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1. Introduction

Black tea accounts for about 80% of tea consumed world-
wide. Theaflavins (TFs) are a group of polyphenol pigments
found in black tea formed by oxidative coupling of an appro-
priate pair of catechins at the fermentation stage of black
tea manufacture [1]. Although, theaflavins constitute about 2%
of the dry weight, they significantly contribute to the bright
color and brisk taste of tea brews [1]. In addition to the four
major theaflavins (theaflavin, theaflavin-3-gallate, theaflavin-3′-
gallate and theaflavin-3,3′-digallate) identified many years ago,
several novel theaflavin compounds have recently been iso-
lated and characterized from black tea [2]. Recently, theaflavins
have received much attention because of their potential bene-
fits for human health, including anti-oxidation [3,4], anti-virus
[5,6], antimutagenicity [7,8], anti-inflammatory [9,10] and cancer
chemopreventive action [11,12].

However, the preparative separation of TFs is of significant tech-
nical challenge because of their low-level amount in black tea.
Although, NMR and MS data of TFs have been published in detail
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omatography (HSCCC) has been applied for the separation of theaflavins
as carried out with a two-phase solvent system composed of hexane–ethyl
c acid (1:5:1:5:0.25, v/v) by eluting the lower aqueous phase at 2 ml/min
ted that pure theaflavin, theaflavins-3-gallate, theaflavins-3′-gallate and
be obtained from crude theaflavins sample and black tea. The structures
e positively confirmed by 1H NMR and 13C NMR, MS analysis, HPLC data
hins including epigallocatechin gallate, gallocatechin gallate, epicatechin
re isolated from the aqueous extract of green tea by using the same sol-
ed a modified method combined with enrichment theaflavins method by

four individual theaflavins, especially for better separation of theaflavins

© 2008 Elsevier B.V. All rights reserved.

[13], their pure standards are still not commercially available. In
the past, the isolation of TFs had been based on chromatogra-
phy on Sephadex LH-20 and preparative high-performance liquid
chromatography (HPLC). However, these procedures are rather
time-consuming. Therefore, a rapid separation by high-speed coun-

tercurrent chromatography (HSCCC) was developed. HSCCC is a
unique liquid–liquid partition chromatography using a liquid sta-
tionary phase without solid support, no irreversible adsorption,
low risk of sample denaturation, total sample recovery, large load
capacity, and low cost [14]. HSCCC has been applied for the separa-
tion of four theaflavins (TFs), while the separation of two theaflavin
monogallates is incomplete [15–19].

The major catechins in fresh tea leaves and green tea are
(−)-epigallocatechin gallate (EGCG), (−)-epigallocatechin (EGC),
(−)-epicatechin gallate (ECG) and (−)-epicatechin (EC) [20]. Green
tea catechins have anti-oxidant activity [3,12]. They may also
have anticarcinogenic, anti-inflammatory, anti-atherogenic, ther-
mogenic and antimicrobial activities [12,21]. Due to their possible
contributions to the health benefits of tea, catechins have also
attracted considerable attention. Isolation of catechins has been
based on chromatography on (semi-) preparative HPLC and
sephadex LH-20 [22,23]. The procedures are time-consuming and
tedious. Thereafter, it is ideal for the separation of catechins by
HSCCC [24,25].

The objective of this study was to develop a modified method
combined with enrichment theaflavins method by using HSCCC
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for separation of four individual theaflavins, especially for bet-
ter separation of theaflavins monogallates. In previous study, we
have devised a simple method for synthesizing theaflavins from
tea catechins mixture using enzymatic oxidation methods [26].
An in vitro model fermentation system, containing tea catechins
and crude pear polyphenol oxidase from pear fruits has been
used to determine the effect of tea catechins of different propor-
tions and physical and chemical conditions on the formation of
theaflavins [26]. Meanwhile, the separation of catechins (EGCG,
ECG, EGC and GCG) was also investigated by using the same solvent
system.

