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a b s t r a c t

Capillary electrophoresis (CE) coupled to tandem mass spectrometry was applied to the chiral separation
of baclofen using sulfobutylether-�-cyclodextrin chiral selector in partial filling counter current mode.
On-line UV detection was simultaneously used. Method optimization was performed by studying the
effect of cyclodextrin and BGE concentration as well as sheath liquid composition on analyte migra-
tion time and enantiomeric resolution. The cyclodextrin showed stereoselective complexation towards
baclofen enantiomers, allowing chiral resolution at low concentration. The CE capillary protrusion from
the ESI needle relevantly affected the chiral resolution and the analyte migration time. Complete enan-
Chiral separation
Baclofen
Cyclodextrin

tiomeric separation was obtained by using 0.25 M formic acid BGE containing 1.75 mM of chiral selector
and water/methanol (30:70, v/v) 3% formic acid as sheath liquid. The method exhibited a LOD of 0.1 �g/mL
(racemic concentration) in MS3 product ion scan mode of detection and was applied to the analysis of
racemic baclofen in pharmaceutical formulations.
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. Introduction

Baclofen (4-amino-3-p-chlorophenylbutyric acid) is a chem-
cal analogue of �-amino-butyric acid (GABA) used as skeletal

uscle relaxant for the treatment of spasticity or multiple scle-
osis. Its molecule contains a chiral center and thus exists in two
nantiomeric forms (Fig. 1). Baclofen is administered as racemic
ixture drug, although only the R-(−)-enantiomer is stereospecif-

cally active on the GAGAB-receptors [1,2]. The enantiomeric forms
f baclofen showed different pharmacodynamic and toxicologi-

al properties. It was reported that R-(−)-enantiomer is 100-times
ore active than the S-(+)-enantiomer, but also more toxic

2–4].
The analytical methods so far used for the separation

f baclofen enantiomers include gas chromatography [5], liq-

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author.
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id chromatography [1,2], liquid chromatography/tandem mass
pectrometry [6] and capillary electrophoresis [7–18]. One
aper reports the determination of baclofen enantiomers using
otentiometric membranes electrodes based on maltodextrins
19].

Capillary electrophoresis (CE) is a powerful analytical tech-
ique in the field of enantiomeric separation, however only few
apers report the use of chiral CE coupled to mass spectrometry
etection [20,21]. The direct mode of enantiomeric separation is
he mostly used, allowing the formation of labile and reversible
iastereoisomeric complexes during the run. The chiral selec-
or is simply dissolved in the running buffer in few quantities

aking possible the use of expensive chiral selectors at low
osts.

Chiral separation of baclofen was first obtained by CE in �-
yclodextrin modified MEKC at neutral pH and UV detection
fter 1-cyano-2-substituted-benz[L]isoindol derivatization [7] and

ater with �-cyclodextrin [8] and highly sulfated �-cyclodextrin
9] at alkaline pH after naphtalene-2,3-dicarboxyaldehyde (NDA)
erivatization. In the last two papers LIF detection was used
llowing a limit of detection of baclofen in plasma of 10 ng/mL
nd 50 nM concentrations, respectively. The stereoselective

http://www.sciencedirect.com/science/journal/15700232
mailto:claudia.desiderio@icrm.cnr.it
dx.doi.org/10.1016/j.jchromb.2008.07.001
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(5 bar × 2 min); (2) 0.1 M sodium hydroxide (5 bar × 20 min); (3)
water (5 bar × 5 min). Between runs the capillary in use was rinsed
Fig. 1. Molecular structure of baclofen. *Chiral center.

eparation of baclofen in multichannel microfluidic chips with
- and hydroxypropyl-�-cyclodextrins as chiral selectors after
erivatization with fluorescent tag (FITC) was recently published
10].

Direct chiral resolution of underivatised baclofen enantiomers
as obtained in CE by using different native [11,12] and uncharged
odified cyclodextrins [13–15], charged crown ether [16] and

yclodextrins/crown ether combination [17]. All these methods
sed UV detection but only one reported the limit of detection
LOD) corresponding to 0.1 mg/mL for baclofen [12]. Recently,
ighly sulfated cyclodextrin were used for the separation of
aclofen enantiomers at acidic pH in counter current mode. A
ethod LOD and LOQ in UV of 0.13 and 0.5 �g/mL, was respec-

ively reported [18]. The sulfobutylether-�-cyclodextrin was tested
s chiral selector for baclofen enantiomers only in one paper and
rovided only a partial resolution [12].

