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Abstract

In this paper, a micellar electrokinetic chromatographic (MEKC) method using ionic liquid as modifier for the quantification of the
active components of lignans found in the medicinal h&bisisandraspecies was developed for the first time. Preliminary investigations
employing sodium dodecyl sulfate (SDS) as surfactant did not lead to the necessary resolution of the studied compounds, the addition of ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BRo the SDS micellar system resulted in the complete separation of all the
compounds. The effects on the separation by several parameters such as BiyIBMeBEDS concentration, applied voltage, background
electrolyte pH and concentration, were evaluated. Under the optimal conditions (5 mM borate-5 mM phosphate buffer in the presence of 20 mM
SDS and 10 mM BMIM-BR, pH 9.2, applied voltage 25 kV and detection at 254 nm), the method successfully applied to the determination of
lignans in extracts oBchisandra chinensi§urcz.) Baill. andSchisandra henryC.B. Clarke in less than 13 min. The separation mechanism
was also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Previously described methods for the determinations of
the lignans inSchisandraspecies plants include thin-layer
Schisandraspecieq1] are famous medicinal plants na- [12], gas[13] and high-performance liquid chromatographic
tive to East Asia. Their fruits and seeds are widely used [14-16]techniques. Capillary electrochromatography using
in oriental medicine. The biologically active compounds polymer-based monolithic stationary phase has been devel-
are the lignans with a uncommon structure derived from oped and successfully applied to analyse and quantify the
dibenzo[a,c]cyclooctadienkig. 1). Thelignans preventliver  lignans from seeds dchisandra chinensBaill. However,
injuries [2—4], stimulate liver regeneratiofd], and also in- the preparation of the capillary was laborious and the overall
hibit hepatocarcinogeneg,7] and lipid peroxidation3,8]. separation time was lond 7]. Recently, micellar electroki-
Moreover, several reports indicate that the lignans have ef-netic capillary chromatography using acetonitrile as additive
fects on human intellectual activifd] and physical perfor-  also developed for the separation of the lignans. However,
mance[10]. Recently, some dibenzo[a,c]cyclooctadiene lig- organic solvent acetonitrile is highly volatile and harmful
nans were identified as potent anti-human immunodeficiencyto the environmenl8]. In addition, the analysis of lignans
virus agen{11]. in Schisandra henryusing CE has not been reported be-
fore. In another work, 12 lignan compounds originating from
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been recently recognized. In the work of Armstrong et al.,
they were employed as stationary phase in gas chromatog-
raphy (GC) because they can dissolve a number of complex
organic molecule$38]. Yanes et al]39] developed a CE
method for the separation of polyphenols found in grape
seed extracts using only 1-alkyl-3-methylimidazolium-based
ionic liquids as the background electrolyte. Qin et[4D]
reported that the use of 1,3-dialkylimidazolium-based
room-temperature ionic liquids as background electrolyte
and coating material in aqueous capillary electrophoresis. In
another publication, Vaher et §1] reported that the use of
1,3-dialkylimidazolium-based ionic liquids as background
electrolyte for nonaquous capillary electrophoresis.

H,CO To the best of our knowledge, there is only one reportin the
,Ry=R,=CH; R;=OH R,=H literature on the using of ionic liquids as r_nod_ifie_rs _in MEKC
2,RiR;=CH; R3;=OH R4=B-O-Benzoyl [42]. There are several advantages for using ionic liquids over
3,Ri=R;=CH; R;=RsH organic solvents as modifiers. lonic liquids are soluble in wa-
4 RiR;=CH; Rs=ReH ter, have a good electrical conductivity, nonflammable and act

