtain a good electrophoretic signal for all 
four penicillins, we chose a buffer containing sodium 
tetraborate (pH = 9.3), as an acid buffer can only be used 
for the simultaneous separation of AMP and AMO.

As we already anticipated, the use of CZE could 
not solve the separation of AMP – AMO, as its resolving 
power is based on the difference in electric charge relative 
to molecular size. The electric charge will depend on the 
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technique for the analysis of the investigated penicillin 
derivatives. The reason for studying a mixture of penicillins 
was to prove the applicability of CE for the analysis of 
penicillins in general, and for the analysis of the studied 
penicillins in particular. Using the optimized analytical 
conditions the method can be used for the analysis and 
identification of drugs in formulated products and also 
resolving separations from complex mixtures of drugs.

The stability studies showed that the extent of the 
hydrolysis of penicillins is highly dependent on time 
and temperature. The degradation rate is much smaller 
in the case of samples stored at lower temperatures; 
consequently, the samples should be stored at 4 °C and 
analyzed within 24 h of dissolution. This is especially 
important if the separation method is being applied for 
direct determination of penicillins from clinical and 
environmental samples.
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Summary 

Separation of  the enantiomers of  22 chiral basic drugs 
not previously separated with sulfobutyl-fl-cyclodextrin 
(SBE-fl-CD) as a chiral selector has been investigated 
by capillary zone electrophoresis. By dissolving the 
drug in Britton-Robinson buffer then optimization of  
selector concentration, pH, and amount injected, the 
enantiomers of  19 drugs were successfully separated, 
two for the first time. 

Introduction 

In capillary zone electrophoresis (CZE) chiral separa- 
tion can be achieved by adding cyclodextrins (CD) or 
other chiral selectors to the running electrolyte [1, 2]. 
The type of  CD added is of  primary importance for 
achieving successful resolution. The concentration of 
the CD also plays an important role [3, 4]. a-, r -  and 7- 
cyclodextrins and their neutral or charged derivatives 
are the selectors employed most frequently to resolve 
enantiomers in CZE. Among these selectors, SBE-fl- 
CD, fl-CD-sulfate, heptakis (2,6-di-O-methyl)-fl-CD 
(DM-fl-CD), heptakis (2,3,6-tri-O-methyl)-fl-CD (TM- 
fl-CD), hydroxypropyl-fl-CD (HP-fl-CD), and native fl- 
CD are those used with high success rates. 

The use of  charged CDs in CE was first reported in 1985 
[5] and their application to the separation ofchiral drugs 
was accomplished by Terabe's group [6]. Many kinds of  
charged CD have become commercially available in 

recent years and have been used in chiral separation [7- 
12]. 

SBE-fl-CD is more soluble in water than fl-CD and so is 
used in many pharmaceutical applications to overcome 
the solubility limitation of  native fl-CD. It was first 
synthesized by Parmeter et al. [13]; Tait et al. char- 
acterized synthetic SBE-fl-CD by capillary electro- 
phoresis with indirect UV detection and found it to be a 
mixture of  complex composition [14]. Later they suc- 
ceeded in using it as a selector for separation of  drug 
enantiomers [15] and many papers on the subject have 
subsequently been published [6, 16-21 ]. 
In this study 22 drugs were tested and 19 pairs of  en- 
antiomers were satisfactorily resolved, two for the first 
time. 

Experimental 
Apparatus 

All experiments were performed with a Hewlett-Pack- 
ard (HP) HP 3D CE system with an HP ChemStation. 
Separations were performed in uncoated fused-silica 
capillary tubing, 43.5 cm in length (35 cm effective 
length from the anode to the detector window) x 50 #m 
i.d. x 375 #m o.d. (Yongnian Optical Fiber Factory, He- 
bei Province, China). Most of  the screening experiments 
were performed at 20 kV and 20 ~ The sample was 
introduced at the anode by use of  5 kPa pressure injec- 
tion for 15 s. On-column detection was performed at 
214nm and 254 nm, with 0.05 AUFS. The identities of  
the enantiomers of  a chiral drug were confirmed by 
comparing their UV spectra. 

Chemicals 

The chiral drugs were kindly donated by the National 
Institute for the Control of  Pharmaceutical and Biolo- 
gical Products (Beijing, P. R. China); their chemical 
structures are depicted in Table I. An aqueous solution 
of  SBE-fl-CD (100 raM, average degree of  substitution, 
DS, 4.0) was purchased from Bioscience Innovation 
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Effect of pH on the migration time and resolution of a typical sample (Esmolol): (a) pH 5.0; (b) pH 7.0. 
Conditions: buffer, 120 mM BRB containing 5 mM SBE-fl-CD; applied voltage, + 20 kV; current, 35/zA; 
detection, UV at 214 nm; injection, 50 kPa for 6 s; sample concentration, 0.1 mg mL-~; temperature, 20 ~ 

Wren and Rowe [3, 4] derived an equation for optimi- 
zation of  selector concentration which is valid for an 
uncharged chiral selector only. Williams and Vigh [25] 
and Chankvetadze [26] discussed theoretical aspects for 
charged selectors. Compared with neutral selectors, the 
effect of  the concentration of  the charged chiral selec- 
tors on the selectivity of  enantioseparation can be more 
pronounced [25]. In this work optimization of  the con- 
centration of  the chiral selector was investigated ex- 
perimentally for SBE-fl-CD concentrations from 1 to 10 
mM. When injection was performed at the anode, among 
the 22 drugs under investigation, nine, thirteen, and 
eleven drugs were separated to baseline or almost to 
baseline by use of  SBE-fl-CD concentrations of  1, 5 and 
10 mM, respectively. Optimum resolution was obtained 
with 1, 5, and 10 mM SBE-fi-CD for two, eight, and nine 
compounds, respectively. 

Buffer pH is an important condition in CE. The degree 
of  dissociation of  the charged selector, analyte charge, 
and the electroosmotic flow (EOF) are all affected by 
buffer pH. Because SBE-fl-CD is a strong electrolyte, its 
degree of  dissociation varies little within a wide pH 
range. The charge on the basic drug under investigation 
depends on its pKa, although for a basic drug with a pKa 
> 7.0 its net charge at pH 3 and at pH 5 are not sig- 
nificantly different, showing that analyte charge is in- 
sensitive to pH. It is, nevertheless, well known that the 
EOF is sensitive to pH in the range between 3.0 and 7.0; 
it decreases considerably with decreasing pH. The net 
result is that many drugs which had been separated to 
baseline at pH 5.0 did not elute toward the cathode when 
buffer pH was reduced to 3.0; this is indicative of a 
significant decrease in the EOF, and even reversal of  the 
direction of  the apparent mobility vector. It can also be 

seen that migration times decreased as pH was increased 
from 5.0 to 7.0; for some enantiomers resolution dete- 
riorated. Typical electropherograms are depicted in 
Figure 2. 

Separation Results 

The separation results are listed in Table I. The electro- 
pherograms obtained from bepridil and methylpheni- 
date, the enantiomers of  which were separated for the 
first time, are shown in Figure 3. Figure 4 shows the 
separation of  lobeline, a compound containing three 
asymmetric carbon atoms which has previously been 
resolved into two pairs of  peaks [27]; in this work with 
SBE-fl-CD three pairs of  peaks were obtained. Of  the 22 
drugs tested 19 were separated to baseline-a success 
rate of  86 %. 

