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Successful simultaneous diastereomeric separation and sensitive
determination of two pairs of triterpenoidal saponins have been
achieved by capillary electrophoresis (CE) using b-cyclodextrin
(b-CD) as a stereoselective agent to cooperate with borate complex-
ation. A usual technique for isolation and group separation of sapo-
nins was developed as an appropriate purification step prior to the
determination of individual saponins by CE. Soyasaponin I (S1), azuki-
saponin V (S2), bersimoside I (S3) and bersimoside II (S4) could be
well separated within 14 min in a fused-silica capillary (60 cm long
to the detector with an additional 10 cm to the cathode; 75 mm i.d.).
The background electrolyte was borate buffer (80 mM, pH 10),
containing 24 mM b-CD. The separation voltage was 14 kV with a
detection wavelength of 195 nm. The sample was electrokinetically
injected using a voltage of 16 kV for 12 s. Methanol (70%) was used
as the diluent for field-amplified sample stacking after hydrodynamic
injection of short water plug (5 cm, 4 s). The method was partially
validated for linearity, repeatability, reproducibility, limits of detec-
tion and limits of quantification. The correlation coefficients of the
calibration curves were all >0.998, and the recoveries were from
98.23 to 96.21%.

Introduction

Saponins, a large category of secondary plant metabolites, are

found in great number of plant species and in some marine

organisms. Saponins have a diverse range of properties, which

include sweetness, bitterness, foaming and emulsifying proper-

ties, pharmacological, medicinal, hemolytic, as well as antimicro-

bial, insecticidal and molluscicidal activities (1, 2).

Trifolium alexandrinum is an annual plant cultivated in Egypt

and its seeds are used as an antidiabetic. Isolation and structural

determination of oleanane triterpenoidal saponins as their methyl

esters from the seeds of this plant have been reported (3). The

structures of saponins showed that soyasaponin I methyl ester

(S1) and azukisaponin V methyl ester (S2) or bersimoside I methyl

ester (S3) and bersimoside II methyl ester (S4) are two pairs of

diastereomers, in which one compound showed the presence of

galactose while the other one involved glucose (Figure 1). S1
and S2 were identified as 3-O-a-L-rhamnopyranosyl-(1!2)-b-D-

galactopyranosyl-(1!2)-b-D-glucuronopyranosyl soyasapogenol B

methyl ester (S1) and 3-O-a-L-rhamnopyranosyl-(1!2)-b-D-

glucopyranosyl-(1!2)-b-D-glucuronopyranosyl soyasapogenol B

methyl ester (S2), respectively. S3 and S4 were identified as

3-O-a-L-rhamnopyranosyl-(1!2)-b-D-galactopyranosyl-(1!2)-

b-D-glucuronopyranosyl soyasapogenol B methyl ester 22-

O-b-D-glucopyranosyl-(1!2)-b-D-glucopyranoside (S3) and

3-O-a-L-rhamnopyranosyl-(1!2)-b-D-glucopyranosyl-(1!2)-b-D-

glucuronopyranosyl soyasapogenol B methyl ester 22-O-b-D-

glucopyranosyl-(1!2)-b-D-glucopyranoside (S4), respectively (3).
Due to the fact that saponins usually occur in plants as a

mixture of structurally related forms with very similar polarities,

their separation still remain a challenge. High-performance

liquid chromatographic (HPLC) methods have been used for the

analysis and identification of saponins (4–7). However, absence

of chromophores in saponins hampered their detection in UV

light. Thus, most of the published data were based on recording

HPLC profiles at 200–210 nm. But at these wavelengths other

constituents may overlap with saponins making their determin-

ation difficult. These difficulties by HPLC encouraged develop-

ment of hyphenated technique combining liquid chromatography

and mass spectrometry (LC–MS/MS) for the identification and

quantification of saponins. This technique is still a challenge and

has several limitations (8–14).