Fig. 1. Molecular structures of the lignans: (1) schisandrin, (2) schisantherin as good'electrglytes in CE either When, 'fjsed_ mdepen_dently or
A, (3) deoxyschisandrin (schisandrin A, wuweizisu A), ¢schisandrin when mixed with other buffers. In addition, ionic liquids are
(schisandrin B, wuweizisu B). less volatile and are referred to as “green solvents”, mean-
ing they are environmentally friendly, with increasing en-
added to the SDS micellar system to increase its separatingvironmental concerns about volatile organic carbon (VOC),

ability [19]. the ionic liquids are considered attractive alternatives (given
Capillary electrophoresis (CE) is a very powerful theirlack of vapor pressure) to organic solvents. In contrast,
technique for the separation of charged analyeg]. organic solvents are poor conductors of electricity, and high

With the introduction of micellar electrokinetic capillary concentrations of organic solvents in the buffer cause cur-
chromatography21], the high separation efficiency of CE rent breakdowns in CE. Moreover, most organic solvents are
became accessible for the separation of neutral compoundshighly volatile and harmful to the environment.
The most commonly used surfactant for MEKC is sodium The ionic liquid 1-butyl-3-methylimidazolium tetrafluo-
dodecyl sulfate (SDS). However, the nucleus of the SDS roborate (BMIM-BFR) was reported to be the most air and
micelles is strongly hydrophobic, for very hydrophobic water stable and conductive, liquid at room temperature and
compounds, MEKC with SDS is often insufficiently selec- was highly miscible in watefd3,44] Thus, it was expected
tive because all compounds tend to be absorbed virtually that it would have the ability to assist in the MEKC separation
completely into the micelles and migrates with the velocity of hydrophobic mixtures. The purpose of the present study
of the micelled22]. Several methods have been proposed to was to investigate the potential application of ionic liquid as
expand the application range of MEKC to more hydrophobic modifier in MEKC to the separation of lignans found in the
compounds: the use of surfactants with a hydrophobicity seeds ofSchisandraspecies. Optimization of the separation
lower than SDS such as cholic acid or derivatif3], or the was performed by evaluating the effect of SDS and BMIM-
addition of compounds to the background electrolyte (BGE) BF4 concentration, applied voltage, background electrolyte
that interact with the analytes in the aqueous phase such apH and concentration on the resolution and analysis time of
cyclodextring[24,25] Also, a frequently applied procedure the lignans. The separation mechanism was also discussed.
is to change the solvent strength of the aqueous phase by
the addition of organic modifiers such as methd@6127],
acetonitrilg28,29], 2-propano[30] or urea to the BGE31]. 2. Experimental

Room-temperature ionic liquids (RTILs) are those com-
pounds which are liquids at room temperature or whose melt-2.1. Apparatus and procedures
ing points are slightly higher than ambient temperature. In
the past several years, there has been growing interestinionic All separations were carried out with a Waters Quanta
liquids for their potential in different chemical processes, 4000 capillary electrophoresis system (Milford, MA, USA),

such as liquid-liquid extractiof32], organic synthesig3], equipped with a UV detector. Data acquisition was carried
electrochemistr{34,35], catalysis for clean technolod$6], out with a Maxima 820 chromatography workstation. Fused-
ultralow volatility liquid matrixes for matrix-assisted laser silica capillary of 60 cm (52.5 cm effective lengthk)s0pm

desorption/ionisation (MALDI) mass spectromet[$7]. I.D. (Yongnian Photoconductive Fiber Factory, Hebei

The application of ionic liquids for the separation of various Province, China) was used. The temperature was maintained
classes of compounds in CE and chromatography has alsat 23.5+ 0.5°C. Samples were introduced from anodic end
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of the capillary by hydrodynamic injection where the samples 3. Results and discussion

vial was raised by 10 cm for 5 s and the detection wavelength

was 254 nm. Methanol was the marker of electroosmotic flow 3.1. Method development

