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In  this  work,  we have  established  a new  stop-and-go  two-dimensional  chromatography  coupling  of
counter-current  chromatography  and  liquid  chromatography  (2D  CCC  × LC) for  the  preparative  separa-
tion  of two  novel  antioxidant  flavonoids  from  the  extract  of alfalfa  (Medicago  sativa  L.). The  CCC  column
has been  used  as  the first  dimension  to purify  the  target  flavonoids  using  a solvent  system  of  isopropanol
and  20%  sodium  chloride  aqueous  solution  (1:1,  v/v)  with  the  stop-and-go  flow  technique,  and  the  LC col-
umn packed  with  macroporous  resin  has  been  employed  as  the  second  dimension  for  on-line  absorption,
desalination  and desorption  of  the  targeting  effluents  purified  from  the  first  CCC dimension.  As  a  result,
two  novel  flavonoids,  6,8-dihydroxy-flavone-7-O-�-d-glucuronide  (15.3  mg)  and  6-methoxy-8-hydroxy-
flavone-7-O-�-d-glucuronide  (13.7  mg),  have  been  isolated  from  126.8  mg  of crude  sample  pre-enriched
hromatography by  macroporous  resin  column.  Their  structures  have  been  identified  by  electrospray  ionization  mass
spectrometry  (ESI-MS),  electrospray  ionization  time-of-flight  mass  spectrometry  (ESI-TOF-MS)  and  one-
and two-dimensional  nuclear  magnetic  resonance  spectra  (1D  and  2D NMR).  Further  antioxidant  assays
showed that  the  first  component  possess  a strong  antioxidant  activity.  All  the results  demonstrated  that
the stop-and-go  2D CCC  × LC method  is  very  efficient  for the  separation  of  flavonoids  of  alfalfa  and  it can
also  be  applied  to isolate  other  comprehensive  multi-component  natural  products.
. Introduction

Flavonoids, also called bioflavones, are a diverse group of more
han 7500 secondary products found throughout the plant king-
om, and accordingly, several major classes have been described
o accommodate the enormous number of different structures,
uch as anthocyanins, flavonones, flavones, flavonols and the
soflavonones [1–3]. They are well known for their various biologi-
al activities, such as free radical-scavenging antioxidant activities,
etal-ion-chelating activities, anti-tumor or antimitotic activities,

nd inhibition of a variety of enzymes [4].
Because of their potent biological activities, a series of sepa-

ation methods, such as counter-current chromatography (CCC),
nd high-performance liquid chromatography, have been devel-

ped for the isolation and purification of flavonoids with different
tructural groups from a large number of plant resources [5,6].
PLC can afford a sufficient resolving power for the separation of

∗ Corresponding author. Tel.: +86 571 88206287; fax: +86 571 88206287.
E-mail addresses: drwushihua@hotmail.com, drwushihua@zju.edu.cn (S. Wu).
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oi:10.1016/j.chroma.2010.10.092
© 2010 Elsevier B.V. All rights reserved.

components using many kinds of solid support matrix while CCC
may provide an efficient resolution with a prominent advantage of
the support-free liquid–liquid partition chromatography, eliminat-
ing irreversible adsorptive loss of samples onto the solid support
matrix used in conventional chromatography. Thus CCC method
has been accepted and used widely in the analysis and separation
of various complexes especially for natural products [7,8]. In addi-
tion, the separation efficiency of CCC has been win many straight
improvements with the advancements of a series of new CCC assays
and apparatus [9–17] for recent years.

Besides the above one-dimensional chromatography, two- or
multi-dimensional chromatography can provide more sufficient
resolving power for the separation of components in many com-
plex natural samples [18]. Multi-dimensional chromatography is
based on the combination among different methods with various
mechanisms coupled with different detection mechanisms, such as
normal phase, reversed phase, gas chromatography, capillary elec-

trophoresis, size exclusion, ion exchange, affinity chromatography,
UV and mass spectrometry [19]. Typically, two-dimensional liquid
chromatography (2D-LC) is the most popular method in multi-
dimensional chromatography and it has played important roles in

dx.doi.org/10.1016/j.chroma.2010.10.092
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:drwushihua@hotmail.com
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Fig. 1. Chemical structures of the isolated flavonoids. 1, 6,8-dihydroxy-flavo

he separation of various complex samples recently [20]. Compre-
ensively, 2D-LC implemented by coupling two separations in time
resents three available schemes: on-line; stop-and-go; and off-

ine [19,20] in areas of pharmaceutics, natural products, proteomics
nalysis, food analysis, and so on [21–26].

Recently, we developed a new hybrid two-dimensional chro-
atography by on-line coupling of CCC and LC [27]. It is very

fficient for high-throughput purification of the one-target compo-
ent of arctiin from the water extract of Arctium lappa L. However,
s similar to classical on-line 2D-LC, this system requires that the
econd-dimensional analysis be completed during the time needed
o collect the fraction, transfer and analyze it, and restore the col-
mn  to the initial conditions of the analysis. This constraint the
econd-dimension separation to be completed in what is typically

 very short amount of time, resulting in a limited separation power
nd being suitable only for the one-target separation [20]. There-
ore, the stop-and-go technology was employed into this system to
olve the limitation in operation time for multiple targeting com-
onents.