2. Experimental

2.1. Reagents and materials

Epigallocatechin gallate (EGCG, ≥98%), epigallocatechin (EGC,
≥98%), gallocatechin gallate (GCG, ≥98%), epicatechin gallate (ECG,
≥98%), caffeine (≥99%) and theaflavins standard mixture (≥80%
theaflavins) were purchased from Sigma Chemicals, USA. Hexane,
methyl isobutyl ketone, ethyl propionate, ethyl acetate, methanol,
acetone, and chloroform were of analytical grade and were pur-
chased from Changsha Chemical Company (Changsha, China).
Polyamide thin layer chromatography (TLC) plates were purchased
from TZSHSL (Taizhou, China).

2.2. Preparation of TFs and tea extracts

TFs were prepared by enzymatic oxidation of tea catechins
using crude polyphenol oxidase from pear fruits. The procedures
to produce TFs were similar to that described by Wang et al. [26],
except that the reaction was carried out at defined pH 5.5 at 30 ◦C
in the incubation and terminated after 30 min. Tea extracts were
prepared by extracting 5 g of powdered tea by 100 ml of boiling
water for 10 min. After filtration, the water extract was further
extracted 2 times with 100 ml ethyl acetate in the separation fun-
nel. The ethyl acetate layer of black tea was mixed with 2.5% (w/v)
NaHCO3 (100 ml) and shaken for 30 s. The aqueous layer was dis-
carded. The ethyl acetate phase was collected and evaporated to
dryness.

2.3. HSCCC separation procedure
The HSCCC (GS-10A, Beijing Institute of New Technol-
ogy Application, China) experiments were performed with
a two-phase solvent system composed of hexane–ethyl
acetate–methanol–water–acetic acid (1:5:1:5:0.25, v/v). The
upper phase was used as the stationary phase, and the lower
aqueous phase as the mobile. The experiment was performed at
a revolution speed of 700 rpm. Usually, in each separation, the
coiled column was first filled with the stationary phase. Then,
the mobile phase was pumped into the column at a flow-rate of
2.0 ml/min. After the mobile phase front emerged and the system
established a hydrodynamic equilibrium, the sample solution was
loaded through an injection valve (with 10 ml loop). The sample
solution was prepared by dissolving 30 mg of crude theaflavin
sample or tea extract (20 mg green tea extract, 40 mg black tea
extract) in mobile phase (5 ml) and loaded into the column by loop
injection. The effluent was monitored with the UV–VIS detector
(Model UV-8823B, Beijing, China) at 280 nm and collected using a
fraction collector at 2.5 min intervals (5 ml per tube). The fractions
were analyzed by HPLC-DAD. The fractions containing purified
theaflavins were collected and dried separately.
B 867 (2008) 282–286 283

2.4. HPLC analysis with diode array detection (HPLC-DAD) and
measurement of partition coefficient

A Shimadzu SCL-10ATVP system equipped with a model
LC-10ATVP pump, SPD-M20A diode array detector, and a LC-
solution data system was used. Photodiode array spectra (range
200–600 nm) were obtained. The analysis of TFs was performed on
Hypersil C18 column (5 �m, 150 mm × 4.6 mm, Shimadzu, Japan)
[27]. The mobile phases were composed of solvent A, 2% acetic acid
in high pure water and solvent B, acetonitrile:ethyl acetate (7:1,
v/v). The elution was programmed as follows: initial, 18% B; gra-
dient to 26% B in 30 min; at 30.01 min, back to initial condition
18% B and isocratic for 10 min; flow-rate, 0.9 ml/min. The partition
coefficients (K-values) were determined by HPLC as follows: about
5.0 mg of crude sample was added to a test tube, to which 5 ml of
each phase of the two-phase solvent system was added. The test
tube was shaken vigorously for several minutes. The partition coef-
ficients of all components in sample were obtained according to the
peak areas.

2.5. TLC characterization

Theaflavins were submitted to the characterization by thin
layer chromatography (Polyamide TLC plates; mobile phase,
chloroform–methanol (2:3, v/v, two-fold development)). TLC was
sprayed with Iron(III) chloride–ethanol reagent (5:100, w/v). Chro-
matograms were evaluated under visible light to detect the
presence of theaflavins.