As an alternative to HPLC, capillary electrophoresis (CE) is

shown to be a powerful separation technique which provides

high-resolution results and is becoming a standard tool for the

analysis of many plants extracts (15–19). CE has many advan-

tages over other techniques, including short analysis time, high-

efficiency, technical simplicity and applicability to most analytes

with small sample and reagent requirements. Kodama et al.

(20, 21) developed CE methods for the analysis of some monosac-

charides (mannose, galactose, fucose, glucose, xylose and arabin-

ose) based on the chiral ligand-exchange principle, using borate

as a central ion of the chiral selector after derivatization with

various reagents ((S)-3-amino-1,2-propanediol, 8-aminonaphthalene-

1,3,6-trisulfonate and 1-phenyl-3-methyl-5-pyrazolone). On-column

complexation of saponins in T. alexandrinum with borate,

forming anionic complexes, has been applied for the simultan-

eous separation of these compounds by CE with direct UV de-

tection (22). Borate buffer was proposed for the separation of

the two pairs of diastereomeric saponins S1 and S2 or S3 and S4
by complexing the diols of the sugar moieties linked to the tri-

terpine nucleus of these saponins. Unlike Kodama group, the

separations of the previously studied diastereomeric saponins

were achiral. However, to date, no extensive validated analytical

study on T. alexandrinum was found. The existing reported

CE method (22) was not satisfactory for the quantification of
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saponins in T. alexandrinum, because the concentration sensi-

tivity detected with the electrophoresis system was poor.

Due to the small internal diameter of the capillary and the

small injection amount, detection sensitivity was the major

drawback of CE, especially when coupled with UV detector.

Two general approaches have been adopted to improve sensitiv-

ity. One method used more sensitive detectors, such as fluores-

cence, electrochemical or mass spectrometry detectors, and the

other employed on-line concentration strategies, such as stack-

ing and sweeping. Stacking is a phenomenon through which

sample ions accumulate at the boundary, which separates the

low conductivity sample plug and the high-conductivity back-

ground electrolytes. The simplest technique for sample stacking

is field-amplified sample stacking (FASS) (23–27).

Due to the interest in their potent biological activity and in

the continuing effort to improve the sensitivity with the expert-

ise developed in our laboratory for triterpenoidal saponins ana-

lysis, our study was involved in a research effort aimed to

develop a fast, accurate and sensitive partially validated CE

method for the quantification of two pairs of diastereomeric

saponins from T. alexandrinum. The effect of several crucial

parameters were investigated and evaluated on the final,

previously developed method (22). Because sensitivity could be

improved under the FASS condition, we attempted to analyze

these pairs of diastereomers using FASS-CE-UV method. A dual

mechanism involving complexation of saponins with borate to-

gether with b-cyclodextrin (b-CD) was applied for the analysis

of the tested saponins by CE with direct UV detection at

195 nm. The optimum separation and stacking conditions were

achieved by systematically optimizing the concentrations of

borate buffer and b-CD, pH of the background electrolyte, the

injection time of water plug, the injection time of sample and

the injection voltage.

Experimental

Instrumentation

Separation was performed in fused-silica capillary covered with a

polyamide-coating layer (Polymicro Technologies, Phoenix, AZ,

USA), 60 cm (long to the detector) with an extra 10 cm to the

cathode with 75 mm i.d. and 360 mm o.d. The detector was a

Jasco UV/VIS 875-CE, equipped with a CE-UV cell cartridge

(Japan Spectroscopic, Tokyo, Japan) operated at 195 nm. A de-

tector window was fashioned in the capillary column 60 cm

from the injection end by burning off a section (�0.5-cm long

piece) of the polyamide-coating layer on the capillary column.

Both ends of the tube were separately dipped in the anodic and

cathodic solutions, having the same composition as the carrier

solution, and the surface of these electrode solutions were

adjusted to the same level. A model HCZE-30 PNO 25-LDS high-

voltage power supply was used to apply voltage up to 30 kV

(Matsusada Precision Devices, Japan). The high-voltage end of

the capillary was enclosed in a plexiglass box for safety reasons.