To our knowledge no papers report the chiral and/or achiral
nalysis of baclofen by CE in coupling with mass spectrometry
etection (CE–MS). The CE–MS coupling expands the applicability
f CE technique in drug analysis allowing obtain sensitive detec-
ion together with molecular mass and structural information of
he analytes [22–25]. With respect to the numerous CE–MS appli-
ations recently reported in the field of analysis of pharmaceuticals
nd metabolites, only a few are enantioselective methods, proba-
ly due to the incompatibility of the chiral selectors with the MS
nalytes ionization and detection [24,26].

The use of chiral selectors of opposite charge of the analyte
llows to perform enantiomeric separation in partial filling counter
urrent mode (PFCC). The partial filling technique (PFT) was first
ntroduced by Valtcheva et al. [27] and successfully applied in CZE
o increase the detection sensitivity when using chiral selector
ith strong UV absorption [28–31]. In PFT only part of the cap-

llary is filled with the chiral selector that is never reaching the
etection path. In the counter current mode the chiral selector
nd the analytes due to the opposite charge migrate in opposite
irection, offering a powerful enantioselective capability at low
oncentration [27,32,33]. As reviewed [34–36], PFCC is particularly
dvantageous in CE–MS to perform chiral separations avoiding MS
etector contamination.

Aim of this paper was to develop a new and high specificity
nalytical method by CE in coupling with tandem mass spectrom-

try detection for the separation of baclofen enantiomers using
ulfobutylether-�-cyclodextrin (SBE�CD) as chiral selector in par-
ial filling counter current mode (PFCC).
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. Experimental

.1. Chemicals

Methanol LC–MS was purchased from Riedel-de Haën,
igma–Aldrich Laborchemikalien GmbH, Seelze, Germany. Ultra-
ure water was obtained from P.Nix Power System apparatus,
uman, Seoul, Korea. Formic acid, Baker analysed, 98%, was from
allinckrodt Baker B.V. (Deventer, Holland). Sodium hydroxide pel-

ets, pro-analysis, and hydrochloric acid 37% GR were from Merck,
armstadt, Germany. (±)-Baclofen and S-(−)-baclofen hydrochlo-

ide reference standards were from Sigma–Aldrich (St. Louis,
O, USA). Advasep® �-cyclodextrin sulfobutyl ether 4 (SBE�CD),

odium salt, substitution degree 5.5, was from CyDex Pharmaceu-
icals, Inc., Lenexa, USA. The stock (1 mg/mL) solutions of baclofen
acemic mixture and pure S-enantiomer were prepared in 10 mM
ydrochloric acid water solution and stored at 4 ◦C (1-month
eriod) or −20 ◦C for period longer than 1 month. Further dilu-
ions were made by water. l-Tyrosine (l-Tyr) from Pierce Chemical
o (Rockford, IL, USA) was used as internal standard (IS). Concen-
rated (1 mg/mL) l-Tyr solutions were prepared in 20 mM NaOH
nd diluted with water.

.2. Apparatus

Capillary electrophoresis automated apparatus was from Agi-
ent Technologies (Waldbronn, Germany) equipped with diode
rray UV detector and external nitrogen pressure. The CE apparatus
as coupled to the Esquire 3000 plus mass spectrometer (Bruker
altonics, Bremen, Germany) via a coaxial sheath liquid electro-

pray ionization (ESI) interface (Agilent Technologies, Waldbronn,
ermany). The sheath liquid was delivered by an external syringe
ump (Cole Palmer, Vernon Hills, IL, USA) at a constant flow rate of
80 �L/h. Nebulizing and drying gas (nitrogen) were set at 6.0 psi
nd 4.0 L/min, respectively. Dry gas temperature was 300 ◦C. Mass
pectrometry capillary voltage was 4000 V. Separations were per-
ormed in 50 �m I.D., 375 �m O.D. fused silica uncoated capillaries
Composite Metal Services, Hallow, Worcs., UK) of total length of
9.5 cm. Effective length was 21.5 cm for UV detection and 79.5 cm
or MS detection.

Tandem mass spectrometry (MS2) detection of the analytes was
erformed in product ion scan mode by activating the Multiple
eaction Monitoring (MRM) windows using an isolation width of
4.0 m/z and fragmentation amplitude of 1.0 V in positive ioniza-

ion and normal resolution scan. When MS3 detection was used the
elected fragments isolation width was 3.0 m/z with fragmentation
mplitude of 1.0 V. The acquisition of the MS2 or MS3 extracted ion
urrent (EIC) signals was made in 50–300 m/z mass range using a
aximum accumulation time of 100 ms and a set target value of

0,000 and by activating the ion charge control (ICC) function. The
S was detected in MS2 product ion scan mode.

