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Separation methods for pharmacologically active xanthones
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Abstract

Xanthones, as a kind of polyphenolic natural products with many strong bioactivities, are attractive for separation scientists due to the
similarity and diversity of their structures resulting in difficult separation by chromatographic methods. High performance liquid chromatog-
raphy (HPLC) and thin layer chromatography (TLC) are traditional methods to separate xanthones. Recently, capillary electrophoresis (CE),
as a micro-column technique driven by electroosmotic flow (EOF), with its high efficiency and high-speed separation, has been employed to
separate xanthones and determine their physicochemical properties such as binding constants with cyclodextrin (CD) and ionization constants.
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Since xanthones have been used in clinic treatment, the development of chromatographic and CE methods for the separation
nation of xanthones plays an essential role in the quality control of some herbal medicines containing xanthones. This article re
separation of xanthones by HPLC, TLC and CE, citing 72 literatures. This review focused on the CE separation for xanthones due t
advantages compared to chromatographic methods. The comparison of separation selectivity of different CE modes including ca
electrophoresis (CZE), micellar electrokinetic chromatography (MEKC), microemulsion electrokinetic capillary chromatography (M
and capillary electrochromatography (CEC) was discussed. Compared with traditional chromatographic methods such as HPLC a
has higher separation efficiency, faster separation, lower cost and more flexible modes. However, because of low sensitivity of U
and low contents of xanthones in herbal medicines, CE methods have seldom been applied to the analysis of real samples althoug
great potential for xanthone separation. The determination of xanthones in herbal medicines has been often achieved by HPLC.
to enhance CE detection sensitivity for real sample analysis, e.g. by on-line preconcentration and CE-MS, would be a key to a
quantitation of xanthones.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Review; Xanthones; Herbal medicines

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. Chromatographic methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.1. High performance liquid chromatography (HPLC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2. Thin layer chromatography (TLC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3. Gas chromatography (GC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3. Electromigration methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1. CZE separation of xanthones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2. MEKC separation of xanthones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3. MEEKC separation of xanthones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4. CEC separation of xanthones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Tel.: +86 10 62754976; fax: +86 10 62751708.
E-mail address:hwliu@chem.pku.edu.cn (H. Liu).

1 Present address: Laboratory of Analytical Chemistry, Department of Chemistry, P.O. Box 55 (A.I. Virtasen aukio 1), Helsinki University,
FIN00014, Finland.

1570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.08.009



166 T. Bo, H. Liu / J. Chromatogr. B 812 (2004) 165–174

3.5. Comparison of different CE modes for xanthone separation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
3.5.1. Separation selectivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
3.5.2. Separation efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
3.5.3. Repeatability of migration or retention time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
3.5.4. Comparison between CE and HPLC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

3.6. Mechanism elucidation of xanthone separation in CE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
4. Quantitation and validation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5. Prospect for future study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

1. Introduction

Xanthones widely distributed inPolygalaceaefamily
are a kind of natural products with polyphenolic structure,
having many pharmacological effects such as MAO inhibi-
tion, antitumor activity, cytotoxicity, antibacterial activity,
antifungal activity, anti-inflammatory properties, antioxidant
activity and tuberculoatatic activity[1]. Due to their strong
bioactivities, some herbal medicines inPolygalaceaefamily
containing xanthones have been used as anti-inflammatory,
anti-bacterial and anti-rheumatism agents in clinic[2].
Hence, to develop the separation and determination methods
plays a very important role in the quality control of these

studies of natural products, and illustrate good suitability for
the analysis of Traditional Chinese Medicines because of
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tion constants and binding constants with cyclodextrins were
also introduced.

2. Chromatographic methods

2.1. High performance liquid chromatography (HPLC)

HPLC has been widely accepted as a routine chromato-
graphic method for xanthone separation and many literatures
have been involved in this field[3,4,14–22]. For most cases,
the mixture of water and methanol was used as mobile
phase, UV detector or MS, and C8 or C18 column were
adopted. These HPLC methods were applied to the analysis
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n

s
h
r-

F s
o

igh separation efficiency, short analysis time, less sa
onsumption, low cost, ease of mode change-over
olumn regeneration. There have been many publica
n the literature[7–11] in this field. Recently, some new C
echniques have been developed, such as microem
lectrokinetic capillary chromatography (MEEKC) a
apillary electrochromatography (CEC) that can pro
owerful tools for the separation of natural products[12,13].
ue to the unique characteristics of xanthone structures
lso very interesting to use xanthones as model compo

