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Abstract

High-speed counter-current chromatography (HSCCC) technique in semi-preparative scale has been applied to separate and purify salviano
acids from the water extract of Danshea/via miltiorrhiza Bunge. High efficiency HSCCC separation was achieved on a two-phase solvent
system composed of a mixture sfhexane—ethyl acetate—water—-methanol (1.5:5:5:1.5, v/v) by eluting the lower mobile phase at a flow-rate
of 1.7 ml/min and a revolution of 850 rpm. A total of five well separated peaks were obtained in the HSCCC chromatogram, and their purities
determined by HPLC-UV absorption. These peaks were characterized by UV—vis spectra and ESI-MS, and the data compared with the referen
standards. Salvianolic acid B was positively identified as one of the major peaks. Three of the remaining four peaks were also tentatively identifie
as rosmarinic acid, lithospermic acid, and salvianolic acid E, an isomer of salvianolic acid B, all are members of the salvianolic acids group. In
a typical run, tens of milligrams of samples can be separated with high efficiency to yield tens of milligrams of purified materials with over 98%
purity. HSCCC thus provides a cost-effective alternative to preparative scale HPLC for the semi-preparative scale separation and purification ¢
salvianolic acids in Danshen. With appropriate modifications, the technique should also be applicable to other herbs in general.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction acids have been attracting intense interest recently and many
researchers have been investigating its pharmacological effects
The dried roots ofSalvia miltiorrhiza Bunge, or Danshen both in vivo and in vitro[4,5-7]. These results demonstrated
in Chinese, is among the most popular herbs which has beedhat salvianolic acids possess various pharmacological effects
reputed by ancient Chinese physicians to make the “sluggishihcluding antioxidation, free radicals scavenging, and the pro-
or “stuck” blood to flow more freely. It has been widely used totection of neural cells against injuries caused by anoxia, etc.
promote blood circulation, remove blood stasis, clear away heagalvianolic acid B is the most abundant and bioactive mem-
relieve vexation, nourish and cool the blood to relieve carbuncleber of the salvianolic acids in Danshen, and has been assigned
[1]. The major active constituents of this herb include tanshi-as the marker species for Danshen in the 2005 edition of Chi-
nones, which belong to agroup of lipid-soluble diterpenoids, anshese Pharmacopo€fid]. The chemical structure of rosmarinic
water-soluble polyphenolic compounds. Among these specieggcid, lithospermic acid, salvianolic acid B and salvianolic acid
tanshinones have been studied extensij&§] and salvianolic  E are shown irFig. 1. In order to better understand the bio-
chemical properties of salvianolic acids and to ascertain their
clinical applications, there is an urgent need to develop effi-
+ Corresponding author. Tel.: +86 532 88963253; fax: +86 532 88963253, CIENt, preparative scale separation methods for their isolation
E-mail addresses: chen2000junhui@hotmail.com (J. Chen), and purification. Moreover, the preparation of these bioactive
mt2elp@fio.org.cn (X. Wang). compounds or fractions is also in demand by the research and
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Fig. 1. The chemical structures of rosmarinic acid (A), lithospermic acid (B), salvianolic acid B (C) and salvianolic acid E (D).

industrial communities to serve as reference standards for quatiques, HSCCC is advantageous because of its shorter separation
ity control purposes. time, wider range of selection of solvent systems, and more
High-speed counter-current chromatography (HSCCC) is guantitative material recovery. HSCCC has been used for the
liquid—liquid chromatographic technique thatis gaining increaspreparative separation of tanshinones, the lipid-soluble bioac-
ing interest recently. It relies on the use of centrifugal force fortive components in Dansh§®-13], as well as salvianolic acid
the retention of the liquid stationary phase, which is continuousi\B [14] and other herbal ingredient such as inflacoumarin A and
eluted by the counter-flowing mobile phase driven by externalicochalcone A in licoricd15]. However, only one component
pumping[8]. Compared to the conventional liquid—liquid tech- (salvianolic acid B) was separated and identified in the Ré{.
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In this paper, the development of HSCCC method for the separavith 10 mg crude salvianolic acids sample. The mixture was
tion and purification of several salvianolic acids from the crudethoroughly mixed by vibration for 1 min and the mixture was
water extract of. miltiorrhiza Bunge was described. These sal- allowed to separate into two phases by standing for 5min. Then,
vianoic acids were also characterized individually by ESI-MSan aliquot of each phase was evaporated to dryness under vac-

and LC-MS techniques. uum. Finally, the residue was diluted with water and analyzed
by HPLC. TheK-value was expressed as the peak area of sal-