The temperature of the CE–MS assembly cartridge was set at
5 ◦C. The CE running voltage was 25 kV (positive polarity). Samples
ere injected at the anodic end at 50 mbar × 10 or 20 s followed by
GE injection at 50 mbar × 15 s. Formic acid solutions at different
oncentrations were used as BGE and were daily prepared. Different
ater/methanol (v/v) mixtures containing formic acid were used as

heath liquid solutions.
Before starting with CE experiments, new capillaries

ere conditioned using the following procedure: (1) water
ith water (5 bar × 1 min) and BGE (5 bar × 1.5 min) and partially
lled with the BGE containing the chiral selector at lower pressure
flush function, about 940 mbar) × 1.1 min, corresponding to a
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Fig. 2. UV spectrum of baclofen.

apillary filled length of 70 cm. Every four runs the capillary
as rinsed with water (5 bar × 0.5 min), 0.1 M sodium hydroxide

5 bar × 0.7 min) and water (5 bar × 0.7 min).

.3. Preparation of the BGE and the chiral selector

In order to increase method repeatability and to avoid errors
ue to the daily weight of few cyclodextrin milligrams, a study was
erformed to investigate the stability of SBE�CD aqueous work-

ng solutions during 4 days of storage at −20 ◦C and 5 days at 4 ◦C.
ach day six samples of SBE�CD solution containing the double
oncentration in use, e.g. three stored at 4 ◦C and three at −20 ◦C
ere diluted with the BGE and checked for the enantiomeric res-

lution of baclofen enantiomers. The repeatability of Rs for n = 15
otal analysis (4 ◦C) and n = 12 (−20 ◦C) showed RSD values of 6.62%
nd 6.81%, respectively. It was concluded that the aqueous solution
f SBE�CD was stable for 5 days at 4 ◦C. In our study the cyclodextrin
olution was then weekly prepared and stored accordingly.

.4. Analysis of pharmaceutical formulation: sample preparation

Samples from two different pharmaceutical preparations com-
ercially available containing 10 and 25 mg tablet baclofen content
ere prepared by weighting, crushing and mixing three tablets for
ach preparation. An aliquot of 15 mg of the resultant powder was
issolved in 10 mL of 10 mM HCl solution and extracted by mag-
etic stirring for 10 min at room temperature followed by ultrasonic
ath for 5 min. The solution was therefore vortex mixed, filtered
0.45 �m, nylon filter) and the filtrate stored at −20 ◦C. Before the

l
a
M
w
M

Fig. 3. MS2 and MS3 production
r. B 875 (2008) 280–287

nalysis the extract was thawed at room temperature, vortex mixed
nd added of the IS (l-Tyr, final concentration 5 �g/mL) before 1:50
ilution with water.

. Results and discussion

With respect to the chromatographic method were UV wave-
engths not lower than 220 nm are commonly used, CE can improve
he limit of detection of aromatic molecules due to its compatibil-
ty with as low UV wavelengths as 195 or 200 nm. Particularly for
aclofen, the use of 195 nm wavelength can increase its detectabil-

ty in accordance with its UV absorption. In fact, as it can be
bserved in Fig. 2, the baclofen UV spectrum shows two maximum
bsorption wavelengths at 195 and 220 nm, 195 nm being more
han two times higher. Alternatively to UV, the use of high sensitiv-
ty detectors (e.g. LIF), derivatization procedures or MS detection
an be applied. The use of MS can strongly increase the analytes
etection sensitivity due to its high specificity, especially in MS/MS
etection scan mode.

In this paper CE in coupling with ion trap mass spectrometry
as for the first time applied for optimizing the chiral separation
f baclofen using the negatively charged SBE�CD as chiral selector
n PFCC mode. On-line UV detection was also simultaneously used,
owever the UV and MS detection path lengths were remarkably
ifferent, e.g., 21.5 and 79.5 cm, respectively.

Preliminary experiments of CE–MS for the analysis of baclofen
ere performed in 0.5 M formic acid in positive polarity and full

can positive ESI ionization in absence of chiral selector. According
o its pKa value of 3.9 [37], under these conditions the baclofen was

igrating as positively charged compound towards the cathodic
nd of the capillary coupled to the ion-trap spectrometer via a coax-
al sheath liquid interface. A mixture of water/methanol (30:70, v/v)
ontaining 0.1% formic acid was used as sheath liquid solution at
flow rate of 180 �L/h. MS capillary voltage was set at 4000 V in
ositive ESI ionization mode.