o investigate the mechanisms of CE separation.
The separation of xanthones by CE has been investi

n our group in past 3 years, especially by the new techni
f CE. The separation for 10 xanthones (seeFig. 1 for the
hemical structures of 10 xanthones) was mainly review
his paper based on our work, combined with the studie
ther researchers. The separations of xanthones by dif
E modes were compared and the determinations of
hysicochemical parameters of xanthones such as dis
ig. 1. The chemical structure of 10 xanthones. logPdenotes the logarithm
f n-octane–water partition coefficient of xanthones.
herbal medicines. Existing methods for the analysis of
xanthones involved high performance liquid chromatogra-
phy (HPLC) [3,4] and thin layer chromatography (TLC)
[5,6]. However, owing to the complicated components in
Chinese herbal medicines, HPLC requires gradient elution
that tends to be inconvenient, time consuming and often
results in interference with other unknown constituents.
TLC is not recommended for quantitative analysis due to its
poor reproducibility and accurateness. The improvements
in capillary electrophoresis (CE) are attractive for the

of xanthones in herbal medicines and drug preparations, a
to monitor the process of extract, isolation and purificatio
of xanthones.

2.2. Thin layer chromatography (TLC)

TLC is another important separation tool for xanthone
with cheaper and simpler procedure than HPLC, althoug
TLC has lower reproducibility and accurateness as compa
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ing to HPLC [5,23–28]. Cellulose, silicone, the moiety of
monohydroxyphenyl ando-dihydroxyphenyl have been em-
ployed as separation mediums for xanthones in TLC[23–28].

2.3. Gas chromatography (GC)

As early as 1971s, Jefferson et al.[29] utilized gas
chromatography (GC) to determine the derivatives of natural
and synthetic xanthones on a packed column. Recently, Oba
et al.[30] made a confirmation of the xanthone structures in
thermally treated polycarbonates by reactive pyrolysis-gas
chromatography–mass spectrometry (GC–MS). Never-
theless, due to tough pretreatment and analyte volatility
limitation, GC has seldom been used for xanthone separation.

3. Electromigration methods

As a micro-column separation technique, CE has been just
developed for xanthone separation recently. Yang et al.[31]
determined the three xanthones inSwertia przewalskii pis-
sjaukby CZE within 5 min with satisfactory recovery and
linearity, using a running buffer of 25 mM disodium tetrabo-
rate at pH 9.0. In our laboratory, a series of CE methods have
been established for the separate of 10 xanthones (Fig. 1)
fromSecuridaca inappendiculataHasskand the optimization
o d.
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Fig. 2. The optimum electropherograms of 10 xanthones by CZE. (A) Sul-
fated�-CD as additive; (B)�-CD as additive; (C) NACE. Conditions: (A)
buffer, 200 mM borate (pH 9.5) containing 10 mM sulfated�-CD; applied
voltage 30 kV; temperature 40◦C; detection, UV at 265 nm. See Fig. 1 for
peak identification. (B) Buffer, 30 mM borate (pH 10) containing 10 mM
�-CD; applied voltage, 18 kV; temperature, 25◦C; detection, UV at 265 nm.
See Fig. 1 for peak identification. (C) Methanol containing 12.5 mM acetate
sodium and 1.5 mM acetic acid under applied voltage, 18 kV; temperature,
25◦C; detection, UV at 265 nm; 58.5 cm× 50�m i.d. fused silica capillary
for A and C; 58.5 cm× 100�m i.d. fused silica capillary for B.