Hydrodynamic injection of water was performed by gravity,

placing the inlet of the capillary into the water vial and raising

the vial 5 cm higher than the capillary outlet for 4 s, allowing the

short plug of water to siphon into the capillary. The sample was

electrokinetically injected using a voltage of 16 kV for 12 s.

Electropherograms were processed and recorded on a chroma-

topack integrator C-R6A (Shimadzu, Kyoto, Japan). The cathode

and anode electrolytes and the capillary run buffer was 80 mM

borate buffer, pH 10 containing 24 mM b-CD in the final solu-

tion. This was freshly prepared before each set of analysis, de-

gassed by sonication and filtered through a 0.45-mm (Millipore,

Bedford, MA, USA) filter before use. All electrophoretic separa-

tions were carried out at 14 kV and capillary temperature was

ambient (238C).

Capillary conditioning

Each new capillary was conditioned by rinsing with 1 M sodium

hydroxide, ultrapure water and running electrolyte for 20, 20

and 30 min, respectively. At the start of each working day, the

capillary was washed with ultrapure water for 5 min, 0.1 M HCl

for 5 min, 0.1 M NaOH for 10 min, ultrapure water for 5 min and

then equilibrated with running electrolyte for 3 min. Between

analysis the capillaries were rinsed with 0.1 M NaOH for 3 min

followed by ultrapure water for 2 min and then equilibrated with

running electrolyte for 3 min. At the end of the working day, the

capillary was washed with ultrapure water for 5 min, and the

capillary ends were dipped in a vial containing ultrapure water.

Figure 1. Structures of saponins S1–S4.
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Materials and reagents

All chemicals were obtained at the highest purity available from

the manufacturer and were used without additional purification.

Sodium hydroxide, sodium tetraborate, hydrochloric acid, b-CD,

methanol and acetonitrile were purchased from Yoneyama

Yakuhin Co (Osaka, Japan). All reagent solutions and buffers

were prepared with distilled deionized water purified with a

Milli-Q ultrapure water system (Millipore). Standard solutions of

S1–S4were prepared in methanol at a concentration of 1 mg/mL

and suitably diluted with the same solvent. Diaion HP-20 was

obtained from Mitsubishi Chemical Corporation (Tokyo, Japan).

Standard solution and calibration

Stock standard solutions of the four saponins (1 mg/mL) were

prepared by dissolving an accurately weighed amount of each

saponin in 70% methanol. The stock standard solutions were

stored frozen at 2208C until required. The standard solutions

for calibration were prepared daily by serial dilutions of appro-

priate volumes of stock standard solutions to produce saponin

solutions in the concentration range of 25–300 mg/mL and

stored at 58C before being injected into the electrophoresis

system.

Column chromatography for isolation of saponions

The dried seeds of T. alexandrinum were defatted with hexane

and then extracted with methanol. The extract was partitioned

with ethylacetate and water. The aqueous fraction was subjected

to Diaion HP-20 column chromatography and eluted with

water, 50% methanol and methanol, respectively. Preparative

polyamine-HPLC (YMC Co., Ltd. Tokyo, Japan) and aqueous

acetonitrile 87% as a solvent system was used to isolate S1 and

S2 from methanolic extract fraction as their methyl ester, while

aqueous acetonitrile 80% was used to isolate S3 and S4 from the

50% methanolic extract fraction as their methyl ester.

Results

Carbohydrates are a huge family, encompass neutral and ionized

sugars. Neutral sugars have received the most attention in ana-

lyses. Mannose, galactose, fucose, glucose, xylose and arabinose

are examples of neutral sugars. Alkaline borate buffers (pH 8–12)

can transform these molecules to more negatively charged com-

plexes (28–31). In the present work, borate buffer was pro-

posed to play a key role in the separation of the two pairs of

diastereomeric saponins S1 and S2 or S3 and S4 by preferentially

complexing the diols of the sugar moieties linked to the triter-

pine nucleus of these saponins. Also, the chelation between

borate and sugar is often accompanied by a hyperchromic effect

in the UV spectral region �195 nm, thus facilitating more sensi-

tive UV detection of such complex species, which enables de-

tection of saponins in minute quantities. In this study, we tried

to enhance sensitivity by means of FASS coupled with CE.

