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Abstract

Sixteen pharmacologically active flavonoids and one phenylethanoid glucoside isolated from Epimedium species were
analyzed by capillary electrophoresis in different buffer systems of AMPSO, CAPS, phosphate and borate. The borate
system proved to be the best. After optimization and studies of the effect of borate and SDS concentrations, organic modifier,
voltage and effective capillary length on migration of the analytes, 14 flavonoids and one phenylethanoid glucoside were
baseline separated within 20 min in the buffer system of 20 mM borate and 48 mM SDS containing | mM 1,
3-diaminopropane at pH 8.5 and at the detection wavelength of 254 nm. The two-marker (xanthene-9-carboxylic
acid/meso-2,3-diphenylsuccinic acid) technique and the computer program based on MATLAB were applied to improve the
repeatability of analysis and to confirm the reliability of identification between two successive compounds. The reliability of
identification was enhanced up to 25-fold for the analytes when the migration indices were used with the two-marker

technique.

Keywords: Buffer composition; Epimedium species; Flavonoids; Glucosides

1. Introduction

Flavonoids are plant constituents comprising one
of the most numerous and widespread groups of
natural products. They have a variety of biological
effects such as antiviral, anti-allergic, anti-anginal,
anti-inflammatory, antihepatoxic, antimicrobial, anti-
ulcer, and spasmolytic. They are also inhibitory to a
series of enzymes (e.g., hydrolylase, ATPases, CAMP
phosphodiesterases, kinases, lipases and tranferases).
There have been continuing interests in studying the
natural flavonoids as potential new drugs [1]. Herba
Epimedii from many species of the genus Epimedium
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(family Berberidaceae) has been a commonly used
Chinese herbal medicine, and has proven to have
efficacy against cardiovascular diseases and other
chronic illness (infertility, impotence and senile
functional diseases) for over 2000 years. Flavonoids
are the major and active constituents from the genus.
The flavonoid extracts from the species are pharma-
cologically active. They are effective on dilation of
the coronary artery, inhibition of the platelet aggre-
gation, and delayed formation of thrombi. They can
also improve humoral and cellular immunity, in-
crease synthesis of DNA and exert anti-aging effects
[2]. Over 40 flavonoids have been isolated from the
genus until now. Several methods such as pulse
polarography, coulometric titration, fluorometry and
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liquid chromatography have been used to study the
flavonoids from Epimedium species [3].

Capillary electrophoresis (CE) is important as an
analytical separation technique because of its ef-
ficiency, flexibility and accuracy [4]. Micellar elec-
trokinetic capillary chromatography (MEKC), a hy-
brid of electrophoresis and chromatography, is one
of the most widely used CE modes. In MEKC, a
surfactant is added to a buffer at a concentration
above its critical micelle concentration (CMC).
Micelles provide both ionic and hydrophobic sites of
interaction. CE was, however, not applied to the
separation of flavonoids until 1991 [5]. Morin et al.
have investigated five flavonol glycosides differing
in the types of sugar moiety in capillary zone
electrophoresis (CZE) [6]. Seitz et al. have used
capillary isotachophoresis for the determination of
flavonoids and  phenylcarboxylic acids [7].
Bjergegard and his coworkers have studied flavonoid
glycosides by using cetyltrimethylammonium bro-
mide (CTAB) or cholate in MEKC [8]. Furthermore,
Liu et al. determined six flavonoids in Scutellaria by
SDS-MEKC [9]. In addition, the separation of
flavonoid aglycones have been discussed in several
papers [10-14].

Until now, only dozens out of over 4000 flavo-
noids not from a particular taxonomic group (species,
genus, family, or closely related group of families)
have been studied with CE [5-14]. The separation of
compounds from the same genus is of significance
for qualitative and quantitative analysis and of
importance for chemical taxonomy of the genus. In
our study, all flavonoids and one phenylethanoid
glucoside are isolated from the genus Epimedium.
These compounds had not earlier been studied with
CE or MEKC.