3.2. MEKC separation of xanthones

As a powerful analytical method, MEKC enables excellent
separation of both charged and electrically neutral analytes
[43,44]. The separation in MEKC is based on the difference
f separation conditions has been systematically studie

.1. CZE separation of xanthones

Since its first introduction by Jorgenson and Lukacs[32],
ZE becomes an important method for the separatio
harged natural products, especially for the natural prod
ith polyphenolic structures such as flavonoids, coum
nd organic acids, etc.[33–35]. A fast CZE method was r
orted in 2002 for the separation of 10 xanthones[36,37].
ased on the systematically optimization of such param
s pH, concentration of running buffers, addition of sulfa
-CD, applied voltage and column temperature, the opt
eparation was achieved for the 10 xanthones in less
5 min with excellent separation efficiency, using a ba
round electrolyte consisting of 200 mM borate (pH 9.5)
0 mM sulfated�-CD under 30 kV applied voltage and 40◦C

emperature, as shown inFig. 2A. The study showed the a
ition of sulfated�-CD was essential to improve the ove
esolution of 10 xanthones[37]. In addition,�-CD was also
dded to running buffer and showed totally different se

ivity compared with sulfated�-CD (seeFig. 2B) [38].
In the last decade, nonaqueous CE (NACE) has been

essfully employed to separate charged solutes with h
eparation efficiency and better separation selectivity, e
ially for higher hydrophobic analytes[39–41]. However, ou
tudy demonstrated that the NACE provided with insuffic
esolution for 10 xanthones, as shown inFig. 2C [42]. It was
peculated that the difference of dissociation constants
anthones in organic solvent tends to decrease, result
he poor resolution.
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Fig. 3. MEKC separation for 10 xanthones with 5 mM�-CD as additive.
Conditions: 58.5 cm× 50�m i.d. fused silica capillary; 100 mM borate
buffer (pH 10.5) containing 60 mM SDS; applied voltage, 20 kV; tempera-
ture, 35◦C; detection, UV at 265 nm. The peak numbers are correspondent
to the xanthones numbered in Fig.1.

in the partitioning of analytes between the micellar and aque-
ous phase. Thus, the separation selectivity can be manipulated
by the modification of the micellar phase or aqueous phase
[45,46]. To modify the aqueous phase, organic solvents and
cyclodextrins are often added to the aqueous buffer system.
On the other hand, the micellar phase can also be modified
through the use of mixed micelles. In our laboratory, a MEKC
method was also developed for the separation of xanthones
[47]. The investigation indicated that 10 xanthones could be
well separated within 15 min by using 100 mM borate buffer
(pH 10.5) containing 60 mM SDS and 5 mM�-CD, although
the overall resolution by MEKC was somewhat lower than
that by CZE (seeFig. 3) [48]. It was observed that the addi-
tions of CDs and organic solvents played an important role
in the separation of xanthones. Additions of 5 mM�-CD and
10% (v/v) methanol in the buffer system could achieve the
baseline separation for four xanthones with lower hydropho-
bicity (seeFig. 4). The dependence of the migration order
of those xanthones on their structures and solute–micelle-
modifier interactions were also discussed in detail by using
the logarithms ofn-octane–water partition coefficient (logP)
as a structural parameter[47]. The study showed that the hy-
drophobicity of 10 xanthones was closely associated with the
MEKC separation, and the separation selectivity of these xan-
thones with lower hydrophobicity was easier to be affected
b

3

hy
( hich
c rged
a tes

Fig. 4. Effect of the addition of methanol on the separation of xanthones with
5 mM �-CD as additive. (A) 5% (v/v) methanol; (B) 10% (v/v) methanol.
Condition: 100 mM borate buffer (pH 10.5) containing 60 mM SDS and
5 mM �-CD; applied voltage, 20 kV; temperature, 35◦C; detection, UV at
265 nm. The peak numbers are correspondent to the xanthones numbered in
Fig. 1.

based on their hydrophobicities and electrophoretic mobili-
ties. The microemulsion buffers used in MEEKC are com-
posed of minute water-immiscible oil droplets suspended
in an aqueous buffer, and solutes partition between the oil
droplet and the aqueous buffer phases. Water-insoluble com-
pounds will favor inclusion into the oil droplet rather than
into the buffer phase, making the partition of the solute pos-
sible in a chromatographic manner. Hydrophobic solutes will
reside more frequently in the oil droplet than water-soluble
solutes. The separation basis is similar to MEKC, but solutes
are more easily able to penetrate the surface of the droplet
than the surface of a micelle[52], allowing MEEKC to be
applied to a wider range of solutes than MEKC.

