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Abstract

The behaviour of an «,-acid glycoprotein-based chiral stationary phase (Chiral AGP) towards changes in pH and organic
modifier in the mobile phase was investigated in order to deduce suitable conditions for the liquid chromatographic
enantioseparation of a series of B-adrenoreceptor blocking drugs. The effects of the pH of the mobile phase on retention,
selectivity and resolution were studied. Methanol was the only non-ionic modifier tested in the mobile phase while different
aliphatic carboxylic acids (C, to C,) and alkanesulfonic acids (C, to C,) were used as ionic modifiers. The influence of the
nature and concentration of these modifiers on retention and enantioselectivity was investigated. Under these conditions,
enantiomeric separations could be obtained for more than 70% of the B-blocking agents examined. The use of heptanoic acid
as an ionic additive in the mobile phase has permitted the resolution of sotalol enantiomers. An enantioselective assay for
sotalol was then developed and validated.

Keywords: Enantiomer separation; Chiral stationary phases, LC; Mobile phase composition; Sotalol; Beta-blockers;
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1. Introduction those based on the utilisation of a protein as the
chiral selector have become increasingly popular due

It is well known that the enantiomers of chiral to their wide range of applicability [1]. The Chiral-

drugs can present differences in pharmacological
activity or efficacy. Enantioselective analytical tech-
niques have therefore become more and more im-
portant in the field of drug analysis. Enantiomeric
separations are often performed nowadays by liquid
chromatography (LC). The use of chiral stationary
phases (CSPs) is by far the most popular way to
perform enantioselective LC assays.

Among the numerous CSPs currently available,

*Correspnnding author.

AGP stationary phase is obtained by immobilizing
o, -acid glycoprotein on silica [2]. This CSP was
used for the enantioselective determination of a
series of drugs in bulk form or in biological fluids
[3-16].

B-Adrenoreceptor blocking agents are well known
to be strongly affected by chirality. The chiral
separation of B-blocking drugs can be performed by
means of different chromatographic techniques, with
gas chromatography (GC), thin-layer chromatog-
raphy (TLC) or LC being the most frequently used
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techniques [17]. In LC, numerous CSPs were used
for the separation of the enantiomers of 3-blocking
drugs. Some CSPs consisted of immobilized proteins
such as bovine serum albumin (BSA) [18], «,-acid
glycoprotein  [2,6,8,10-16],  cellulobiohydrolase
[13,19,20] and ovomucoid [13,21,22]. Other ones
were based on the use of cyclodextrins {13,15,23,24]
or cellulose derivatives, especially cellulose Tris(3,5-
dimethylphenylcarbamate) [13,15,25-27], as chiral
selectors. Some Pirkle-type columns were also re-
ported to be suitable for achieving chiral separation
of B-blockers [28,29]. More recently, the enantio-
separation of B-blocking drugs was also achieved in
capillary electrophoresis (CE) by adding derivatized
cyclodextrins as chiral selectors to the running buffer
[30].

In the case of sotalol, enantiomeric separations
have been achieved in LC using different CSPs
[10,31-33] or after derivatization with a chiral
reagent [34,35]. The separation of sotalol enantio-
mers could be achieved on another chiral column
based on the immobilization of «,-acid glycoprotein
(Enantiopac) by the addition of hexanoic acid to a
phosphate buffer {10,32].

This paper deals with the enantioseparation of
eleven B-blockers by LC using a Chiral-AGP col-
umn. The influence of different parameters on re-
tention and enantioselectivity has been investigated.
In accordance with earlier observations
[12,14,16,36—41], the effects of the mobile phase
pH, the concentration of methanol and the addition
of some ionic organic modifiers, aliphatic carboxylic
acids or alkane sulfonic acids, have been studied in
order to deduce suitable conditions for the resolution
of the racemic B-blocking drugs examined.

The enantioselective method developed for sotalol
has been validated: linearity, limits of detection and
of quantitation as well as intra-day and inter-day
reproducibilities have been determined.

2. Experimental

2.1. Apparatus

The LC equipment consisted of a Model L-6200 A
pump, a Model AS-2000 A autosampler equipped

with a 100-pl loop, a L-5025 programmable column
oven and a L-4250 UV-Vis detector, all from
Merck-Hitachi (Merck, Darmstadt, Germany).

The data were collected on an IBM-compatible
computer (PC-AT; CPU type 80386) and the results
were printed on a HP deskjet 500 (Hewlett-Packard,
USA) and on a Model BD 9 recorder (Kipp &
Zonen, Delft, Netherlands). The whole chromato-
graphic system was controlled by the computer using
Merck-Hitachi D-6000 HPLC Manager software.