Systemic studies were performed on the effects of parameters

previously investigated with regard to pH, borate concentration,

applied voltage and b-CD concentration (22). For electrokinetic

injections (i.e., electro-injections) of FASS, the injection voltage

and the injection time are the factors that can be worked to

increase the stacking amount. These two factors were tested in

this work. Enhanced stacking and sample loading were pro-

cessed by the injection of a water plug into the capillary immedi-

ately prior to the sample injection. Therefore, the injection time

of the water plug was also optimized for the highest peak height.

Influence of the pH and borate concentration

The effects of pH and borate concentration were the key para-

meters as they affected the separation between S1 and S2 or S3
and S4 (22). The variations of the electrophoretic mobility of S1
and S2 or S3 and S4 as a function of these variables were further

investigated in the newly FASS-CE-UV method. The migration

times of the tested saponins were prolonged and the resolution

of S1 and S2 or S3 and S4 was obviously increased initially, and

when the pH was .10.0, the noise of the baseline increased

to an unacceptable level. As shown in Figure 2A and B, the

Figure 2. Effect of borate buffer pH on the electrophoretic mobility of S1 and S2 (A)
and S3 and S4 (B). CE conditions: borate buffer (80 mM), applied voltage (14 kV),
ambient temperature (238C), fused-silica capillary, 60 cm (effective length) � 75 mm
i.d., sampling 12 s, 16 kV (pre-injection of water plug for 4 s) and detection
wavelength (195 nm).
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electrophoretic mobility decreased and the mobility difference

between S1 and S2 or S3 and S4 is improved with increasing

buffer pH up to 10.0. A convenient compromise between the ad-

vantageous effect of high pH on the separation on one hand and

the acceptable migration time and the noise of the baseline on

the other hand was found to be at pH 10. The electrophoretic

mobility (mep) of the saponins was calculated according to the

formula: (32)

LdLt

V

� �
1

tm
� 1

teo

� �

where mep is the electrophoretic mobility of the analyte tested,

tm the migration time measured directly from the electrophero-

gram, teo the migration time of the electro osmotic flow marker,

Lt the total length of the capillary, Ld the length of the capillary

between injection and detection and V is the applied voltage.

The variation of the electrophoretic mobility of S1 and S2 or

S3 and S4 as a function of borate concentration was studied over

the range of 10–100 mM at pH 10. As shown in Figure 3A and B,

the electrophoretic mobility of saponins decreased quite drastic-

ally with increasing borate concentration from 10 to 50 mM, and

then decreased gradually from 60 to 100 mM. The optimum

borate concentration for the separation of S1 and S2 or S3 and

S4was found to be 80 mM at pH 10, which combined a sufficient

resolution with a moderate analysis time. Figure 4 shows repre-

sentative capillary electropherograms of each pair of the diaster-

eomers S1 and S2 or S3 and S4.

Applied voltage

The electrophoretic mobility is directly proportional to the field

strength, so the use of the highest voltages possible will result in

the shortest times for the separation. Experimentally, an

increased voltage resulted in a decreased migration time for all

saponins. The resolution was relatively constant, with a declining

tendency, when the voltage was increased from 10 to 20 kV. The

limiting factor here is the Joule heating. The optimum voltage

was determined by performing runs at increasing voltages until

deterioration in resolution was observed. Above 15 kV an even

shorter migration time could be achieved, but the baseline

became inclined and more noise was observed. The optimum

voltage for the separation of S1 and S2 or S3 and S4 was found

to be 14 kV, which combines sufficient resolution with a less

base line noise.

Optimization of the pre-injection plug

It was reported that introducing a short plug of water before

electrokinetic injection could provide a high electric field

Figure 3. Effect of borate buffer concentration on the electrophoretic mobility of S1
and S2 (A) and S3 and S4 (B). CE conditions: pH 10, applied voltage (14 kV), ambient
temperature (238C), fused-silica capillary, 60 cm (effective length) � 75 mm i.d.,
sampling 12 s, 16 kV (pre-injection of water plug for 4 s) and detection wavelength
(195 nm).