2. Experimental vianolic acids in the upper phase relative to those of the lower
phase.

2.1. Materials Two solvent systems finally utilized in HSCCC separation

and purification were prepared by first mixing a solvent mixture
Dried S. miltiorrhiza Bunge root, whose species was iden- of n-hexane, ethyl acetate, water, and methanol. The volume
tified by Prof. Shouquan Lin (Institute of Medicinal Plants, ratios of the four solvents in the order listed were 1.5:5:5:1.5.
Chinese Academy Medical Sciences), was provided by DanshéFhe mixture was thoroughly equilibrated and allowed to separate
Base, New World Danshen Inc., Zhongjiang, Szechwan. Saninto two phases in a separator funnel at€5n a self-designed
ples ofS. miltiorrhiza Bunge roots were crushed into pieces by athermostat shortly before use. The two separated phases each
disintegrator made in Hangzhou Chunjiang Pharmacy Machineontain the above four solvents but in different volume ratios.
Co. Ltd. The heavier phase at the bottom is used as the mobile phase
Acetonitrile is of chromatographically grade and trifluo- in HSCCC and was enriched in water and methanol, while the
roacetic acid is of protein sequencing grade. Both were purupper lighter phase used as the stationary phase is enriched in
chased from Sigma Chemical Corporation. Water used as tharganic solvents of-hexane and ethyl acetate.
mobile phase in HPLC was prepared with Millipore purifier
(Millipore, USA) in our laboratory. All organic solvents used for 2.4. High-speed counter-current chromatography (HSCCC)
HSCCC were of analytical grade and purchased from Shanghai

chemical reagent corporation, Shanghai, China. 2.4.1. Instrumentation

HSCCC was performed with a Model TBE-300A HSCCC
2.2. Preparation of crude salvianolic acids and sample system manufactured by Tauto Biotech Co. Ltd., Shanghai,
solutions China. The multi-layer coil planet centrifuge (CPC) was pre-

pared by winding 1.8 mm i.d. PTFE tubing coaxially onto the

Roots ofS. miltiorrhiza Bunge (100 g) were extracted twice column holder with a total capacity of 350 ml. Thevalue var-
(2x 1h), each time with 800 ml of water by sonication usingied from 0.42 at the internal terminal to 0.63 at the external
a SK3200LH ultrasonic cleaning instrument (Shanghai Kudogerminal. 8=r/R, wherer is the distant from the coil to the
Ultrasonic Instrument Co. Ltd., Shanghai, China). The extractfiolder shaft an is the revolution radius or the distant between
were combined and concentrated under reduced pressure withitee holder axis and central axis of the centrifuge. The rotation
Model SENCO R-201 rotary evaporator (Shanghai Shenshengpeed is adjustable from 500 to 1000 rpm; and 750-900 rpm was
Biotech Co. Ltd., Shanghai, China). The residue was purified bysed in the present study. Different from ordinary HSCCC sys-
D101 macroporous resin (Xi'an Lanshen Technology Corporatems, the system used in the present study was equipped with
tion, Xi'an China). The fraction obtained by ethanol-water (1:1)a thermostatic jacket. The jacket can keep the CPC at constant
elution were concentrated under reduced pressure and freezemperature with the aim to eliminate the harmful effect of tem-
dried with a Model FD-1 freezing drier (Beijing Boyikang Tech- perature variation on separation efficiency.
nology Corporation, Beijing, China) to get the crude salvianolic = The solvent was pumped into the column with a Model S1007
acids. constant-flow pump (Beijing Shengyitong Technology Devel-