The repeatability of migration times in CZE and
MEKC is usually at 1-2% level. This is mainly due
to nonrepeatable electroosmotic flow velocity (v,,)
caused by the unstable surface conditions of the
capillary wall and the changes in effective electric
field strength (E,;) [15]. The repeatability of CZE
can be improved by making corrections for the
changes in v,, and E_. This can be done by
introducing marker compounds with known electro-
phoretic mobility [16]. In MEKC, the net mobility of
a compound is determined by its own electrophoretic
mobility and its mobility while partitioned into a

micelle. The electrophoretic mobility can be replaced
with the indices of the marker compounds in order to
find the total mobility of the markers in a micellar
system [17].

The compounds studied include 16 flavonoids and
one phenylethanoid glucoside commonly isolated
from Epimedium (Fig. 1). Flavonoids have structures
based on 2-phenylbenzopyrone and differ in the
degree and pattern of hydroxylation and glycosyla-
tion as well as in the type and position of sugar links.
The characteristics of tested compounds include: (1)
the glycosides and aglycones with different sub-
stituents; (2) the same aglycones differing in the
degree of glycosylation; (3) the same number, link
type and position of sugar moiety with different
patterns of hydroxylation of aglycones; (4) the same
number, link position of sugar moiety and aglycone
with different types of sugars; (5) constituents with
differences only in the terminal sugars.

The aim of present work was to study the effect of
electrolytes, surfactant, organic modifier and some
instrumental parameters on the migration behavior of
the flavonoids and one phenylethanoid glucoside,

No  Name R, R, R, R, R,

2 luteolin-7-O-glucoside H H gh OH H

3 8-methoxy-isoquercitrin =~ H O-glu H OH OCH,
4 vitexin H H H H C-giu
5 hyperin H O-gal H OH H

6 quercitrin H O-rha H OH H

7 quercetin H OH H OH H

8 kaempferol-3-O-rha H O-rha H H H

9 luteolin H H H OH H

10 tricin H H H OCH, H(5-OCH,)
11 desmethylicaritin H OH H H prenyl
12 icariin [1 CH; O-rha H H prenyl
13 27-O-thamnosylicariside | CH, O-rha-tha H H prenyl
14 icariin [ CH; OH glu H prenyl
15 icariin CH; O-rha glu H prenyl
16 epimedin C CH; O-thatha  glu H prenyl
17  epimedin B CH; O-rthaxyl glu H prenyl

glu: glucose; rha: rhamnose; xyl" xylose; gal: galactose

GluO—@—CHzcugNO

1 thalictoside

Fig. 1. Structures of the investigated compounds.
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and to develop an effective and rapid screening
method for them. The repeatability of the optimized
separation analysis was tested and the reliability of
identification was confirmed by applying the two-
marker technique.

2. Experimental
2.1. Apparatus

The separation was performed on a Waters Quanta
4000 capillary electrophoresis system (Millipore,
Waters Chromatography Division, Milford, MA,
USA) using 0.050 mm [.D.X360 mm O.D. fused-
silica capillary (Composite Metal Services, Worces-
tershire, UK).

The data were collected by an Hewlett-Packed
model 3392A integrator (Avondale, PA, USA). Mi-
gration indices were computed with in-house pro-
grams developed for MATLAB [16]. The data was
analyzed with Microsoft Excel Ver. 5.0.

The pH of the buffers was adjusted with a Jenway
3030 pH meter connected to a Jenway electrode
(Jenway, Felsted, UK) containing 4 M KCIl in
saturated AgCl. The electrode system was calibrated
with potassium hydrogenphthalate (pH 4.00) and
borate/sodium hydroxide solutions (pH 11.00). A
Water-I system from Gelman Sciences (Ann Arbor,
MI, USA) was used for ion-exchange of the distilled
water.

