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a  b  s  t  r  a  c  t

In this  paper,  two novel  amino  acid  chiral  ILs,  tetramethylammonium-l-arginine  (TMA-l-Arg)  and
tetramethylammonium-l-aspartic  acid  (TMA-l-Asp),  were  applied  for  the  first  time in  CE  enantiosepara-
tion  to evaluate  their  potential  synergistic  effect  with  glycogen  as chiral selector.  As  observed,  significantly
improved  separation  of tested  enantiomers  were  obtained  in  the chiral  ILs/glycogen  synergistic  systems
compared  to  the single  glycogen  separation  system.  Several  primary  parameters  affecting  the  enan-
tioseparation,  such  as amino  acid ILs (AAILs)  concentration,  glycogen  concentration  and  buffer  pH,  were
systematically  investigated.  An  achiral  tetramethylammonium  hydroxide  ionic  liquid  (TMA-OH)  mod-
ified  separation  system  was  also  evaluated  to  validate  the  superiority  of the  novel  chiral  ILs/glycogen
synergistic  systems.  To further  optimize  the  overall  synergistic  systems,  the  effect  of three  other  param-
eters,  including  buffer  concentration,  applied  voltage  and  capillary  temperature  were simultaneously
analyzed  by  a central  composite  design  (CCD),  and  excellent  enantioseparations  were achieved  with  the
optimized  parameters.  The  results  indicate  that  the  application  of chiral  ILs/glycogen  synergistic  systems
is  a promising  way  in  chiral  separation  science.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Enantiomeric separation is an important subject in pharmaceu-
tical analysis. The popularity stems from the fact that very often
enantiomers of racemic drugs may  exhibit different physiologi-
cal activities as well as different even opposite pharmacokinetic
and pharmacodynamic effects [1,2]. Various analytical techniques
have been developed for enantioseparation. Among them capillary
electrophoresis (CE) has been found to be a powerful alterna-
tive to chromatography for chiral separations over the last few
decades due to its several known advantages such as high separa-
tion efficiency, short analysis time, convenient change in separation
condition and extremely small volume requirements for sample
and separation media [3–7].

The most common approach for enantiomeric separation in
CE involves the addition of chiral selectors into the running
buffer. Thus various kinds of chiral selectors have been developed,
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including cyclodextrins [8,9] and their derivatives [9,10], macro-
cyclic antibiotics [11,12], proteins [13], polysaccharides [14], etc.
However, in many cases, satisfactory enantioseparation could not
be achieved in the conventional separation system using one single
chiral selector. Consequently, during the past years, research has
been performed to enhance enantioselectivity in CE by introducing
different types of additives into the electrolyte, and the combined
use of more than one chiral recognition reagent to improve chiral
separation has drawn increasing attention [15,16].

Room-temperature ionic liquids (ILs), which are a group of
organic salts with melting point close to or below room tem-
perature, have been studied extensively in recent years. They
have many unique physicochemical characters, such as negligible
vapor pressure, good thermal stability, relatively high ionic con-
ductivity, designable properties and good redox-robustness (wide
electrochemical potential windows) [17–20]. ILs has successfully
been applied to various areas, such as electrochemical reactions,
replacing conventional organic solvent in organic or inorganic syn-
thesis, stationary phases in GC and mobile phases additive in HPLC
[21–26]. In CE, ILs have already been used as electrolyte [27], run-
ning buffer modifiers [28], and supported coatings on the capillary
wall [29]. Chiral ILs, which have a either chiral cation, chiral anion,
or both, are particularly attractive for their potential applications
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to chiral discrimination. However, only a few papers have reported
the application of chiral ILs in CE for enantiomeric separation, and
the chiral ILs synergistic systems reported in these few studies were
all based on cyclodextrins (CDs) and their derivatives [30–34]. To
the best of our knowledge, there has been no prior attempt to inves-
tigate the enantioselectivity of chiral ILs synergistic system based
on polysaccharides selector.

Recently, we have reported the use of glycogen as a novel
polysaccharides selector for enantioseparation of some chiral com-
pounds [35]. Glycogen is an electrically neutral and branched
polysaccharide of high molecular weight playing a role in many
tissues of the human and animal body as a storage carbohydrate.
It has an average molecular weight of several million of Dal-
ton, with-(1,4)-linked glucose subunits and-(1,6)-linked branching
[36]. Glycogen possesses not only high solubility but also low vis-
cosity in water. With the lack of conjugated double bond, aromatic
rings and C O bond, etc. in the structure, it also exhibits very weak
UV absorption. Amino acid ionic liquids (AAILs) are synthesized
from natural amino acid, thus most AAILs have stereogenic centers.
Compared with other chiral ILs, AAILs have many advantages such
as stable chirality, high biocompatibility and good biodegradabil-
ity, etc. [37–39]. In this paper, tetramethylammonium-l-arginine
(TMA-l-Arg) and tetramethylammonium-l-aspartic acid (TMA-l-
Asp), two novel amino acid chiral ILs which have never been
reported before, were first applied in CE enantioseparation to eval-
uate their potential synergistic effect with glycogen as the chiral
selector. We  presented details of the glycogen-based synergistic
system with chiral ILs as buffer additives for enantioseparation by
CE.