The sample solutions were prepared by dissolving the crudepment Co. Ltd., Beijing, China). The effluent was detected
salvianolic acids in the upper phase of the HSCCC solvent sysn-line at 254 nm with a Model 8823 A UV detector (Beijing
tem (see next section) at the suitable concentration range drfistitute of New Technology Application). A manual sample

30-40 mg/ml. injection valve with a 20 ml loop was used to introduce the sam-
ple into the column. A Model 3057 portable recorder (Sichuan
2.3. Selection and preparation of two-phase solvent system Instrument Factory, Chongging, China) was used to record the

chromatogram. In addition, the data were also displayed and ana-

The chromatographic process in HSCCC is based on the palyzed simultaneously on a Model Sepu3000 chromatographic
tition of a solute between the two liquids that are used as thdata station provided by Hangzhou Puhui Scientific Technology
mobile and stationary phases, respectively. Successful sepai@e. Ltd.
tion requires a suitable choice of the two-phase solvent system,
which provides an ideal partition coefficient (K). A series of 2.4.2. HSCCC separation procedure
experiments were performed to determine the partition coeffi- The multi-layer coiled column was firstfilled completely with
cient in different solvent systems. The values of the partitiorthe upper solvent phase (stationary phase). Then, the lower phase
coefficients were determined by HPLC. In brief, about 20 mI(mobile phase)was pumped into the head of the column at a flow-
of the pre-equilibrated two-phase solvent system was mixedate of 1.7 ml/min while the column was rotating at 850 rpm.
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After the hydrodynamic equilibrium was reached, as indicated An Agilent Model 1100 LC-MS system was also used for
by a clear mobile phase eluting at the tail outlet, the sample sollcompound identification. The chromatographic conditions are
tion was injected through the sample injection valve. The columndentical to those described in Secti®® and the outlet of flow
effluent was monitored with a UV detector at 254 nm as statedell was connected to a splitting valve, from which a flow of
earlier, and the individual peak fractions were collected manu200wl/min was diverted to the electro spray ion source via a
ally, guided by the chromatographic elution profile displayed orshort length of fused silica tubing.

the recorder.

3. Results and discussion

2.5. HPLC analysis .
3.1. Selection of solvent system
Five peak fractions were collected from HSCCC separation b . ) h | q
and analyzed by HPLC. The analyses were performed with a 10 Pe effective in HSCCC separation, the samples nee

HPLC instrument (Agilent1100, USA). The column (Kromasil to have a favorable partition coefficient in the two-phase
KR100-5Gs, 150 mmx 4.6mm i.d., Dalian Elite Analytical solvent system. The partition coefficient is defined as the mass

Instruments Co. Ltd.) was eluted isocratically with a miXtureconcentration ratio of the solute in the stationary phase versus

of acetonitrile and water (volume ratio 1:3) with 0.05% trifluo- those in the mobile phase. For chromatogrfa_phic processes
roacetic acid modifier at a total flow-rate of 0.8 mi/min. Elution SU¢h as HPLC, CE and TLC, the optimal partition coefficient

was monitored at 290 nm using a diode array detector (DAD)?Q'hOUId b.e within the range of 0'67_1'@6__18]' A serigs
The purities of the collected peak fractions were determined b f experiments were performed to determine the optimum

HPLC based on the peak area of the target species normaliz&§0-Phase solvent system for HSCCC separation. The crude
to the sum of all observed peaks. salvianolic acids extract, which was known to contain all seven

salvianolic acids including salvianolic acid B (s€&. 3A),
was used as the testing material. The measiftedlues for
2.6. Identification of the separated peaks

The eluted peak IV (sdeig. 2given later) and the standard of
salvianolic acid B were each dissolved in §bH and scanned
by a Model DU-7400 UV-vis spectrophotometer (Beckman,
USA) at 600-200 nm.