The use of ion trap MS allowed to increase the method selectivity
y using MS2 or MS3 product ion scan modes. Fig. 3 shows the MS2

nd MS3 spectra of baclofen. In the MS2 spectra of baclofen the
ain fragment ion at m/z 196.9 was corresponding to the neutral
oss of ammonia from the parent ion at m/z 214.2. The isolation
nd fragmentation of the product ion at m/z 196.9 generated the
S3 fragments at m/z 178.9 and 151.1 by the further neutral loss of
ater and formic acid, respectively. During method optimization
S2 detection was used.

ion spectra of baclofen.
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ig. 4. Effect on baclofen enantiomeric resolution (Rs) of SBE�CD concentration
panel a) and BGE formic acid concentration (panel b) in MS detection, and of sheath
iquid formic acid concentration in both UV and MS detection (panel c). Baclofen
acemic concentration 4.0 �g/mL. For the experimental conditions see Section 2.

In order to separate baclofen enantiomers the direct mode of
hiral separation was used by dissolving into the BGE the SBE�CD
nd using the partial filling mode (PF) of separation. The SBE�CD
ossesses a negative charge in the entire pH range opposite to
hat of baclofen at acidic pH. In PF only part of the capillary was
lled with the chiral selector during the pre-run conditioning. Once
he voltage was applied in positive polarity mode, the SBE�CD
as migrating in the opposite direction of baclofen (counter cur-

ent mode) far from the MS capillary outlet end, avoiding source
ontamination and analyte signal suppression during ionization.
he use of a chiral selector of opposite charge of the analytes
s suitable for CE–MS applications and is particularly effective
n resolving enantiomers by using very few quantities of chiral
elector.

Chiral resolution (Rs) was calculated by using equation (1):
s = 2
tm2 − tm1

w2 + w1
(1)

here tm and w are the migration time and the peak width of the
nantiomers at the base, respectively.

w
c
c
c
t
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The SBE�CD was added to the 0.5 M formic acid BGE at
.5 mM concentration. Although the low chiral selector con-
ent, the baclofen enantiomers showed a different complexation
hat resulted in a significant but not baseline chiral resolution
Rs = 0.86). To increase the Rs, the formic acid content of the sheath
iquid was increased to 2% (v/v). With respect to the 0.1%, the 2% of
ormic acid produced a slight increase of the chiral separation and
as therefore selected for further investigations.

The optimization of the method to obtain the complete enan-
iomeric separation of baclofen required the careful investigation
f the effect of several parameters influencing either the CE sepa-
ation or the MS detection, e.g., the effect of cyclodextrin and BGE
oncentration, the sheath liquid composition, partial filling length,
etection scan mode and capillary exit length. The use of both the
V and MS detection on the same analytical run was important in
videncing the critical parameters involved in the optimization of
hiral separation by CE–MS methods.

.1. The effect of chiral selector concentration

The effect of SBE�CD concentration on Rs was studied in the
ange 0.5–3.0 mM (e.g., 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mM) in PF
ode by filling 70 cm capillary length. In UV electropherograms

he electroosmotic flow (EOF) baseline disturbance could also be
onitored. The increase of the SBE�CD concentration produced

he increase of the EOF and baclofen migration times, probably
ue to both the increase of the BGE viscosity and chiral selector
omplexation (data not shown).

Fig. 4(panel a) shows the effect of SBE�CD on Rs in MS detection.
nantiomeric resolution was not observed at 0.5 mM of SBE�CD.
t 1.0 mM SBE�CD the Rs was 0.74 and increased up to 1.05 at
.5 mM (maximum value of Rs observed). At 3.0 mM resolution was
ompletely lost. The same effect was observed in UV detection, con-
idering that a lower Rs was always recognized due to the shorter
etection path length. By increasing the cyclodextrin concentra-
ion the analytical windows between the baclofen peak and the EOF
V disturbance become shorter due to the analyte chiral selector
omplexation. As a result the baclofen cationic mobility decreased
p to be almost completely lost at 3.0 mM where the peak was
o-migrating with the EOF baseline disturbance (data not shown).
he higher cyclodextrin concentration increased the complexation
egree producing a prolonged residence time of the analyte into the
hiral selector resulting in longer baclofen migration time. Being
he chiral selector of opposite charge of the analyte, the inclu-
ion mechanism produced a decrease of the cationic mobility of
aclofen. At higher SBE�CD concentrations a reversed mobility
ould be expected. However, concentrations higher than 3.0 mM
ere not investigated due to the strong increase of the BGE current

ncompatible with the maximum current limit allowed (e.g. 50 �A)
or CE–MS methods in the instrument in use.