The stop-and-go scheme [20] involves stopping or pausing elu-
ion from the first-dimension column while a fraction is transferred
o and analyzed on the second-dimension column, and then resum-
ng the elution in the first-dimension. This somewhat alleviates
he time constraints of the second-dimension, and provides good
hances for separation of more comprehensive components. In
ddition, recent study [28] indicated that the controlled-cycle CCC
rocess having two individually time periods: flow period and
elay period, can receive higher resolution than common CCC oper-
tion and this suggests that stop-and-go CCC may  overcome some
efects in common solid supported two dimensional chromatog-
aphy, such as the decrease of the separation efficiency caused by
xial diffusion of the peaks during their parking time [20].

Therefore, the purpose of this work is to develop a new
top-and-go 2D CCC × LC protocol for the separation of natural
ntioxidant flavonoids (Fig. 1) from the water extracts of alfalfa
Medicago sativa L.). It is well known that alfalfa is thought as “father
f all food”, and for centuries it has been grown and used as feed
or livestock in the form of green feed, hay, or pellets. Moreover,
lfalfa sprouts have been widely consumed by humans as garnish
nd leaf protein concentrates and the dehydrated plant are usually
sed as the components of many nutritional supplement products.
dditionally, alfalfa also contains numerous bioactive secondary
etabolites including a large number of flavonoids [29–31] and

aponins [32]. Although numbers of chromatographic methods
ave been used for the separation of components in alfalfa, to the
est of our knowledge, this is a first document to demonstrate the
pplication of the stop-and-go CCC × LC separation system for the
solation and purification of flavonoids from the alfalfa.

. Experimental
.1. Apparatus

The CCC instrument employed in the present study is a TBE-
00A high-speed CCC (Tauto Biotech. Co., Ltd., Shanghai, China)
2

-�-d-glucuronide; 2, 6-methoxy-8-hydroxy-flavone-7-O-�-d-glucuronide.

with three multilayer coil separation columns connected in series
(I.D. of the tubing, 1.8 mm;  total column volume, 260 mL, and extra
volume, 10 mL). The instrument is equipped with a 20 mL  sample
loop and two  six-port valves (valves I and II). The CCC instrument
revolution radius is 5 cm,  and the  ̌ values of the multilayer coil
varies from 0.5 at internal terminal to 0.8 at the external termi-
nal. The revolution speed of the apparatus can be regulated with a
speed controller in the range between 0 and 1000 rpm. A TC 1050
constant-temperature circulating instrument (Tauto Biotech. Co.,
Ltd., Shanghai, China) has been used to control the separation tem-
perature. In addition, this CCC system is equipped with two gradient
systems consisting of four P270 metering pumps and two gradient
controller, two  UV 230+ spectrometers (Elite Analytical Instru-
ment Co., Ltd., Dalian, China), a BSZ-100 fraction collector and an
EC2000 ChemStation (Elite Analytical Instrument Co., Ltd., Dalian,
China).

An Agilent 1100 system HPLC has been used for the analysis of
the crude extract and a number of fractions. It was equipped with a
G1379A degasser, a G1311A QuatPump, a G1367A Wpals, a G1316A
column oven, a G1315B diode assay detector (DAD), and an Agilent
ChemStation for LC.

2.2. Reagents

All organic solvents used for CCC were of analytical grade
and purchased from Huadong Chemicals, Hangzhou, China. The
water was purified by a water purifier (18.2 M�)  (Wanjie Water
Treatment Equipment Co., Ltd., Hangzhou, China) and used for
all solutions and dilutions. Methanol used for HPLC analysis was
of chromatographic grade and purchased from Merck, Darmstadt,
Germany. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was  purchased
from Sigma Chemicals Co. (St. Louis, MO). Vitamin C and butylated
hydroxytoluene (BHT) was purchased from Huadong Chemicals,
Hangzhou, China.

The water extract of alfalfa was  obtained as a gift sample from
Qianjiang drying Co. Ltd., Hangzhou, China, which was a commer-
cial product named “Mucaosu” and it was  used widely as animal
feed additive for chicken and pigs [33].

