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Enantioselective separation of rivastigmine by capillary
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Abstract

Different �-cyclodextrines (�-cyclodextrin, heptakis (2,3,6-tri-O-methyl)-�-cyclodextrin, hydroxypropyl-�-cyclodextrin, and sulfated�-
cyclodextrin) were investigated as additives for the enantioselective separation of theR-form from rivastigmine ((S)-N-ethyl-3-[(1-dimethyl-
amino) ethyl]-N-methyl-phenyl carbamate), contained as impurity in this drug, which is used for the treatment of Alzheimer’s disease.
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lectrophoresis was performed in an acidic background electrolyte (triethanolammonium phosphate, 75 mM, pH 2.5) with variou
rations of the additives. The electrophoretic mobilities measured are typical functions of the additive concentrations, with complex
obtained by fitting the appropriate binding curve on the data) ranging between about 180 and 770 M−1. Best separation was obtained w
.5 mM�-cyclodextrin, with theR-enantiomer as impurity migrating before the mainS-compound. Intra- and interday reproducibility (n= 6
nd 18, respectively) of migration time and peak area was in the low percentage range, linearity of the calibration line for the quan

he impurity in the range between 2.3 and 50�g/ml, expressed by the linear correlation coefficient, was 0.9998. The limits of detecti
uantitation, respectively, were 0.7 and 2.3�g/ml, corresponding to 0.05 and 0.15%, m/m of theR- relative to theS-compound. Analysis ca
e carried out at 18◦C in less than 19 min.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Separation, characterization and quantitation of enan-
iomers have become a relevant area not only in the synthe-
is process of pharmaceuticals, but also in quality control of
ulk drug substances and final products. Due to the fact that a
ignificant difference in the pharmacological activity and/or
oxicological side effects of enantiomeric forms in racemic
rugs the accomplishment of international requirements on
hiral impurity profile is mandatory[1–8].

Development of methods for chiral analysis by capillary
lectromigration methods (CEM) has been of special inter-
st in last decade. CEM in its different modes has turned out
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being a powerful tool for the separation of enantiomers
cause high efficiency and resolution in short time of ana
are its relevant features. Such methods with pseudostati
phases based on micelles and microemulsions or on so
additives like cyclodextrins to resolve chiral compounds h
been reported[2–15].

Cyclodextrins (CDs) are the most widely used chiral
lectors in capillary electromigration methods, and nativ
derivatised CDs with different functional groups have b
introduced with the purpose of improving the enantiom
resolution of racemic compounds. In the present work
tral (�-cyclodextrin, CD; heptakis (2,3,6-tri-O-methyl)-�-
cyclodextrin, heptakis; hydroxypropyl-�-cyclodextrin, HP
CD) and charged (sulfated�-cyclodextrin, sulfated CD
CDs in acidic buffer were applied in order to quantify
R-impurity of rivastigmine. Rivastigmine (S)-N-ethyl-3-[(1-

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.02.038



32 S.E. Lucangioli et al. / J. Chromatogr. A 1081 (2005) 31–35

Fig. 1. Chemical structure of rivastigmine.

dimethyl-amino) ethyl]-N-methyl-phenyl carbamate (Fig. 1)
is an acethylcholinesterase inhibitor of the carbamate type,
approved for the treatment of Alzheimer’s disease[16,17].
Very few papers dealt with the determination of rivastigmine
and its metabolites by GC–MS and LC–MS in preclinical and
clinical studies[18,19].

It is the goal of the present paper to evaluate the suitability
of different CDs for chiral resolution of the enantiomers of
rivastigmine, especially to quantify theR-form as impurity
of the S-enantiomer. The evaluation is based on the mobil-
ity of the two enantiomers, and on the separation selectivity
expressed by the ratio of the mobilities. Analysis of the impu-
rity, which should allow its quantitation in pharmaceuticals
at a 0.1% level, is characterised by the according figures of
merit.