2.2, Materials and reagents

The flavonoids and the phenylethanoid glucoside
were isolated from the aerial parts of Epimedium
species by liquid chromatography (L.C). Their struc-
tures have been identified by spectroscopic methods
(UV, IR, FAB-MS, MS-MS, 'H, "C-NMR, 'H-'H
COSY, DEPT, HMQC, HMBC and TOCSY) [18].

All chemicals were of analytical-reagent grade:
sodium dodecyl sulfate (SDS), 3-(cyclohexylamino)-
1-propanesulfonic acid (CAPS), [3-(1,1-dimethyl-2-
hydroxy-ethyl)amino}-2-hydroxypropanesulfonic aci-
d (AMPSO), disodium hydrogenphosphate dihydrate
and sodium dihydrogen phosphate dihydrate (phos-
phate) from Sigma (St. Louis, MO, USA); disodium
tetraborate decahydrate (borate) from E. Merck

(Darmstadt, Germany); methanol, 2-propanol and
acetonitrile from Rathburn Chemicals (Walkerburn,
UK); xanthene-9-carboxylic acid from EGA-Chemie
(Steinheim, Germany); and meso-2,3-diphenylsuc-
cinic acid from TCI (Japan). Water used for dilution
and buffer solutions was distilled, deionized and
filtered.

2.3. Procedure

Buffer solutions were prepared from AMPSO,
CAPS, phosphate and borate, and their pH was
adjusted to 10.5. The pH of buffer solutions from
borate containing SDS was adjusted to 8.5. All the
buffer solutions were filtered through 0.45 um
membrane filters (Millipore, Ireland) and degassed
before use.

New capillary tubes were purged with 0.1 M
NaOH, water and buffer successively. The capillaries
were conditioned daily by washing with 0.1 M
NaOH, water and buffer successively for 3X5 min.
Between consecutive analyses, the capillary was
purged for 2 min with the buffer solution.

Analytes were dissolved in methanol (1000 ppm)
and further diluted with 30% aqueous methanol to
obtain reference solutions (20-200 wg/ml). Stock
solutions of 1000 ppm of each marker (xanthene-9-
carboxylic and meso-2,3-diphenylsuccinic acid were
prepared in methanol. All solutions were filtered
through 0.45 um pore size membranes (Gelman
Sciences). 20 wul of xanthene-9-carboxylic acid and
150 wl of meso-2,3-diphenylsuccinic acid were then
added to tubes containing 400 ul of sample solu-
tions.

Samples were introduced into a capillary from its
anodic end by hydrostatic mode for 8 s. The capil-
lary of total length was varied from 53 to 73 cm,
effective length from 45 to 65 cm. The running
voltage, which varied with the application from 16 to
25 kV, was kept constant once selected. Detection
was performed at the wavelength of 254 nm. All
experiments were carried out at ambient temperature.

2.4. Two-marker technique

In the two-marker technique, the migration index
of one marker with the shorter migration times is set
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to 1000 (Ind,), then Ind, can be calculated according
to Eq. (1) [17].

Ind, =1Ind (¢t /t, — 1)/, /t, — 1) (D

where Ind, and Ind, are the migration indices of
markers 1 and 2, ¢, and ¢, are their respective
migration time, and ¢, is the electroosmotic migra-
tion time. The migration indices of the analytes
{(Ind,) can then be calculated by (2)

Ind, = [t,t,(Ind, ~ Ind,)
—t (Ind, t, — Ind, 1)1/t (t, — 1,) 2)

3. Results and discussion
3.1. Choice of electrolyte solutions

Flavonoid compounds are weak acids with ioniza-
tion constants (pK,) from 9-12 due to the presence
of phenolic hydroxyl group; their apparent charge
depends on their pK, values and pH of the sample
and the buffer. Our studies showed that at neutral
pH, the flavonoids studied coeluted with different
phosphate buffer concentrations (30-100 mM). Due
to the phenolic nature of the flavonoids, an alkaline
buffer system (AMPSO, CAPS, phosphate and bo-
rate) was chosen. Electrolyte solutions were tested at
pH 10.5 with concentrations of 20, 50 and 80 mM.
Even though AMPSO and CAPS electrolytes gener-
ated lower electric current inside the capillary, borate
buffer proved to be the best buffer system. Nine
from 17 compounds could be separated by CZE in
the borate concentration of 20 mM. In addition to the
stabilization of the pH, the borate ions most probably
form complexes with flavonoid aglycones or/and
saccharides enhancing the selectivity of separation.