The pH of the mobile phase buffers was adjusted
using a Model 632 pH meter from Metrohm
(Herisau, Switzerland). The chiral LC column was a
Chiral-AGP column (100X4 mm [.D.) from Chrom-
Tech (Norsborg, Sweden) and the guard column was
a LiChroCart (4X4 mm [.D.) from Merck.

2.2. Chemicals and reagents

Acebutolol hydrochloride, atenolol, metoprolol
tartrate, oxprenolol hydrochloride and pindolol were
purchased from Sigma (St. Louis, MO, USA).
Bevantolol hydrochloride was obtained from Parke-
Davis (Bornem, Belgium). Celiprolol hydrochloride
was provided by Rorer (Brussels, Belgium), betax-
olol hydrochloride was provided by Synthelabo
(Brussels, Belgium) and metipranolol by Dr. Mann
Pharma (Berlin, Germany). Propranolol and sotalol
hydrochlorides were kindly provided by the SMB
Department of Research and Development (Brussels,
Belgium). All B-blocking drugs were in the racemic
form and used without further purification. Sodium
monohydrogenphosphate, sodium dihydrogenphos-
phate, sodium hydroxide and phosphoric acid were
of analytical-reagent quality from Merck. Butyric,
pentanoic, hexanoic, heptanoic and octanoic acids
were purchased from Sigma. Hexane-, heptane- and
octanesulfonic acids (sodium salts) were also ob-
tained from Sigma. Methanol was of HPLC grade
from Janssen Chimica (Geel, Belgium).

The analytical column was packed with a CSP
consisting of an «a,-acid glycoprotein immobilized
on silica (particle size, 5 wm) from ChromTech,
whereas the guard column was filled with LiChros-
pher 100 DIOL (particle size, 5 pm) from Merck.
The water used in all experiments was of Milli-Q
quality from Millipore (Bedford, MA, USA).
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2.3. Chromatographic systems

To study the influence of the pH of the mobile
phase and of the methanol concentration, the mobile
phases consisted of mixtures of 10 mM phosphate
buffer and methanol.

For the study of the influence of ionic organic
modifiers, the mobile phases consisted of 10 mM
phosphate buffers (pH 7.0) to which the modifier
was added. The mobile phases were adjusted to pH
7.0 with a 10% sodium hydroxide solution, if
necessary.

The mobile phase used for validation of the
method developed for the enantioseparation of
sotalol consisted of a 10 mM phosphate buffer, pH
7.0, containing heptanoic acid (15 mM). Before use,
all mobile phases were filtered through a 0.22-pm
filter and degassed for 15 min in a Sonicor SC-100-
22TH ultrasonic bath (Copiague, NY, USA).

The flow-rate was 0.9 mi/min. UV detection was
performed at 220 nm in all experiments, except for
the validation of the enantioselective assay of sotalol
(230 nm).

2.4. Standard solutions

For studies on the influence of the mobile phase
pH, methanol concentration and the nature and
concentration of ionic modifiers, stock solutions
were prepared by dissolving 30 mg of each (-
blocker in 50 ml of methanol. These solutions were
then diluted daily with water to obtain a final
concentration of 60 pwg/ml.

For the validation of the enantioselective assay of
sotalol, the stock solution was prepared by dissolving
12.5 mg of sotalol hydrochloride in 25 ml of water.
This solution was then diluted with water to give a
final concentration of 2.5 wg/ml for each sotalol
enantiomer. Solutions were then prepared for cali-
bration with final concentrations ranging from 25 to
500 ng/ml for each sotalol enantiomer.

3. Results and discussion
3.1. Influence of the pH of the mobile phase

The influence of the pH of the mobile phase was

studied using all B-blockers (see Fig. 1) as model
compounds.

In the pH range studied, all B-blockers are essen-
tially present in the cationic form. Indeed, the pK,
values of these compounds are approximately nine.

The influence of the pH of the mobile phase on the
retention of different B-blockers, except oxprenolol,
is shown in Table 1. An increase in the mobile
phase’s pH causes a strong increase in the capacity
ratios of both enantiomers of each B-blocker tested.
This increase in retention is much more pronounced
on Chiral-AGP than on octadecylsilica stationary
phases, the first eluting enantiomers often being 30—
50 times more retained at pH 7.0 than at pH 4.5.
This could be explained by conformational changes
in the immobilized protein, induced by the pH
changes in the mobile phase [14,16,41].

