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Abstract

Simultaneous enantiomeric separation of verapamil and its main metabolite norverapamil was achieved using
Chiral-AGP as the stationary phase. The optimized chromatographic system was obtained using statistical experimen-
tal design with partial least squares as regression method. The three variables studied were buffer pH, content of
acetonitrile and column temperature. A high buffer pH favors enantioselectivity as well as the selectivity between
(S)-verapamil and (R)-norverapamil. The concentration of the organic modifier in the mobile phase was a
compromise as a high content of acetonitrile decreased enantioselectivity but increased the selectivity mentioned
above. Increased column temperature increased the separation between (S)-verapamil and (R)-norverapamil with only
a slight decrease in enantioresolution. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liquid chromatography is one of the most
important and most used techniques for the sep-
aration of enantiomers. Enantioresolutions have
been achieved and used for bioanalysis [1] as
well as for the determination of enantiomeric
purity [2] in pharmaceutical formulations using
chiral phases where proteins have been immobi-
lized to silica particles. A wide applicability has
been shown using a1-acid glycoprotein as the

chiral selector, and anionic [3], cationic [4] and
aprotic [5] racemates have successfully been re-
solved using the Chiral-AGP® column.

Direct separation of the enantiomers of vera-
pamil have previously been performed using
straight phase [6] or reversed phase [7] liquid
chromatography. In both these studies coupled
achiral–chiral chromatography was used to sep-
arate verapamil from its main metabolite, the
demethylated form, norverapamil. For bioanaly-
sis purposes the two enantiomers of verapamil
were successfully separated using a1-acid glyco-
protein immobilized to silica particles as the re-
solving stationary phase [7,8].* Corresponding author..
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In this work, the enantiomers of verapamil
and norverapamil were simultaneously separated
in the direct mode using Chiral-AGP and statis-
tical experimental design [9]. The multivariate
analysis calculation was made using the partial
least squares method (PLS) [10]. Model pre-
dictability was estimated by cross-validation [11].
The optimized chromatographic system has been
used for the bioanalysis of verapamil and
norverapamil [12,13].

2. Experimental

2.1. Apparatus

The chromatographic system consisted of a
Binary LC pump 250 (Perkin Elmer, Norwalk,
CT), an AS-3000 autosampler (Spectra-Physics
Analytical, San Jose, California, USA), and an
LC-detector Chrompack UV-VIS (Chrompack,
Netherlands). The Chiral-AGP® column (150×
4.0 mm, 5 mm particle size), consisting of a1-
acid glycoprotein as the immobilized protein,
was purchased from ChromTech (Stockholm,
Sweden). The temperature of the column and
solvent reservoir was maintained by a waterbath
(Grant LTD 6; Cambridge, UK). The mobile
phase flow rate was kept constant at 1.0 ml
min−1. The analyte solutions, injected twice,
and the mobile phases were all freshly prepared.
The solutes were detected at 272 nm unless oth-
erwise stated. The injection volume was 20 ml
and the sample concentration varied from 0.01
to 0.02 mM.

2.2. Chemicals

Methanol (LiChrosolv quality), 1-propanol
(p.a.) acetonitrile (gradient quality), 2-propanol
(p.a.) sodium acetate (p.a.), acetic acid (p.a.),
sodium dihydrogen phosphate (p.a.) and dis-
odium hydrogen phosphate (p.a.) were obtained
from Merck (Darmstadt, Germany). Ethanol
was bought from Kemetyl (Stockholm, Sweden).
(R,S)-, (R)- and (S)-verapamil, (R)-norvera-
pamil and (R,S)-norverapamil were kind gifts
from Knoll AG (Darmstadt, Germany).

2.3. Statistical methods

A 23 full factorial design with centerpoints was
used to examine the influence of the descriptor
variables on the chromatographic responses for
the two analytes. With three variables, the experi-
mental design included eight experiments and in
addition centerpoint experiments were replicated
three times. All experiments were performed in
random order, except for the centerpoint repli-
cates which were run in the beginning, in the
middle and at the end of the experiments.