2.3. Enrichment of flavonoids from the crude water extract by
macroporous resin

25.16 g of the crude water extract of alfalfa was  first dissolved
in 1 L of water. After centrifugation (3000 rpm) for 15 min, the
insoluble components were removed and the supernatant liquid
was subjected to the top of a column (1000 mm length × 48 mm
I.D.) packed with HP-20 resin. After loading the sample, the col-
umn  was  eluted step-by-step with water, 30%, and 95% ethanol

aqueous solutions. As a result, the fraction eluted by 95% ethanol
aqueous solution was  found to contain the prominent flavonoids
and thus it was  collected as a sample fraction for further CCC
separation.
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.4. The phase diagram analysis of isopropanol/salt-containing
queous two-phase system

The phase diagram was made by a simple phase transition

ethod as reported [34] with minor revisions. In brief, the selected

alt (sodium chloride, NaCl or ammonium sulfate, (NH4)2SO4) with
ifferent weight were first dissolved into the equal volume of water
o form the salt aqueous solutions with the desired concentrations,
s, including two six-port switching valves (V I, and V II). CCC column in the first
nsion. (A) System configuration in position 1 of valves, (B) system configuration in
ration.

such as 3%, 5%, 10%, 15%, 20%, 25%, 30% and 35%. And then iso-
propanol was subsequently added drop by drop into each tube
containing equal volume of salt aqueous solution with the differ-
ent concentrations on an electric balance for measuring the added

isopropanol. After each droplet, the mixture was shaken for 2 min
on a vortex mixer. When a new phase emerged in the mixture after
mixing and when one more drop salt aqueous solution was added
back into the mixture, the produced new phase disappeared, and
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he point was the phase transition point, in which two-phase began
o form. After this, the volume of new phase got bigger with the
ncrease of the volume of the added isopropanol. The total weight
f the added isopropanol was measured accurately and the volume
f the isopropanol was calculated and the phase diagram curves
ere plotted.

.5. Determination of partition coefficients for the selection of the
wo-phase system

The two-phase solvent system is selected mainly according to
he partition coefficient (K) of each target component, settling time
nd phase ratio of a system. Based on the data of the phase dia-
ram analysis, several two-phase solvent systems composed of
sopropanol/salt aqueous solutions with two-phase volume ratio
lose to 1 were selected. And then the partition coefficients (K)
or the target flavonoids were determined by HPLC analysis as fol-
ows: a small amount (1 mg)  of the crude sample was dissolved
nto equal volumes (800 �L) of aqueous phase (lower phase) and
rganic phase (upper phase) of the thoroughly equilibrated two-
hase solvent system in a 2 mL  test tube. After the equilibration
as established, both the solutions of upper phase and lower phase
ere directly analyzed by HPLC and the peak area of each compo-
ent in the upper phase and lower phase was recorded as A1 and
2, respectively. The partition coefficient (K) was then calculated
y the following equation:

 = A1

A2

.6. Preparation of two phase solvent and sample solution

Hydrophilic organic/salt-containing aqueous two-phase sys-
ems were prepared by thoroughly mixing the desired amount of
sopropanol with inorganic salt solutions in a separatory funnel
t room temperature, allowing the two clear phases to form. The
wo phases were separated shortly before use and degassed in an
ltrasonic water bath for 10 min.

The CCC sample solutions were prepared by dissolving the sam-
le fraction obtained by 95% ethanol in Section 2.3 in a solvent
ixture consisting of equal volumes of both upper and lower

hases at a suitable concentration according to the preparative
cale of CCC separation.

.7. Classical CCC separation procedure

The CCC separation used a typical mode of “injection after equi-
ibrium”. In brief, the column was first filled with the upper phase
s stationary phase, and then the apparatus was rotated at 850 rpm,
nd the lower phase as mobile phase was pumped through the col-
mn  at a flow-rate of 1.5 mL/min from the head end of the column
o the tail end at the temperature of 30 ◦C. When a hydrodynamic
quilibrium was established in the column and the mobile phase
tarted emerging in the effluent, 5 mL  of the sample solution con-
aining 126.8 mg  of the enriched fraction was injected through the
njection valve. The effluent was monitored by a DAD detector at
80 nm and automatically collected into 20 mL  test tube per 7 min
sing a BSZ-100 fraction collector. Peak fractions were collected
ccording to the elution profile and analytical HPLC detection.

.8. Stop-and-go 2D CCC × LC system
As shown in Fig. 2, the present stop-and-go 2D CCC × LC sys-
em configuration is similar with the on-line CCC × LC system [27]
xcept for some improvements. In brief, the current system is
quipped with two gradient pump systems for pumping indepen-
 1218 (2011) 6191– 6199

dently/dependently upper phase and lower phase of the solvent
system used for CCC separation, and ethanol and water for LC
column absorption, desalination and desorption without frequent
change of solvent bottle (Fig. 2A and B). In addition, several time-
dependent system configurations have been designed according to
the elution sequence of targeting components as shown in Fig. 2C.
A representative stop-and-go CCC × LC has been performed as fol-
lowing:

CCC pumps delivered desired upper or lower phase of selected
two-phase solvent system for the first dimension of CCC separation.
When the first CCC peak containing the first targeting flavonoid
emerged, the effluent was switched to the second dimension of
LC column (400 mm length × 10 mm I.D.) packed with macrop-
orous resin through switching the second 6-port valve II to position
2. After all effluents of the first CCC peak have been eluted and
adsorbed on the macroporous resin column, the CCC is kept on
the same rotation while the CCC pump is stopped. Meanwhile, the
valve II was  switched back to position 1 and LC pumps began to
deliver water and 95% ethanol aqueous solution to desalination and
desorption of the first targeting flavonoid step-by-step.