(EOF). A PHS-10A acidity meter (Xiaoshan Science Instru-

mentation Factory, Zhejiang, China) was used for the pH  In preliminary measurements, it was found that studied
measurement. The pH was adjusted with 0.2M NaOH or compounds could not be separated by ordinary CZE using
HCI. All data reported reflect at least three replicate separa- BMIM-BF 4 or 3-CD as modifier, all selected analytes have
tions recorded for each different composition of the running no electrophoretic mobility and migrated with the electroos-
buffer. motic velocity (results not shown). The above experiments

Newly cut capillary was washed successively with 1M would suggest that one perform a MEKC. In this experi-
NaOH for 10 min, water for 10 min, 0.1 M NaOH for 10 min  ment, however, under normal MEKC conditions where there
and water for 10 min. The capillary was equilibrated (15 min) were no modifiers added to the buffer, in the range of the
at the beginning of the day with the running buffer. The cap- concentration of SDS within 15-100 mM, borate—phosphate
illary rinsed between the runs as follows: 2 min with water, (1:1) 10-60mM and pH 7.0-11.0, no successful separation
3 min with 0.1 M NaOH, 2 min with water and 3 min with  of the studied compounds was obtained. The representative
BGE. electropherogram was shownkig. 2 The elution order was
determined by spiking a small amount of each analyte into
the mixture, and the peaks were numbered according to the
analyte notation ifrig. 1. As can be seen froifig. 2, the first
and second eluted compounds schisandrin and schisantherin
A were well resolved, unfortunately, the last two compounds
deoxyschisandrin angl-schisandrin completely overlapped
one another.

The separation of neutral solutes in MEKC is mainly due
to their partitioning between an aqueous phase and a micel-
lar phase. In any case, with SDS surfactant, the smaller the
aqueous phase solubility and/or the stronger the degree of

2.2. Materials

Seeds ofS. chinensigLiaoning Province, China) and
S. henryi(Sichuan Province, China) were purchased from
Zhongyou drugstore, Lanzhou, China. Standards of lignans
derivatives schisandrin, deoxyschisandsischisandrin and
schisantherin A obtained from the National Institute for the
Control of Pharmaceutical and Biological Products, Beijing,
China. SDS was purchased from the Peking Xizhong Chemi-

cal Factory, Peking, Chin@-CD was purchased from China solute association with the micelle, the longer the migration

Medicine Group, Shanghai Chemical Reagent Company, .. . . . : i
Shanghai, China. Phosphate and borate were purchased frorﬂme' Accordingly, the migration order is that of decreas

Tianjin Chemical Reagent Factory, Tianjin, China. The ionic ;2? tigzzcﬁgzgsﬁassO?blg%r:{; t?rlgrzt?hdg]etgzter:ug?: ?1:;1&;:;
liquid BMIM-BF 4 was a giftto the authors from National Key g kP y yarop

Laboratory of Applied Organic Chemistry, Lanzhou, China., compound schisandrin to the most hydrophobic compounds

All chemicals and solvent were of analytical regent grade and y-sgh|sandr_|n and deoxyschl_sandrm. Since schisandrin and
were used without further purification, schisantherin A have an additional hydroxyl group compared

with the other two compounds, thus, it was expected that they
may be solubilized in agueous phase more than the other
2.3. Solutions and sample preparation

The stock solutions were prepared by dissolving precisely
weighed standards into 5 mL methanol and stored4itC.

The running buffers were prepared daily by mixing appro-
priate volumes of 0.1 M N#iB,O7-10H,O, 0.1 M borax,
0.2M SDS and 50 mM BMIM-BE. All solutions were fil-
tered through a 0.4pm filter.

