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Abstract

In this article, the dissociation constant&gpof 10 pharmacologically active xanthones isolated from herbal med8seeridaca inap-
pendiculatawere determined by capillary zone electrophoresis with diode array detectionK}valpes determined by the method based
on the electrophoretic mobilities (calculated from migration times) have been proved by the method based on UV absorbance calculated from
the online spectra corresponding peaks. No conspicuous difference was observed between the two methods with acceptable reproducibility.
Two pK, values (K41 and [Ka,) were found for four xanthones while generally the 10 compounds possess tialpes ranging from 6.4
t0 9.2
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxidant, anti-microbial, anti-rheumatism and anti-malarial
[4-10].

Xanthones, a series of biologically active compounds hav-  To develop xanthones as new therapeutic agents, the
ing similar structures, as shown fRig. 1, are extracted  physicochemical parameters such as water solubility and
from various herbaceous plants widely distributed around chemical properties must be ascertained ahead. Particularly,
the world. They are generally used in medicines and food their dissociation constantskp) are of great importance be-
additives. According to extensive medical and pharmaco- cause, from these constants, one can understand the passage
logical experiments, xanthones from these plants are re-of drugs into and across cell membranes, concentration of
puted to possess digestive, stomachic, tonic, depurative, sedathe medicament in blood, reaction rate, biological uptake and
tive, and anti-pyretic propertiefl—-3]. Recently, increas-  metabolism mechanism. However, tHeyvalues of the xan-
ing attention has been given to xanthones due to their in- thones have not been reported so far in the literature.

hibitory effect on human immunodeficiency virus type | Capillary zone electrophoresis (CZE) method, which

(HIV-I) replication and cytopathicityf4], monoamine oxi- relies on measuring the mobility of the solute as a function
dases (MAOs]5], Epstein—Barr virus early antigen (EBV- of pH, has been proved to be an effective and convenient
EA) [6] as well as proliferation of human T-lymphocy{&$. technique for determining theKp values, and a close

Consequently, these compounds have been considered to prcagreement betweerKp values obtained by CZE and other
vide a potential source for the development of new drugs, methods has been observid-18] Compared to poten-
e.g. anti-depressant, anti-tumor, anti-inflammatory, anti- tiometry, spectroscopy, conductivity or other techniques,
CZE has inimitable advantages, for instance, a lower solute
* Corresponding author. Tel.: +86 10 62754976 fax; +86 10 62751708, CONCENtration (between 16 and 10°M) can be used
E-mail addresshwliu@pku.edu.cn (H. Liu). because of high sensitivity, which is very attractive when
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Fig. 1. Molecular structure of 10 xanthones.

sample amount is limited; the result is independent of solute
purity since the disparate components could be effectively
separated into individual peaks and calculated, respectively;
it is applicable to samples that are weakly soluble in water;
and the procedure does not require solute measurement o
titrant concentrations, but only the migration times of solutes;
it permits K5 determination in agueous solutions without
difficulties, which is not the case for liquid chromatography
(LC), in which the retention could be very strong (for
reversed-phase LC) without addition of an organic modifier.
In one word, this method is a universal technique for
determining &5 values in a wide pH range, presenting
higher sensitivity and selectivity compared to other methods
[11-19]

Another important advantage of CZE method, when
online diode array detection (DAD) is used, is that we can
determine thelg values of solutes based on both their migra-

tion times and UV absorbance measured from online spectra.

Thus, it retains the advantage of CE, namely the possibility
of analyzing with limited sample amounts, despite its purity,
while the results can be proved to agree with each ¢ittgr
Since the processes of separation, purification and en-
richment of the natural products like xanthones are com-
plicated and time-consuming, it is often difficult to obtain
sufficient amount of standard samples for other analytical
methods such as potential titration that requires relatively
high quantity of samples. Therefore, CZE with online DAD
should be a good choice for determination of tkg palues
of xanthones. In this paper, th&pvalues of 10 xanthones
(Fig. 1) isolated from Chinese herbal mediciBecuridaca
inappendiculatavere determined by CZE, based on both lin-
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by UV absorbance from online DAD. The reproducibility of
the method was also investigated

2. Theory
2.1. CE method

The CE method relies on the principle that a solute exhibits
an electrophoretic mobility continuum versus pH and can
be determined by regression analysis. It has its maximum
mobility when in its fully charged state, and has no mobility
in its neutral state.