Design and evaluation of the statistical model
were performed using the software MODDE ver-
sion 3.0 (Umetri AB, Sweden) using PLS as re-
gression method. PLS is a multivariate regression
method [10,14] that provides overview of large
data sets. It is most certainly rewarding on data
deriving from experimentation according to facto-
rial design, since such combination guarantees
accurate estimates of the coefficients in the regres-
sion equation [9], and thus inherently illuminating
and reliable loading structures projected to the
individual principal components (PCs) [10], pro-
vided they are significant [14]. The rationale of
employing PLS can be to use the regression equa-
tion for predictions [11], but interpretations from
plots deriving from the various estimates from the
individual PCs can also be informative [14,15]

Validation of the chemometric model was made
with cross-validation [11]. As a measure of the
model suitability, the fraction of the variation of
the response explained by the model and the
fraction of the variation of the response that can
be predicted by the model was calculated. In
addition a test experiment was performed and its
outcome was compared to predicted data.

The parameters used in this paper, R2 (the
fraction of variation of the responses explained by
the model) and Q2 (the fraction of variation of
the responses that can be predicted by the model),
are given by:

R2=
SSREG

SS
(1)

Q2=
1−PRESS

SS
(2)
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Fig. 1. Solute structures.

particles as the resolving stationary phase [8]. In
order to find the appropriate ranges in the experi-
mental design, mobile phase pH and type of
modifier were studied. The tested organic
modifiers were acetonitrile, methanol, 2-propanol,
1-propanol and ethanol. As acetonitrile gave the
highest enantioselectivities for verapamil and
norverapamil, this modifier was chosen for further
studies, despite the fact that higher selectivities
between (S)-verapamil and (R)-norverapamil
were observed when using methanol, 1-propanol,
2-propanol and ethanol as organic modifier in-
stead of acetonitrile (Table 1).

The complete design, with the values of the
descriptor variables, mobile phase pH (6.6–7.6),
column temperature (Te=20–40°C) and acetoni-
trile content (AC=15–25%, v/v), as well as the
responses, the capacity factors (k) and the selec-
tivity factor (a) are given in Table 2. MODDE
software (version 3.0; Umetri AB, Sweden) was
used to create the experimental design (Table 2)
and to perform the multivariate analysis. The
multivariate analysis calculation used in this soft-
ware is the PLS method. Model predictability was
estimated by cross-validation. The statistical
model, i.e. correlation between descriptor vari-
ables and the responses, was optimized to create
the best fitting.

The optimization of the statistical model is
given in Table 3. With the default settings in the
statistical program, i.e. the linear and the interac-
tion terms, a rather high explanation (R2) of the

where SSREG is the sum of squares of Y cor-
rected for the mean, explained by the model, SS is
the total sum of squares of Y corrected for the
mean and PRESS is the prediction residuals sum
of squares. R2and Q2 are used as indicative crite-
ria of the model fit.

3. Results and discussion

3.1. Design and statistical e6aluation

The strategy in the present study was to opti-
mize the enantioresolution of verapamil and its
main metabolite, norverapamil (Fig. 1), on Chi-
ral-AGP by using statistical experimental design.
Previous results found in the literature showed
difficulties in separating the enantiomers of vera-
pamil and norverapamil simultaneously when us-
ing a1-acid glycoprotein immobilized to silica

Table 1
Influence of organic modifier on selectivitya

Acetonitrile (22%, v/v) Ethanol (30%, v/v)Methanol (40%, v/v) 2-Propanol (22%, v/v)Responseb 1-Propanol (22%, v/v)

4.084.90k(RV) 4.563.086.16
5.62 4.563.086.164.79k(SV)

5.138.66 7.367.686.18k(RN)

7.82 8.66 5.13 7.36k(SN) 6.64
a1 1.171.15 1.00 1.00 1.00

1.02 1.00 1.00 1.00a2 1.07
1.41a3 1.60 1.611.671.10

a Mobile phase: phosphate buffer (pH 7.6, I=0.01). Column temperature: 20°C.
b (RV), (SV), (RN) and (SN) correspond to the (R) and (S) forms of verapamil and norverapamil, respectively. a1=kS/kR