3.2. Further optimization of the complexing
conditions for better separation

Optimization of the complexing conditions was
carried out by investigating the effect of SDS, borate
and organic modifiers. Furthermore, the influence of
effective capillary length and applied voltage on
resolution of the analytes was studied.

3.2.1. Effect of SDS

According to the literature, the CMC of SDS is 8.2
mM in pure water at 25°C. Electrolyte solution
seems to have an important influence on CMC of
SDS; e.g., it is only 2.9 mM in borate—phosphate
buffer (25°C) [19].

Effect of SDS concentrations ranging from 0 to 54
mM in 20 mM borate solution (pH 8.5) on the
separation efficiency was studied (Fig. 2). The
separation efficiency was enhanced with increasing
SDS concentrations in the electrolyte solution while
the migration times of the analytes were increased.

As low SDS concentration as 3 mM in the
electrolyte solution improved the resolution. Accord-
ing to our studies the CMC of SDS in the 20 mM
borate buffer (pH 8.5) at ambient temperature seems
to be around 4.5 mM (Fig. 2). However, higher SDS
concentrations were needed to improve the sepa-
ration. At 12 mM SDS ten compounds (including 15,
16 and 17) were separated with poor resolution.
When the concentration increased up to 20 mM, the
resolution was further improved. The resolution of
aglycones (7, 9, 10) was gradually improved with
further increasing concentrations of SDS while that
of di- or trisaccharidic flavonoid glycosides (15, 16,
17) was not improved. The aglycones (7, 9) migrated
with slower speed than their corresponding glyco-
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Fig. 2. Influence of SDS concentration on relative migration time.
Conditions: 20 mM borate, pH 8.5 and 20 kV. Numbers are the
same as Fig. 1.
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sides (2, 6) due to glycosylation which makes these
flavonoids more hydrophilic and water soluble. Most
of the investigated compounds were separated at the
SDS concentration of 48 mM.

3.2.2. Effect of borate concentrations in MEKC

Optimization with six borate concentrations from
10 to 36 mM in the fixed SDS concentration (48
mM, pH 8.5) was investigated. The ¢, value (metha-
nol) and the migration times of the analytes in-
creased as borate concentration increased. The borate
concentration influenced mostly the structures with
cis-diol groups on flavonoid skeleton and /or sac-
charide moieties. Analytes 2, 5 and 6 with vinicial
hydroxyl groups of B-rings migrated faster than
analyte 8 with one hydroxyl group, probably because
the presence of vinicial hydroxyl groups of B-rings
(Fig. 1) is more favorable for their complexation
with borate and thus greater affinity for the aqueous
phase than micellar phase.

3.2.3. Effect of organic modifiers in MEKC

2-propanol and acetonitrile from 5 to 15% (v/v)
were first used to further optimize the buffer system.
The resolution of analytes was improved, but the
migration time became longer and the peak shapes
were widened.

However, very low concentration addition (0.5,
1.0, 1.5, 2.0, 2.5 and 3.0 mM) of 1,3-diaminopropane
showed more ideal result. The best separation was
achieved with 20 mM borate and 48 mM SDS
containing 1 mM 1,3-diaminopropane (Fig. 3). 1,3-
diaminopropane had more pronounced effect on the
migration times of analyte 11, 12, 13 and 15 than on
those of other compounds.