The equations which relate eletrophoretic mobility kKyp
can be adequately derived as presented below.

The monoprotic acid HA ionizes; and the thermodynamic
dissociation constart, is defined as:

_ag+ fa-[AT] aps fa[AT]

Ka= ThalFA] — rmalHA]

(1)

wheref,- can be approximated with the mean activity coef-
ficientfL. According to Debye—Eckel theory, for the mono-
protic acids in water, when the standard molality of the solu-
tion (m®) is 1 mol kg1, ionic strength ) <0.1 mol kg™, at
298 K, undep®, then[20]

1

fog f+ = —0.511 5
m

)

From Egs. (1) and2) and the definition of the effective mo-
bility («e), the K5 values can be obtained by plottingud/
versusay+ in the linear form based on E¢3) [11,13,19]
below:

B 10—0.511 I/m® 1

ayr + —
Mp-

He

3
Katin. ©)

or the nonlinear Eq4) [11-19]by setting its second deriva-
tive to zero. This was finished by a computer software named
CurveExpert Version 1.3 (Daniel Hyams).

Ma-
1+ 10(pKa—pH—0.5115\/I/m("))

He = (4)

For polyprotic acids, which ionize in distinct steps and
associate with separate acid ionization constants, the curve
of Eg. (4) is generally the same as monoprotic acids except
that there is more than one abrupt changgdn

In this study, both the linear [E¢3)] and nonlinear [Eq.

(4)] fits have been utilized to calculatép values, and the
two results were then compared and confirmed through UV
spectra collected by online DAD. The migration time of elec-
troosmotic flow (EOF) was calculated based on the negative

ear and nonlinear regressions, and the results were confirmedPeak of methanol that was used as sample solvent.
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2.2. CZE-DAD method Table 1
Preparation scheme of buffers with the ionic strerigt®.03 and their pH
The CZE-DAD method, similar to conventional spec- 29 _ '

trophotometry, hinges on the neutral and ionic species havingBuffer constituent  Stock solutions pH range
different spectra. When this criterion is met, excellent preci- (CHz)sNs—HCI 1.0M (CH)N4 and 1.0M HCI 4.5-6.0
sion is obtained15]. Absorbance data were recorded and Z?COSHF’ET'GOH) ol 1%;""&?—'; g;*_'ag‘i‘_'?-l’v('j’\(‘)@lHGOH‘lCI 6é4c;7é95

; ; . ; 2L H2 3— . 2 3 ana o. U—o.
ther? processed using a nonlinear fit on the basis of('&q. Borate 0.1 M NaB4O and 0.1 M HCI 8501
[11]: Carbonate 0.1M NaHC£and 0.LM NaCO;  9.4-11.2

A— A 7 Phosphate 0.1 M N#PO4 and 0.1 M NaOH 11.6-11.9
pKa= pH+ log (A_:A> — 05115/ — (5) a The experimental conditions are described in Section

HA — Apa- m

where Aya and Ap- represent the absorbance of the xan- [22], which were controlled by the calculation based on Eq.
thones in the nonionized and ionized form respectively; and (2) and the acid—base equilibrium theory. The pH was mea-
A'is the absorbance at a certain pH of the buffer. B sured at 25C by a pH meter, which had been calibrated in

andA,- are also determined by the regression. advance with standard buffers at the pH 4.01, 6.86, and 9.18.
3. Experimental 3.4. Procedures
3.1. Chemicals New capillary was flushed with 1.0 M NaOH for 30 min
and then pure water for 10 min. In order to equilibrate the
All chemicals, including NablPOy, NaHPO, HCI, capillary and achieve repeatable migration time, a wash se-