The sample treatment was prepared according to the pub-
lished procedur@5]. A 2 g sample of dried and pulverized
seeds ofS. chinensisvas immersed in 10 min-hexane at
room temperature for 12 h and then extracted for 30 min in
an ultrasonic bath. The extraction was repeated with 10mL  -0.036 1
n-hexane for three times. The extracts were combined, evap- 0 4 6 8 10 12
orated to dryness, and then the residue was dissolved in 5 mL Migration time (min)
methanol as the stock solution. A 2 g of powdered see&s of
henryiwas extracted, respectively, using the same procedure':ig' 2. The typical electropherograms of the standards mixture solution un-

that forS. chi isTh luti dth h der normal MEKC. Electrophoretic conditions: buffer, 5mM borate—5 mM
as thatfors. chinénsisine solutions Were passe rough a phosphate containing 20 mM SDS, pH 9.2;29uA; uncoated fused-silica

0.45p.m ﬁ!ter and injection directly into the capillary elec-  capiliary, total length 60 cm (52.5 cm effective length§0m 1.D.; applied
trophoresis system. voltage, 25kV; temperature, 23150.5°C detection, 254 nm.

-0.028 3.4

Absorbance (mV)

N~
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compounds. Simultaneous addition of a hydroxyl group and revealing the highly hydrophobic character of the analytes
benzoyloxy group decreased migration time, indicating that and the low selectivity of SDS for these compounds. An in-
the hydroxyl group produced a larger increase in aqueouscrease in the SDS concentration from 20 to 30 mM caused a
phase solubility than addition of the benzoyloxy group does clear deteriorated in the separation of the studied compounds
to change affinity for the micelle. Deoxyschisandrin and deoxyschisandrin ang-schisandrin with a general loss of
schisandrin are highly hydrophobic, neutral species, which resolution, this can be explained in terms of the solubiliza-
tend to have similar, large partition coefficients in the micelle tion of these analytes by the micelle. Since lignans are highly
phase because of their small aqueous solubility, resulting in hydrophobic, neutral species, the solubilization into the mi-
long migration time and poor resolution. celle or interaction with the micelle of the analytes will be

Because deoxyschisandrin ageschisandrin were diffi-  probably increased with an increase of SDS concentration
cult to completely separate under normal MEKC conditions, and this lead to increasing partition of the analytes into the
efforts were shifted towards the used of modifi@<CD and micellar phase, resulting in degradation of the quality of the
urea were initially used independently or mixed as modi- separation as reflected by poor resolution and longer migra-
fiers in the separation, however, separation was still incom- tion times. When SDS concentration was lower than 20 mM,
plete with deoxyschisandrin continuing to comigrate wjth the analytes migrated as unsymmetrical peaks. Mikkers et al.
schisandrin, the obtained electropherograms were similar tohave suggested that unsymmetrical peaks were usually gen-
that provided under normal MEKC conditions. BMIM-BF  erated when the electrophoretic mobilities of a solute and of
was then added to the buffer to enhance the separation, the buffer constituent were quite differeft6]. In this study,
addition of BMIM-BF; to the SDS micellar system provided it was also found that peak symmetry deteriorated with de-
the complete separation of the studied compounds. On thecreasing SDS concentration due to the increasing mobility
bases of these preliminary results, our attention was focusedmismatch between analytes and buffer constituent.

on the use of BMIM-Bl as modifier. Because better peak shapes and resolution of all the com-
pounds were observed at 20 mM SDS and thus it was chosen
3.2. Method optimization for the further experiments.

The optimization of the separation of the lignans was 5 5 3 BMIM-BR, concentration
aimed to resolve separated lignans from each other and also  a¢ or this MEKC separation, BMIM-BEconcentration

from the interferefering matrix ingredient in the real samples. \\5< considered an important parameter controlling the anal-
The method optimization was carried out also considering the ysis selectivity.Fig. 3 illustrated the effect of BMIM-Bg

general requirements of method suitable for the quality con- ¢ncentration on the separation of the lignans mixture. As
trol of the medicinal plants: selectivity, reproducibility and apparent from the chromatograms, selectivity and resolution

short analysis time. were greatly improved with the increased concentration of
i BMIM-BF4. The two compounds deoxyschisandrin and
3.2.1. Running buffer pH ~v-schisandrin that coeluted under simple MEKC conditions