3.2.4. Effect of effective instrumental parameters
in MEKC

Changing the effective capillary lengths from 45
to 65 cm and applied voltages from 16 to 25 kV
showed that the length should be 50 cm and the
applied voltage below 25 kV under the analytical
conditions, in order to avoid excessive current inside
the capillary.

The final separation was obtained by using 20 mM
borate and 48 mM SDS containing 1 mM 1,3-
diaminopropane (pH 8.5), with an effective capillary
length of 50 cm, and applied voltage at 20 kV. 14
flavonoids and one phenylethanoid glucoside were
separated within 20 min (Fig. 4).
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Fig. 3. Effect of 1, 3-diaminopropane on migration time. Con-
ditions: 20 mM borate, 48 mM SDS, pH 8.5 and 20 kV. Numbers
are the same as Fig. 1.

3.3. Application of the two-marker technique

3.3.1. Repeatability of analysis

The repeatability was tested by applying the two-
marker technique developed for CZE [16,17]. The
two markers, xanthene-9-carboxylic acid and meso-
2,3-diphenylsuccinic acid were used for the calcula-
tion of repeatability (Fig. 4). The migration indices
were determined according to Eqs. (1) and (2). As
seen in Table 1 the repeatability of nine replicates
with migration indices was superior to that calculated
by using absolute migration times.

3.3.2. Reliability of the identification

The coefficient for identification @, was intro-
duced to express the reliability of the identification
116]

Qu=0,—x) (o, +0)) 3)

where Q,, is indicative of the reliability of identifica-
tion between two successive compounds. Eq. (3) is a
direct application of the resolution equation in
chromatography. If Q,, value exceeds two, the
identification between two compounds is considered
reliable. x; and x, are the absolute migration times or
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Fig. 4. The electropherogram of the analytes. Conditions: 20 mM borate, 48 mM SDS, 1 mM 1,3-diaminopropane, pH 8.5 and 20 kV with an
effective capillary length of SO0 cm. Numbers are the same as Fig. 1; 18 = xanthene-9-carboxylic acid; 19= meso-2,3-diphenylsuccinic acid;

20= o-phthalic acid; the migration time of methanol= 4.01 min.

migration indices, and o, and o, are their standard
deviations. Introduction of the migration indices
resulted in reliable identification for the analyte pairs
(except one analyte pair) while the migration times
failed to give rise to reliable identification for five
analyte pairs. The reliability of identification with the
migration indices was 25 times better than that with
absolute migration times (Table 2).

Table 1

4. Conclusions

Effective separation of 16 flavonoids and one
phenylethanoid glucoside isolated from Epimedium
by MEKC required the careful optimization of
electrolytes, surfactants, organic modifiers and in-
strumental parameters. According to our studies,
MEKC with the buffer system of borate and SDS

Repeatability of analyses relying on absolute migration times and on migration indices of the analytes (nine replicates)

Analyte Absolute migration time (min) Migration index
t., (Mean) S.D. R.S.D. (%) Mean Index S.D. R.S.D. (%)
1 5.36 0.06 1.03 502.5 2.20 0.44
2 5.61 0.06 1.01 584.5 3.80 0.65
3 6.14 0.07 1.15 738.1 0.54 0.07
4 6.71 0.08 1.15 877.1 1.18 0.13
5 7.53 0.09 1.14 1040.2 1.77 0.17
6 7.89 0.08 1.18 1100.7 1.93 0.18
7 8.24 0.09 1.13 1152.8 2.46 0.21
8 8.56 0.10 1.1 1198.6 2.80 0.23
9 9.09 0.09 0.98 1265.4 2.36 0.19
10 11.06 0.16 1.46 1464.2 5.16 0.35
11 12.00 0.20 1.65 1536.3 3.59 0.23
12 13.31 0.18 1.35 1604.9 2.16 0.13
13 13.65 0.15 1.10 1635.2 2.15 0.13
14 15.02 0.06 0.40 1696.9 1.61 0.09
15 15.47 0.04 0.27 1720.8 2.33 0.14
16 15.85 0.21 1.34 1736.9 8.94 0.51
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Table 2