NaxB40O7, NaHCG;, NapCO3, N(CH2CH20H)3, (CH2)6N4 quence with 1.0 M NaOH (1 min), water (2 min) and the run-

(Beijing Chemical Factory, China) are of analytical grade and ning buffer (3 min) was carried out prior to each run, and
the solutions were prepared with pure water obtained from the pre-electrophoresis at 20 kV for 5 s was finally performed be-
DZG-303A water purification system (Aquapro, Chongging, fore each injection. All the electrolyte solutions were filtered

China) if not otherwise stated. The xanthone standards (pu-through a disposable 0.48n membrane filter and degassed

rity > 98.0%) were kindly presented by Dr. Yang at the In- ultrasonically for 5 min before use.

stitute of Medicinal Plant Developmef21]. All the xan- The standard solutions of each xanthone were injected at

thones were dissolved in methanol at a concentration of aboutleast in triplicate and the mean value of the migration times

1 mg/mL as stock solutions. was used in calculation. No neutral marker was used, and the
EOF was measured by the migration time of solvent methanol

3.2. Equipment appeared as a negative peak on the electropherogram. The mi-

gration times of the xanthones were collected at 254 nm and
Capillary electrophoretic experiments were carried out used in calculations by the CZE method. And the UV spectra

with a HP 3PCE system (Agilent, Waldbronn, Germany) in the maxima of the electrophoretic peaks were monitored
equipped with a DAD system. Instrument control and data from 190 to 600 nm with an online DAD for analysis in the
processing were performed with HP ChemStation software CZE-DAD technique.
(ver. A.08.03). Three untreated fused-silica capillaries of ~ Three xanthones, which respectively possess one, two, and
50mi.d. (375wm 0.d.) were purchased from Yongnian Op- three hydroxyl groups, were chosen for CZE-DAD analysis
tical Fiber Factory, Hebei, China, with the total length of due to their representatives. Moreover, to verify the experi-
46.5cm (38cm to the detector), 48.5cm (40 cm to the de- ment reproducibility, the g, values of six xanthones were
tector) and 53.5 cm (45 cm to the detector), respectively. An determined by two or three independent series of analysis
effective control of capillary temperature was achieved with With disparate capillary length: 48.5 cm (40 cm to the detec-
a built-in air-cooling system, which maintained the tempera- tor), 53.5c¢m (45 cm to the detector), 46.5cm (38cm to the
ture at 25+ 0.1°C. In order to reduce the analysis time, the detector) and disparate sets of buffers at different pH values.
applied voltage was set at 30 kV, and the sample was injectedDue to the limit of sample amount, not all the compounds
at 50 mbar for 5s. The pH of each electrolyte solution was were analyzed in different ways.
measured by a pHS-25 pH meter and an E-201-C composite
electrode (Leici Instrumental Factory, Shanghai, China).

4. Result and discussion
3.3. Sample preparation

4.1. Choice of the buffer pH range

The buffer solutions with different pH values were pre-

pared by mixing appropriate volumes of the stock solutions  Ideally, to measure an unknowiKpvalue, it is essential
listed in Table 1and then diluting to ionic strength=0.03 to cover a wide pH range. However, the 10 xanthones studied
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Current @A) 30.0 300 270 270

@ The experimental conditions are described in Secion

10 +

Table 2 . _ _ = xanthone No.l(a)
Measured current for xanthone 4 in used electrolyte solutions at different
pH? 20 + xanthone No.3(a)
pH 514 541 564 594 615 645 675 706
Current (/A) 28.0 280 285 275 280 280 250 250 _ . .
pH 736 766 809 839 860 888 910 926 ‘_: 15+ '
Current @A) 255 250 300 310 260 270 280 310 H
pH 951 980 1005 1034 5
|

constitute a homogenous chemical class and the mkan p 2| .
values are expected to be around 9, according to the optimum ’
buffer pH of separation in previous stuf8}. For this reason, .
a pH range between 7 and 11 was firstly chosen to bracket the LI
expected [, values. Notably, four of the xanthones exhibit p 7 8 o 10 "
secondary ionization process in the experiment, therefore the
pH range in such cases was adjusted to 4-12.