The Electrospray MS experiments were performed using
Model 1100 MSD pneumatically assisted electrospray
octopole—quadrupole mass spectrometer (Agilent, USA). The ) 5 A
eluted peak IV and the standard of salvianolic acid B were ! 2 - A d
each dissolved in water and injected at a rate of 20@in. f
Lens voltages was optimized in neutral ion mode by turning on
the respective ions of interest. A spray voltage of 4.5kV was
employed and the collision induced dissociation (CID) voltage
was set to 70 V. The temperature of the heated transfer capillary
was 325'C. The mass spectrometer was scanned #dgl00
to 1000 in full scan mode, and the mass spectra were acquired
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Fig. 2. Chromatogram of the crude salvianolic acids by HSCCC. Solvent sysFig. 3. HPLC chromatograms of the crude salvianolic acids (A), purified peak
tem: hexane—ethyl acetate—water—methanol (1.5:5:5:1.5, v/v); stationary phadé(B), purified peak Il (C), purified peak 1V (D) and purified peak V (E), col-
upper phase; mobile phase: lower phase; flow-rate: 1.7 ml/min, revolution speedmn: Kromasil KR100-5C18 (150 mm 4.6 mm) at room temperature; elution:
850 rpm; temperature: 2% ; sample size: 80 mg dissolved in 2 ml upper phase; acetonitrile—water (added 0.05% trifluoroacetic); flow-rate: 0.8 ml/min; detec-
detection: 254 nm. tion at 290 nm.
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Table 1 separation channel resulted in better separation and was there-
TheK-values (partition coefficient) of salvianolic acid B in different two-phase fqre ysed for all later HSCCC runs. In system (2), the stripping
solvent systems used in HSCCC of excessive solvent from the stationary phase resulted in poor

Solvent system K-value  separation and also suffered from run to run irreproducibility
Ethyl acetate—water (1:1, v/v) 48 prOblems-

n-Hexane—-water (1:1, v/v) 0.03

Chloroform—ethyl acetate-water (1:3:3, v/v) 0.64 3.2. Optimization of operational parameters

n-Hexane—ethyl acetate—water (1:5:5, v/v) 15

Chloroform—ethyl acetate—water—acetic acid (1.8:3:3:1, v/v. 247 . .

Chloroform—ethil acetate—water—acetic acid 51.8:3:3:0.6 v)v) 2.64 Previous StUdY In-our Iaboratory Showed_ that temperature,
Chloroform—ethyl acetate—water—acetic acid (1.6:3:3:0.6, v/v) 2.54 flow-rate, revolution speed and sample size, etc. could all
Chloroform—ethyl acetate—water—acetic acid (1.5:3:3:0.5, v/v) 1.33 affected to a different extent the separation performance of
n-Hexane—ethyl acetate—water-methanol (1.5:5:5:0.5, v/v) 4.52 HSCCC[15]. The highest separation efficiency and best reso-
n-Hexane—ethyl acetate-water-methanol (1.5:5:5:1, viv) 2.86 lution were achieved within the temperature range of 20:€30
n-Hexane—ethyl acetate—water—methanol (1.5:5:5:1.2, v/v) 2.11

and thus 25C was selected as the CPC temperature. Within the
flow-rate range of 1.5-2.5 ml/min, the flow-rate greatly affects
The partition coefficientis defined as the mass concentration ratio of the solute ifha gverall run time. and to a certain extent also affects reso-

the stationary phase vs. the mobile phase. In our systems, the stationary phas?d?ion In order to shorten separation time while still maintain-
the upper, aqueous rich phase in the chloroform containing systems. In all other '

systems, the situation is reversed, where the stationary phase is the organic-ri'([}g adeq_uate reSOIUUO_n to m_ee'_[ different ana_lyt'cal obj_ectlves,
(hexane or ethyl acetate) phase at the top. 1.7 ml/min was used in preliminary separation experiments.

Typical run time for sample separation was 7 h.