The theory of MEEKC has been thoroughly reviewed by
Altria [53]. Recently, a high-speed MEEKC separation has
been reported to greatly reduce the analytical time[54]. The
reported applications of MEEKC cover a wide range of ana-
lytes, such as derivatized sugars, polycyclic aromatic hydro-
carbons, proteins, hop bitter acids, agrochemicals, vitamins,
kentones, analgesics/cold medicine ingredients, steroids, ba-
sis and acidic drugs, pharmaceutical excipients, cardiac gly-
cosides, natural products, chiral drugs, urine, dyes, and fatty
acid esters[53,55,56]. It was also reported that some active
components, e.g. saponins and isoquinoline alkaloids, in tra-
ditional Chinese medicines were successfully separated by
M

y electrophoretic condition variations.

.3. MEEKC separation of xanthones

Microemulsion electrokinetic capillary chromatograp
MEEKC) is an electrodriven separation technique, w
an generate highly efficient separations of both cha
nd neutral solutes[49–51]. This technique separates solu
 EEKC [57,58].
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Ten xanthones were used in our laboratory to systemati-
cally study the influence of operation variables including the
composition of emulsion, buffer pH, different modifiers, the
capillary temperature and the applied voltage on the selectiv-
ity in MEEKC [59]. Some parameters including logarithm
of n-octanol–water partition coefficient (logP), resolution
(R), peak symmetry factor (fs) and theoretic plant number
(n) were employed to evaluate separation selectivity under
various operating conditions, and the separation mechanisms
were elucidated and compared with MEKC[60]. Based on
the optimization, the best separation for 10 xanthones was
obtained by using 50 mM borate buffer (pH 9.5) containing
10% (v/v)n-butanol, 80 mMn-heptane, 5 mM sulfated�-CD
and 120 mM SDS (seeFig. 5C) [59]. The investigation
showed 5 mM sulfated�-CD as an additive could greatly en-
hance the overall resolution of 10 xanthones with a moderate
separation time and showed better separation than that with
�-CD as modifier (seeFig. 5) [60]. What should be empha-
sized here is that operation variables could have important
effects on the separation efficiency of xanthones[60]: (1) in
all pH range studied from 8.0 to 10.5, the xanthone 7–10 with
lower hydrophobicity kept good peak shapes and separation
efficiency. However, at pH 8.0–9.0, the peak shapes of xan-
thone 1–6 with higher hydrophobicity were very poor, which
were obviously improved with the increase of pH values. (2)
F ch as
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Fig. 5. MEEKC separation for 10 xanthones. (A) Without additive; (B) 5 mM
�-CD as additive; (C) 5 mM sulfated�-CD as additive. Condition: 48.5 cm
× 50�m i.d. fused silica capillary; 50 mM borate buffer (pH 9.5) contain-
ing 10% (v/v)n-butanol, 80 mMn-heptane and 120 mM SDS under 25◦C
temperature and 25 kV applied voltage. See Fig. 1 for peak identification.

also showed that CDs as modifiers could affect the separation
efficiency.

In fact, the change of separation efficiency in MEEKC is
closed related to the dynamic process. An equation used in
or most xanthones, the addition of organic solvents su
ethanol, acetonitrile, propan-2-ol and tetrahydrogenf

ould effectively increase the theoretical plate numbe
nalytes but the resolution was not obviously improved
0 mM sodium cholate (SC), 10 mM cetyltrimethylamm
ium bromide (CTAB), 5% (v/v) Tween-80 and Triton X-1
ere respectively added into the microemulsion syste

orm mixed surfactant for studying the changes of selecti
nfortunately, the addition of SC destroys the overall
ration and the peak shape, resulting in very poor resol
f all xanthones. With the addition of CTAB, the migrat

imes of xanthones decreased slightly because low co
ration CTAB can reduce the charge density on the drop

hat is more, the addition of CTAB increased the theo
lant number of all analytes to a great extent. The add
f Tween-80 obviously narrowed the detection window
EEKC and decreased the migration times of xantho
–9. Tween-80 is a kind of neutral surfactant and can m

hese xanthones more soluble in the aqueous phas
educe the affinity to the droplets, resulting in the decr
n migration times of xanthones 1–6. Adding Tween
reatly improved the theoretic plant numbers of the ana
ith higher hydrophilicity such as xanthone 7–10. On
ontrary, the addition of Tween-80 decreased the sepa
fficiency of xanthone 1–6 with lower hydrophilici
imilarly, the addition of Triton X-100 deteriorated t
eparation of xanthone 1–6, but dramatically increase
heoretic plant number of xanthone 7–10. (4) Like in C
igher applied voltage represented higher efficiency for m
nalytes. However, the increase of capillary temperatur
uced the separation efficiency for xanthones. (5) The s
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MEKC can be applied to the MEEKC:

Htot = H1 + Hm + Haq + HT + Hep

whereHtot is overall plate height, andH1, Hm, Haq, HT and
Hep are plate heights generated by longitudinal diffusion,
sorption–desorption kinetics in micellar solubilization, inter-
micelle mass transfer in the aqueous phase, radial temperature
gradient effect on the electrophoretic velocity of the micelles
and dispersion of electrophoretic mobilities of the micelles,
respectively. Among these five factors,H1,Hm andHep were
found to contribute significantly to band broadening[61]. The
longitudinal diffusion decreases with an increase in the EOF,
whereasHm andHep increase linearly with the increase in the
EOF[61]. The same discussion is also applicable to MEEKC.
What is dominant would determine the change of separation
efficiency when operation conditions were changed.

3.4. CEC separation of xanthones

Capillary electrochromatography (CEC) is a powerful
separation technique combining, in principle, advantages of
HPLC and capillary electrophoresis[62–65]. CEC uses elec-
troosmotic flow to drive the mobile phase that transports the
solutes through the chromatographic column. Separation can
be achieved by differential partition between two phases,
d wo.
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It can be seen that peak order is fluctuated between
different separation modes. The reason is the separation
mechanisms are more or less different from each other.
In CZE separation, the difference in xanthone mobilities
resulted from the dissociation constants discrepancy of phe-
nolic hydroxyl groups and the difference in binding constants
between xanthones and sulfate�-CD. Therefore, xanthone
7–10 with three hydroxyl groups were more negatively
charged than xanthone 1–6 in the running buffer, thus were
eluted at last. Whereas, in MEKC and MEEKC, hydropho-
bicity, which can be represented by logP, plays essential role
in the separation, in addition to the ionization of analytes.
The xanthones can be divided into two groups according
to their logP. The xanthones 1–6 with higher logP values
had slower mobility due to their stronger affinity to the oil
droplet or micelle. Whereas, the xanthones 7–10 with lower
logPvalues eluted faster because of less reaction with the oil
droplet or micelle. MEEKC showed better separation ability
for xanthones than MEKC, especially for those with similar
hydrophobicity. It can be well explained that the surface
of the droplet was much more easily penetrated by solutes
than the surface of a micelle, since the latter is more rigid
than the former, allowing MEEKC to be applied to a wider
range of solutes than MEKC. CEC is a recently developed
technique, but it could not show better separation power for
x
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ifferential electromigration or a combination of these t
owever, much work will still be necessary if CEC can
ccepted as a routine analytical technique and a viable
ative to CE and HPLC[66,67]. We explored the possibili
f separating 10 xanthones by CEC on a C18 column[48,68].
he best separation was achieved by using 25 mM acetic
uffer solution (pH 4) with 50% acetonitrile. In addition,
tudy revealed that percentage of acetonitrile in mobile p
as very important for the separation. Unfortunately, c
ared with CZE, MEKC and MEEKC, CEC did not provi
cceptable separation for 10 xanthones.

.5. Comparison of different CE modes for xanthone
eparation

.5.1. Separation selectivity
According to the descriptions above, there exist grea

erences in separation selectivity and analysis time for
hones when adopting different CE modes. MEEKC sho
he longest analysis time and the largest detection win
analysis time scale from first emerging peak to last
ompared with others. The baseline separation of nine
hones can be successfully completed by CZE and MEE
specially for CZE, the fastest analysis was achieved w
2.5 min. As for MEKC and CEC, however, the baseline
ration cannot be achieved. It was also demonstrated

he peak order was greatly varied when using differen
odes due to different separation mechanisms. It shou
oted that MEEKC showed stronger separation ability
anthones than MEKC.
anthones.