pH

Fig. 2. Relationship between buffer pH and the effective mobilities of two
4.2. Basic considerations on remaining constant ionic xanthones.

strength and viscosity of the background electrolytes i
of 1 mV would cause a change of 0.02 pH ujat] which

Since the ion—ion interactions may influence the mobility, M&Y reduces the accuracy of the experimental results to very

it is crucial to remain constant ionic strength hroughout  lImited extent.
the buffer series when thdg value is determined. Based on
literature, when the ionic strength varies from 0.045 to 0.055, 4.4. Calculations of pKvalues
the change of determinedpvalues is 0.02 K units or less,
which is atthe same level as the S.D. of the mathematical non-4.4.1. CZE method
linear regression proceduf2]. Through calculation, when Fig. 2demonstrates an example of the plots of effective
| is equal to 0.03, the concentration of the stock solutions are mobilities versus pH for the xanthones, from which thé& p
around 10-20 mM. This concentration is proper when tak- values (listed infable 3 were obtained using CurveExpert
ing two opposite effects into consideration together: the high software under the linear regression model §).and the
concentration provides a high buffer capacity while alow one nonlinear model Eq(4). It can be seen that there are no
shows the advantage of a small joule heafit®}18] significant differences between th€values determined by

Furthermore, it should be mentioned that there is an ad- the two models, illustrating that both of the two fittings are
ditional potential factor that may influence experimental re- applicable. In addition, the results obtained by using different
sults, namely the change of the viscosity with the electrolyte. capillaries are in concordance.
Nevertheless, it has been proved that, in low concentration ~ The curves irFig. 3show two inflection points that corre-
ranges, this effect is negligibl@3]. As shown inTable 2 spond to two ionization equilibriums. The secondary disso-
the low concentrations allow an acceptable current intensity ciation constantiaz is calculated in the same way as above.
between 25 and 35A (measured for xanthone 4), showing Here, the nonlinear fitting seems to be more suitable because
that the value of 0.03 is suitable for our experiments. it evaluates the whole data in one run and takes into account

the dependence between the two ionization stepd.7,18]
4.3. Effect of temperature and liquid junction potential
4.4.2. CZE-DAD method

In addition to ionic strength, capillary temperature is an- Fig. 4indicates the spectra obtained for xanthone 10 (as
other significant factor to be considered fa¢xdetermina- previously defined irFig. 1) by CZE-DAD, demonstrating
tion. It has been proved in our previous stydg] that the the relationship between the absorbance and pH vatiges
built-in air-cooling system in the CE instrument can provide illustrates an example of the plots of absorbance versus pH for
a satisfactory control of capillary temperature, and the fluctu- the xanthone 10, from which th&gvalues (listed iTable 3
ation of temperature during the process of measuring buffer were also calculated using the CurveExpert software under
pH is negligible. Therefore, the experimental results are re- nonlinear model E((5).
liable. Once the K values of the 10 xanthones are determined,