Once the first desorption has finished, the CCC pumps were
started again at the same flow rate and the other components
were eluted successively. When the second CCC peak emerged, the
effluent was switched again to the second dimension of LC col-
umn  through the same valve switch. Then the LC column adsorbing
the second targeting flavonoid underwent the same desalination
and desorption processes performed by the elution of water and
ethanol step-by-step while the CCC pumps were stopped until the
desorption process was finished. All effluents were monitored by
UV detector at 280 nm and automatically collected into test tube
using a BSZ-100 fraction collector.

When each desorption on the second dimension finished, the
LC pump delivered water (more than one bed volume) to equi-
librate the second dimension LC column, and then the second
dimension column got ready for the next effluent from the first
dimension. Peak fractions were collected according to the elution
profile and analytical HPLC detection. The 95% ethanol desorbed
fractions of per CCC peak have been combined and collected respec-
tively as purified targeting flavonoids. The obtained peak fractions
with more than 98% purity were collected and used as reference
substances for further quantitative HPLC analysis.

2.9. Qualitative and quantitative HPLC analysis

Qualitative and quantitative analysis of flavonoids and several
extracts or fractions have been performed on a reversed-phase Zor-
bax Eclipse XDB-C18 column (150 mm × 4.6 mm I.D., 5 �m)  with a
guard column (10 mm × 4.6 mm I.D., 5 �m).  The mobile phase used
was methanol (A) and 0.03% trifluoroacetic acid (TFA) aqueous solu-
tion (v/v) (B) in a linear gradient mode as follows: A from 30% to
70% and B from 70% to 30% during 0–20 min. The flow-rate of the
mobile phase was  1.0 mL/min and the effluents were monitored at
280 nm by a DAD detector. The column temperature was kept at
30 ◦C.

For quantitative analysis of flavonoids, the working calibra-
tion curve based on the reference substances obtained by CCC has
been measured. The reference substances were first dissolved in
dimethyl sulfoxide (DMSO) to form the stock solution (1 mg/mL)
and then diluted to a series of desired concentrations of 5, 10, 20,
40, 80 and 100 �g/mL.

The peaks of the HPLC profile were identified by comparing their
retention time with that of each standard substance which was

eluted in parallel with a series of mobile phases. In addition, spik-
ing samples with the reference substances further confirmed the
identities of the peaks. All samples were centrifuged for 20 min,
and 10 �L of supernatant were injected for HPLC analysis.
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Fig. 3. HPLC analysis of (A) crude water extract of alfalfa and (B) the pre-enriched
fraction eluted with 95% ethanol by HP-20 macroporous resin column chro-
matography. The analysis was performed on a Zorbax Eclipse XDB-C18 column
(150 mm × 4.6 mm I.D., 5 �m) with a guard column (10 mm × 4.6 mm I.D., 5 �m)
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Fig. 5. (A) The classical CCC purification and (B and C) the stop-and-go 2D CCC-
LC profiles of alfalfa sample. 1, 6,8-dihydroxy-flavone-7-O-�-d-glucuronide; 2,
6-methoxy-8-hydroxy-flavone-7-O-�-d-glucuronide. Conditions: (i) (A and B) CCC
conditions: solvent system: isopropanol–20% NaCl aqueous solution (1:1, v/v); sta-
tionary phase: upper organic phase; mobile phase: lower aqueous phase; column
temperature: 30 ◦C; flow rate: 1.5 mL/min; rotational speed: 850 r/min; detection
wavelength: 280 nm; sample size: 126.8 mg; injection mode: injection after equi-
librium; injection volume: 5 ml.  (ii) Valve switching time: 160–190 min for the
flavonoid (1) and 290–320 min  for the flavonoid (2). (iii) (B) CCC status: 0–190 min,
elution with the flow rate of 1.5 mL/min; 190–280 min, CCC stop-flow; 280–380 min,
elution. (iv) (C) LC status: 0–160 min, column ready including the first washing and
later equilibrium by water before adsorption; 160–190 min, adsorbing the flavonoid
(1)  on the column; 190–210 min, elution with water to remove the salt in the efflu-
ents of CCC; 210–270 min, desorption by 95% ethanol; 270–280 min, washing by
95% ethanol; 280–290 min  equilibrium by water; 290–320 min, adsorption of the
obile phase was  1.0 mL/min and the effluents were monitored at 280 nm by a DAD
etector. The column temperature was kept at 30 ◦C.