(verapamil); a2=kS/kR (norverapamil); a3=k(RN/k(SV).
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Table 2
The statistical experimental designa

ACTe pH k(RV) k(SV) k(RN) k(SN) a1 a2 a3

6.6 9.17 11.120 10.315 11.7 1.21 1.13 0.93
6.6 7.14 8.22 8.0415 8.9140 1.15 1.11 0.98

1520 7.6 24.7 29.5 28.0 33.8 1.20 1.21 0.95
7.6 17.3 20.240 22.015 24.2 1.17 1.10 1.09
6.6 2.47 2.69 2.9025 2.9020 1.09 1.0 1.08

2540 6.6 2.41 2.41 2.77 2.77 1.0 1.0 1.15
7.6 4.50 4.96 5.9420 6.2625 1.10 1.05 1.20
7.6 3.16 3.35 5.0125 5.0140 1.06 1.0 1.50

2030 7.1 5.11 5.73 5.94 6.34 1.12 1.07 1.04
7.1 4.97 5.57 5.79 6.21 1.12 1.0730 1.0420
7.1 4.93 5.57 5.78 6.21 1.13 1.0720 1.0430

a Te, temperature in °C; AC, content of acetonitrile (%, v/v); pH, buffer pH. For other abbreviations, see Table 1.

model was obtained but the predictability of this
model was rather low (Q2) (Table 3). Values of
(R2) and (Q2) close to 1 indicate high explanation
and predictability of the statistical model [10]. The
predictability of the model increased when the
interaction terms Te×pH, Te×AC and AC×
pH were withdrawn, however, with a minor de-
crease in explanation of the mathematical model.
By transforming the capacity factors to their 10-
logarithm and excluding the interaction terms the
optimized model was obtained, Q2=0.92 and
R2=0.83. The descriptor variables giving statisti-
cal significant effects are listed in Table 4. All
capacity factors increased with increased buffer
pH and decreased with higher content of acetoni-
trile. The enantioresolution of verapamil and
norverapamil decreased by increasing the column
temperature and using high content of acetoni-
trile. However, the most critical separation (a3),
between (S)-verapamil and (R)-norverapamil in-
creased when increasing all the variables (Table
4). In fact reversal of retention order of these
compounds was observed (Table 2). Due to these
results a high mobile phase pH should be used
and pH 7.6 was chosen for the phosphate buffer.
Fig. 2 shows the modeled effects of content of
acetonitrile and column temperature on the enan-
tioselectivity of verapamil (a1) and the selectivity
between (S)-verapamil and (R)-norverapamil (a3).
Fig. 2; the data in Table 4 show that the variables
affected the two separations in opposite
directions.

3.2. Optimized chromatographic system for
separation of the enantiomers of 6erapamil and
nor6erapamil

In order to separate simultaneously the enan-
tiomers of verapamil without co-elution between
(S)-verapamil and (R)-norverapamil the content
of acetonitrile must be chosen with care. As a
compromise between the two separations, (a1) and
(a3), the content of acetonitrile was set to 22%
(v/v). The column temperature was set to 30°C
and the mobile phase buffer pH was 7.6. The
enantioseparations using the chosen chromato-
graphic system are given in Fig. 3. The obtained
chromatographic data were compared with data

Table 3
Optimization of the statistical modela

Response Descriptors Q2R2

0.85Lineark and a 0.56
Te×pH
Te×AC
AC×pH

Lineark and a 0.75 0.63

Linear 0.60log k and a 0.90
Te×pH
Te×AC
AC×pH

0.830.92Linearlog k and a

a For abbreviations see Table 2.
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Table 4
Descriptor variables giving statistical significant effects on the
responsesa

Response Significant decreaseSignificant increase

k(RV) ACpH
k(SV) ACpH

ACpHk(RN)

k(SN) ACpH
Te and ACpHa1

Te and ACa2 pH
–Te, pH and ACa3

a For abbreviations see Table 2.

was used (excitation wavelength of 232 nm and
emission wavelength 310 nm) [12,13]. A loop size of
50 ml was used and the limits of quantification
(LOQ, 9S.D.) were 5.590.3 ng ml−1 for (R)-ver-
apamil, 5.590.4 mg nl−1 for (S)-verapamil, 2.99
0.2 ng ml−1 for (R)-norverapamil and 2.990.1 ng
ml−1 for (S)-norverapamil [12]. The linearity of the
method was tested from the LOQ level up to a
concentration of 3000 ng ml−1, and correlation
factors (r) \0.998 were observed for the four
stereoisomers.