The liquid junction potential will affect the determina- respectively, their electrophoretic behaviors can be predicted
tion of the buffer pH when using the pH meter and com- and the optimum pH for their separation is understandable.
posite electrode. By computation, a liquid junction potential It is beneficial to select a buffer pH around the me&® p
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Table 3
pKa determination of the 10 xanthones by means of the CZE and CZE2DAD
No. CZE CZE-DAD
Linear fitting Nonlinear fitting Ka1 pKa2
pKa1 14 pPKa2 14 pKa1 Y pKa2 Y
1 9.15+ 0.02  0.999 - - 9.15+ 0.0  0.999 - -
9.19+ 0.0  0.999 - - 9.18+ 0.0  0.999 - -
2 9.11+ 0.02  0.998 - - 9.15+ 0.02 1.000 - -
9.08+ 0.0  0.999 - - 9.17+ 0.0  1.000 - -
3 9.19+ 0.0  0.997 - - 9.16+ 0.0  0.999 - 9.20+0.03 -
9.07+ 0.0#  1.000 - - 9.09t 0.0  0.998 - -
9.12+ 0.0  0.996 - - 9.15+ 0.0  0.998 - -
4 6.80+ 0.0  1.000 8.41+0.08 0.996 6.88+ 0.02 1.000 8.91+0.08 0.997
5 8.78+ 0.0  0.996 - - 9.05+ 0.0  0.998 - -
8.98+ 0.0  0.997 - - 9.10+ 0.0&  0.999 - -
6 6.67+ 0.0  0.996 8.71+0.08 0.996 6.75+ 0.0  0.999 9.05+0.02 1.000
7 9.28+ 0.02  0.995 - - 9.18+ 0.02  0.998 - -
8 6.42+ 0.0  1.000 8.67+0.05 0.998 6.444+ 0.0  0.998 8.95+0.02 0.999
9 6.40+ 0.0  0.995 8.66+0.0% 0.996 6.68+ 0.04  0.999 9.02+0.04 1.000 6.71+0.03 9.07+0.02
8.57+0.02 0.997 9.09+0.08 1.000
8.60+0.02 0.994 9.16+0.02 1.000
10 9.20+ 0.0  0.997 - - 9.21+ 0.0  1.000 - - 9.26+0.03 -
9.25+ 0.0  0.997 - - 9.23+ 0.0¢  0.999 - -

@ The No. corresponds to the compound numbé¥ign 1andy refers to the regression coefficient. See Sedifor the conditions.
b Total length of the capillary: 48.5 cm (40 cm to the detector).
¢ Total length of the capillary: 53.5cm (45 cm to the detector).
d Total length of the capillary: 46.5 cm (38 cm to the detector).

values of them (about 9) as the mobility differences between or abundance. The number and kind of atoms in a molecule
the analytes will exhibita maximum. This has been confirmed are no doubt influential, but the structure is an even more

by our work on the separation of these xanthd9e25]. significant factor.
The 10 xanthones studied could be divided into three
4.5. A brief understanding of the relationship between groups according to the number of hydroxyl they possessed.
the structure and pKvalues And a case-by-case analysis is indispensable for considering
The acidity or basicity of a compound depends on the ex-
istence, within the molecule, of regions of electron deficiency 50 1
11
35 + xanthone No.6 x
xanthone No.8 '
30 N
a2 =3
s <
25 E
L i
2 i g
Lo20 FECLY £
L4 (=]
5 ) =
L s
k. .
10
5
0 : L I L L L ' 'llI)U 2;3(! 3(‘1(} 350 4(I)U -LL)(] Sl‘)(l 51‘)[) I
4 5 6 7 8 9 10 11 Wavelength/ nm
pH