Conclusion 
Separation of  the enantiomers of  22 test chiral drugs not 
previously separated by use of  SBE-fl-CD has been 
achieved by capillary zone electrophoresis with SBE-fl- 
CD as chiral selector. After optimization of  selector 
concentration, amount of  sample, sample solvent, and 
running buffer pH 19 drugs were successfully separated, 
two for the first time. 
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2. THE CHIRAL SEPARATION MECHANISM IN CE

Abstract

In this chapter, the basic principles of the chiral separation process in CE are

described. Chiral separation is based upon the formation of diastereomeric

complexes between the optical isomer and a chiral selector. Chiral separation can be

obtained only if these complexes have different equilibrium constants of complex

formation. A general model is presented to determine these formation constants.

Furthermore, an overview of the most commonly used chiral selectors in CE is

presented.

2.1 Introduction

As mentioned in the introductory chapter, separation of racemic mixtures can

be accomplished either by the direct or by the indirect separation mechanism. The

indirect separation mode in CE has been mainly applied for the enantiomeric separation

of amino acids [1-3]. However, in these cases, electrokinetic chromatography (EKC)

had to be employed, either by the addition of sodium dodecyl (SDS) micelles [1] or by

the addition of a chiral polymer; polyvinylpyrrolidone [2,3]. The separation of D- and

L-carnitinine, on the other hand, has been performed after derivatization with (-)-[1-

fluorenyl)ethyl]chloroformate (FLEC) in a 50 mM phosphate buffer at pH 2.6 without

any additives. However, also in this case, resolution could be improved by the addition

of 20 mM of the surfactant tetrabutylammonium bromide [4]. Generally, it can be

concluded that most electrophoretic separations of diastereomeric compounds are

performed using MEKC, in order to optimize selectivity. Since the actual separation

mechanism of the indirect separation method is achiral, this thesis only deals with the

direct separation method.

Successful application of the direct separation method involves interaction

between the optical isomers on the one hand and a chiral selector on the other hand. In

most cases, the chiral selector is simply added to the BGE [5-8]. Chiral selectors can

also be incorporated or bound to a gel matrix [9,10], or bound to the capillary wall

[11]. Interaction between analytes and the chiral selector will depend on the stability of

the diastereomeric complex formed. In case the chiral selector is either bound to the

capillary surface or incorporated or bound to a gel matrix, the net velocity of the
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complex will be zero. In case the chiral selector is added to the BGE, the net velocity

of the complex will not necessarily be zero, but (in most cases) differ from the velocity

of the free analyte. Therefore, complex formation will result in an average velocity of

the analyte, which is different from the velocity of the free analyte. As a consequence,

a difference in complex stability between two optical antipodes, will result in a

difference in the average velocity of these compounds. In order to maximize

enantioselectivity, one should obviously maximize this difference in average velocity

between the two optical antipodes.

The resolution attainable in any separation system is a function of both

selectivity and efficiency. As mentioned earlier, efficiencies obtained usually in CE are

very high and exceed the values usually obtained in HPLC. Some factors influencing

efficiency have been discussed in more detail in section 1.3. Selectivity is influenced by

chemical and physical parameters. Parameters influencing enantioselectivity include the

pH of the BGE, the nature and concentration of chiral selector present in the BGE and

the capillary temperature. Obviously, the structure of the chiral selector will have a

decisive influence on the separation. The next section will give a brief survey of the

existing chiral selectors and their application in CE. In section 2.3, the chiral separation

mechanism will be discussed in detail using a mathematical model which describes

mobility differences as a function of the pH and the concentration of the chiral selector.

2.2 Chiral selectors in CE

2.2.1 Rules for chiral recognition

In order to separate optical isomers it is necessary to introduce a chiral element

into the separation process. For CE, this chiral element or chiral selector will, in most

cases, be added to the BGE. The addition however, of a chiral selector to a

electrophoretic system does not guarantee the successful separation of all optical

isomers. The most important rule for chiral recognition is that the chiral selector must

be compatible in size and structure to the racemate; a minimum of three molecular

interactions has to occur. These interactions can be both attractive or repulsive.

Possible modes of interaction include:

• Ion-ion bonds;

• Dipole-dipole bonds like hydrogen bonds;

• Van der Waals forces;

• Ion-dipole bonds.
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Furthermore, only one of the two enantiomers needs to interact with the chiral selector

via the three-point minimum mode. Not all interactions between the chiral selector and

the solute will meet this criterion; also achiral interactions will occur. In these cases,

separation optimization should be accomplished by maximizing the 3-point ‘chiral-

interactions’ at the expense of the non-chiral interactions.

2.2.2 Cyclodextrins

Cyclodextrins (CD’s) are by far the most popular chiral selectors used in CE

and will therefore be discussed in more detail than the other chiral selectors mentioned

in this section. CD’s are torus-

shaped cyclic D-gluco-

oligosaccharides produced form

starch by enzymatic degradation.

Although CD’s containing

between 6 to 12 D(+)-

glucopyranose units have been

isolated, only those containing 6

(α-CD), 7 (β-CD) or 8 (γ-CD)

residues are currently used. The

interior of the CD cavity is

relatively hydrophobic, while the

outside rim is more hydrophilic.

The rim on the wider side of the

CD cavity contains the chiral

secondary hydroxyl groups, while

the opposite smaller opening is

occupied by achiral primary

hydroxyl groups.

Figure 2.1 shows the structure of β-CD, while the dimensions are schematically

shown in TABLE 2.1. The size of the hydrophobic cavity is such that, in general, the

α-CD can accommodate a single phenyl ring, while β-CD and γ-CD can accommodate

substituted single- and multiple ring systems. This inclusion alone is not enough for

chiral recognition: interaction between substituents on the asymmetric center of the

analyte and the hydroxyl groups on the CD-rim are responsible for chiral recognition.

The mechanism of inclusion complexation in CE is schematically shown in Figure 2.2.

Figure 2.1 Structure of β-cyclodextrin
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Chiral separation principles in capillary electrophoresis
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Abstract

Capillary electrophoretic techniques for the separation of enantiomers are reviewed. The techniques used for chiral
separation include capillary zone electrophoresis, electrokinetic chromatography, isotachophoresis, capillary gel electro-
phoresis and capillary electrochromatography. The separation principles and the chiral recognition mechanism are discussed
and a comprehensive collection of applications to drugs and other compounds of interest is given in tables.  1997
Elsevier Science B.V.
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1. Introduction background electrolyte (BGE), electrokinetic chro-
matography (EKC), using a chiral pseudostationary