The effect of the pH of the mobile phase on
enantioselectivity is also presented in Table 1. The
increase of the mobile phase pH improves the
enantioselectivity for some B-blockers, such as
bevantolol, pindolol or metipranolol, but it should be
noted that no enantiomeric separation was observed
for acebutolol, betaxolol or sotalol when this param-
eter was modified. Under these conditions (methanol
concentration=15%), atenolol and celiprolol were
not enantioseparated, however, a slight resolution
was obtained for these two compounds when the
methanol concentration was less than 15% (see Table
2).

3.2. Influence of methanol concentration

The influence of methanol concentration was
investigated on all B-blockers, except oxprenolol.

The effect of methanol concentration on retention
and enantioselectivity is shown in Table 2. An
increase in methanol concentration causes a decrease
in the retention of both enantiomers for each (-
blocker tested. The decrease in retention was found
to be particularly pronounced in the lower con-
centration range of methanol, as generally observed
in reversed-phase high-performance liquid chroma-
tography (HPLC).

An increase in methanol concentration also leads
to a decrease in enantioselectivity for all 3-blockers
tested (Table 2). However, the decrease in enantio-
selectivity is more important for metoprolol than it is
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Fig. I. Chemical structures of the B-blockers that were examined.

for other B-blockers, such as metipranolol, pindolol
or propranolol. The effect of methanol concentration
on enantioselectivity therefore seems to vary with the
compound examined, which could be explained by
the presence on the CSP of different kinds of binding
sites, chiral and non-chiral, for which methanol can
compete with the analytes [2,38].

3.3. Optimisation of enantiomeric separations for
B-blocking agents

On the basis of these observations, many enantio-

meric  separations of B-blocking drugs could be
achieved.

The initial pH of the mobile phase should be high
enough to provide suitable retention of the com-
pound being tested. The enantiomeric resolution can
then be optimized by a further increase of the pH.

The methanol concentration also plays an im-
portant role, especially for regulating retention at the
optimum pH.

By optimizing these two parameters, 70% of the
B-blockers tested could be at least partially enan-
tioseparated. The corresponding chromatographic
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Table 1
Influence of the pH of the mobile phase on retention, enantioselectivity and resolution
pH Value
4.5 5.5 6.5 7.0
Acebutolol k, 0.22 1.5 4.1 5.1
« _ _ _ _
R‘ — — — p—
Atenolol k; ND 0.83 23 2.7
o ND - - —
R ND
Betaxolol k; 0.39 27 94 13.8
a _ _ _ _
R‘ —_— — - —_
Bevantolol k, 1.1 4.7 26.0 53.6
o - 1.09 1.17 1.39
R, - <0.7 0.95 28
Celiprolol k; 0.22 1.8 49 7.0
« - — _ _
R.\ - - - -
Metipranolol k; 0.74 48 18.6 377
a 1.12 1.27 1.34 1.34
R, <0.7 1.5 23 2.5
Metoprolol k| 0.04 1.26 3.50 4.61
a - - 1.11 1.15
R, - - <0.7 <0.7
Pindolol k; 0.56 33 12.7 18.6
@ - 1.08 1.12 1.16
R, - <0.7 <07 1.3
Propranolol k; 34 25.4 retention retention
o 1.08 1.13 times >75 min times >75 min
R, <0.7 0.97
Sotalol k, ND 1.1 2.5 2.7
a ND - -
R ND - — -

Chromatographic conditions: 10 mM phosphate buffer—methanol (85:15, v/v). k; =Capacity ratio of the first eluting enantiomer:;
@ =enantioselectivity; R, =tesolution; ND =not determined; — =no visible enantioselectivity or resolution.

conditions are given in Table 3 and some examples
of enantiomeric separations are shown in Fig. 2. No
chiral resolution was observed for acebutolol, betax-
olol and sotalol under these conditions.

3.4. Influence of the nature and concentration of
ionic organic modifiers

The influence of the nature and concentration of
anionic modifiers such as aliphatic carboxylic acids
and alkanesulfonic acids was investigated using
sotalol as a model compound (since the enantiomers

of this compound could not be separated by changing
only the pH and methanol concentration in the
mobile phase).

Because of the low retention of sotalol on Chiral-
AGP, these experiments were performed with a 10
mM phosphate buffer (pH 7.0) as the mobile phase,
to which anionic modifiers were added.