To verify the effect of running buffer pH on migration be-  pecame paseline resolved with the addition of 10mMm
havior, experiments were performed with pH ranging from

8.0 to 10.0 and 7.5 mM BMIM-BE; other conditions were

same as irFig. 2 It was found that the electroosmotic ve- 144 /

locity was slowly reduced and electrophoretic velocities of 13 /'

the lignans also decreased concurrently with the decrease of 121 //‘

the pH, this change was rather sharp at low pH and slightly =11 .-——ﬂ'/_,.-t-“'"‘

more gradual over the pH 9.20. The migration times in- E 104 /“‘”"

creased excessively when the pH was lower than 9.20 and 2 o- x=—"

only slight resolution of a pair of compounds deoxyschisan- % s S —

drin andy-schisandrin was achieved when the pH was above % 74 H\._H

9.20. Within the studied pH range, the best results were ob- fE'_fn 6 -

tained at pH 9.20 and it was used in the subsequent work. 5]

3.2.2. SDS concentration : _= .~ #———"
The effect of SDS concentration on the separation of 2 0 2 4 6 8 10 12 14 16

lignans was investigated with 15-30 mM SDS and 7.5 mM HM IM [BF4] concentration (mM)

BMIM-BF 4, other conditions were same asHiy. 2 It was _ . o
found that the migration behavior or the selectivity of the ana- Fi9- 3- Effect of BMIM-BF, concentration on the migration times of the

. - . analytes. Electrophoretic conditions: buffer, 5mM borate—5 mM phosphate
lytes was mfluenced S|gn|f|cantly_by the SDS concer_1trat|_on. containing 20 MM SDS and 0—15mM BMIM-BFpH 9.2: peak identifica-
The time window between the first and the last migrating tion symbols: EOFm), 1 (@), 2 (a), 3 (¥), 4 (). Other conditions as in
analytes was decreased with increasing SDS concentrationFig. 2
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BMIM-BF 4 to the buffer. A further increase in BMIM-BfF sponding peak areas were showrTable 1 The calibration
concentration resolved the analytes more than necessargcurves exhibited excellent linear behavior over the concen-
for an adequate separation and only served to increase thération ranges. The reproducibility of the method was de-
analysis time, but dramatically illustrated the capabilities termined with a standard mixture solution at the level of
of the technique for selectivity manipulation. Fig. 3, it

also could be found that the migration time of schisandrin 00304 (A) 3
decreased with the increase of the BMIM-Bfoncentration. ] 1
This indicated that the retention of schisandrin decreased
with the addition of BMIM-BFR, to running buffer.

These data here showed that the addition of BMIMsBF
to typical anionic surfactant systems could dramatically af-
fect MEKC separations. SDS micelle solutions with only
sodium counterions present, these positively charged imi- !
dazolium cations could be electrostatically attracted to the  -0.0344 At w
negatively charged SDS micelle surface, which neutralized ,(‘—"“'{b—
the effective head group charge and reduced electrostatic re-  -0.035-
pulsion between the charged hydrophilic headgroups of the
surfactant molecules, thus affecting the size and shape of
the micelles formed and thereby altering the separation. As
indicated in ref.[47], it has proved that lower the electro-
static repulsion between the charged hydrophilic headgroups 1
of ionic surfactants caused a remarkable decrease in critical 00284 (B)
micelle concentration (CMC) as compared to that in pure
water (8.1 mM). In this study, separation of the compounds
could still be achieved even with 5 mM SDS (data not show),
which below the CMC of SDS, so one possible explanation
for the separation was the presence of some micellar aggre-
gate. This result proved the binding ability of imidazolium
cations on SDS.