The development of methods for the separation of phase or a charged chiral selector, and capillary gel
enantiomers has attracted great interest in the past electrophoresis (CGE), with incorporation of a chiral
twenty years, since it became evident that the selector into a gel. Only a few papers deal with
biological or pharmacological activity of compounds isotachophoresis (ITP) for chiral separation. This
of biological or pharmaceutical interest is mostly technique, however, might gain in interest for sample
restricted to one of the enantiomers. There can be clean-up and preconcentration when used with ITP–
qualitative and quantitative differences in the phar- CE coupled techniques.
macological activity. The pharmacologically inactive A recent trend is capillary electrochromatography
enantiomer can exhibit unwanted side effects, an- (CEC), where chiral-coated capillaries or capillaries
tagonistic activities or even toxic effects. Even if packed with a chiral stationary phase are used.
these side effects are not drastic, the unwanted The growing interest in using CE for chiral
enantiomer has to be metabolized in the organism separations is reflected in the dramatically increasing
and represents an unnecessary burden for the organ- number of publications during the past seven years
ism. Therefore, there is considerable pressure to (Fig. 1).
develop analytical methods for enantiomer separation Since several excellent reviews on chiral sepa-
for enantiomeric purity control, pharmacological rations by CE have appeared in the past few years
studies, pharmacodynamic investigations, clinical [1–8], this review will mainly be devoted to recent
studies, etc. Chromatographic techniques such as developments and applications. A comprehensive
thin-layer chromatography (TLC), gas chromatog- collection of applications to drugs, pesticides, amino
raphy (GC), supercritical fluid chromatography acids and other compounds of interest, however, is
(SFC) and, above all, high-performance liquid chro- given in Tables 1–4. To make it easier for the reader
matography (HPLC), frequently have been used for to find a suitable method for a compound of interest,
chiral separations. Capillary electrophoresis (CE) has the compounds are listed alphabetically in the tables
been found to be a powerful alternative to chromato-
graphic techniques and several chiral separation
principles successfully applied in HPLC have been
transferred to CE.

The advantages of CE are the small amounts of
chiral selector and solvents required. This permits
the use of expensive reagents and makes it easy to
change the selector and the electrolyte when screen-
ing for a suitable selector and conditions. Further-
more, only small sample volumes are required and
efficiency is very high.

The most frequently applied CE techniques for
chiral separations are capillary zone electrophoresis Fig. 1. Number of publications /year dealing with chiral sepa-
(CZE), with the addition of a chiral selector to the rations by CE.
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A brief introduction to capillary electrophoresis
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Abstract

The present chapter aims to summarize the basic instrumental aspects and separation principles
of capillary electrophoresis, with particular attention to those relevant in forensic sciences, and to
make comprehensible also to newcomers the following papers of the present monographic volume.
In brief, a capillary electropherograph consists of an injection system, a separation capillary
(20–100 mm I.D., 20–100 cm length), a high voltage source (delivering up to 30 kV and up to
200–250 mA), electrodes and electrode jars and detector(s). All these instrumental components are
described, with emphasis on the detection techniques. In addition, the main separation techniques
are presented, including capillary zone electrophoresis, micellar electrokinetic capillary chroma-
tography, capillary electrochromatography, capillary isotachophoresis, capillary gel electropho-
resis, capillary isoelectric focusing and chiral separation methods.  1998 Elsevier Science
Ireland Ltd.

Keywords: Capillary electrophoresis; CZE; MECC; CGE; CIEF; CEC; CITP; CE-UV; CE-LIF;
CE–MS

1. Introduction

Capillary electrophoresis (CE) (or high-performance CE, HPCE) is an instrumental
evolution of traditional slab gel electrophoretic techniques.

Since its introduction, CE has shown great potential not only in biopolymer analysis,
in which electrophoresis has long since been applied, but also in areas (e.g. inorganic ion
and drug analysis) where electrophoretic techniques have never been used before.

*Corresponding author.

0379-0738/98/$19.00  1998 Elsevier Science Ireland Ltd. All rights reserved.
PII S0379-0738( 98 )00010-3

Z
Textbox
7iTh. Tagliaro1998 (truncated)



F. Tagliaro et al. / Forensic Science International 92 (1998) 75 –88 85

linear polyacrylamide and hydroxyalkyl celluloses, have currently become the most
popular sieving matrices in CGE for protein and DNA fragment separation.

3.6. CIEF

Isoelectric focusing (IF) is a well known and widely adopted separation mode in
protein analysis. In IF, substances are separated by applying an electric field in a
complex buffer system forming a pH gradient between the two electrodes: analytes focus
where the local pH equals their individual isoelectric point.

In CIEF the ampholines, zwitterionic compounds with pI varying in a chosen pH
range, are added to the buffer filling the capillary, as in slab gel IF where they are added
into the gel. The anodic end of the capillary is placed into an acidic solution, while the
cathodic end is dipped in a basic solution. After the voltage is applied, ampholines
migrate in the capillary until they reach their isoelectric point, where they stop, thus
generating a pH gradient inside the capillary. Sample proteins focus where they find a
pH corresponding to their isoelectric point.

After focusing, the immobilized bands are moved toward the detector by hydro-
dynamic modes or by adding sodium chloride to one reservoir, which, through a pH
imbalance gradient, causes the migration of the separated zones. Recently, it has been
demonstrated that EOF, which traditionally is abolished in the focusing step of CIEF,
can be maintained in order to allow mobilization simultaneously to the focusing process.

3.7. Chiral separations

CE is playing a major role in the separation of chiral compounds, as is witnessed by
several specific reviews [20–23], and recently has started penetrating also the field of
forensic drug analysis [24–26].

The chirally active selectors used in CE include complexes, such as Cu(II)–L-
histidine, Cu(II)–aspartame, cyclodextrins (CDs), modified CDs, bile salts, crown ethers,
proteins (bovine serum albumin, a -acid glycoprotein etc.), antibiotics (vancomycin) etc.1

Although through different mechanisms dependent on the individual chiral selectors,
chiral resolution results from stereospecific interactions of the selector molecules
displaying different affinities for the two enantiomers of the compounds giving rise to a
difference in the respective migration velocities under the applied electric field.

Special mention should be made of the CDs, cyclic oligosaccharides having an
external hydrophilic surface and a hydrophobic cavity, in which they can include other
compounds by hydrophobic interaction. The inclusion mechanism is sterically selective
because analytes must fit the size of the cavity, the diameter of which depends on the
number of glucose units in the CD structure (6, 7, 8, for a-, b- and g-CDs, respectively).
Because of the chirality of the hydroxyls in the glucose molecules which form the rim of
the CD cavity, the inclusion complex formation will be chirally selective.

Native CDs are neutral and hydrophilic and consequently migrate at the velocity of
the EOF. The migration velocity of the complexed form will differ from that of the free
molecule, because of the bigger size of the complex with the same charge as the free
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Role of chemical structure in stereoselective recognition of β-blockers by
cyclodextrins in capillary zone electrophoresis
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Abstract

Most of the β-blocking drugs for treating diseases of the cardiovascular system are chiral aryloxy–propanolamine derivatives. Tipically, the S
(−) enantiomers are more active than the R(+) enantiomers. Only some of them (for example timolol) are used as single enantiomers, the others are
employed as racemates. For the determination of the enantiomeric purity of timolol European Pharmacopoeia prescribes an HPLC method using
chiral stationary phase. However, the use of chiral capillary zone electrophoresis for the determination of the enantiomeric purity is of
pharmaceutical interest. This study describes the application of various cyclodextrin derivatives, hydroxypropyl-β-cyclodextrin, randomly
methylated β-cyclodextrin, sulphated β-cyclodextrin and sulphated α-cyclodextrin for the stereoselective analyses of β-blockers. Baseline
separation was obtained for bopindolol, carvedilol, mepindolol, pindolol and alprenolol, while only partial separation was observed for sotalol,
propranolol, oxprenolol, atenolol, bisoprolol, bupranolol, and metoprolol. The uneven molecular recognition of the enantiomers of the β-blockers,
especially of the optical isomers of labetalol and nadolol, showed the importance of the chemical nature of the separators and the analytes.
© 2007 Published by Elsevier B.V.