2.6. LC/MS analysis and NMR spectroscopy

LC/MS spectra were measured with Agilent 1100 LC/MSD SL
(Agilent Inc., USA) equipped with an atmospheric pressure chem-
ical ionization (ApCI) interface [28]. LC/MS was performed on a
Zarbax C8 column, 200 mm × 4.6 mm i.d. (Agilent Inc., USA), flow-
rate was 0.9 ml/min, and eluents were mixtures (75:25, v/v) of
methanol and water containing 4 g L−1 ammonium formate. The
effluent from the LC column was delivered to the ion source (150 ◦C)
through a heated nebulizer probe (400 ◦C) using nitrogen as dry-
ing gas (5 l min−1, 350 ◦C) and nebulizer pressure was set to 60 psi.
The mass spectrometer was scanned from m/z 50 to 1000 in full
scan mode. Nuclear magnetic resonance (NMR) spectrometer used
here was Varian Unity INOVA 300 NMR. Chemical shifts (ı) are
reported in ppm relative to the residual solvent signals (ıH 3.35

and ıC 49.0 ppm) and coupling constants (J) in Hz.

3. Results and discussion

3.1. Screening of solvent systems

For the separation of TFs using HSCCC, ten solvent systems have
been examined to optimize the partition coefficients (K) of four
main TFs by HPLC analysis. The sample used for this purpose was a
crude mixture of four TFs, as illustrated in Fig. 1. The results listed
in Table 1 showed most of the TFs K values lied closely in the range
of 0.5–2, and generally, the K values of TF and TFDG are clearly dif-
ferent from that of TF3G and TF3′G under most of solvent systems.
Among those solvent systems, No. 4 and 5 were the best for the
separation of TF, TF3G, TF3′G and TFDG. So the system composed of
hexane–ethyl acetate–methanol–water–acetic acid was employed.
When using neutral solvent systems, it is considerable to modify the
K value of the negatively charged analytes, e.g., carboxylic acids, by
adding acids such as TFA and acetic acid to the solvent system [29].
Due to protonation, these molecules become more hydrophobic
and favor partition to the organic phase. Since these acidic analytes
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Fig. 1. HPLC chromatogram of the crude TFs mixture. TF: theaflavin, TF3G:
theaflavins-3-gallate, TF3′G: theaflavins-3′-gallate, TFDG: theaflavins-3,3′-digallate.

have two molecular forms, protonated (COOH) and deprotonated
(COO ), each having a different K value, they form a broader peak
when partly ionized. Therefore, the use of TFA or acetic acid to the
solvent system is recommended.

The results obtained with the above TFs mixture, showed
that slight differences between volume ratios of each compo-
sition can make a great difference in the separation (HSCCC

chromatograms not given). This was consistent with that pre-
dicted from the partition data in Table 1. The results of HSCCC
tests indicated that when (1:5:1:5:0.125, v/v) was used as the sol-
vent system, the separation time was too long. When hexane–
ethyl acetate–methanol–water–acetic acid (1:5:1:5:0.5, v/v) was
used, the three compounds (TF3G, TF3′G and TFDG) could not get
satisfactory separation. When hexane–ethyl acetate–methanol–
water–acetic acid (1:5:1:5:0.25, v/v) was used as the solvent sys-
tem, good separation results and acceptable separation time could
be obtained.

3.2. Preparative separation of TFs

Fig. 2 shows the separation of 30 mg of the theaflavin sam-
ple by HSCCC. Four TFs peaks were resolved in about 500 min.
Peak 1 represents theaflavin, the other three peaks (2, 3, 4)
are theaflavin-3-gallate, theaflavin-3′-gallate and theaflavin-3,3′-
gallate, respectively. The peak fractions separated by HSCCC were
analyzed by HPLC (HPLC analysis data not shown). Pure compounds
were obtained after recrystallization of these fractions with aque-

Table 1
Solvent selection for the separation of TFs by HSCCC

Solvent system Volume

No. 1 2 3 4
Hexane 1 1 1 1
Methyl isobutyl ketone
Ethyl propionate 5
Ethyl acetate 5 4 5
Methanol 1 1 1 1
Acetone
Water 5 5 5 5
Acetic acid 0.5 0.25
n-Butanol