At 10mM BMIM-BF,4, lignans were well resolved and -0.034 f_‘"“f‘f'_
removed interference from other coexisting constituents in
the real samples, so the optimized BMIM-B&oncentration T T T Y T T T

2 4 1 12 14 1
was chosen as 10 mM. 0 6 8 10 8
Migration (min)

-0.031 +

-0.0324

-0.033 1

Absorbance (mV)

—rTT7TT7T 71T
o 2 4 6 8 10 12 14 16

Migration (min)

-0.030 4

Absorbance (mV)

3.2.4. Effect of buffer concentration and applied voltage

The influence of the concentration of borate-phosphate o026 (g 3
(2:1) buffer in the range of 5-30mM and applied voltage ]
20-30KkV on the separation were examined. Take accountof |
the resolution and analytical time, 5 mM borate-5 mM phos-
phate buffer and 25 kV separation voltage were chosen as the ¢ .
ideal selected for the sample separation. Under these condi- 78' -0030+ 2
tions, the recorded current was lower than4Q 5

From the above results, the best conditions were obtained § 9321
with running electrolyte containing 5mM borate-5mM §
phosphate, 20 mM SDS and 10 mM of BMIM-BEt pH 9.2. -0034+
Under the optimum conditions, all the four analytes were well
separated within 13 min with symmetrical peaks. The typi- 00— 7T T 7
cal electropherogram for a standard mixture was shown in 0 2 ¢ '\2. 8 101z 1416
Fig. 4A. igration (min)

Fig. 4. The typical electropherograms of the standards mixture solution and

3.3. Determination of the lignans in extracts of the real samples under the optimum conditions. (A) The standards mixture;
Schisandra species (B) Schisandra chinensi§¢C) Schisandra henryithe concentrations of the

standards were 4Q0g/mL for all analytes, respectively; electrophoretic con-

I . . . - ditions: buffer, 5mM borate—5 mM phosphate containing 20 mM SDS and
3.3.1. Reproducibility, linearity and detection limit 10 MM BMIM-BF4; pH 9.2;1 = 38p.A; peaks identification: (L) schisandrin,

Under the optimum conditions, the linear relationship be- (2) schisantherin, (3) deoxyschisandrin, f43chisandrin. Other conditions
tween the concentration of the four lignans 1-4 and the corre-as inFig. 2
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Table 1

The results of regression analysis on calibration curves and the detection limits

Compound Callibration curves=a+bx® Correlation coefficient Linear rangg.g/mL) Detection limit ug/mL)P
1 y=-202.30+33.68 0.9994 5.0-1000 0.6

2 y=265.52+27.78 0.9995 12.0-700 0.7

3 y=979.39+51.18 0.9996 6.0-1000 0.4

4 y=1122.50+36.1%¥ 0.9992 7.5-800 0.6

a y andx stand for the peak area and the concentratiagirL) of the analytes, respectively.
b The detection limits corresponding to concentrations giving signal-to-noise ratio of 3.

Table 2

Contents of the four lignans in real samples and R&DY)

Sample 1 2 3 4
Schisandra chinensis 0.179 (1.23 0.006 (3.12) 0.029 (1.22) 0.135(2.38)
Schisandra henryi - 0.120 (1.25) 0.224 (0.82) 0.157 (1.56)

2 9% of dry mass.
b The data in parentheses refer to the RSD
¢ Not found.

100pg/mL for all analytes. The RSD valuas$ 6) of the mi- developed method, for their rapidity and the high selectiv-
gration times and peak areas were 0.8-1.3, 1.6-2.1% (intra-ity, was very suitable for the fast determination of different
day), and 1.2-1.7, 1.9-2.7% (inter-day, for a 5-day period), Schisandraspecies. This technique was shown to provide a
respectively. Allthe RSDs were shown as less than 3%, which complementary method to MEKC for the separation of mem-
demonstrated that this method was of good repeatability andbers of this class of compounds using capillary electrophore-
accurate for all analytes. The limits of detection for the ana- sis.

lytes (S/N =3) were 0.4-04g/mL.
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