Keywords: Beta-blockers; Chiral separation; Capillary electrophoresis; Cyclodextrins

1. Introduction

The application of pure optical isomers in the cases of chiral
drug substances is highly emphasized. Therefore, the analysis of
optical purity of the drugs with chiral separation methods has a
high importance due to the stereoselective drug-effect and
pharmacokinetic investigations. The European Pharmacopeia
includes several methods applied for the analysis of optical
purity [1].

More than 50 β-adrenerg-receptor antagonists (β-blockers)
applied in the treatment of cardiovascular diseases are aryloxy–
propanolamine derivatives containing chiral centers. The S
enantiomer is generally 50–500 times more effective compared
to the R enantiomer. The β-blockers have stereoselectivity in
resorption, interaction with proteins or receptors and metabo-

lism. This stereoselectivity is influenced by the dose, dosage,
sex and genetic factors, as well [2]. Therefore, these drugs
should be tested to control the optical purity and to define the
pharmaceutical effect of the optical isomers. Some of the β-
blockers are administered in optically pure form, e.g. S(−)-
timolol, but several other β-blockers are used in racemates.

The control of optical purity is generally performed by liquid
chromatographic methods using chiral stationary phases [3–7]
or stereoselective derivatization [8]. However, several new and
validated methodology are available applying capillary electro-
phoresis methods [9–22]. The most popular chiral selectors are
cyclodextrins or derivatized cyclodextrins [9–16] and proteins
[16–20].

This study describes the application of various cyclodextrin
derivatives, such as hydroxypropyl-β-cyclodextrin, random-
methyl β-cyclodextrin, sulphated β-cyclodextrin and sulphated
α-cyclodextrin in order to provide a comparative study for
describing the role of the chemical structure in the stereo-
selective recognition. Some of these cyclodextrins have been
used for the examination of β-blockers [23–25], but there was

Available online at www.sciencedirect.com
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The drugs were dissolved in water, except pindolol, mepindolol,
metipranolol and carvedilol, which were dissolved in the
background electrolyte (50 mM phosphate, pH 2.5 or 4.4). The
active constituents were extracted by water from the Cordanum
[26] and the Sandonorm [27] tablets. The β-blockers have
generally one chiral center except labetalol and nadolol, which
have two and three chiral carbon atoms, respectively. Nadolol,
however, due to steric hindrance exists only in four conforma-
tional isomers [28].

Hydroxypropyl-β-cyclodextrin (HP-β-CD), randomly meth-
ylated β-cyclodextrin (RAMEB), sulphated β-cyclodextrin (S-
β-CD) and sulphated α-cyclodextrin (S-α-CD) were obtained
from Cyclolab (Budapest, Hungary) and used as 5% or 1%
solutions in 50 mM phosphate buffer (background electrolyte).
The pH was adjusted to 2.5 or 4.4 using triethyl-amine.

2.2. Capillary electrophoresis

The experiments were made on the BioFocus 3000 (Bio-Rad
Laboratories, Hercules, CA, USA) capillary electrophoresis
equipment. Uncoated fused silica capillaries (ID 50 μm), were
applied. Injection was made hydrodynamically with 2–7 psi× s
injection factor. Runs were performed at 20 °C and detection
was made with UV rapid spectral detection between 200 and
320 nm. The separation factors were calculated as the ratio of
the migration times of the optical isomers, and the resolution
was obtained by the R=2(t2 - t1)/(w1+w2) equation, where the
migration times (t1 and t2) and the peak-widths (w1 and w2)
were marked for the fast and slow migrating zones, respectively.

3. Results

Four different types of cyclodextrin derivatives (HP-β-CD,
RAMEB, S-β-CD, S-α-CD) were applied for the stereoselective
analysis of β-blockers in capillary electrophoresis. Stereoselec-
tive interactions were observed with twelve compounds at pH
2.5 using 5% HP-β-CD or RAMEB as chiral selectors, while no
chiral separation was observed in the cases of eight compounds,
acebutolol, betaxolol, bisoprolol, carteolol, celiprolol, metipra-

nolol, metoprolol and talinolol applying the same experimental
conditions. However, the alprenolol, bisoprolol, metoprolol and
oxprenolol enantiomers were resolved by S-β-CD. The pindolol
enantiomers were also resolved by S-α-CD, as well.

Table 1 summarizes the experimental conditions (concentra-
tion and type of selector, pH, length of capillary) and the results
(migration times of the separated zones, separation factor — α,
resolution — R) obtained for those compounds, which had
stereoselective interactions. Fig. 1 shows the baseline separation
of alprenolol with 1% S-β-CD at pH 2.5, while only partial
separation was obtained with 5% RAMEB or HP-β-CD (not
shown). In the case of atenolol only a slight improvement was
observed in the partial chiral separation when RAMEBwas used
as chiral selector at 2.5 compared to HP-β-CD. Although, the
bisoprolol enantiomers were not separated with 5% RAMEB or
HP-β-CD, the use of 1% S-β-CD resulted in almost baseline
resolution (Fig. 2). The use of 5% HP-β-CD at both, pH 2.5
(Fig. 3) and pH 4.4 were effective in obtaining baseline
separation for the bopindolol enantiomers. The use of HP-β-
CD at pH 2.5 helped to resolve the bupranolol enantiomers
almost completely, while the use of RAMEB resulted in partial
separation. Baseline separation was reached in the case of
carvedilol with the application of 5% HP-β-CD at pH 2.5, while
partial separation was obtained at pH 4.4 or with the use of
RAMEB at both pHs. The mepindolol enantiomers were not
resolved so efficiently at pH 2.5, than at pH 4.4 with 5%

Fig. 1. Capillary electrophoretic separation of alprenolol enantiomers with 1%
sulphated β-cyclodextrin. Experimental conditions: BGE, 50 mM phosphate
buffer, pH=2.5 (pH adjusted with TEA); voltage, 12 kV; current, ca. 60 μA;
temperature, 20 °C; sample concentration, 0.1 mg/ml; sample injection, 2 psi×s;
uncoated fused silica capillary, length, 26 cm, ID 50 μm.

Fig. 2. Capillary electrophoretic separation of bisoprolol enantiomers with 1%
sulphated β-cyclodextrin. Experimental conditions are the same as in Fig. 1,
except; sample injection, 3 psi× s.

Fig. 3. Capillary electrophoretic separation of bopindolol enantiomers with 5%
hydroxypropyl-β-cyclodextrin. Experimental conditions are the same as in Fig. 1,
except; current ca. 26 μA; sample concentration, 0.05 mg/ml; sample injection, 4
psi×s.