Partition coefficient (K)a

TF 1.89 1.10 0.17 1.74
TF3G 3.05 1.39 0.51 2.44
TF3′G 4.07 1.78 0.62 3.43
TFDG 5.13 1.94 0.95 3.73

a K is expressed as the solute concentration in the upper phase divided by that in the lo
B 867 (2008) 282–286

Fig. 2. Preparative separation of four TFs by HSCCC. Solvent system: hexane–ethyl
acetate–methanol–water–acetic acid (1:5:1:5:0.25, v/v); mobile phase: lower aque-
ous phase; flow-rate: 2 ml/min; column volume: 243.0 ml; sample size: 30 mg;
retention of stationary phase: 66.3%.

ous methanol, while minor impurities were present in the isolated
fractions.

3.3. The structure identification

The structural identification of peak fractions of HSCCC was per-
formed according to 1H NMR data, 1C NMR data, MS data, HPLC data
and TLC data.
Peak 1 (The effluent was collected from 220 to 245 min): H
NMR (300 MHz, CD3OD): ıH 7.99 1H s, 7.87 1H s, 7.38 1H s, 6.06
1H d, J = 2.4 Hz, 6.03 1H d, J = 2.4 Hz, 6.01 1H d, J = 2.4 Hz, 6.00 1H d,
J = 2.4 Hz, 5.66 1H brs, 4.93 1H brs, 4.49 1H m, 4.36 1H m, 2.95–3.06
2H m, 2.82–2.90 2H m; 13C NM R (75 MHz, CD3OD): ıC 185.8, 158.2,
158.1, 157.9, 157.7, 157.4, 156.7, 155.5, 151.1, 146.5, 134.6, 131.6, 129.0,
126.5, 124.0, 122.2, 118.4, 100.2, 99.8, 96.8 × 2, 96.1, 95.7, 81.3, 77.3,
66.6, 65.7, 30.0, 29.4 ppm; negative APCI-MS m/z 563 [M–H]−. These
data were identical with the literature [28,30], in combination with
its retention time, absorbance spectrum in HPLC-DAD analysis (data
not given), Rf value in TLC analysis (Fig. 3) and by cochromatography
with authentic standard, and peak 1 was identified as theaflavin.

Peak 2 (The effluent was collected from 320 to 345 min): 1H
NMR (300 MHz, CD3OD): ıH 7.91 1H s, 7.90 1H s, 7.39 1H s, 6.89 2H
s, 6.02–6.11 4H m, 5.90 1H m, 5.85 1H brs, 4.97 1H s, 4.38 1H m,
2.87–3.18 4H m; 13C NM R (75 MHz, CD3OD): ıC 185.8,167.3,158.1,
158.0 × 2, 157.9, 157.1, 156.7, 155.6, 151.2, 146.4, 146.3 × 2, 139.8,
135.1, 130.5, 129.0, 126.0, 123.2, 122.2, 121.1, 118.5, 111.1 × 2, 99.9,
99.6, 96.9, 96.8, 96.0, 95.7, 81.4, 75.9, 68.3, 66.6, 29.3, 27.2 ppm;
negative APCI-MS m/z 715 [M–H]−. These data were identical
with the literature [28,30], in combination with its retention time,

5 6 7 8 9 10
1 1 1 2 2 1.5

5 5 5

5 5 5
1 1 1

2 2 1.5
5 5 5 5 5 5
0.5 1 1

0.25 0.25

1.93 0.49 1.76 0.11 0.14 0.55
2.86 1.59 2.37 0.86 0.70 1.69
3.43 1.85 2.86 1.05 1.19 2.18
3.88 1.91 3.03 1.26 1.04 2.54

wer phase.
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extract and theaflavins from black tea extract.
Fig. 3. Separation of theaflavins on polyamide TLC plates. (1) TF, (2) TF3G, (3) TF3′G,
(4) TFDG. TFs: theaflavins standard mixture.

absorbance spectrum in HPLC-DAD analysis (data not given), Rf
value in TLC analysis (Fig. 3) and by cochromatography with authen-
tic standard, and peak 2 was identified as theaflavin-3-gallate.