The observance of a maximum of Rs in a selected range of
hiral selector concentration is common using cyclodextrins [38].
t 3.0 mM SBE�CD the observed loss of Rs was probably due to
oth the decrease of the baclofen mobility and its co-migration
ith the EOF that negatively influenced the counter current chi-

al recognition process based on both inclusion complexation and
ntermolecular Coulomb interactions [33].

Although 2.0 and 2.5 mM chiral selector concentrations showed
he highest values of Rs, they were not selected for investigating
ther effects because at these concentrations the baclofen peaks

ere too close to the EOF disturbance and, in addition, the CE

urrent was too high to study other effects, e.g. the effect of BGE con-
entration. For this reason 1.5 mM (Rs = 0.80) was the cyclodextrin
oncentration selected to investigate the effect of the BGE concen-
ration and sheath liquid composition.
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.2. The effect of BGE concentration

Different formic acid aqueous solutions at 0.05, 0.10, 0.25, 0.50,
.75 and 1.0 M concentrations were tested as BGE in presence
f 1.5 mM of SBE�CD. Fig. 4 (panel b) shows the effect of BGE
oncentration on Rs in MS detection. At 0.05 M formic acid the
aclofen did not exhibit enantiomeric resolution. From 0.10 to 1.0 M
f formic acid the enantiomers showed a separation with a maxi-
um of Rs at 0.25 M. The same effect on Rs was also observed in
V detection. In UV it was additionally observed that the decrease
f the formic acid concentration produced a decrease of baclofen
obility (data not shown). Differently, the EOF migration time
as not influenced by the change in formic acid concentration.

he faster migration of baclofen at higher formic acid concentra-
ions, probably due to its increased dissociation, reduced the time
f interaction between the cyclodextrin and the analyte result-
ng in lower enantiomeric resolution. At 0.05 M the baclofen and
he EOF were co-migrating and, as result, the enantiomers were

nresolved.

The 0.25 M formic acid BGE provided the highest Rs in presence
f 1.5 mM SBE�CD, however the chiral resolution was not baseline
till. Under these conditions the increase of SBE�CD concentration
o 2.0 mM did not further improve the Rs.

c
c
r
o
0

able 1
ntra- and inter-day precision and accuracy data

nalyte Calibration level Nominal concentration
(�g/mL)

Intra-assay pr
(n = 6 runs)

S.D. R

-Baclofen 2 0.2 0.02 5
4 0.4 0.03 4

-Baclofen 2 0.2 0.02 6
4 0.4 0.01 2
separation in UV and MS detection at +1 (A and E), +2 (B and F), +3 (C and G) and +4
electropherograms: 214.2 → 196.9 → 151.2 + 179.0. Baclofen racemic concentration
2.

.3. The effect of formic acid sheath liquid content

The role of the sheath liquid is to provide both the electrical
ontact with the capillary during CE and the analyte electrospray
onization in the source and is strongly influencing the peak effi-
iency and the sensitivity, by a dilution process of the CE eluate. Its
hoice is one of the most important parameter influencing the MS
etection of the analytes but also their CE separation and migra-
ion times due to the possible formation of ionic boundaries [39].
n this work a water/methanol (30:70, v/v) mixture was selected as
heath liquid solution in absence or in presence of different formic
cid concentrations, namely, 0.1, 0.5, 1.0, 2.0 and 3.0% (v/v). Fig. 4
panel c) shows the effect of sheath liquid formic acid content on Rs
n UV and MS detection. In absence of formic acid the UV Rs was just
isible but not measurable. It slightly increased (Rs = 0.57) by the
ddition of 0.1% formic acid and did not exhibit a strong improve-
ent at higher content of formic acid (Rs = 0.63 at 3.0% formic acid).

he analytes migration time increased from 0 to 0.1% formic acid

ontent and then remained unchanged at all the other formic acid
oncentrations studied (data not shown). The same effect was also
ecognized for the EOF peak. In MS detection a different effect was
bserved. The analyte migration time showed a slight increase from
to 0.5% of formic acid and than a slight decrease from 0.5 to 3%

ecision Intermediate precision
(n = 5 days)