1270 L. Gagyi et al. / J. Biochem. Biophys. Methods 70 (2008) 1268–1275
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SOTALOL CHIRAL SEPARATION BY CAPILLARY ELECTROPHORESIS
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ABSTRACT

Differences between the pharmaceutical activity among the enantiomers of sotalol are well known, as R-sotalol and S-sotalol have similar antiarrythmic 
activities but only the R-enantiomer exhibits b-blocking activity. In this study capillary zone electrophoresis was used for the enantiomeric separation of sotalol 
using different native and derivatized; neutral and charged; cyclodextrines as chiral selectors. The effects of pH value and composition of the background electrolyte, 
capillary temperature, running voltage and injection parameters have been investigated. The results showed that only the randomly methylated b-cyclodextrine 
gave a baseline enantiomeric separation under the optimized conditions; chiral interactions being observed also for hydroxypropyl-β-CD and sulfobutyl ether-β-
CD. The analytical parameters of the optimized method were verified and the migration order of the two enantiomers was established.

e-mail: g_hancu@yahoo.com, gabriel.hancu@umftgm.ro

INTRODUCTION

Sotalol (N–4-[1-hydroxi-2-[(1-methyl-ethyl)-amino]-ethyl]-metan-
sulfonamide) is a hydrophilic non-selective b-blocker officinal in the European 
Pharmacopoeia 7th edition (Ph.Eur.7)1, characterized more often as a class III 
antiarrythmic agent (although it has also effects which can be related to class II 
antiarrythmics as b-blockers usually do).2

It is officinal in the Ph.Eur.7 and used in therapy as sotalol hydrochloride.1,3

It contains a chiral center but is marketed as a racemic mixture. The 
chemical structure of sotalol is presented in figure 1.

affinity towards b-adrenergic receptor is 30-60 times lower. Consequently 
sotalol enantiomers produce different effects on the heart. The action of S(+) 
sotalol is associated with the slowing of the sinus heart rate, whereas the action 
of R(-) sotalol through its b-blocking effect contributes to the decrease in heart 
rate. Overall sotalol prolongs the duration of the action potential, thus increases 
the effective refractory period of myocardial tissue.2,3,5

Sotalol is used in the management of ventricular and supraventricular 
arrythmias; but because of its proarrhythmic effects, it is usually administered 
only in severe life-threatening arrhythmias. It was formerly used for its 
b-blocking effects in the treatment of hypertension or angina pectoris, but 
it is not longer recommended for these indications because of the risk of 
precipitating arrhythmias.3

A SWORD (Survival with oral d-sotalol) study investigating the influence 
of S(+) sotalol was published with surprising results, as the optically active 
S(+) sotalol bare of its b-blocking effects, increased mortality in patients with 
myocardial infarction by 65% compared with placebo; emphasizing even 
more the potential hazard that might be generated by the administration of 
a b-blocking agent distomer. Taking in consideration these aspects one may 
assume that optically active R(-) sotalol might be possibly more effective in 
preventing death after myocardial infarction than the racemic mixture which 
is currently in use, although it consists of 50% of a drug which is known to be 
potentially harmful, namely S(+) sotalol. In the case of sotalol it might appear 
more reasonable to investigate the enantiomer with b-blocking effects R(-) 
sotalol rather than S(+) sotalol which lacks the b-blocking effect.6

Capillary electrophoresis (CE) is an officinal method of separation 
in the Ph.Eur.71, comprising a family of related techniques that is based on 
migration of charged particles dissolved or spread in an electrolyte solution 
and subdued to the action of an electrical field, which generates electroosmotic 
and electrophoretic flow of the buffer solution and ionic analytes, within the 
capillary.

The advantages of using CE for the enantioseparation of chiral substances 
are being related with its: high resolution power, simple and rapid method 
development, low consumption of solvent, sample and chiral selector and 
especially with the high selectivity in choosing and changing the chiral selector. 
In CE the chiral selector can be added directly to the buffer solution, selectivity 
being based on the differential interaction of the enantiomers with the chiral 
selectors.7,8There are a large variety of chiral selectors which can be used in 
CE including: cyclodextrines (CDs), macrocyclic antibiotics (macrolides, 
glycopeptides), proteins, crown ethers, polysaccharides, chiral surfactants, 
metal-amino acid complexes.7,8

However, CDs and their derivatives are the most common chiral selectors 
in CE as they are relatively inexpensive, provide a fast equilibration of the CD–
analyte complex and offer high separation efficiency and good peak symmetry.8

Although through different mechanisms dependent on the individual 
chiral selectors, chiral resolution results from stereospecific interactions of the 
selector molecules displaying different affinities towards the two enantiomers 
of the analytes; giving rise to differences in the respective migration velocities 
under the applied electric field.8

CE has gained momentum in the achiral and chiral analysis of b-blockers 
being regarded today as an alternative and also a complementary method 

Figure 1 The chemical structure of sotalol. The asterix denote the chiral 
center.

All b-blockers used in clinical practice contain an asymmetric carbon 
atom, and their majority have an aryloxypropanolamine structure. For this type 
of compounds the levorotatory l(-)-enantiomer show an S configuration while 
the dextrarotatory d(+)-enantiomer show an R configuration. S enantiomers 
usually are orders of magnitude more potent in blocking b-adrenergic receptors 
in comparison with the respective R enantiomers.4

An exception to this rule is sotalol, which has a phenyl-ethanol-amine 
structure and its asymmetric carbon atom is located in an ethanolamine 
type side chain. In this case the priority rules of the four substituents and 
consequently the absolute configuration of the stereogenic center changes so 
that R-sotalol (equivalent to l-sotalol) is a much more potent b-blocker than 
S-sotalol (equivalent to d-sotalol).4,5

Precisely because of its enantioselectivity sotalol mechanism of action is 
divided between two antiarrythmic drug classes.2

The R(-) enantiomer of sotalol has both b-blocking (class II antiarrythmic 
agent) and potassium channel blocking activity (class III antiarrythmic agent), 
while the S(+) enantiomer has potassium channel blocking activity and its 
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to high performance liquid chromatography (HPLC), the most universally 
accepted method in pharmaceutical analysis.

Several b-blocker derivatives including sotalol have been determined 
using capillary zone electrophoresis (CZE) and its associated technique 
micellar electrokinetic chromatography (MEKC).9,10,11

Also chiral separation of sotalol has been studied previously using CZE 
and CDs derivatives as chiral selectors, the optimal separation conditions 
significantly differ in several cases, and the basis of the differences has not 
been clearly identified.12,13

Taking in consideration all these aspects regarding the strong connections 
between chirality and therapeutic use of sotalol, elaboration of new methods 
for its enantiomers separation become a necessity but also a challenge.

This study describes a screening of various native and derivatized 
cyclodextrines in order to elaborate a simple, rapid and efficient method for the 
chiral separation of sotalol enantiomers and the optimization of electrophoretic 
conditions in order to obtain an enhanced chiral resolution and short analysis 
time.

MATERIALS AND METHODS

Chemicals and reagents
R,S–sotalol hydrochloride, R-sotalol hydrochloride and S-sotalol 

hydrochloride of pharmaceutical grade were purchased from Moehs Productos 
Quimicos (Barcelona, Spain). S-propranolol hydrochloride was used as internal 
standard and was purchased also from Moehs Productos Quimicos (Barcelona, 
Spain). The commercial preparation of sotalol was Darob (Knoll, Germany) 
containing 80 mg sotalol hydrochloride. The following reagents of analytical 
grade were used: phosphoric acid (Pernix Pharma, Hungary), methanol, 
sodium hydroxide (Lach Ner, Czech Republic), sodium tetraborate, disodium 
hydrogenphosphate, sodium dihydrogenphosphate (Merck, Germany). Purified 
water was provided by a Milli-Q Plus water purification system (Millipore, 
USA).