Figure 4. Capillary electropherograms of mixtures of S1 and S2 and S3 and S4. CE
conditions: borate buffer (80 mM, pH 10), applied voltage (14 kV), ambient
temperature (238C), fused-silica capillary, 60 cm (effective length) � 75 mm i.d.,
sampling 12 s, 16 kV (pre-injection of water plug for 4 s) and detection wavelength
(195 nm).

Field-Amplified Sample Stacking b-CD Modified CE 1311

D
ow

nloaded from
 https://academ

ic.oup.com
/chrom

sci/article/52/10/1308/310627 by guest on 15 August 2020



strength from the beginning of the injection (33). The basic

functions of short water plug were as follows: (i) making the

boundary between the sample solution and the background

electrolyte much clearer for a higher analytical sensitivity, (ii) re-

ducing the electricity discrimination, (iii) concentrating the ana-

lytes and (iv) achieving good reproducibility. Experimentally,

the pre-injection plug was injected by hydrodynamic mode, by

placing the inlet of the capillary into the water vial and raising

the vial 5 cm higher than the capillary outlet, for 1–10 s allowing

the short plug of water to siphon into the capillary followed by

electrokinetic injection of sample dissolved in 70% methanol

with 16 kV for 12 s. According to the results, 4 s for the pre-

injection plug provided the highest peak height. At higher

injection times, the length of water plug became too long and

worsened the efficiency of separation.

FASS of electrokinetic injection of samples

To improve the detection sensitivities, FASS was introduced in

this system. In FASS mode, the sample solution was of lower con-

ductivity than the running buffer. Theoretically, the amount of

stacking is proportional to the conductivity difference between

the running buffer and the sample solution. This difference is

caused by the concentration drop between the two solutions;

the larger the drop in concentrations, the narrower the peak and

the greater the amount of stacking. A borate buffer of 80 mM

concentration at pH 10 as background electrolyte was found to

give maximum peak height enhancement for the four saponins.

The injection voltage and the injection time were the factors

that could be adjusted to increase the stacking amount. These

two factors were studied to search for their optimum values.

The influence of the electrokinetic sample injection voltage was

investigated over the range of 5–20 kV. Saponins were injected

with different voltages in FASS mode (pre-injection of water

plug for 4 s). Increasing the injection voltage enhanced the peak

heights and they attained their maximum at 16 kV. When the

injection voltage was .16 kV, the peak heights did not increase

significantly and the baseline became noisy. This could be

caused by excessive Joule heating and bubble formation under

the high electric field strength conditions. So the injection

voltage was set at 16 kV. The injection time was also tested over

the range of 5–20 s. The peak heights increased linearly from 5

to 12 s. However, when injection time was .12 s, the resolution

was reduced because of the peak-broadening. These results

might be explained as the high electric field of the sample solu-

tion zone could produce the partially Joule heat, which would

Figure 5. Effects of b-CD concentration on the electrophoretic mobility of S1, S2, S3
and S4. CE conditions: borate buffer (80 mM, pH 10), applied voltage (14 kV), ambient
temperature (238C), fused-silica capillary, 60 cm (effective length) � 75 mm i.d.,
sampling 12 s, 16 kV (pre-injection of water plug for 4 s) and detection wavelength
(195 nm).

Figure 6. Capillary electropherograms of a mixture of S1, S2, S3 and S4. CE
conditions: borate buffer containing 24 mM b-CD (80 mM, pH 10), applied voltage
(14 kV), ambient temperature (238C), fused-silica capillary, 60 cm (effective length) �
75 mm i.d., sampling 12 s, 16 kV (pre-injection of water plug for 4 s) and detection
wavelength (195 nm).

1312 Emara et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/chrom

sci/article/52/10/1308/310627 by guest on 15 August 2020



generate the bubble and broaden the peaks. Therefore, 12 s of

electrokinetic injection at 16 kV of the sample was selected to

achieve an efficient sample stacking as well as acceptable repeat-

ability.