.5.2. Separation efficiency
Theoretic plate number and symmetry factor by using

erent CE modes for xanthone separation were compare
he data are listed inTable 1. The data indicated that CZ
howed the highest theoretic plate numbers for xanth
ut obtained the lowest symmetry factor, compared
ther CE modes. MEKC demonstrated the lowest se

ion efficiency with theoretic plate number below 100,000
EEKC showed higher theoretic plate numbers simila
ZE, and better symmetry factors. However, as a com

ion of CE and HPLC, CEC has not show any advantag
he respect of separation efficiency.

able 1
he theoretic plant number (m−1) and symmetry factor of nine xanthon
y using different CE methods under optimal conditions

an CZE MEKC MEEKC CEC

300700 (0.29)a 29014 (1.16) 210658 (1.30) –
208392 (0.22) 25698 (0.68) 223113 (0.72) 26578 (0.92)

, 4 73676 (0.12) 21274 (1.12) 81820 (1.31) –
307802 (0.29) 54134 (0.71) 187565 (0.90) 140088 (0.94)
132989 (0.14) 26904 (0.94) 125463 (0.89) –
397038 (0.97) 39095 (1.12) 252080 (0.99) 22588 (2.03)
231604 (0.76) 50749 (1.25) 193655 (0.97) 31785 (2.14)
325794 (0.82) 49642 (1.45) 228473 (0.79) 152898 (1.26)

0 195496 (1.01) 59222 (1.34) 192090 (1.47) 146633 (0.89)
a The data in the parentheses denotes symmetry factor. SeeFig. 1 for

anthone number. See Section 3 for the optimal conditions of differen
odes.
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3.5.3. Repeatability of migration or retention time
The repeatability of migration or retention times in CZE

separation was tested by using a pair of BEG vials for con-
secutive analysis. The investigation demonstrated that the
relative standard deviation (R.S.D.) for migration times of
xanthones was below 1%. MEKC, MEEKC and CEC also
demonstrated satisfactory R.S.D. (<7%).

3.5.4. Comparison between CE and HPLC
A HPLC method for the separation of 10 xanthones was

developed for comparison with CE methods[48,69]. As
shown inFig. 6, the baseline separation of xanthones was
achieved using linear gradient elution within 40 min, but the
analytical time is much longer than CE methods mentioned
above, demonstrating that CE is a more suitable tool than
HPLC for the separation of xanthones. However, the detec-
tion limit of CE is not as high as that of HPLC because the

F
(
5
2
t
o
9
t
p

on-line detection used in CE has narrow capillary diameter.
Therefore, it will be interesting to investigate on-line precon-
centration techniques for CE to improve its detection sensi-
tivity. On the other hand, Yang[70] used TLC with silica as
stationary phase and a mixture of methanol and chloroform
as elution solvent for the separation for xanthones, showing
an elution sequence of 10 xanthones as follows: 3, 4, 1, 6,
2, 10, 7, 8, 5 and 6[70]. It was very interesting that xan-
thone 3 and 4, which could not be separated by any mode of
CE and reversed-phase HPLC, could be separated by TLC.
Consequently, two-dimensional chromatography or on-line
coupling of HPLC and CE would be studied to completely
separate these xanthones.

3.6. Mechanism elucidation of xanthone separation in
CE

As described above, the addition of sulfate�-CD or�-CD
in running buffer can obviously enhance the separation selec-
tivity for 10 xanthones in CZE, MEKC and MEEKC. Hence,
to investigate the separation mechanism in presence of sul-
fate�-CD or �-CD would be significantly important. Bo et
al.[71] studied the quantitative structure-electromigration re-
lationships (QSER) to elucidate the separation mechanism in
CZE with sulfate�-CD or �-CD as additives. The binding
c ent
s 3
[ one
m ula-
t
[ cess
b a-
s from
w was
o ergy
( ent
( ere
s ween

T
A s

X

ig. 6. HPLC separation for xanthones. (A) Xanthone standards solution;
B) real sample solution. Condition: A ZORBAX RX-C8 (4.6 mm× 25 cm,
�m) (Agilent Technologies, CA, USA) was used; UV detection was set at
65 nm; the mobile phase was composed of two solvents, water and acetoni-

rile, and a linear gradient program was developed; the volume percentage
f acetonitrile was linearly changed from 5 to 95% within 30 min, and then
5% acetonitrile was maintained for 5 min; the flow-rate and the column

emperature were set at 1.0 ml/min and 25◦C, respectively. See Fig. 1 for
eak identification.