As chiral selectors we used the following CD derivatives of research 
grade: native neutral CDs (α-CD, β-CD, γ-CD), derivatized neutral CDs 
(hydroxypropyl-β-CD - HP-β-CD, randomly methylated β-CD – RAMEB), 
anionic substituted charged CDs (carboxymethyl-β-CD - CM-β-CD, sulfobutyl 
ether- β-CD – SBE-β-CD). All CDs were obtained from Cyclolab (Budapest, 
Hungary) with the exception of SBE-β-CD - Capsitol (Cydex, USA).

Equipment
The experiments were made on an Agilent 6100 CE system (Agilent, 

Germany) equipped with a diode array UV detector. Separations were 
performed on a 48 cm length (40 cm effective length) x 50 mm I.D uncoated 
fused silica-capillaries (Agilent, Germany). The electropherograms were 
recorded and processed by Chemstation 7.01 software (Agilent, Germany). 
The pH of the buffer solutions was determined with a Terminal 740 pH–meter 
(Inolab, Germany).

Sample preparation
Sotalol hydrochloride sample stock solutions were prepared by dissolving 

the substance in pure water in a concentration of 100 mg/mL and later diluted 
to the appropriate concentration. The samples were introduced in the system 
at the anodic end of the capillary by hydrodynamic injection. All samples 
and buffers were filtered through a 0.45 μm syringe filter and degassed by 
ultrasound for 5 minutes before use. The capillaries were conditioned before 
use with 0.1 M sodium hydroxide for 30 minutes and with the background 
electrolyte used in the analysis for 30 minutes. The capillary was rinsed 
for 1 minute with 0.1M sodium hydroxide and buffer solutions before each 
electrophoretic determination.

To determine sotalol from Darob tablets, twenty tablets from the same 
batch product (each containing 80 mg sotalol hydrochloride) were weight and 
pulverized in a mortar, and an amount of powder equivalent to the average 
weight of a tablet was accurately weighed and used. The powder was dissolved 
in water, and then the solution was diluted to the appropriate concentration, 
sonicated for 10 minutes and filtered through 0.45 μm syringe filter. The 
samples was centrifuged at 3500 rpm for 10 minutes, the supernatant was 
diluted; further the same procedures were followed as for the preparation of 
standard solutions for the CE separation.

Evaluation of separation
The separation factors (a) were calculated as the ratio of the migration 

times of the optical isomers, and the resolution (R) was obtained by the R=2(t2 
- t1)/(w1 + w2) equation, where the migration times (t1 and t2) and the peak-
widths at the baseline (w1 and w2) were marked for the slow and fast migrating 
enantiomers, respectively.

We also evaluated the migration retardation factor (Rm) defined as the 
ratio of the migration time of the analyte (if resolved, of the second eluted 
enantiomer) in the buffer containing the chiral selector and the migration time 
of the analyte in the plane phosphate buffer; which represents an approximate 
parameter for measuring the strength of the host–guest interaction.

RESULTS AND DISCUSSION

Preliminary analysis
Electrophoretic mobilities and ionization behavior of analytes are the key 

factors driving separations in CZE. Knowledge of these basic physicochemical 
properties of analytes gives valuable information about their nature and makes 
it easier to choose appropriate experimental conditions for their separation.

In order to find the suitable conditions for the chiral separation of sotalol, 
a series of preliminary experiments were conducted at different pH values and 
buffer compositions. In the preliminary analysis we used: 25 mM phosphoric 
acid (pH –2.1), 25 mM disodium hydrogenphosphate – 25 mM sodium 
dihydrogenphosphate (pH – 7) and 25 mM sodium tetraborate (pH – 9.3) 
background electrolytes respectively and we modified the pH of the buffer by 
adding a 0.1M sodium hydroxide solution.

We recorded previously the UV spectra of sotalol and found its absorption 
maximum at 232 nm, which was selected as detection wavelength in the CE 
separations. We applied some “standard” electrophoretic conditions for a CZE 
analysis: temperature 20 ˚C, applied voltage + 20 kV, injection pressure/time 
50 mbar/3 sec, sample concentration 10 μg/mL. Sotalol has two pKa values, 
one (pKa – 8.3) corresponding to the sulfonamide substituent while the other 
(pKa – 9.8) corresponds to the amine group; consequently an acidic solution 
should be a suitable background electrolyte for the separation.

As expected, the most suitable background electrolyte was a 25 mM 
phosphoric acid solution at a pH of 2.5. A well-shaped peak appeared for 
sotalol using this buffer at 8.1 minutes (migration time). At this very low pH 
the influence of electroosmotic flow (EOF) is minimal, and the analyte will 
migrate mostly through its own electrophoretic mobility.

The difficulties in separating sotalol enantiomers in comparison with other 
β-blockers reported previously in the literature could be related to the particular 
structural characteristics of this compound, which is somewhat different from 
that of other β-blockers.12

Optimization of analytical conditions
Initial concentration of 10 mM neutral CDs were added to the buffer 

solution, while for charged CDs we added a concentration of 5 mM in order to 
limit the increase of ionic strength which generated high currents.

No chiral interactions were observed when using native neutral CDs (α-
CD, β-CD, γ-CD), as we observed only an increase in migration times of the 
analyte.

When using derivatized neutral CDs (HP-β-CD, RAMEB) stereoselective 
interactions were observed even with the initial electrophoretic parameters; a 
slight peak splitting for HP-β-CD and a chiral resolution of 0.77 for RAMEB.

It was demonstrated experimentally that charged CD are more effective 
chiral selectors than the neutral ones for a large numbers of β-blockers, 
because of the presence of additional ionic interactions that contribute to the 
chiral recognition At this low pH, the anionic charged SBE-β-CD is negatively 
charged while sotalol is positively charged, so the SBE-β-CD will move 
towards the anode while sotalol enantiomers will move towards the cathode.14,15

SBE-β-CD will display a migration opposite to that of the enantiomers, 
which resulted in a significant increase of the migration times (around 25 
minutes) but to a rather low chiral resolution (R – 0.7). Another anionic 
charged CD, CM-β-CD led also to high migration times (around 20 minutes) 
but no chiral resolution.

The use of a dual CD system, which include a combination of a neutral 
and a charged CD (10 mM β-CD + 5 mM SBE-β-CD) led to an increase of 
migration times but only a small peak splitting has been observed.

After this initial CD screening we selected as the optimal chiral selector the 
randomly methylated β-CD (RAMEB). Increasing the RAMEB concentration 
led to an increase in the chiral resolution and also in the migration times of the 
enantiomers; a concentration of 30 mM RAMEB giving baseline separation 
of the two enantiomers. While the RAMEB concentration increased from 10 
to 30 mM, the chiral separation improved greatly, whereas the concentration 
was increased in the range 30-50 mM, only little influence on the separation 
could be observed.