salvianolic acid B in different solvent systems are summarized Within the rotary speed range of 700-900rpm, the rotary
in Table 1. Based on the criteria of havifgvalue in the range speed has a slightly affect on the overall run time and reso-
of 0.5-2.0, two systems selected for further evaluation werédution. At speed below 700 rpm, the stationary phase does not
n-hexane—ethyl acetate—water—-methanol (1.5:5:5:1.5, v/v) an@dequately retain the components. The best resolution and sep-
chloroform—ethyl acetate—water—acetic acid (1.5:3:3:0.5, v/v). aration times were achievable with the rotary speed of 850 rpm.
Table 2lists the distributions of the seven salvianolic acids The resolution of neighboring peaks was calculated using adja-
in the two quaternary-solvent systems of: (thexane—ethyl —cent peaks Il (lithospermic acid) and IV (salvianolic acid B) in
acetate—water—methanol (1.5:5:5:1.5, v/v) and (2) chloroformthe HSCCC chromatograms as showifrig. 2. Resolution was
ethyl acetate—water—acetic acid (1.5:3:3:0.5, v/v). In system (1)alculated by equatioR = 2(rr, — r,)/(w1 + w2), in whichrr
the solvent mixtures exist as two phases with the aqueous-rid the retention time of the compound standard ansithe peak
phase at the bottom and the organic-rich phase on the top. Miidth. At 850 rpm revolution speed, the resolution (R) of the
system (2), the solvent mixtures exist as two phases with th&o neighboring peaks Il and IV is 1.97, which is better than
organic-rich phase at the bottom and the aqueous-rich phase 8ie run with revolution speed of 800 rpm £1.28).
the top. The results indicated that the partition coefficient of a The resolution was found to increase slightly with increas-
majority of salvianolic acids vary within the range of 0.5-2. Theing rotary speed. On the other hand, high rotary speed runs the
values of individual salvianolic acids are significantly differ- risk of stripping away the stationary phase material through the
ent from each other salvianolic acids. The results thus suggesfulsification of the solvent system. A compromise of 850 rpm
that both these two solvent systems are suitable for the separéas therefore selected for operation.
tion of salvianolic acids. The performance of the two systems Sample size also affects the separation resolution. When sam-
was further compared in terms of the stability of the stationaryle was over 80 mg, the purities of the separated peak g2
phase under the operating conditions (800 rpm revolution speetgduced noticeably. Thus, the sample size is set to be no more
2.0 ml/min flow-rate, and 25C). The upper phase was used asthan 80 mg.
the stationary phase while the lower phase was used as the mobile For real sample runs, the crude salvianolic acids can be dis-
phase in all runs. System (1) was found to give better retentiofolved in either the upper or the lower phase of the solvent
of the stationary phase, i.e., 53.6% versus 38.4% for solvent sy§ystem. Sample solubility is higher in the upper organic phase

tems (2). The retention of more stationary phase material in th&an those in the lower phase. However, if the sample was dis-
solved in the upper phase or a mixture of upper and lower phases

Table 2 (1:1, viv), loss of the stationary phase could occur, resulting in
Partition coefficient of seven salvianolic acid compounds in two solvent systembaseline drifting problems because of the upset of hydrodynamic
balance in CPC. On the other hand, if lower phases were used for
sample dissolution, higher volume of solvent would be needed

1 2 3 4 5 6 ’ because of its lower solubility towards the sample. The injection
Solventsystems (1) 043 113 137 372 064 143 1.9 oflarge sample size would then degrade the resolution of separa-
Solventsystems (2) 043 122 15 249 059 133 3.59ion. Results indicated that resolution is a more important factor
Note: solvent systems (k)-hexane—ethyl acetate—water-methanol (1.5:5:5:1.5,IN Maintaining the peak purities than the drifting baseline. Thus,
viv); solvent systems (2) chloroform—ethyl acetate-water-acetic acidhe upper phase was chosen as the sample solvent to dissolve
(1.5:3:3:0.5, viv). the crude salvianolic acids sample.

n-Hexane—ethyl acetate—water—methanol (1.5:5:5:1.5, v/v) 1.43

Peaks
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3.3. Purity analyses by HPLC Table 3
Salvianolic acids isolated from the crude water extraddfia miltiorrhiza by
: HsCccC
Fig. 3A shows the HPLC chromatogram of the crude sal-

vianolic acids. It can be seen that the crude salvianolic acidgeaks Isolated amount (mg) Yield (%) Purity (%)
fractions consisted of seven peaks among which peak 6 (sal4 5.4 6.8 No major peak
vianolic acid B) was the major one. The peaks |-VFigy. 2 I 1.9 2.4 98
were individually collected and their dry weights obtained after!!! 12 15 98
solvent evaporation. The yield distribution of the separation id” 63"; 72‘5 >gg

given inTable 3. The purities of each of the collected fractions
were checked by HPLC, and quantified by its peak area at 290 nm

absorption relative to the sum of all observed peak areas. The cafhe purities of the three peaks increased to 98% (Fig. 3B, C, and
culated purity is therefore only UV purity rather than mass purity.E) after repeating HSCCC separation of the isolated peaks from
Peak | consists of several peaks in the HPLC chromatogranthe first run under the same HSCCC conditions.