2. Experimental

2.1. Chemicals and reagents

Glycogen (>90%) was  purchased from Sigma (St. Louis,
MO,  USA). tetramethylammonium-l-arginine (TMA-l-Arg),
tetramethylammonium-l-aspartic acid (TMA-l-Asp) and tetram-
ethylammonium hydroxide (TMA-OH) ionic liquids (purity > 98%)
were purchased from Shanghai Cheng Jie Chemical Co., Ltd.
(Shanghai, China), the structures of glycogen and three ILs are
shown in Fig. 1. Nefopam hydrochloride (NEF, pKa 8.98), citalopram
hydrobromide (CIT, pKa 9.78), duloxetine hydrochloride (DUL, pKa
9.70), were supplied by Jiangsu Institute for Food and Drug Control
(Nanjing, China). All these drug samples are racemic mixtures.
Tris (hydroxymethyl) aminomethane (Tris) was purchased from
Shanghai Huixing Biochemistry Reagent (Shanghai, China). Nylon
filters (0.45 mm)  were purchased from Jiangsu Hanbon Science and
Technology (Nanjing, China). Phosphoric acid and sodium hydro-
gen were of analytical reagent from Nanjing Chemical Reagent
(Nanjing, China). Double distilled water was used throughout all
the experiments.

2.2. Apparatus

Electrophoretic experiments were performed with an Agilent
3D CE system (Agilent Technologies, Waldbronn, Germany), which
consisted of a sampling device, a power supply, a photodiode array
UV detector (wavelength range from 190 to 600 nm) and a data
processor. The whole system was driven by Agilent ChemStation
software (Revision B.02.01) for system control, data collection
and analysis. It was equipped with a 50 cm (41.5 cm effective
length) × 50 �m id uncoated fused-silica capillary (Hebei Yong-
nian County Reafine Chromatography Ltd., Hebei, China). The
samples were introduced hydrodynamically for 5 s (injection
pressure 50 mbar). All separations were carried out at 10–20 ◦C

Fig. 1. Chemical structure of, (A) glycogen, (B) TMA-OH, (C) TMA-L-Asp, (D) TMA-
L-Arg.

using a voltage in the range of 15–25 kV. The wavelength for
detection was 237 nm (CIT), 230 nm (DUL), or 220 nm (NEF). The
CE system was  operated in the conventional mode with the anode
at the injector end of the capillary. A new capillary was  first rinsed
with 1.0 M NaOH (30 min), followed by 0.1 M NaOH (20 min) and
water (20 min), respectively. At the beginning of each day, the
capillary was  flushed with 0.1 M NaOH (10 min) followed by water
(10 min). Between consecutive injections, the capillary was rinsed
with 0.1 M NaOH, water and running buffer for 3 min  each.

2.3. Procedures

The back-ground electrolyte (BGE) consisted of 40 mM Tris solu-
tion (if not stated otherwise), adjusted to specified pH value with
H3PO4 (10% v/v). The running buffer solutions were freshly pre-
pared by dissolving appropriate amounts of glycogen and/or ILs in
BGE, and then adjusting pH exactly to a desired value by adding a
small volume of H3PO4 (10% v/v) using a microsyringe. The racemic
samples (0.6 mg/ml) were dissolved in distilled water. Running
buffers and samples were filtered with a 0.45 �m pore membrane
filter and degassed by sonication prior to use.

Experimental design and data analysis were performed by using
the software Stat-Ease Design-Expert trial Version 8.0. For three
factors, a central composite design was  used consisting of 20 exper-
iments, with 6 replicates of a central point. Experiments were
combinations of the independent variables in the ranges: buffer
concentration 20–60 mM,  applied voltage 15–25 kV, capillary tem-
perature 10–20 ◦C (As shown in Table 2A). The levels studied
were selected considering the results of our previous exploration
experiment. All experiments were performed in random order to
minimize the effects of uncontrolled factors that may introduce
bias in the measurements [40,41].

2.4. Calculations

The resolution (Rs) and selectivity factor (�) of the enantiomers
were calculated from Rs = 2(t2 − t1)/(w1 + w2) and  ̨ = t2/t1, where
t1 and t2 are the migration times of the two enantiomers, and
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