1

X
1 kV;
t ter,
5

onstants (K) of CDs and xanthones are varied with differ
tructures of CDs and xanthones, as shown inTables 2 and
37,38]. In addition, the structural descriptors of xanth
olecules in term of quantum chemical indices and calc

ion chemistry were calculated in our work, listed inTable 4
71]. Computer was used to simulate the interaction pro
etween sulfated�-CD or �-CD and xanthones on the b
is of molecular mechanics and molecular dynamics,
hich the interaction energy between analyte-selector
btained. Among the descriptors above, interaction en
INE), the logarithms of octanol–water partition coeffici
log P) and total energy (TE) of xanthone molecular w
elected to describe molecular recognition process bet

able 2
pparent binding constants between sulfated�-CD and studied xanthone

anthone Binding constant
(K, L mol−1)

Linear regression
equation

Correlation
coefficient

1 72.29 Y= 143.90 + 10.69X 0.9895
2 87.47 Y= 65.85 + 5.76X 0.9844
3 73.03 Y= 74.70 + 5.46X 0.9684
4 73.03 Y= 74.70 + 5.46X 0.9684
5 125.3 Y= 111.28 + 13.94X 0.9115
6 342.2 Y= 19.59 + 6.70X 0.9966
7 116.4 Y= 71.55 + 8.32X 0.9970
8 276.9 Y= 66.55 + 18.42X 0.9702
9 364.1 Y= 54.73 + 19.92X 0.9786
0 – – –

stands for [L] (mmol L−1), Y for [L]/(µf–µi) (mmol s kV L−1 cm−2 ×
0−3). Conditions: buffer, 200 mM borate, pH 9.5; applied voltage, 18

emperature, 25◦C; detection, UV at 265 nm; capillary inner diame
0�m.
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Table 3
Apparent binding constants between�-CD and studied xanthones

Xanthone Binding constant
(K, L mol−1)

Linear regression
equation

Correlation
coefficient

1 16.19 Y= 5.960 + 0.096X 0.9002
2 246.0 Y= 1.256 + 0.309X 0.9900
3 447.4 Y= 0.742 + 0.332X 0.9822
4 447.4 Y= 0.742 + 0.332X 0.9822
5 177.7 Y= 1.049 + 0.186X 0.9115
6 659.6 Y= 0.382 + 0.252X 0.9921
7 −7.45 Y= 4.804− 0.036X 0.9970
8 375.4 Y= 0.371 + 0.139X 0.9740
9 386.0 Y= 0.310 + 0.119X 0.9844

10 934.2 Y= 0.170 + 0.159X 0.9912

Xrepresents [L] (mmol L−1),Yrepresents [L]/(µf–µi) (mmol s kV L−1 cm−2

× 10−3). Conditions: buffer, 30 mM borate, pH 10; applied voltage, 20 kV;
temperature, 25◦C; detection, UV at 265 nm; capillary inner diameter,
100�m.

xanthone and CDs in CZE. The multiple regressions of logK
with INE, logP and TE showed different separation mecha-
nisms when sulfated�-CD or�-CD was added to the running
buffer. For sulfated�-CD, it can be reached that the electric
and hydrogen bond effects between sulfated�-CD and xan-
thones are the most important factors for the molecular recog-
nition. The electric and hydrogen bond effect is benefit to the
interaction and decides the stability of inclusive-complex be-
tween sulfated�-CD and xanthones. On the contrary, the
van der Waals force effect between sulfated�-CD and xan-
thones, and the stronger hydrophobicity of analytes are not
benefit to the inclusive-complexes formation. It can be well
explained that the sulfonic acid group of sulfated�-CD has
extremely electric effect (including hydrogen bond effect) on
the xanthones, so the electric and hydrogen bond effects are
dominant in the molecular recognition. As for�-CD, it can be
concluded that the van der Waals forces effect between�-CD
and xanthones is the most essential factor for the molecular
recognition. Stronger the van der Waals forces are, the more
stable the inclusive-complex becomes. Unlike sulfated�-CD,
�-CD is electrically neutral and the resulted hydrogen bond
with xanthones is much weaker than that of sulfated�-CD,
so under this circumstance the van der Waals forces becomes

Table 4
T

X

1

l TE de nit:
1 l/mol) o MO
d ree). L n.