Fig. 2. Modeled effects of content of acetonitrile and mobile
phase pH.

predicted by the statistical model (Table 5). The
experimental data were in accordance with the data
predicted by the model and deviations less than 3%
were obtained.

An increase in column temperature should fur-
ther optimize the separation between (S)-verapamil
and (R)-norverapamil according to Table 4 and
Fig. 2. An increase in column temperature from 30
to 40°C increased the separation factor, a3, from 1.2
to 1.4. However, at the same time the separation
factor for the enantiomerer of verapamil, a1, de-
creased from 1.10 to 1.07 (Fig. 3). The separation
between (S)-verapamil and (R)-norverapamil
could be further optimized by decreasing the ionic
strength of the aqueous buffer in the mobile phase.
At the same time the separation factors for vera-
pamil and norverapamil increased slightly. The
ionic strength in the final chromatographic mobile
phase was set to I=0.01 (for chromatogram see
Fig. 4A).

As described above (data in Table 1), the selectiv-
ity between (S)-verapamil and (R)-norverapamil
could probably be further increased using a mixture
of organic modifiers. A mobile phase that con-
tained a mixture of phosphate buffer (pH 7.6,
I=0.01)–methanol–acetonitrile (75:5:20) was
used to demonstrate this effect (Fig. 4B). Enan-
tioresolution of verapamil and norverapamil did
not decrease by the minor addition of methanol to
the mobile phase. Mixed modifiers have previously
been used for the same reason to separate enan-
tiomers of clevidipine and structurally related com-
pounds [16].

When using the described separation method for
bioanalytical applications fluorescence detection
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Fig. 3. Improved selectivity between the enantiomers of vera-
pamil and norverapamil by increasing the column tempera-
ture. Solid phase: Chiral-AGP. Mobile phase: phosphate
buffer (pH 7.6, I=0.05)–acetonitrile (78:22).

Fig. 4. Simultaneous enantiomeric separation of the enan-
tiomers of verapamil and norverapamil. Solid phase: Chiral-
AGP. Mobile phase: phosphate buffer (pH 7.6, I=0.01) with
(A) 22% (v/v) acetonitrile, (B) 20% (v/v) acetonitrile and 5%
(v/v) methanol.

Table 5
Experimental and predicted chromatographic responsesa

Deviation (%)PredictedResponsesb Experimental

−2k(RV) 6.316.47
7.11k(SV) 6.96 −2

−0.78.31k(RN) 8.37
8.82 −0.38.85k(SN)

0a1 1.10 1.10
01.061.06a2

3a3 1.211.18

a Solid phase: Chiral-AGP. Mobile phase: phosphate buffer
(pH 7.6, I=0.05)–acetonitrile (78:22). Column temperature:
30°C.

b For abbreviations see Table 2.

4. Conclusion

Statistical experimental design was used to opti-
mize the enantioseparation of verapamil and
norverapamil on Chiral-AGP. A strategy for opti-
mization of the statistical model, using partial least
square as regression method, is presented. A high
mobile phase pH gave the best enantioseparation
as well as the best separation between (S)-vera-
pamil and (R)-norverapamil. The most critical
separation between (S)-verapamil and (R)-norver-
apamil could be controlled by column temperature.
An increased column temperature increased this
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separation with only a minor decrease in enan-
tioresolution. The enantiomers of verapamil and
norverapamil could simultaneously be separated
within 15 min using a mobile phase that consists of
phosphate buffer (pH 7.6)–acetonitrile (78:22) and
a column temperature of 20°C. The selectivity
between the last eluted enantiomer of verapamil
and the first eluted enantiomer of norverapamil
could be further increased using a mixture of
organic modifiers.
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