Cyclodextrin-modified CE

It was observed that, the selectivity of the method under alkaline

borate electrolyte (80 mM, pH 10) and applied voltage (14 kV)

was not sufficient to separate S1 and S3 or S2 and S4 unless a

stereoselective agent was introduced in the running electro-

phoretic buffer. Cyclodextrins (CDs) have been frequently used

as electrolyte modifiers to affect the separation of compounds

with closely related structures (34–36). For this purpose, b-CD

was used as a stereoselective agent in the electrolyte back-

ground and its concentration was found to be the key role in the

separation of all four saponins. The effect of b-CD concentration

on the electrophoretic mobility of the tested saponins was inves-

tigated in the range of 4–28 mM (Figure 5). It was observed that,

adding a higher amount of b-CD increased the electrophoretic

mobility of the saponins, and this was evident in the case of S1
and S2. The electrophoretic mobility of S1 and S2 was faster

than that of S3 and S4, when the b-CD concentration was

.16 mM. The optimum b-CD concentration for the simultan-

eous separation of S1, S2, S3 and S4 was found to be 24 mM,

which combines sufficient resolution with a less base line noise

(Figure 6).

Partial method validation

A series of sample analysis was performed to partially validate

the performance of the method, linearity, precision, accuracy,

limit of detection (LOD) and quantification (LOQ).

Linearity and sensitivity

The calibration curves for saponins were constructed with seven

concentrations (simultaneously prepared) ranging from 25 to

300 mg/mL. Calibration curves were constructed by plotting the

measured peak heights versus concentrations. Each concentra-

tion was repeated three times; this approach provided informa-

tion on the variation in peak height values between samples of

the same concentration. The linearity of the calibration graph

was validated by the high values of the correlation coefficients

(.0.998). The equations for the best-fit straight line were deter-

mined by the following linear regression analysis: Y ¼ a þ bC,

where Y is the peak height and C denotes the concentration in

mg/mL of saponins. Characteristic parameters of the linear cali-

bration curves are shown in Table I. The LOD and LOQ were

determined according to ICH guidelines for validation of analyt-

ical procedures (37). The LODs were found to be 7.70, 7.14, 7.69

and 7.57 mg/mL for S1, S2, S3 and S4, respectively (Table I).

LOQs were found to be 23.33, 21.64, 23.30 and 22.94 mg/mL for

S1, S2, S3 and S4, respectively (Table I).

Precision

Precision of the method was determined for both the intra- and

interday validation of the assay and expressed as the relative

standard deviation (RSD %) and the relative error (RE %) of the

mean measured concentration. Intra- and interday precision and

accuracy were established at three concentration levels (50, 100

and 200 mg/mL) and five replicate analyses of each sample were

analyzed on a single assay day (intra-), and on five consecutive

days (interday) (Table II). Repeatability (intraday RSD) was ex-

cellent being in the range of 1.71–2.16% and the mean RE

ranged from 1.77 to 3.13%. Reproducibility (interday RSD) was

in the range of 2.12–2.60% and the mean RE ranged from 2.36–

3.79%. Repeatability and reproducibility of saponins with high

and low concentrations were ,3.8%, indicating a reliable meas-

urement using the proposed method (Table II). The determin-

ation of the analytical recovery assessed the accuracy of the

method. Recoveries for all samples were from 98.23–96.87% for

the intraday and from 97.64 to 96.21% for the interday studies.