Fig. 7. The number of publications about xanthone determination in real
samples by means of different chromatographic methods based on SCI.

dominant, and the phenomenon observed above with sulfated
�-CD as a additive cannot be happened. What is more inter-
esting is that logP exerts negative contribution to the inter-
actions between CDs and xanthones, which is opposite to the
traditional theory about CDs. It was showed that calculated
logK from multiple regression equation and observed logK
from experiment can be compared, so the CZE behavior of
xanthones could be predicted by this QSEQ study.

Besides binding constant, dissociation constant is an im-
portant parameter that can determine the CZE behaviors and
the interactions between solutes and micellar or droplet phase
in MEKC or MEEKC. Furthermore, dissociation constant
can have an essential impact on the transportation of solutes
across protein or liposome membrane. CZE can serves as an
effective tool to determine dissociation constant. Yang et al.
[31] determined the dissociation constants of three xanthones
Swertia przewalskii pissjauk. In our study, the dissociation
constants of 10 xanthones shown inFig. 1were determined
by CZE and provided important data for studying CE sepa-
ration mechanism of xanthones[72].

4. Quantitation and validation

Although xanthones are attractive natural products
w in
r ely
l hods
s r the
he descriptors of analytes for QSRR

an logP TE INE 1

1 2.30 −1.024 −0.308
2 2.69 −0.9493 −0.114
3 2.69 −0.9493 −0.155
4 2.69 −0.9493 −0.104
5 2.17 −0.9103 −0.259
6 2.17 −0.9103 −0.337
7 1.78 −0.9852 −0.209
8 1.78 −0.9852 −0.234
9 1.65 −0.8713 −0.142
0 1.91 −1.099 −0.101

og P denotes the logarithms of octanol–water partition coefficient.
00 kcal/mol) of�-CD. INE 2 denotes interaction energy (unit: 100 kca
enotes the energy of the highest occupied molecular orbital (unit: hart
INE 2 µ HOMO LUMO

−0.271 5.662 −0.2849 0.0678
−0.203 4.726 −0.2829 0.0811
−0.090 5.105 −0.2875 0.0704
−0.193 3.027 −0.3011 0.0738
−0.268 5.425 −0.2901 0.0690
−0.108 5.317 −0.2838 0.0642
−0.136 3.778 −0.2967 0.0672
−0.300 6.936 −0.2852 0.0670
−0.193 6.515 −0.3046 0.0675
−0.219 5.770 −0.2908 0.0760

notes total energy (unit: 103 hartree). INE 1 denotes interaction energy (u
f sulfated�-CD. µ denotes dipole moment (unit: Debye) of xanthone. HO

UMO denotes the energy of the lowest unoccupied molecular orbital (uit: hartree)

ith strong activities, the quantitation of xanthones
eal samples has been still limited due to their extrem
ow contents. For most cases, chromatographic met
uch as HPLC, TLC, and CE have been just used fo
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separation, purification of xanthones from complicated
matrices, and the physicochemical study on xanthones. As
for the determination of xanthones in real samples, HPLC is
a main chromatographic method used at present based on
science cited index (SCI) shown inFig. 7. The contents of
xanthones in real sample such as nanocapsules[14], herbal
medicine[69], human body fluidity[73] were successfully
determined by HPLC-UV with good recovery, wide linear
range and higher detection sensitivity[69]. Recently in order
to increase detection sensitivity and identify the xanthones
online, HPLC-MS has been applied to xanthone analysis in
real samples. Electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) in the positive mode
are mainly used method[4,74–76]. As for TLC, it is not
recommended for quantitative analysis because of the poor
reproducibility and accurateness[5,6]. Our work introduced
above showed an attractive potential for separating xan-
thones by CE, but unfortunately, CE has not widely applied
to determine xanthones in herbal medicines due to the low
sensitivity of UV detector. Just one paper[31] has been
involved in this field with satisfactory recovery and linearity.
Three xanthones inSwertia przewalskii pissjauk(1,7-O-
beta-d-glucopyranosyl-8-hydroxy-3,7-dimethoxyxanthone,
1,8-dihydroxy-3,7-dimethoxy-xanthone, 1,7-dihydroxy-3,8-
dimethoxyxanthone) have been determined by CZE and
t the
v

5

ones
f de-
t n in
C ones
i ents.
H an-
t omi-
n how
t pre-
c e in
f tion
t uit-
a ften
u as a
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t
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