.10. Structural identification of the isolated flavonoids

Identification of the CCC fractions was carried out by elec-
rospray ionization mass spectrometry (ESI-MS), electropray
onization time-of-flight mass spectrometry (ESI-TOF-MS), one-
nd two-dimensional nuclear magnetic resonance spectra (1D- and
D-NMR) including 1H NMR, 13C NMR, distortionless enhance-
ent by polarization transfer (DEPT) 135, 1H-1H correlation

pectroscopy (COSY), heteronuclear multiple quantum coherence
HMQC), and heteronuclear multiple band coherence (HMBC). Pos-
tive ESI-MS analysis was performed using a Thermo Finnigan
CQ Deca XP Electrospray-Ion Trap-Mass Spectrometer. Positive
igh-resolution ESI-TOF-MS analysis was employed an Agilent
210 Series LC/MSD Time-of-Flight Accurate-Mass spectrometers.

D- and 2D-NMR experiments were carried out using a Bruker
dvanced DMX  500 NMR  spectrometer with DMSO-d6 as solvent
nd tetramethylsilane (TMS) as internal standard.
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flavonoid (2); 320–340 min, elution with water to desalt; 340–380 min, desorption
by  95% ethanol.

2.11. DPPH radical scavenging activity of isolated phenolic
compounds

The DPPH radical scavenging activity of the isolated compounds
was evaluated as the analytical protocols of von Gadow et al. [35]
and Huang et al. [36] with minor modifications. Briefly, 2 mL of
DPPH (79.36 �g/mL) in methanol was  added into 2 mL of sam-
ple solution of the isolated flavonoids. After incubation for 30 min
at 25 ◦C, the absorbance of the reacted mixture was measured at
515 nm by a UV spectrophotometer. The percent radical scavenging
activity was determined by comparison with a DMSO-containing
control prepared without adding flavonoids and calculated by the
following equation:

E (%) = AC − (AX − AX0)
AC

× 100

where AC is the absorbance of the control unreacted mixture
without the tested compounds, AX is the absorbance of the

reacted mixture containing the tested compounds, and AX0 is the
absorbance of the unreacted mixture of sample and DMSO.  EC50
values represent the concentration that causes a decrease in the
initial DPPH concentrations by 50% and are expressed as means
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Table 1
Partition coefficient of flavonoids of selected solvent system for the CCC separation.

No. Solvent system Phase ratio (upper:lower, v/v) Settling time (s) Partition coefficient (K)
of flavonoids

1 2

Ammonium sulfate–isopropanol
1 15%a, 2:1b 1:1 39 6.15 7.63
2 15%, 5:5 1.2:0.8 15 26.07 49.25
3 35%, 6:4 0.9:1.1 16 46.51 89.84

Sodium chloride–isopropanol
4 15%, 5:5 1:1 18 1.09 1.24
5  15%, 3:5 1.5:0.5 10 1.02 1.32
6 20%,  5:5 1:1 8 1.05 1.42
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decrease the usable volume range of isopropanol due to the for-
mation of the precipitate. Thus several solvent systems with short
settling time and good two-phase ratio close to 1 have been selected
to measure the partition coefficients of flavonoids.

Table 2
MS data of the isolated flavonoids.

Flavonoids

1 2

Molecular weight 446 460
Molecular formular C21H18O11 C22H20O11

ESI-MS− 445 [M−H]− , 891
[2M−H]−

459 [M−H]− , 919
[2M−H]−

MS2 445 (60%), 269 (100%),
175 (20%)

459 (100%), 416 (10%)

ESI-MS+ 447 [M+H]+, 915
[2M+Na]+

461 [M+H]+

MS2+ 447 (20%), 271 (100%) 461 (10%), 285 (100%)
MS3+ 271 (15%), 253 (100%),

225 (50%), 169 (30%),
123 (20%), 103 (10%)

ESI-TOF-MS
Ion formular C21H19O11 [M+H]+ C22H21O11 [M+H]+

Cal m/z 447.0927 461.1084
m/z  447.0921 461.1083
Error 1.42 0.19
a The concentration of salt aqueous solution (salt:water, w/v).
b Volume ratio of salt-containing aqueous solution and isopropanol.

standard deviation of three separate experiments). Vitamin C and
HT were used as positive controls.

. Results and discussion

.1. HPLC analysis of the crude water extract

Using the acidic methanol–TFA aqueous solution as mobile
hase, the components of crude water extract of alfalfa can be well
esolved. As shown in Fig. 3A, although numbers of components
uch as flavonoids [29–31] and saponins [32] have been found in
he alfalfa, the HPLC analysis showed that the present commercial
ater extract of alfalfa had only a few major absorbance peaks at

80 nm.  This may  be attributed to two major reasons: one is that
trong polarity of water as extracting solvent results in the minor
olubility of low polarity of components with high UV absorbance,
nd the other reason is for the low UV absorbance of components in
he extract. For example, a large number of reported saponins [32]
howed very weak absorbance at less than 220 nm,  and almost no
bsorbance at 280 nm.