No chiral separation was achieved for sotalol by
the addition of alkanesulfonic acids (5-30 mM).
However, it should be noted that an increase in the
concentration of alkanesulfonic acids caused the
retention of sotalol enantiomers to decrease while the
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Table 2
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Influence of methanol concentration on retention, enantioselectivity and resolution

Concentration of methanol (%)

0 5 10 15 20 25

Acebutolol” k; 229 1.0 6.9 5.1 4.1 ND

@ - - - - ND

R, - - - - ND
Atenolol” k) 4.4 33 3.1 2.7 25 ND

o 1.25 .11 - - - ND

R, <0.7 <0.7 - ND
Betaxolol” k; 13.8 4.8 3.7 27 2.0 1.7

@ - - —

R\ — — — — —
Bevantolol® k; retention retention retention 53.6 284 17.8

3 times >75 min times > 60 min times >60 min 1.39 1.33 1.22

R, 2.3 2.2 15
Celiprolol* k) 434 19.2 10.7 7.0 5.0 ND

a 1.95 - - ND

R, <0.7 - - - - ND
Metipranolol” k, ND 1.1 7.4 48 3.0 23

a ND 1.35 1.34 1.27 1.23 1.17

R, ND 1.9 2.0 1.5 1.3 0.81
Metoprolol* k; 21.1 10.2 6.2 4.6 37 ND

a 1.55 1.31 1.25 1.15 1.09 ND

R, 1.9 1.2 0.94 0.71 <0.7 ND
Pindolol® k| 16.2 5.8 44 3.3 2.7 2.4

a 1.12 1.10 1.10 1.08 - -

R, <0.7 <0.7 <0.7 <<0.7 - -
Propranolol” k; retention 729 40.7 254 12.3 8.1

@ times >90 min 1.14 1.20 1.13 1.11 1.05

R, 1.2 1.6 0.97 0.71 <0.7
Sotalol® k| 3.56 3.00 2.74 2.65 2.65 ND

@ - - - - ND

R - - - - - ND

Chromatographic conditions: (*) 10 mM phosphate buffer (pH 7.0)-methanol; (") 10 mM phosphate buffer (pH 5.5)-methanol;
| =capacity ratio of the first eluting enantiomer; a =enantioselectivity; R =resolution; ND=not determined; — =no visible enantio-

selectivity or resolution.

Table 3

Chromatographic conditions for the enantioseparation of B-blockers on Chiral-AGP

B-Blocker Selectivity Resolution Chromatographic conditions

Atenolol 1.25 0.70 Phosphate buffer, pH 7.0

Bevantolol 1.22 1.5 Phosphate buffer (pH 7.0)~methanol (75:25, v/v)
Celiprolol 1.05 <0.70 Phosphate buffer, pH 7.0

Metipranolol 1.34 1.7 Phosphate buffer (pH 6.5)-methanot (80:20, v/v)
Metoprolot 1.31 1.2 Phosphate butfer (pH 7.0)-methanol (95:5, v/v)
Oxprenolol 1.28 1.8 Phosphate buffer (pH 7.0)-methanol (70:30, v/v)
Pindolol 1.16 1.3 Phosphate buffer (pH 7.0)-methanol (85:15, v/v)
Propranolol 1.20 1.6 Phosphate buffer (pH 5.5)-methanol (90:10, v/v)
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Fig. 2. Chiral separation of B-blocking drugs on Chiral-AGP. (a) Bevantolol, (b) metipranolol, (c) metoprolol, (d) oxprenolol and (e)
pindolol. See Table 3 for chromatographic conditions.
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length of the aliphatic chain did not seem to have
any significant influence on retention.

On addition of aliphatic carboxylic acids (5-50
mM), an increase in the concentration of these acids
was also found to cause a decrease in the capacity
ratios of sotalol. As in the case of the alkanesulfonic
acids, the length of the aliphatic chain had no
significant influence on retention. These observations
indicate that the effects of these anionic modifiers are
widely different from those observed with the same
kind of compounds in reversed-phase ion-pair chro-
matography.

The influence of the nature (chain length) and
concentration of the aliphatic carboxylic acids on
enantioselectivity is demonstrated in Fig. 3. The
addition of octanoic acid did not lead to the enantio-
separation of sotalol, while with the other aliphatic
carboxylic acids that had shorter alkyl chains (C, to
C,) resolution of sotalol enantiomers was obtained.
For butanoic and pentanoic acids, the highest con-
centration (50 mM) seems to be the most favourable

Enantioselectivity

for the enantioseparation. In the case of carboxylic
acids with longer chain lengths, maximum selectivity
is obtained in lower concentration ranges (20-50
mM for hexanoic acid and 10-30 mM for heptanoic
acid).