Intra-assay accuracy

SD (%) S.D. RSD (%) Value (%) ±S.D. RSD (%)

.09 0.02 7.34 99.3 ± 5.1 5.09

.30 0.03 3.99 96.8 ± 4.1 4.30

.25 0.01 1.54 93.1 ± 5.8 6.25

.42 0.04 6.26 85.2 ± 2.1 2.42
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heath liquid: 70% methanol, 3% formic acid. Capillary exit at +3. Sample injection
3.75 �g/mL racemic concentration in the standard mixture). For other experimenta

data not shown). In MS detection baclofen Rs was observed both
n absence and in presence of formic acid. It increased from 0.63 to
.82 at 0 and 0.5% formic acid, respectively, and then exhibited an
lmost stable value showing a slight maximum (Rs = 0.84) at 3.0%.

The main effect of formic acid addition was observed on the
nalyte MS peak intensity. It strongly decreased from 0 to 0.1% of
bout the 50% (data not shown). From 0.1 to 0.5% the peak signal
ntensity was not further affected. Although the lower analyte sig-
al intensity produced, the water/methanol (30:70, v/v) mixture
ontaining the 3.0% of formic acid was selected as the optimum
heath liquid solution owing to the shortest analysis time and the
ighest Rs exhibited. The use of a sheath liquid without formic acid
as excluded due to unstable ESI current, poor reproducible results

nd low enantiomeric resolution.
Finally, the effect of the use of lower methanol content in the

heath liquid, e.g., water/methanol 50:50 (v/v), 3% formic acid, was
lso compared. The lower methanol content did not have remark-
bly effects on analyte migration time and Rs, but poorer signal
ntensity was observed.

.4. The effect of PF capillary length

In order to increase the enantiomeric resolution of baclofen, the
ffect of the length of the PF was studied by filling 70, 72, 76 cm
apillary paths with 1.5 mM SBE�CD solution in 0.25 M BGE. Con-
idering that the total capillary length was 79.5 cm, filled lengths
onger than 76 cm were not investigated to prevent accidental ESI
ource contamination by the chiral selector. It was surprising to
bserve that the more the capillary path length filled with cyclodex-
rin the same the Rs and analyte migration time. It was therefore
ecided to fill 70 cm of the capillary as previously performed.

.5. Optimum experimental conditions
Under the optimum experimental conditions found, namely,
.25 M formic acid BGE and sheath liquid of water/methanol (30:70,
/v) containing 3.0% (v/v) of formic acid, the effect of cyclodextrin
oncentration was deeper investigated to find the maximum of Rs.
ifferent SBE�CD concentrations, namely, 1.0, 1.25, 1.50, 1.75 and

b
i
b
i
v

xture (A) and in pharmaceutical formulations with different racemic drug dosages
BGE: 0.25 M containing 1.75 mM SBE�CD in PF mode (70 cm filled capillary path).
bar × 20 s. IS: l-Tyr, 5.0 �g/mL final concentration. R- and S-baclofen enantiomers
itions see Section 2.

.0 mM, were added and tested for Rs. The effects produced were
he same as previously discussed in the paragraph of CD concentra-
ion effect. The increase of CD concentration produced an increase
f the migration times and of Rs. The maximum Rs was found at
.75 mM with Rs values of 0.86 and 1.08, in UV and MS detection,
espectively.

Under the optimum conditions the enantiomeric migration
rder was established by adding the pure S-enantiomer to the
acemic mixture. The S-enantiomer corresponded to the slower
igrating peak.

.6. Method sensitivity and effect of capillary exit length

Compared to UV, the MS detection in MS2 product ion
can mode provided a comparable method sensitivity. Differ-
ntly, the MS3 product ion scan mode of detection, using the
14.2 → 196.9 → 151.1 + 179.0 transition, produced higher signal to
oise ratio (s/n) with respect to UV detection. A baclofen solution of
.4 �g/ml showed s/n ratios of 48.0 and 3.8 (instrumental values) in
S3 and UV detection (LOD value), respectively. The MS3 product

on scan mode was therefore used for further experiments.
Before evaluating the sensitivity of the method, the effect of

he entity of the protrusion of the CE capillary from the ESI needle
capillary exit) on analyte migration time and Rs was studied. Its
egulation is important for ensuring a stable ESI current, good ana-
yte ionization and reproducible results. It was regulated by using
he tally marks on the micro-regulation screw on the ESI needle
nterface at +1, +2, +3 and +4 (capillary exit values). During method
ptimization the +2 value was used. The +1, +2 and +3 selected reg-
lations provided acceptable and stable values of the ESI current.
he +4 showed the most unstable ESI current.