RE was evaluated by back-calculation and expressed as the

percent deviation between concentration found and concentra-

tion added according to the following:

RE ¼ concentration added� concentration found

concentration added

� �� �
� 100

Discussion

Complexation of diols with borate was strongly dependent on

the pH and the borate concentration, thus both parameters were

adjusted for the optimization of the separation. The results

clearly showed that, increasing the pH of the running electrolyte

resulted in a more negative net charge, which is reflected in an

increased selectivity and separation efficiency. Besides, the vari-

ation of the electrophoretic mobility as a function of borate con-

centration reflected the binding strength of the saponins to the

borate buffer. Borate of higher concentration converted each

saponin into a negatively charged complex form and provided

Table I
Characteristic Regression Data for the Proposed CE Method for the Analysis of Saponins

Parameters S1 S2 S3 S4

Calibration range (mg/mL) 25–300 25–300 25–300 25–300
Detection limit (mg/mL) 7.70 7.14 7.69 7.57
Quantitation limit (mg/mL) 23.33 21.64 23.30 22.94
Regression equation (Y): slope (b) 76.71 � 1022 76.69 � 1022 76.83 � 1022 76.72 � 1022

Standard error of the slope 1.02 � 1022 1.09 � 1022 1.01 � 1022 1.08 � 1022

Intercept (a) 250.54 � 1022 63.41 � 1022 298.20 � 1022 3.70 � 1022

Standard error of the intercept 183.62 � 1022 196.03 � 1022 182.45 � 1022 194.88 � 1022

Correlation coefficient (r2) 0.9991 0.9990 0.9991 0.9990

Note: Y ¼ a þ bC, where C is the concentration and Y is the peak height.
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separation due to the differences in the charge-to-mass ratio.

The magnitude of the borate complexation depends on the

number of boration sites on the sugar moiety and consequently

on the sugar configuration. In this borate complexation mode,

diastereomeric saponins migrated in the order of S2 and S1 or

S4 and S3 (Figure 4). This set of results stated that, the electro-

phoretic mobility and migration order of the tested saponins

depend only on the structural preference for the formation of

the borate complex. If another electrolyte was employed, such

as phosphate or acetate instead of the borate electrolyte, separ-

ation of S1–S2 and S3–S4was not possible.

We tried to elucidate the relationship between the migration

order and the nature of the sugar moiety. For the cyclic form of

carbohydrates, the ligand in the cis–diol configuration is more

likely to interact with the borate anion than the trans–diol form.

S1 migrated more slowly (low electrophoretic mobility) than S2
because of the favorable structure of the galactopyrannosyl unit

in the formation of the borate complex (presence of the

3,4-cis–diol system). The b-D-galactopyranosyl (S1) had cis–diol

system and could form a stronger borate complex between the

3- and 4-hydroxyl groups, while those in b-D-glucopyranosyl

system (S2) showed less affinity than S1 to form borate com-

plexes as it did not have cis–diol system. Also, S4 had a higher

electrophoretic mobility than the saponin S3 because of the fa-

vorable structure of the galactopyranosyl unit in the formation of

the borate complex (presence of the 3,4-cis–diol system, S3).
The electrophoretic mobilities of S1–S3 and S2–S4 are practic-

ally identical without b-CD, despite the differences in molecular

masses, due to the presence of the two sugar moieties linked to

the C-22, which enable them to form borate complexes at these

sites. This can be explained by the fact that increasing of mo-

lecular masses of S3 and S4 is accompanied by increasing of

their negative charges that were resulted from the additional

borate complex sites due to the interaction of trans–diol forms

of the sugar moieties, which will result in almost equivalent

charge to mass ratio for S1 and S3 or S2 and S4.
Unfortunately, our investigations showed that a complete sim-

ultaneous separation of all four saponins in one run could not be

achieved under alkaline borate electrolyte (80 mM, pH 10) and

applied voltage (14 kV) unless b-CD was introduced in the

running electrophoretic buffer. Thus, the combination of b-CD

inclusion–complexation and borate complexation could be a

useful approach for the separation of the studied saponins. The

b-CD concentration in the electrolyte background was found to

be crucial for the resolution of saponins. It was clear that by

adding a higher concentration of b-CD the electrophoretic mo-

bility of the saponins was increased, and this was evident in the

case of S1 and S2 (Figure 5). The electrophoretic mobility of S1
and S2was faster than that of S3 and S4, when the b-CD concen-

tration was .16 mM which caused a reverse in migration order.