For quantitative analysis of flavonoids (1 and 2), the working
alibration curve based on the reference substances obtained by
CC was measured and showed a good linearity over the range of
.005–0.1 mg/mL  for the two flavonoids. The regression lines for
wo flavonoids (1 and 2) were y1 = 18.1150x1 − 7.4789 (R2 = 0.9996,

 = 5) and y2 = 8.2868x2 − 1.8851 (R2 = 0.9999, n = 5), respectively,
here y was the peak area of flavonoids while x was the concen-

ration (�g/mL). As a result, the contents of favonoids 1 and 2 in the
rude water extract of alfafa were about 12.6 mg/g and 10.0 mg/g,
espectively.

.2. Enrichment of flavonoids from crude water extraction by
acroporous resin

Macroporous resin column chromatography has been widely
sed for absorption and enrichment of numbers of natural prod-
cts, especially some hydrophilic flavonoids and glycosides [37,38].
fter scheduled screening of appropriate macroporous resins by
omparing their static and dynamic absorption capacities with each
ther, the HP-20 resin was selected as the most suitable for absorp-
ion of the two flavonoids. As shown in Fig. 3B, two flavonoids could
e well absorbed on the HP-20 macroporous resin until 95% ethanol
as used as desorption solvent. Quantitative analysis showed that

he contents of two flavonoids (1 and 2) in the fraction of 95%
thanol were 132.7 mg/g and 103.5 mg/g, respectively, which was

0-fold higher than that in crude extract. Clearly, macroporous
esin column chromatographic purification is an efficient step for
he enrichment of bioactive flavonoids and may  be introduced into
ndustrial plants to produce larger amount of feed additives.
3.3. Selection of suitable two-phase solvent system

Although multi-component organic/aqueous solvent sys-
tems, such as hexane-ethyl-acetate–methanol/ethanol–water,
chloroform–methanol–water and ethyl acetate-n-butanol–water,
have won popular applications [7],  the one-component
organic/salt-containing aqueous solution system showed some
competitive advantages, such as low cost for use and reused appli-
cation as well as the relatively low environmental toxicity [27].
In this work, two one-component/salt-containing solvent systems
have been investigated. Isopropanol is another promising solvent
besides ethanol and widely used as solvent or extract agent for food,
commodity and chemical engineering products. Here we evaluated
the feasibility of the two solvent systems of isopropanol/NaCl and
isopropanol/(NH4)2SO4 for separation of flavonoids in alfalfa.

As shown in Fig. 4, the volume ratio of isopropanol decreased
with the increase of the content of both NaCl and (NH4)2SO4. In
addition, the settling time of formed two-phase also decrease with
the increase of the content of salt. Thus we attend to choose the
systems with high salt contents for saving the amounts of organic
solvent used. However, it should be noted that higher salt contents
Ion formular C21H18O11Na [M+Na]+ C22H20O11Na [M+Na]+

Cal m/z 469.0747 483.0903
m/z  469.0737 483.0895
Error 2.09 1.72
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Fig. 6. HPLC analyses of the flavonoids purified by (A and B) the classical CCC and (C
and D) the stop-and-go 2D CCC-LC. 1, 6,8-dihydroxy-flavone-7-O-�-d-glucuronide;
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, 6-methoxy-8-hydroxy-flavone-7-O-�-d-glucuronide. HPLC analytical conditions
s  described in Fig. 3 or Section 2.9.  Purity: (A) 93.2%, (B) 90.3%, (C) 96.8 and (D)
0.8%.

As shown in Table 1, in the selected systems of
sopropanol/(NH4)2SO4, two flavonoids are major distributed
n upper phase while only minor amount was found in lower
hase, which may  be due to that large water distributed into the
pper isopropanol phase which resulted in the high solubility of
wo flavonoids in the upper phase. By contrast, the two phases of
he selected systems of isopropanol/NaCl showed almost equal
roperties resulting in the good partition coefficients (in the range
f 0.5–2) for two flavonoids. Thus, the system of isopropanol/NaCl
s acceptable for CCC separation. Taking accounts of the separation
actor of targeting flavonoids, such as settling time and volume
atio of two phases, we selected the system composed of iso-
ropanol and 20% NaCl aqueous solution (1:1, v/v) as the solvent
ystem for further CCC separation.

.4. Classical CCC separation
Using the optimized solvent system, the classical CCC sepa-
ation has been performed. Fig. 5A shows a typical separation.
learly, two major flavonoids have been well resolved and peak
Fig. 7. The ESI-MSn spectra of the isolated flavonoid 6,8-dihydroxy-flavone-7-O-�-
d-glucuronide (1). Negative (A) ESI-MS and (B) ESI-MS2, and positive (C) ESI-MS2

and ESI-MS3 (m/z 447 → 271 →).

1 has the retention time at 175 min  with the peak width of 30 min
(160–190 min) while the peak 2 has the retention time at 215 min
with the peak width at 200–230 min. The effluents between the
two peaks (1 and 2) were found to be a mixture of the two  tar-
geting flavonoids but no other components. The HPLC analysis
showed that the two flavonoids fractions obtained by CCC both
have a purity of more than 90% at 280 nm,  except for NaCl (Fig. 6A
and B).