It was interesting to observe that the capillary exit exhibited a
elevant effect on Rs both in UV and MS detection. Fig. 5 shows
he UV and MS3 EIC electropherograms of the chiral separation of

aclofen obtained at +1, +2, +3 and +4 capillary exit values. The

ncrease of the capillary exit produced the increase of the Rs and
aclofen migration time from +1 to +3 capillary exit values. The Rs

ncreased from 0.74 to 0.80 (UV and MS Rs values, respectively, at +1
alue) to its maximum value of 1.12 and 1.25 (UV and MS Rs values,
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racemic concentration levels were tested for intra-assay (n = 6 con-

T
q

C

B
B

ig. 7. UV electropherograms of the analysis of baclofen enantiomers in standard
ixture (A) and in pharmaceutical formulations with different racemic drug dosages

f (B) 10 mg and (C) 25 mg (tablet content) under the optimum experimental con-
itions. Experimental conditions as in Fig. 6.

espectively) at +3 using formula (1) for calculation. However using
he formula (2):

s = 1
4

√
N

��

�̄
(2)

hat takes into account the peak efficiency (N) and analytes appar-
nt mobility (�app), the resulting Rs was 1.50. The use of �app

ncludes the detrimental effect of cathodic EOF on Rs of positively
harged compounds. The peak efficiency was calculated using the
ormula (3):

= 5.54

(
tm

)2

(3)

w1/2

nd was corresponding for baclofen enantiomers to 174,000 num-
er of theoretical plates per meter (average values of the two
nantiomers).

s
(
r
i

able 2
uantitative analysis of baclofen enantiomers in pharmaceutical preparations of different

ommercial formulation (tablet content (total labelled weight)) R-Baclofen

mg

aclofen 10 mg 5.75 ± 0.27
aclofen 25 mg 12.46 ± 0.98

a Average values of two determinations (two/three runs per determination).
r. B 875 (2008) 280–287

At +4 the migration time and Rs both decreased. The recog-
ized effects were similar in UV and MS detection, however in MS
he capillary exit additionally influenced the peak height produc-
ng different responses. The capillary exit seemed to be a critical
arameter to be optimized, strongly influencing the enantiomeric
eparation and the ionization efficiency of the analyte. Probably,
nder the experimental conditions used, e.g. sheath liquid type and
ow and nebulizer gas pressure, the +3 seemed the optimal value
nsuring good baclofen ionization efficiency and minimum influ-
nce of possible sheath liquid moving boundaries and nebulizer gas
uction effect on Rs.

Particularly interesting was to observe that, despite the longer
eparation capillary path length, the chiral resolution observed
n MS detection was often lower than expected concerning that
bserved in the corresponding UV analysis. Probably, the diffusion
f the sample zone during the run and the counter current migra-
ion of the chiral selector had to be taken into account. A possible
oss of the CE separation efficiency at the electrospray ionization in
ource and/or during the ion trap detection could not be excluded.
hese observations evidenced the difficulty in transferring chiral
ethods from CE–UV to CE–MS techniques and the need of differ-

nt optimization criteria.
Under these conditions the MS method sensitivity were eval-

ated. The method provided an LOD value ((s/n) = 3) of 0.1 �g/mL
0.47 �M) racemic concentration in MS3 detection by injecting the
ample at 50 mbar × 20 s.

.7. Method validation

The developed CE–MS method was tested for quanti-
ation by evaluating the intra-day and inter-day precision
nd method linearity using the internal standard method. l-
yrosine was used as reference compound (I.S.) and detected
n MS2 product ion scan mode. Baclofen enantiomers were
etected and quantified calculating the ratio of analyte/IS peak area
rom the MS3 (baclofen, 214.2 → 196.9 → 151.1 + 179.0 transition)
nd MS2 (I.S., 182.2 → 165 transition) EIC plots generated by the
ntensities of the main product ions.

Method linearity was evaluated with three different calibration
urves for each enantiomer over the range of 1.0–5.0 �g/mL
racemic concentration) baclofen standard compound using

calibration levels in duplicate runs. The three curves were
erformed on three different days using two different cap-

llaries. The I.S. final concentration in calibrating solutions
nd samples was 5.0 �g/mL. The MS detector showed a linear
esponse in the studied concentration range with regression equa-
ions of y = 338.93 ± 3.44x + 0.005 ± 0.008, r = 0.993 ± 0.0045
nd y = 371.80 ± 17.34x − 0.017 ± 0.027, r = 0.998 ± 0.00006
n = 3) for the first and the second migrating enantiomer,
espectively.