Values of Coefficient of Identification (Q,,) obtained for successive peak pairs

Analyte pair Absolute migration time Q,, (¢,,) Migration index Q,, (ind) Ratio @,, (ind)/Q,, (,,)
1/2 22 13.7 6
2/3 42 354 9
3/4 39 81.2 21
415 5.1 55.3 11
5/6 2.1 16.3 8
6/7 1.8 119 6
7/8 1.7 8.7 5
8/9 29 12.9 4
9/10 7.9 26.4 3

10/11 26 8.2 3

11/12 35 12.0 4

12/13 1.1 7.0 7

13/14 22 16.4 7

14/15 02 6.1 25

15/16 0.6 1.4 2

containing a low concentration of 1,3-diamino-
propane proved to be a very effective method for
analysis of flavonoids from the genus. 14 flavonoids
and one phenylethanoid glucoside were accurately
identified by MEKC within 20 min in a single run.
The two-marker technique improved the repeatability
of the analysis and reliability of the identification.
The MEKC system developed has the potential for a
rapid separation and further specific determination of
flavonoids from the traditional Chinese drugs of
Herba Epimedii and taxonomic studies of the genus
(Epimedium).

Acknowledgments

This work was supported by the grant (to H.-R.
Liang) from the Center for International Mobility,
which is greatly appreciated.

References

[1] L.A. Griffith, in J.B. Harborne and T.J. Mabry (Editors), The
Flavonoids, Chapman and Hall, London, 1982, p. 681.

2] F.C. Liu, Zhongcaoyao, 21 (1990) 36.

[3] Z.G. Pan, Chin. Mat. Med., (1990) 10.

[4] JW. Jorgerson, Anal. Chem., 58 (1986) 754

[5] PG. Pietta, PL. Mauri, A. Rava and G. Sabbatini, J.
Chromatogr., 549 (1991) 367.

{6] P. Morin, F. Villard and M. Dreux, J. Chromatogr., 628
(1993) 161.

[7] V. Seitz, G. Bonn, P. Ocfner and M. Popp, J. Chromatogr.,
559 (1991) 499.

[8] C. Bjergegaard, S. Michaelsen, K. Mortensen and H. Soren-
sen, J. Chromatogr. A, 652 (1993) 477.

[9] Y.M. Liu and S.J. Sheen, Anal. Chim. Acta, 288 (1994) 221.

[10] P. Pietta, P. Mauri, A. Bruno and L. Zini, J. Chromatogr, 638
(1993) 357.

[11] F. Ferreres, M.A. Blizquez, M.I. Giland and F.A. Tomis-
Barberin, J. Chromatogr. A, 669 (1994) 268.

f12] Z.K. Shihabi, T. Kute, L.L. Garcia and M. Hinsdale, J.
Chromatogr. A, 680 (1994) 181.

[13] C. Delgado, F.A. Tomds-Barberin, T. Talou and A. Gaset,
Chromatography, 38 (1994) 71.

[14] P.G. Pietta, PL. Mauri, L. Zini and C. Gardana, J. Chroma-
togr. A, 680 (1994) 175.

[15] J.H. Jumppanen, H. Sirén, M.-L. Riekkola and O. Soderman,
J. Microcol. Sep., 5 (1993) 451.

[16] J.H. Jumppanen and M.-L. Riekkola, Anal. Chem., 67 (1995)
1060.

[17] H. Sirén, J.H. Jumppanen, K. Manninen and M.-L. Riekkola,
Electrophoresis, 15 (1994) 984.

{18] H.R. Liang, L. Li and W.M. Yan, J. Nat. Prod., 56 (1993)
943.

{19] K. Otsuka, M. Higashimori, R. Koike, Y. Okada and S.
Terabe, Electrophoresis, 15 (1994) 1280.