The optimum concentration depends on the binding affinity of stereoisomers 
with the chiral selector. At a low CD concentration, no separation of the 
enantiomers is possible because there are not enough chiral selectors available 
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to form the complexes, while, at a high concentration, the enantiomers may be 
completely complexed and do not result in separation. Therefore, it is essential 
to determine the optimum CD concentration to obtain the best chiral resolution.

Increasing the pH value increased slightly the chiral resolution, but the 
addition of a 0.1M sodium hydroxide solution to the buffer solution increased 
the generated current and led to instability of the electrophoretic system. 
Consequently we chose a pH of 2.5.

Also at low pH values there is more time for the analyte to interact with 
the CD to result in increased time spent in the capillary, while at higher pH, 
the analyte eluted faster due to increasing EOF, with EOF becoming more 
significant at a pH value around 5.

An increase of the buffer concentration led to an increase of the migration 
times, but had no marked effect on the separation resolution. Addition of an 
organic modifier such as methanol or acetonitrile to the phosphate buffer 
resulted in longer migration times but there was no significant improvement 
in the chiral resolution.

While the applied voltage had only a slight influence on the chiral resolution, 
temperature influenced strongly the separation efficiency and the enantiomeric 
resolution, as a decrease in temperature led to longer migration times but also 
to an increased chiral resolution. The effect of capillary temperature on chiral 
separation is related to the thermodynamic behavior of the analyte-chiral 
selector complex during the chiral separation. In order to obtain a satisfactory 

migration times and improve chiral resolution we combined the effects of these 
two secondary electrophoretic parameters, choosing an applied voltage of + 25 
kV at a temperature of 150C.

A high injection pressure and a short injection time will increase chiral 
resolution; in order to obtain a quantifiable electrophoretic response and 
improve enantiomeric resolution we chose an injection pressure of 50 mbar 
for 2 seconds.

The migration order of the two enantiomers was determined by spiking 
and also by injecting the pure enantiomers separately using the selected chiral 
buffer background electrolyte.

Taking in consideration the aspects presented above we can conclude that 
the optimal electrophoretic conditions for the sotalol enantioseparation are: 25 
mM phosphoric acid background electrolyte, 30 mM RAMEB chiral selector, 
buffer pH 2.5, applied voltage + 25 kV, temperature 150C, injection pressure/
time 50 mbar/2 sec. Applying the optimized electrophoretic conditions we 
succeeded in the separation of the two enantiomers in less than 10 minutes, 
with a chiral resolution of 1.39 and a separation factor of 1.04, the order of 
migration being R-sotalol followed by S-sotalol (figure 2).

By applying the same electrophoretic conditions but using 20 mM HP-β-
CD as chiral selector we obtained a chiral resolution of 0.73 and a separation 
factor of 1.03. Increasing the HP-β-CD concentration didn’t increase chiral 
resolution (figure 3).

Figure 2 Capillary electrophoretic separation of sotalol enantiomers 
(experimental conditions: BGE - 25 mM phosphoric acid + 30 mM RAMEB, 
pH – 2.5, voltage + 25 kV, temperature 150C, hydrodynamic injection 50 mbar 
x 2 sec., sample concentration 10 mg/ml, UV detection 232 nm)

Figure 3 Capillary electrophoretic separation of sotalol enantiomers 
(experimental conditions: BGE - 25 mM phosphoric acid + 20 mM HP-β-CD, 
pH – 2.5, voltage + 25 kV, temperature 150C, hydrodynamic injection 50 mbar 
x 2 sec., sample concentration 10 mg/ml, UV detection 232 nm)

Table 1 summarizes the optimized separation conditions (concentration and type of selector, pH, voltage, temperature) and results (migration times of 
enantiomers, migration retardation factor, separation factor, resolution).

Table 1. Capillary electrophoretic separation of optical isomers of sotalol using cyclodextrin derivatives as chiral selectors

CD-derivative pH Voltage 
(kV) Temperature (0C) t1(min) t2(min) Rm a R

30 mM RAMEB 2.5 25 15 9.1 9.5 1.16 1.04 1.39

20 mM HP-β-CD 2.5 25 15 9.3 9.6 1.17 1.03 0.73

5 mM SBE-β-CD 2.5 20 20 24.8 25.2 3.09 1.01 0.70

Analytical performance
The analytical performance of the method was evaluated using the optimized electrophoretic conditions and S-propranolol as internal standard.
The relative standard deviations (RSD) for the migration times and peak areas was calculated by injecting consecutively (n = 6) a sample of 10 µg/ml (table 2).
Calibration plots were constructed by preparing standard solutions (n = 3) at six different concentrations in a specific concentration range (concentration range: 

2.5 - 50 µg/mL). The regression equation and correlation coefficient are presented in table 3.
The limits of detection (LOD) and quantification (LOQ) were estimated as: standard deviation of regression equation/slope of the regression equation 

multiplied by 3.3 and 10, respectively (table 2).

Table 2. Analytical parameters of the sotalol chiral separation

Enantiomer Migration time (min) RSD migration time (%) RSD peak area (%) LOD (µg/ml) LOQ (µg/ml)

R-sotalol 9.03 0.15 0.83 1.13 3.45

S-sotalol 9.53 0.23 1.17 1.25 3.75
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INTRODUCTION 
Amlodipine 
Amlodipine is a long-acting 1, 4-dihydropyridine 
calcium channel blocker (CCB). It acts primarily 
on vascular smooth muscle cells by stabilizing 
voltage- gated L-type calcium channels in their 
inactive dependent myocyte contraction and 
vasoconstriction. A second proposed mechanism 
for the drug’s vasodilatory effects involves pH-
dependent inhibition of calcium influx via 
inhibition of smooth muscle carbonic anhydrase. 

ABSTRACT 
An isocratic Simultaneous estimation by RP-HPLC Method was developed and validated for the 
quantification of Indapamide and Amlodipine Besylate in tablet dosage form. Quantification was achieved by   
using the mobile phase (Phosphate buffer PH3: Acetonitrile: Methanol) in the ratio of 40:20:40. A C18   
column contains octadecylsilane chemically bonded to porous silica particles was used as stationary phase. 
The flow rate was 1.0 ml/min. Measurements were made at a wavelength of 215nm. The average retention 
time for Indapamide and Amlodipine Besylate were found to be 2.07 min and 4.047. The proposed method 
was validated for selectivity, precision, linearity and accuracy. The assay methods were found to be linear 

 

from 9-21 µg/ml for Indapamide and 30-70 µg/ml for Amlodipine Besylate. All the validation parameters 
were found to be within the acceptable range. The developed method was successfully applied to estimate the 
amount of Indapamide and Amlodipine Besylate in tablet dosage form. 
 