3.5. Stop-and-go 2D CCC × LC separation
As described above, although two  flavonoids could be purified
by off-line or classical CCC separation, the subsequent process,
such as back-extraction of organic solvent or further off-line
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Table 3
One- and two-dimensional NMR  data of the isolated flavonoids (in DMSO).

Atom 1 2

ıC (ppm) DEPTa HMQC ıH (ppm) HMBC correlation
with

1H-1H COSY
correlation with

ıC (ppm) ıH (ppm)

2 164.03 q H-2′ , H-6′ , H-3 164.05
3 105.25  CH 6.98 (1H, s) 105.75 6.70 (1H, s)
4 183.06  qb H-5, H-3 182.89
5 94.26  CH 7.04 (1H, s) 99.26 7.06 (1H, s)
6  131.34 q H-5 131.24
7  151.82 q H-5, H-1′′ 156.68
8  147.25 q 149.68
9 149.70  q H-5 156.50
10 106.61 q H-5, H-3 106.80
1′ 131.11 q H-3′ , H-5′ , H-3 129.69
2′ , 6′ 126.88 CH 8.06 (2H, d, J = 7.00 Hz.) H-6 and H-4′ for

C-2′ , H-2′ and H-4′

for C-6′

H-3′ for H-2′ , H-5′

for H-6′
126.93 8.08 (2H, d, J = 6.75 Hz.)

3′ , 5′ 129.68 CH 7.57 (2H, d, J = 6.17 Hz.) H-5′ for C-3′ , H-3′

for C-5′
H-2′ and H-4′ for
H-3′ , H-6′ and H-4′

for H-5′

129.80 7.61 (2H, d, J = 7.15 Hz.)

4′ 132.56 CH 7.61 (1H, s) H-2′ , H-6′ H-3′ , H-5′ 132.78 7.62 (1H, s)
1′′ 100.47 CH 5.18 (1H, d, J = 7.30 Hz) H-2′′ , H-3′′ H-2′′ 100.28 5.23 (1H, d, J = 5.85 Hz)
2′′ 73.30 CH 3.50 (1H, m)  H-3′′ H-1′′ , H-3′′ 73.46 3.50 (1H, m)
3′′ 75.88 CH 3.36 (1H, m)  H-5′′ , H-4′′ , H-2′′ H-2′′ , H-4′′ 76.43 3.38 (1H, m)
4′′ 71.87 CH 3.45 (1H, m)  H-5′′ , H-3′′ H-3′′ , H-5′′ 71.97 3.45 (1H, m)
5′′ 75.78 CH 4.04 (1H, d, J = 9.60 Hz) H-4′′ H-4′′ 75.36 4.0 (1H, m)
6′′ 170.72 q H-5′′ 171.09
OCH3 61.90 3.84 (3H, s)
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a DEPT 135 experiments.
b Quaternary carbon.

olumn chromatography purification, removing salt in the tar-
eting flavonoids fractions obtained by CCC, are still tedious and
abor-consuming. Thus a stop-and-go 2D CCC × LC system was
stablished. Fig. 2 shows a representative configuration of the sys-
em. After scheduled operations by switching valves I and II, two
arget flavonoids (1 and 2) were purified without more options,
uch as the extra processes of desalination, desorption, collection
nd HPLC analysis.

As shown in Fig. 5B and C, after injecting the sample, the CCC
rst underwent a classical elution. Once the first target flavonoid
1) emerged, the CCC effluents (between 160 and 190 min) were
witched on to the LC column, on which, the effluents were
dsorbed, desalted by water and desorbed by 95% ethanol, and
eanwhile the flow-rate of CCC was zero. After desorption of

avonoid (1) has finished, the LC was washed by ethanol and water
uccessively to the initial state for the adsorption of flavonoid (2).
hen, CCC pump began to run and eluted the effluents between the
eaks 1 and 2 in Fig. 5A until the peak of flavonoid (2) emerged.
nd then the effluent of flavonoid (2) (between 290 and 320 min)
as switched on to the second dimensional LC column and under

he same processes of adsorption, desalination and desorption. As
 result, 15.3 mg  of flavonoid (1) and 13.7 mg  of flavonoid (2) have
een obtained by the stop-and-go CCC × LC system from 126.8 mg
f crude sample of alfalfa. HPLC analysis showed that their purity
ere both more than 90% (Fig. 6C and D).

.6. Identification of target compounds

The structures of the isolated flavonoids by stop-and-go
CC × LC system have been determined by several spectral analy-
es. The MS  and NMR  data have been summarized in Tables 2 and 3.