2. Experimental

2.1. Reagents

Rivastigmine hydrogentartrate (S)-N-ethyl-3-[(1-dime-
thyl-amino)ethyl]-N-methyl-phenylcarbamate hydrogentar-
trate) and itsR-enantiomer was a gift of Raffo Laboratories
(Argentina). �-cyclodextrin, heptakis (2,3,6-tri-o-methyl)-
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2.3. Electrophoretic system

The separations were performed in 75 mM triethanolam-
monium phosphate buffer at pH 2.5 with varying concen-
trations of CD. The voltage applied was +25 kV, hydrostatic
injection (10 cm height) was for 10s, resulting in an about
1.3 mm long injection zone with 2.6 nl volume. UV detec-
tion was set at 214 nm.

The capillary was rinsed at the beginning of each day with
0.1 M potassium hydroxide for 5 min, washed with water for
10 min and then with BGE for 20 min. Between runs, the
capillary was conditioned with BGE during 3 min. At the end
of the day, the capillary was flushed with 0.1 M potassium
hydroxide for 5 min and finally with water for 10 min.

2.4. Stock and standard solutions

Stock solutions of rivastigmine hydrogentartrate and the
R-impurity (containing 1.0 mg/ml each) were prepared in
deionised water. Standard solutions of 30�g/ml (75�mol/l)
of each compound were obtained by appropriate dilution with
deionised water.

3. Results and discussion
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-cyclodextrin and sulfated�-cyclodextrin were purchase
rom Sigma (St. Louis, MO, USA). Sulfated CD is no
ingle isomer, it has between 7 and 11 (average 9) su
roups per cyclodextrins molecule. Its average molec
ass is 1990. Hydroxypropyl-�-cyclodextrin was obtaine

rom Beckman (Fullerton, CA, USA). Triethanolamine w
urchased from Baker, Co. (Phillipsburg, NJ, USA). Eig
ve percent phosphoric acid and methanol (HPLC gr
ere supplied by E. Merck (Darmstadt, Germany). U
ure water was obtained by an EASY pureTM RF equip-
ent (Barnstead, Dubuque, IA, USA). All solutions w

ltered through a 0.45�m nylon membrane (Micron Se
rations Inc., Westboro, MA, USA) and degassed be
se.

.2. Instrumentation

All CE separations were performed with a capillary ion
lyzer (Waters Corp., Milford, MA, USA) and data were p
essed by an Empower Pro software (Waters). An unco
used-silica capillary of 60 cm length (53 cm to detector)
0�m i.d. (Waters) was employed.
.1. Mobilities, selectivity, resolution

In order to achieve enantiomeric separation of riva
ine and theR-impurity several analytical parameters c
e modified. Different background electrolytes (BGEs)
ayed showed triethanolammonium phosphate at pH 2.
ng the most favourable. In the examined concentration r
etween 25 and 100 mM best peak shapes were obtain
5 mM. With this BGE different�-cyclodextrins were ap
lied to achieve chiral resolution, uncharged ones suc
ative�-CD, heptakis-�-CD, HP-�-CD and the charged su

ated�-CD. With neutral or charged CDs the enantiom
xhibited different migration order. With the neutral ad
ives the R-form had a higher mobility than theS-form of
ivastigmine; this is in contrast to sulfated�-CD, which gave
n inversion of the migration order of the enantiomers.

The according effective mobilities of the analytes
otal, measured mobilities corrected by that of the e
roosmotic flow) are shown inFig. 2 in dependence o
he CD concentration. Typical binding curves are
ained, with effective mobilities decreasing from a valu
2.54× 10−9 m2 V−1 s−1 of both enantiomers in the CD-fr
uffer. In this acidic BGE the analytes carry a positive ch
ue to the protonation of the tertiary amino group (seeFig. 1);
ote that the nitrogen in the amido group is not sufficie
asic for protonation. The effect of the complexing ag
n the mobility follows the sequence HP-, heptakis-, na
ulfated CD. The most pronounced influence is found
he sulfated CD, which can be related to the strong ion
nteraction between the cationic analyte and the anionic
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Fig. 2. Effective mobilities of theR- and theS-enantiomer of rivastig-
mine in dependence on the concentration of the different cyclodextrins.
Temperature 25◦C. Abbreviations: CD, unmodified�-cyclodextrin; hep-
takis, heptakis (2,3,6-tri-O-methyl)-�-cyclodextrin; HP, hydroxypropyl-�-
cyclodextrin; sulfato, sulfated�-cyclodextrin.

plexing agent, and to the fact that the charge of the complex
is inversed to negative (the complexes with the neutral CDs
are still cationic).