Since there was no major peak, and the overall contents of them

were very low, no further study was therefore carried out. The 4 1genrsification of the separated peaks

purity of peak IV (peak 6 ifrig. 3A) estimated by HPLC analy-

ses is 98.6% (Fig. 3D). Peaks Il, lll both appeared as peak 5 and The separated fraction of peak IV was positively identified
peakV appeared as peak 7 inthe HPLC chromatogram (Fig. 3Ajs salvianolic acid B by comparing to the standard using HPLC
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Fig. 4. Mass spectra of salvianolic acid B standard and HSCCC separated fractions. (A) Standard of salvianolic acid B and fraction of peak IV and (B) fraction
peaks Il, Il and V.
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Table 4 4. Conclusion
Identification of the elution fraction of peak IV by ultraviolet absorption peak,

LC retention time and molecular mass HSCCC technique has been developed and successfully

Absorption peak Peak IV SS Reference  applied to the separation and purification of four kinds of sal-

1 203 203 203 vianolic acids in crude salvianolic acids extract. The results
2 256 255 253 demonstrate the effectiveness of HSCCC as a semi-preparative
3 289 288 288 separation technique for the isolation and purification of water-
4 312 310 308 soluble ingredients of salvianolic acids frosh miltiorrhiza

?R in LC analysis (min) 33114.72 332.72 330 Bunge. A total of five major peaks were observed in the HSCCC

Molecular mass 718.10 718.00 718.59 chromatogram. The peaks were individually collected and their
oS- standard of salvanoic acd B-ret : PTE——— identities studied by UV-vis and ESI-MS analysis. One of the
- Stancard o savianolic acid B, rererence. reported in frierature. \-ond 'on%)eaks was positively identified as salvianolic acid B. The other

A 1100 MSD pneumatically assisted electrospray octopole—quadrupole mass ) . .
spectrometer (Agilent, USA) was used for electrospray MS. A spray voltage of OUr peaks were also tentatively identified as members of the

4.5kV was employed and the collision induced dissociation (CID) voltage waslvianolic acids group based on MS fragmentation patterns.

set to 70 V. The temperature of heated transfer capillary was@G2bhe mass  However, further confirmation is needed for these peaks because

spectrometer was scanned framt 100 to 1000 with full scan mode and the of the lack of standards.

mass spectra were acquired with a step size of 0r5 In a typical run, tens of milligrams of samples can be
separated with high efficiency to yield tens of milligrams of

retentions time, and UV-vis spectrophotometric and ESI-MJpurified materials with over 98% purity. HSCCC thus provides
analyses. Thez (retention time) value of peak IV was found to & cost-effective alternative to preparative scale HPLC for the
be the same as those of salvianolic acid B standard. The spect&gMmi-preparative scale separation and purification of bioactive
properties of peak IV also agree well with the salvianolic acidcomponents in herbal extracts. In a previous study in our
B standard and the literatuf@9] values. In MS analyses, the laboratory, HSCCC has been successfully developed for the
observed major ions observed from peak IV included ions/of preparative separation of bioactive flavonoids inflacoumarin
741.1 (M+Na), 757.1 (M +K) and 521.1 (M CoH100s*) with A and licochalcone A from the crude extract 6fycyrrhiza
a molecular mass of 718 (Fig. 4A). The molecular spectrogranitflata Bat. The current study further demonstrates the wide
of peak IV is in excellent agreement with those of salvianolicapplicability of the technique in the separation and purification
acid B standard and the reported properfld]. The Uv-vis ~ Of bioactive components from herbal extracts with diverse
and ESI-MS results along with HPLC retention time data arechemical compositions and properties.
outlined inTable 4.
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