Calibration levels 2 and 4, corresponding to 2.0 and 4.0 �g/mL
ecutive runs) precision and accuracy and intermediate precision
n = 5 days, using a different calibration sample per day in duplicate
uns) of the analyte/IS peak area ratio value. The data are reported
n Table 1. Levels 2 and 4 were selected because corresponding to

dosagea

S-Baclofen Total weight

RSD (%) mg RSD (%) mg RSD (%)

4.79 5.50 ± 0.37 6.69 11.25 ± 0.29 2.61
7.90 11.33 ± 0.77 6.78 23.78 ± 1.57 6.62
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he concentrations values closest to the final level of baclofen in the
wo pharmaceutical preparations analysed (see below in the text).

Method recovery and accuracy was evaluated by spiking the
harmaceutical preparation of baclofen at 10 mg declared tablet
osage with 2.0 �g/mL final racemic concentration of the stan-
ard compound and following the extraction procedure reported

n Section 2. The method recovery was calculated on duplicate
eterminations in duplicate runs and was in the range 92–106%
nd 92–112% for R- and S-baclofen, respectively. The accuracy was
8–108% and 86–104% for R- and S-baclofen, respectively.

.8. Analysis of baclofen enantiomers in pharmaceutical
ormulations

The optimized method was applied to the analysis of baclofen
nantiomers in pharmaceutical preparations commercially avail-
ble with different therapeutic dosages. As described in details
n Section 2, the sample preparation followed a very rapid proce-
ure involving a simple extraction step before the CE–MS analysis.
ig. 6 shows the MS3 EIC electropherograms of the chiral analysis of
aclofen in standard mixture (panel A) and in two different phar-
aceuticals formulations declared to contain 10 (panel B) and 25

panel C) mg of racemic drug, respectively. Fig. 7 shows the rela-
ive electropherograms in UV detection. By comparing the analysis
f baclofen in presence of IS in MS and UV detection, respectively
n Figs. 6 and 7, it was interesting to observe the different migra-
ion order of l-Tyr and baclofen enantiomers. In UV the l-Tyr was

igrating faster, the reversed was observed in MS detection. This
as probably due to a diverse interaction of the analytes with the

hiral selector that differently influenced the analytes velocities.
uring migration on the longer capillary path the counter current
igration of the cyclodextrin have to be considered.
The analysis of baclofen in pharmaceutical preparation did not

how matrix interferences and confirmed the racemic presence of
- and S-baclofen enantiomers. Table 2 reports the quantitative
nalysis of baclofen enantiomers in two different pharmaceutical
reparations at 10 and 25 mg tablet dosage.

. Conclusions

CE in coupling with MS detection was for the first time applied
o the enantiomeric separation of baclofen. On-line UV detection
as simultaneously used. The method optimization required the

areful investigation of several physico-chemical parameters both
nfluencing the CE separation and the MS detection and evidenc-
ng the difficulties in transferring the optimized separation from
V to MS mode of detection. The effect of cyclodextrin concen-

ration showed a maximum of the enantiomeric resolution and
complexation that relevantly influenced the baclofen mobility.

he optimum experimental conditions were found at relatively low
ormic acid BGE content (0.25 M) using a sheath liquid contain-

ng 70% of methanol and 3% of formic acid and 1.75 mM SBE�CD
oncentration in 70 cm filled capillary path. The entity of the CE
apillary exit from the ESI needle strongly influenced the analyte
igration time and the enantiomeric resolution and it showed an

ptimum at +3 micro-regulation set value.

[
[
[

[
[
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Under the optimized conditions the baclofen enantiomers
howed baseline separation. The method exhibited LOD values of
.4 (UV) and 0.1 (MS3) �g/mL racemic concentrations, in UV and
S detection, respectively.
The method was successfully validated evaluating linearity,

ntra-assay and intermediate precisions, method accuracy and
ecovery and applied to the quantitative analysis of baclofen in
harmaceutical formulations of different dosage. The analysis of
aclofen in pharmaceutical formulation did not require a particu-

arly high sensitivity and could be successfully allowed by both the
V and the MS detection. The MS3 detection scan mode provided
igher sensitivity and selectivity to the analytical method partic-
larly interesting for its potential application in pharmacokinetic
tudies. In fact, the method showed a limit of detection in MS that
argely matches the sensitivity requirements for baclofen analysis
n urine [5].
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