A rough derivation of the complex constants,KC, by fit-
ting the mobility data to the well-known functionµeff

A =
(µA+ + µAC+KC[C])/(1 + KC[C]) (for 1:1 complex forma-
tion) gives values between 180 and 770 M−1. In this equation
µeff

A , µA+andµAC+are the (EOF-corrected) effective mobil-
ity of the analyte, A, of the free analyte cation, A+, and of
the complex, AC+. [C] is the equilibrium concentration of
the complexing agent. We give the range of theKC values
rather than the more detailed data, because we do not over-
estimate the quality of these complex constants. They are
derived with a number of simplifications: (i) we have not
considered the change of the viscosity of the BGE, and its
influence on the analyte mobility (albeit the increase in vis-
cosity is only few percent). (ii) We have also not taken the
equilibrium concentrations of CD, but the initial concentra-
tion (which is acceptable because the additive is present in
a large excess compared to the analyte). (iii) The number of
data points is rather small. For the sulfated CD noKC was
derived because it is a mixture of different isomers, and not
a single one.

Chiral separation selectivity will be expressed here as the
ratio of the total mobilities of the two enantiomeric forms.
We do not use the ratio of the EOF-corrected effective mo-
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Fig. 3. Ratio of the total mobility of theR- to theS-enantiomer of rivastig-
mine in dependence on the concentration of the different cyclodextrins. In-
sert: temperature dependence of the ratio for unmodified CD. Abbreviations
as inFig. 2.

tions are not only strong due to ionic forces, they are also
pronouncedly stereoselective. However, in the higher con-
centration range of this additive theS-form migrates before
theR-form, which is unfavourable for quantitation when the
latter is present in the sample in minor quantities only. In
the lower concentration range of this additive, whereR mi-
grates beforeS (see also ref.[20]), the resolution was not
sufficient to separate the former enantiomers from the latter
when present in minor concentration. For these reasons this
additive, although being the most selective, was not used for
further analysis.

From the uncharged CDs—with all of them theR-form
migrates in front of theS-form—native CD implements the
largest selectivity. The mobility ratio exceeds a value of 1.01
at even less than 7 mM additive concentration. We have there-
fore used further native CD at a concentration of 7.5 mM.
It can be calculated that a plate number of about 22,000 is
needed to resolve two equally sized peaks at baseline, a num-
ber which should easily be achievable. As in the present case
a small peak (from the impurity) has to be separated from a
large peak, larger plate numbers are needed. Indeed 270,000
plates are obtained under this condition at low concentrations
(see below).

As mobility and complex constant are functions of the
temperature, the temperature dependence of the selectivity
was determined with the selected BGE in the range between
1
b crease
o re-
s tem-
p he
r t
u d bet-
t This
e n for
1 most
f

ilities, because it is in fact the relative difference of the t
obilities which decides whether a pair of analytes ca

eparated or not under given conditions. These cond
etermine a certain separation efficiency (plate height)

he EOF (which can play an important role for separati
aving then a certain magnitude and direction.

The ratios of the total mobilities of the two enantiom
re depicted inFig. 3. The largest influence on selectivity
bserved for the charged CD. This means that the int
5 and 25◦C. The result is given as insert inFig. 3. It can
e seen that a decrease of the temperature led to an in
f the selectivity. However, as lowering the temperature
ults in prolonged analysis times, we have selected the
erature of 18◦C as a compromise for further analysis. T
esulting electropherogram is given inFig. 4, showing tha
nder these conditions the enantiomers can be resolve

er than with baseline separation in less than 20 min.
lectropherogram was recorded after hydrostatic injectio
0 s from an aqueous solution, which turned out to be

avourable.
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Fig. 4. Electropherogram ofS- andR-enantiomers of rivastigmine. Experi-
mental conditions: BGE, triethanolammonium phosphate, pH 2.5, 75 mM;
additive unmodified�-CD, 7.5 mM. Uncoated fused-silica capillary, 60 cm
length (53 cm to detector), 50�m i.d. Voltage +25 kV. UV detection at
214 nm. Hydrostatic injection (10 cm height) for 10 s (2.6 nl). Temperature
18◦C. Analyte concentrations 30.0�g/ml each.