KEYWORDS 
Indapamide (IND), Amlodipine Besylate (AB), RP-HPLC method, Hypersil 3V ODS and Acetonitrile (ACN). 
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Some studies have shown that amlodipine also 
exerts inhibitory effects on voltage gated N-type 
calcium channels1. N-type calcium channels 
located in the central nervous system may be 
involved in nociceptive signaling and pain 
sensation. Amlodipine is used to treat hypertension 
and chronic stable angina2.  
Mechanism of action  
Amlodipine decreases arterial smooth muscle 
contractility and subsequent vasoconstriction by 
inhibiting the influx of calcium ions through L-type 
calcium channels. Calcium ions entering the cell 
through these channels bind to calmodulin. 
Calciumbound calmodulin then binds to and 
activates myosin light chain kinase (MLCK). 
Activated MLCK catalyzes the phosphorylation of 
the regulatory light chain subunit of myosin, a key 
step in muscle contraction. Signal amplification is 
achieved by calcium-induced calcium release from 
the sarcoplasmic reticulum through ryanodine 
receptors. Inhibition of the initial influx of calcium 
decreases the contractile activity of arterial smooth 
muscle cells and results in vasodilation. The 
vasodilatory effects of amlodipine result in an 
overall decrease in blood pressure. Amlodipine is a 
long-acting CCB that may be used to treat mild to 
moderate essential hypertension and exertion-
related angina (chronic stable angina). Another 
possible mechanism is that amlodipine inhibits 
vascular smooth muscle carbonic anhydrase I 
activity causing cellular pH increases which may 
be involved in regulating intracelluar calcium 
influx through calcium channels3.   
Medical uses  
• Antihypertensive Agents  
• Vasodilator Agents  
• Calcium Channel Blockers  
• Antianginals  
 
INDAPAMIDE  
A benzamide-sulfonamide-indole. It is called a 
thiazide-like diuretic but structure is different 
enough (lacking the thiazo-ring) so it is not clear 
that the mechanism is comparable.  
 

Categories    
Antihypertensive Agents, Diuretics. 
Mechanism of action        
Indapamide blocks the slow component of delayed 
rectifier potassium current (IKs) without altering 
the rapid component (IKr) or the inward rectifier 
current. Specifically it blocks or antagonizes the 
action the proteins KCNQ1 and KCNE1. 
Indapamide is also thought to stimulate the 
synthesis of the vasodilatory hypotensive 
prostaglandin PGE2 4-5.   
Pharmacodynamics  
Indapamide is an antihypertensive and a diuretic. It 
contains both a polar sulfamoyl chlorobenzamide 
moiety and a lipid- soluble methylindoline moiety. 
Indapamide bears a structural similarity to the 
thiazide diuretics which are known to decrease 
vascular smooth muscle reactivity. However, it 
differs chemically from the thiazides in that it does 
not possess the thiazide ring system and contains 
only one sulfonamide group. Indapamide appears to 
cause vasodilation, probably by inhibiting the 
passage of calcium and other ions (sodium, 
potassium) across membranes. This same effect 
may cause hypocalcemia in susceptible individuals. 
Indapamide has also been shown to cause uterine 
myometrial relaxation in experimental animals. 
Overall, indapamide has an extra-renal 
antihypertensive action resulting in a decrease in 
vascular hyperreactivity and a reduction in total 
peripheral and arteriolar resistance6. 
 
MATERIALS AND METHOD   
Instruments  
The chromatographic technique performed on a 
Shimadzu LC20-AT Liquid chromatography with 
SPD-20A prominence UV-visible detector and 
Spinchrom software, reversed  phase C18 column 
(HYPERSIL  5µ, 250 mm × 4.6 mm) as stationary 
phase, Electron corporation double beam UV-
visible spectrophotometer (vision pro-software), 
Ultrasonic cleaner, Shimadzu analytical balance 
AY-220, Vacuum micro filtration unit with 0.45µ 
membrane filter was used in the study7-9.  
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RESIDUES AND TRACE ELEMENTS

Determination of Indoxacarb Enantiomer Residues in Vegetables,
Fruits, and Soil by High-Performance Liquid Chromatography

LI CHENG

Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Key Laboratory of Pesticide Chemistry and
Application, Ministry of Agriculture, Beijing, 100193, China; China and Northeast Agriculture University, College of
Agriculture, Harbin, 150030, China
FENG-Shou DONG,1 XINGANG LIU, WUYING CHEN, YUANBO LI, and YONGQUAN ZHENG

1

Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Key Laboratory of Pesticide Chemistry and
Application, Ministry of Agriculture, Beijing, 100193, China
DONGMEI QIN and YONG GONG

Institute for the Control of Agrochemicals, Ministry of Agriculture, Beijing 100125, China

An effective chiral analytical method was
developed for the resolution and determination of
indoxacarb enantiomers in cucumber, tomato,
apple, pear, and soil samples. Indoxacarb
enantiomers were separated on a Chiralpakâ AS-H
column with n-hexane–ethanol (95 + 5, v/v) as the
mobile phase. Validation involved complete
resolution of each enantiomer, plus determination
of linearity, precision, LOD, and LOQ. The
estimated LOD was 0.025–0.035 mg/kg, and the
LOQ was 0.05 mg/kg for each indoxacarb
enantiomer in different matrixes. The average
recoveries of the pesticide from all matrixes
ranged from 87.0 to 116.9% for fortification levels
of 0.05, 0.1, and 5 mg/kg. The precision values
associated with the analytical method, expressed
as RSDr values, were <10.1% for the pesticide in all 
matrixes. This method can be used to evaluate
environmental residues and the safety of
agricultural products.

T
he development of methods for the separation of
enantiomers has attracted great interest over the past
20 years, when it became evident that the activity of

chiral compounds was mostly restricted to one of the
enantiomers (1). The inactive enantiomer can exhibit
unwanted side effects, antagonistic activities, or even toxic
effects. Even if these side effects are not drastic, the unwanted
enantiomer has to be metabolized in the organism and
represents an unnecessary burden for the organism. Many
pesticides and other organic contaminants have at least one
asymmetric atom in their molecules and are mixtures of
stereoisomers (2), with only one enantiomer having desirable

properties. After their field application, enantiomers may be
degraded at different rates in the environment, resulting in a
preferential residue of one enantiomer. Thus, it is essential to
measure individual enantiomers for an accurate risk
assessment. However, methods have not been developed for
the chiral separation of enantiomers and the determination of
single enantiomers of most chiral pesticides in technical
materials and environmental matrixes (3).

Indoxacarb is a new oxadiazine insecticide that has shown
outstanding field insecticidal activity. It has a chiral carbon
and consists of two enantiomers. Its absolute configuration
was confirmed by (–) rotation of the R-enantiomer and (+)
rotation of the S-enantiomer. The activity of this insecticide is
mainly attributed to the (+)-S-enantiomer (4). Furthermore,
indoxacarb was chosen as the synthetic organophosphate
replacement insecticide used on a range of crops, including
fruits, vegetables, soybeans, alfalfa, and peanuts to control
many insects, such as Lepidoptera and other pests (5). It is
important to develop a chiral analytical method to learn the
fate of the two enantiomers of indoxacarb in the
environment (6). However, there are only a few studies using
traditional analytical methods at the racemic level (7, 8) and
on the chiral separation (9, 10) of indoxacarb enantiomers.
Until now, no analytical methods for residues of indoxacarb
enantiomers in vegetables, fruits, and soil have been reported
in the literature.

This paper describes a method that uses SPE followed by
HPLC with a Chiralpakâ AS-H column to simultaneously
determine residues of two enantiomers of indoxacarb in
cucumber, tomato, apple, pear, and soil samples. When the
developed method was applied to several artificially spiked
samples, the average recoveries were excellent. 

Experimental

Reagents

Iso-indoxacarb standard (purity, 99.6%) was obtained
from DuPont (Wilmington, DE). Ethanol and hexane

CHENG ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 93, NO. 3, 2010 1007
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