As shown in Fig. 7 and Table 2, ESI-MS of the flavonoid (1)
howed that it had prominent ions of [M−H]− at m/z 445, [2M−H]−
t m/z  891 and [M+H]+ at m/z 447, suggesting that its molecular
eight was 446. Further high resolution ESI-TOF-MS analysis gave

ts molecular formula was  C21H18O11. The prominent fragments
t m/z 269 in the negative ESI-MS2 and at m/z 271 in the positive
ESI-MS2 was  closely corresponding the loss of the uronic acid from
the parent molecule. The 13C NMR  spectrum (Table 3) showed the
presence of 21 carbons, 15 of which corresponded to an aglycon
molecule. Similarly, in the 1H NMR  spectrum, seven proton sig-
nals in the range of 6.97–8.06 corresponded to the aglycon part of
the molecule. The remaining five proton signals corresponded to
a glucuronic acid molecule. All chemical shifts, and 1H-1H COSY
and DEPT spectra suggested that flavonoid (1) was a analogue of
baicalin, a flavonoid component obtained from Oroxylum indicum
[39] and Scutellaria baicalensis Georgi. However, HMBC spectra (see
Supplementary figures for details) markedly indicated that its agly-
con molecule was not a baicalein: there were two  cross-peaks
observed between C-4 (ı 183.06) → H-5 (ı 7.04) and H-3 (ı 6.98),
and H-5 also had other cross peaks with C-10 (ı 106.61), C-6 (ı
131.34), C-9 (ı 149.70) and C-7 (ı 151.82) while H-3 had other cross
peaks with C-10, C-2 (ı 164.03) and C-1′ (ı 131.11). In addition, the
characteristic OH signal was not observed if it is C-5 OH. These evi-
dences suggested that the aglycon had C-8 OH. The position of the
sugar was confirmed by HMBC spectra: cross-peaks were observed
between H-1′′ of the sugar (ı 5.18) and C-7 of aglycon (ı 151.82), and
H-5 and C-7 of aglycon. The configuration of the sugar was deter-
mined as � by the coupling constant of H-1′′ (J = 7.30 Hz). Thus, the
structure of 1 was established as 6,8-dihydroxy-flavone-7-O-�-d-
glucuronide (Fig. 1).

Compound 2 had similar spectra characteristics. Its ESI-MS spec-
tra (Table 2) showed prominent ions at m/z 459, [2M−H]− at m/z
919 and [M+H]+ at m/z 461, suggesting that its molecular weight
was 460. Further high resolution ESI-TOF-MS analysis gave its
molecular formula C22H20O11. The prominent fragments at m/z
285 in the positive ESI-MS2 is closely corresponding the loss of
the uronic acid from the parent molecule. The 13C NMR  spectrum
(Table 3) showed the presence of 22 carbons, 15 of which corre-
sponded to an aglycon molecule with chemical shifts consistent

with those obtained for flavonoid (1), and 1 of which corresponded
to a replacement of a methyl group. Similarly, in the 1H NMR  spec-
trum, seven proton signals in the range of 6.70–8.08 corresponded
to the aglycon part of the molecule. The remaining five proton sig-
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ig. 8. The DPPH radical scavenging activities of the isolated flavonoids and con-
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als corresponded to a glucuronic acid molecule. The configuration
f the sugar was determined as  ̌ by the coupling constant of H-1′′

J = 5.85 Hz). Thus, the structure of 2 was established as 6-methoxy-
-hydroxy-flavone-7-O-�-d-glucuronide (Fig. 1).

.7. Antioxidant activities of the isolated flavonoids

The H-transfer reactions are monitored by UV–vis spec-
roscopy recording the decay of the DPPH visible adsorption band
� = 515 nm in MeOH) that reflected the conversion of the DPPH
adical into the corresponding colorless hydrazine (DPPH-H) by
he antioxidant. The antioxidant activities of the isolated flavonoids
nd control standards were shown in Fig. 8. The DPPH radical scav-
nging capacity of flavonoid (1) was markedly stronger than that of

 famous antioxidant BHT and a little less than that of vitamin C. The
alf inhibition percentage (EC50) of these compounds were found to
e 19.5, 9.8, 46.8 �g/mL for flavonoid (1), Vc and BHT, respectively.
learly, flavonoid (1) is a very promising potent antioxidant. How-
ver, the flavonoid (2) showed very weak DPPH radical scavenging
ctivity. The antioxidant activity of high concentration flavonoid (2)
300 �g/mL) is only up to 15%, which may  be due to its structural

ethylation originated from flavonoid (1).

. Conclusions

In this work, we have developed a new stop-and-go 2D CCC × LC
ystem for the preparative separation of two novel antioxidant
avonoids from the extract of alfafa. Compared with conventional
ne-dimensional LC or CCC separation, the stop-and-go CCC × LC
ystem provides simpler and more efficient separation without
ther extra steps to remove salt. In addition, it can also provide

 versatile separation for multiple-target components compared
ith the on-line CCC × LC system developed recently [27] which is

uitable for one-target separation. Moreover, all of solvents used

n the work are green, low toxicity and environment-friendly. In
onclusion, our results indicated that the stop-and-go 2D CCC × LC
sing a system of isopropanol/20% NaCl aqueous solution (1:1, v/v)

s very efficient for the separation of flavonoids of alfalfa and can

[
[
[
[
[
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be applied to isolate the comprehensive multi-component natural
products.
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