3.2. Validation

For the validation of the method parameters such as pre-
cision, linearity, limits of detection (LOD) and quantification
(LOQ) had to be determined. These parameters were deter-
mined according to ICH guidelines[1]. Precision evaluated
for intra-day (n= 6) and inter-day assays (n= 18) was ex-
pressed as %RSD for migration times and normalized areas
(Table 1). It can be seen that for theR-impurity (at the 0.5%,
m/m level) they are 1.3% and 1.8% for the time, and 2.0 and
2.5% for the peak areas.

LOD and LOQ were determined as 3 and 10 manifolds
of the standard deviation of the blank signal. The standard
deviation of the noise was determined from six measurement
of the heights of a peak from a 25�g/ml rivastigmine sam-
ple. Three and ten times the standard deviation related to
the sensitivity (expressed by peak height to concentration)

Table 1
Figures of merit for the quantitation of rivastigmine and itsR-impurity

Parameter R-enantiomer S-enantiomer

Precision %RDSa

Intra-day (n= 6)
Migration time 1.3 0.4
Peak area 2.0 1.2

b

L
r
L
L

Fig. 5. Electropherogram of rivastigmine with 0.15% (m/m)R-impurity.
Experimental condition as inFig. 4.

gives the LOD (0.7�g/ml) and the LOQ (2.3�g/ml). In the
enantiomer mixture the LOD and the LOQ were determined
from a pureS-rivastigmine sample of 1.5 mg/ml concentra-
tion. The standard deviation of the noise at the migration time
of theR-form from six replicate measurements was then re-
lated to the peak of theR-enantiomer in a mixture of 0.5%R-
in 1.5�g/ml solution ofS-rivastigmine. The resulting LOD
and LOQ values of theR-form was 0.05 and 0.15% (m/m),
respectively, which means that the method is well suited for
its quantitation in the purity range of pharmacological rele-
vance.

The linearity performed at five different concentration lev-
els of rivastigmine over the mentioned range between 2.3 and
50�g/ml for the impurity. The linear correlation coefficient is
0.9998. The peak areas of the R-impurity as the minor or trace
compound was determined in the range between the LOQ
(2.3�g/ml) and 50�g/ml in mixtures with theS-component
(at a total of 1.5 mg/ml of rivastigmine). This range resulted
in 0.15–5%, m/m of theR-form relative to the main compo-
nent. The electropherogram for the sample containing 0.15%
R-compound is shown inFig. 5. It is clearly separated from
the bulk drug, and can directly be quantified.

4. Conclusions
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Inter-day (n= 18)
Migration time 1.8 1.1
Peak area 2.5 1.6

inear range (�g/ml)c 2.3–50 2.2–500
0.9998 0.9999

OD (�g/ml)c 0.7 (0.05%) 0.7
OQ (�g/ml)c 2.3 (0.15%) 2.2
a At the 0.5%, m/m level of theR-form.
b Three different days.
c As rivastigmine hydrogentartrate.
A method was developed to separate and quantify thR-
mpurity inS-rivastigmine, a drug applicable for the treatm
f Alzheimer’s disease. It was based on the electropho
eparation of the analytes under acidic conditions, where
re present as cations. Enantioselective separation wa
lemented by the addition of cyclodextrins. From the
ifferent�-cyclodextrins investigated (three neutral and
egatively charged), unmodified�-cyclodextrin turned ou

o be the most favourable in terms of resolution and ana
ime, under the premise that the minorR-compound migrate
n front of the majorS-form. The constants for the compl
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formation between the analytes and the neutral cyclodex-
trins ranges in the several hundred M−1 range. The analyti-
cal parameters (precision, linear range, LOD, LOQ) make the
method well-suited for the quantitation of the enantioforms.

Note added in the proof

We would like to point out that after submission of the present
work a paper with a similar topic has been published by A.
Kavalirova et al., Anal. Chim. Acta 525 (2004) 43.
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