Saponins that can enter the b-CD cavity will move faster than

the free saponins, owing to the increase in the molecular mass

and, thus, decrease in the charge density. In contrast, the elec-

trophoretic mobility of S3 and S4 was not significantly affected

after the addition of b-CD. This revealed that they did not form

inclusion-complexes with b-CD probably because of their

unique molecular structures. Thus, it can be deduced that the

effect of molecular mass became more influential when b-CD

was employed for the separation of S1–S3 and S2–S4 (Figures 5

and 6). The presence of sugar moieties, linked at C-22, may

explain this behavior (Figure 1). This phenomenon indicated

that, the baseline separation of the four saponins could be

achieved with the addition of b-CD at a concentration of 24 mM

(Figure 6).

Difficulties in detection of saponins by the CE/UV method

encouraged development of online preconcentration technique,

such as FASS, to overcome the sensitivity limitations of electro-

phoresis. This was done by manipulating the composition of the

sample and the background electrolyte together with simple

electrokinetic sample injection procedure without alteration of

present commercial instrumentation. A sample solution of 70%

methanol was employed to increase the conductivity difference

between the sample zone and the background electrolyte

(80 mM, pH 10), containing 24 mM b-CD. The former LODs

using the previous method (22) were found to be 148.03,

132.81, 146.86 and 142.45 mg/mL for S1, S2, S3 and S4, respect-
ively. Also, LOQs were found to be 454.00, 416.57, 445.26 and

441.60 mg/mL for S1, S2, S3 and S4, respectively. The enhance-

ment factor, 20-fold, was calculated by comparing the former

results of LOD and LOQ with that carried out using FASS in the

proposed method. With the use of electrokinetically injected

voltage of 16 kV for 12 s (pre-injection of water plug for 4 s),

the LODs for saponins were in the range of 7.14–7.70 mg/mL

while LOQs were in the range of 21.64–23.33 mg/mL, and the

analytical run time was ,14 min.

Conclusions

A simple and reliable CE analytical method has been developed

and validated for the routine quantification of two pairs of olea-

nene triterpenoidal diastereomeric saponins (S1–S4) in T. alex-

andrinum. A dual mechanism involving both inclusion of the

saponins into the cavity of the b-CD and the formation of borate

complexes was employed to achieve a very effective tool for

separation. To the best of our knowledge, this is the first

FASS-CE-UV method, for the quantification of oleanene triterpe-

noidal diastereomeric saponins, that was characterized by excel-

lent resolution, good repeatability and favorable detection

limits. This stacking CE method provided a sensitivity enhance-

ment of �20-fold in comparison with our previous results,

Table II
Intra- and Interday Validation for the Proposed CE Method

Saponin Concentration
(mg/mL)

Intradaya Interdaya

Recovery
(%)+ RSD

RE
(%)

Recovery
(%)+ RSD

RE
(%)

S1 50 98.23+ 1.82 1.77 97.45+ 2.35 2.55
100 98.16+ 1.76 1.84 97.64+ 2.12 2.36
200 97.84+ 2.16 2.16 97.26+ 2.60 2.74

S2 50 97.28+ 1.71 2.72 96.75+ 2.13 3.25
100 97.63+ 1.74 2.37 97.15+ 2.22 2.85
200 97.86+ 2.04 2.14 97.24+ 2.42 2.76

S3 50 97.45+ 1.84 2.55 96.82+ 2.26 3.18
100 98.01+ 1.82 1.99 97.54+ 2.16 2.46
200 97.75+ 1.94 2.25 97.01+ 2.38 2.99

S4 50 97.24+ 1.81 2.76 96.88+ 2.23 3.12
100 98.01+ 1.95 1.99 97.32+ 2.37 2.68
200 96.87+ 2.01 3.13 96.21+ 2.57 3.79

aAverage of five determinations.
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making this approach attractive for the quantitative determin-

ation of the studied diastereomers. Partially, validation of the

method confirms its applicability for the determination of

saponin species in real sample. In addition, the short anal-

ysis time along with greatly reduced solvent consumption asso-

ciated with this method made it a viable alternative to

hyphenated techniques combining HPLC and tandem mass

spectrometry (HPLC–MS/MS).
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