The effects of aliphatic carboxylic acids on res-
olution are quite similar to those observed for
enantioselectivity. It is interesting to note, however,
that the highest resolution value was obtained by
using heptanoic acid as the anionic modifier at a
concentration of 15 mM. The separation of sotalol
enantiomers under these chromatographic conditions
is shown in Fig. 4. It should be noted that in a
previous study [10] performed on the Enantiopac
column, the addition of pentanoic acid did not give
rise to any resolution of sotalol enantiomers. More-
over, the resolution values obtained with the Chiral-
AGP column are higher (1.9 on the Enantiopac
column with 50 mM hexanoic acid and 2.2 on the
Chiral-AGP column with 15 mM heptanoic acid).

Some other (3-blocking drugs that had not been

Concentration (mM)

Fig. 3. Influence of the nature and concentration of aliphatic carboxylic acids on enantioselectivity in the case of sotalol. Chromatographic
conditions: 10 mM phosphate buffer (pH 7.0) containing an aliphatic carboxylic acid. (#) Butyric acid; (B) pentanoic acid; ((]) hexanoic

acid; () heptanoic acid; (+) octanoic acid.
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0.008 AU

v ! 1 1 t
0 2 4 6 8 min

Fig. 4. Enantiomeric separation of sotalol. Chromatographic
conditions: 10 mM phosphate buffer, pH 7.0, containing 15 mM
heptanoic acid.

enantioseparated in previous experiments (see Tables
1 and 2) were tested under the same conditions, i.e.,
betaxolol and acebutolol, as well as atenolol, celip-
rolol and metoprolol.

The influence of the nature of the five carboxylic
acids on enantioselectivity for these (-blockers is
shown in Fig. 5, with all of the carboxylic acids
being added at the same concentration (10 mM).
When octanoic acid was added to the mobile phase,
no chiral separations were obtained. This was even
the case for atenolol or metoprolol which were
enantioseparated with mobile phases devoid of
anionic modifiers. For these two compounds, enan-
tioselectivity has a tendency to decrease as the length
of the aliphatic chain increases. In the case of
celiprolol, enantioselectivity is only slightly affected
by the addition of carboxylic acids, from C, to C,.
On the other hand, the addition of aliphatic car-
boxylic acids has not led to the enantioseparation of
acebutolol and betaxolol. A very favourable effect on

enantioselectivity was only observed for sotalol. This
could be related to the particular structure of this
compound, which is somewhat different from that of
the other B-blockers (Fig. 1).

3.5. Validation

The stereospecific assay of sotalol enantiomers
was validated by studying linearity, limits of de-
tection and quantitation and reproductibility. The
linear regression analysis made by plotting the peak
area (y) versus the analyte concentration (x) in ng/
ml was studied at & different concentrations with n
measurements at each concentration. The following
equations were obtained (concentration range: 25—
500 ng/ml; k=6, n=3):

first eluting enantiomer: y = 29.21x — 132.44

second eluting enantiomer: y = 31.33x — 222.11

The determination coefficients (rz) of the regression
lines obtained for both enantiomers indicate that the
relationship between the response and the analyte
concentration is linear in the concentration range
studied (r>=0.9986 for the first eluting enantiomer
and 0.9970 for the second eluting enantiomer).

The limits of detection (LOD) and of quantitation
(LOQ) for the two enantiomers were calculated from
regression lines [42]. The LODs were estimated to
be 7.8 and 11.5 ng/ml, respectively, for the first and
the second eluting enantiomer. The LOQs were
estimated to be 25.9 and 38.3 ng/ml, respectively.

Table 4 presents the results obtained for intra-day
and inter-day reproducibilities. The intra-day repro-
ducibility was investigated at three different analyte
concentrations and inter-day reproducibility was
studied at five different concentrations. In each case,
relative standard deviations (R.S.D.s) were found to
be quite acceptable.
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Fig. 5. Influence of the nature of aliphatic carboxylic acids on the enantiomeric separation of some other B-blocking drugs. Chromatographic
conditions: 10 mM phosphate buffer, pH 7.0, containing an aliphatic carboxylic acid (10 mM). (B) Atenolol; (0J) metoprolol; (+)

acebutolol; (#) sotalol; (X ) betaxolol; ({>) celiprolol.

Table 4

Within-day and between-day reproducibilities for sotalol enantiomers

Reproducibility Concentration First enantiomer eluted Second enantiomer eluted
(ng/ml) (R.S.D., %, n=5) (RS.D., %; n=5)
Within-day 50 I.1 1.4
250 0.38 0.47
500 0.37 0.67
Between-day 50 7.8 4.6
125 27 35
250 24 2.1
375 1.4 1.3
500 2.0 2.4
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