Fig. 4. Spectra collected for xanthone 10 from the maximum of CZE-DAD

Fig. 3. Effect of pH on the effective mobility of two xanthones that display ~Peaks at different pH values. (a) pH 7.45; (b) pH 8.61; (c) pH 9.04; (d) pH
second ionization. 9.33; (e) pH 9.57; (f) pH 9.86; (g) pH 10.39.
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When it comes to the three-hydroxy compounds, namely,
s | ot xanthones 4, 6, 8, and 9, the systems turn to be more intricacy
- . to analyze. Besides resonance and inductive effect, the size
of ion and other complicated factors may exert influence on
the dissociation constants.
375 Still, due to the existence of hydrogen bond, the hydroxyl
in R1 might not be the first to ionize. Considering xanthone
4, once the hydroxyl in R6 or R7 ionizes, the formation of hy-
drogen bond would render the negative charge on the oxygen
atom. The mechanism of shifting the electron density from
a highly charged atom increases the stability of the ion and
. further, makes the ionization favorable. Therefore, tkgip
275 | . value is noticeably much smaller than those of xanthones 2,
. ® 3, 5and 7, which also possess a hydroxyl in R7. Moreover, it
may be predicted that in xanthones 6, 8, and 9, the hydroxyl
s , , ‘ ) in R3, instead of the one in R7, ionizes in the first place. Oth-
7 8 9 10 11 erwise, the f1 values of these three compounds would be
pH higher than that of xanthone 4.
Inview of xanthones 6 and 9, they have simil&gwalues
Fig. 5. Effect of pH on the absorbance for the xanthone 10. (675 and 9.05; 6.68 and 9.09, reSpeCtively), indicating that
the methoxyl group in R4 does not have much impact as
the relationship between the structure akgpalues. There-  presented above. Thereby xanthone 8 should be expected to
sults from nonlinear fit are chosen for their comparably high show K5 values similar to them; however, this is not the case.
accuracy as stated above. It may be ascribed to the disaccord between the theory and
With respect to the xanthones 1, 7, and 10, which all have the actual situation, or the result of some complicated factors
one hydroxyl, their 5 values are similar (from 9.15t09.23, putting together.
seeTable 3, although the vicinity of hydroxyl is methoxy
group,—OMe in xanthones 1 and 10. As a matter of fact,
this substituent has the electron-releasing resonance as welb. Conclusion
as the electron-withdrawing inductive effect, and generally
speaking, the former is stronger than the laf&8]. How- In this study, the K5 values of 10 pharmacologically ac-
ever, since the inductive effect falls off rapidly with distance tive xanthones have been determined by CZE based on lin-
and yet can be effectively transmitted through four or five ear and nonlinear regression models; and the results were
bonds, when the methoxy group is in the immediate neigh- confirmed by UV absorbance from online DAD. The results
borhood, the inductive effect may become strong enough to showed that the precision of the two methods, expressed in
counteract the influence of resonance. Thereby, xanthones terms of the acceptable repeatability and reproducibility of
and 10 showslg, values alike with xanthone 7, whose adja- the migration time, mobility and K, values, is acceptable.
cent group is hydrogen atom that does not have conspicuousSince the accuracy oflfy values obtained from CZE has
electron-releasing or -withdrawing effect. been confirmed to be in agreement with those from potentio-
As for the two-hydroxyl compounds xanthones 2, 3 and metric methods and, in general, better than those from sin-
5, the primary problem that is worth inquiring is which of the gle chromatographic or spectrophotometric methodologies
two on earth ionizes at the first step. In xanthones 2 and 3,as described in earlier repofftss], the experimental results
the hydroxyl in R1 might form the hydrogen bond with the are reliable.
oxygen atom in the carbonyl, thus hold it back from ionizing. Besides the accuracy of the results, CZE and CZE-DAD
Moreover, in xanthone 5, the situation about the hydroxyl in offer several merits for it requires small amounts of sample,
R2 and the oxygen atom in the adjacent methoxy group in and the high purity or exact solute concentration is not nec-
R1 position is similar. Consequently, it stands a good chanceessary; it is suitable for analyzing substance in aqueous or
thatthe hydroxylin R7 in these three compounds ionizes first. nonaqueous solvents. And the total analysis time is relatively
Even though it is a weak acid, this process is comparatively short.
easy. Whereas in the second ionization, the proton removal
is opposed by the electrostatic force between the proton and
the newly formed ion, which carries a double negative charge Acknowledgements
and makes the force considerably greater. Hence, this step is
more difficult, and occurs at such high pH that the break in ~ The financial supports of the “President” Research Fund
curve may be invisibl§27]. So their K5 values are parallel  for Undergraduate Students of Peking University and the Na-
to those one-hydroxyl compounds discussed above. tional Nature Science Foundation of China (NSFC) (grant
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