Peak 3 (The effluent was collected from 380 to 405 min): 1H
NMR (300 MHz,CD3OD): ıH7.95 1H s, 7.82 1H s, 7.41 1H s, 6.84 2H s,
6.03–6.07 4H m, 5.82 1H s, 5.58 1H s, 5.15 1H s, 4.22 1H s, 2.85–3.16
4H m; 13C NMR (75 MHz, CD3OD): ıC 185.8, 167.3, 158.2, 158.1,
157.9, 157.7, 157.4, 156.5, 155.5, 151.2, 146.6, 146.3 × 2, 139.9, 133.6,
131.5, 128.8, 125.8, 124.0, 122.1, 121.1, 117.6, 110.1 × 2, 100.2, 99.3,
97.0, 96.9, 96.2, 95.8, 79.9, 77.0, 69.0, 65.8, 30.1, 27.1 ppm; negative
APCI-MS m/z 715 [M–H]−. These data were identical with the liter-
ature [28,30], in combination with its retention time, absorbance
spectrum in HPLC-DAD analysis (data not given), Rf value in TLC
analysis (Fig. 3) and by cochromatography with authentic standard,
and peak 3 was identified as theaflavin-3′-gallate.

Peak 4 (The effluent was collected from 440 to 485 min). 1H
NMR (300 MHz, CD3OD): ıH 7.83 1H s, 7.80 1H s, 7.51 1H s, 6.93 2H
s, 6.84 2H s, 6.04–6.12 4H m, 5.90 1H s, 5.81 1H m, 5.71 1H m, 5.24
1H s, 2.93–3.28 4H m; 13C NMR (75 MHz, CD3OD): ıC 185.9, 167.5,
167.1, 158.1, 157.9 × 2, 157.2, 156.6, 155.6, 151.3, 146.3 × 2, 146.2 × 2,
134.3, 130.5 × 2, 129.0 × 2, 125.8, 122.9, 122.3, 121.1, 121.0, 117.5 × 2,

110.2 × 2, 110.1 × 2, 99.8, 99.3, 97.0 × 2, 96.1, 95.8, 80.3, 75.7, 69.5,
68.2, 27.3, 26.9.0 ppm; negative APCI-MS m/z 867 [M–H]−. These
data were identical with the literature [28,30], in combination with
its retention time, absorbance spectrum in HPLC-DAD analysis (data
not given), Rf value in TLC analysis (Fig. 3) and by cochromatography
with authentic standard, and peak 4 was identified as theaflavin-
3,3′-digallate.

3.4. Separation of tea extracts

For the separation of different kinds of tea products and
high-molecular-mass pigments in fermented tea, HSCCC sepa-
rations were carried out in the normal-phase partition mode
using the two-phase solvent system composed of hexane–ethyl
acetate–methanol–water–acetic acid (1:5:1:5:0.25, v/v). Fig. 4A
and B shows chromatograms of the extracts of green tea and black
tea. In this HSCCC separation, esterified catechins (EGCG, ECG and
GCG) were detected and separated (HPLC analysis data not shown)
in green tea extract. The purity of EGCG, ECG and GCG was 96.3%,
97.6% and 98.0%, respectively, as determined by HPLC. Data of EGCG,
Fig. 4. (A and B) HSCCC profiles of green tea and black extracts. Chromatographic
conditions were described in caption of Fig. 2. Caf: caffeine, GCG: gallocatechin
gallate.

GCG and ECG are in good agreement with catechin standards (data
not given). The apparent shoulder on the first peak was determined
to be EGC. Minor impurities were present in the isolated fractions.
In those cases, crystallization from an aqueous solution resulted in
pure catechins. Decaffeination of the tea by extraction with chloro-
form prior to HSCCC separation enables the isolation of pure EGC
with the purity of 91.7%. In addition to these peaks, theaflavins (TF,
TF3G, TF3′G and TFDG) were also separated from the extract of fer-
mented black tea whereas these peaks were not detected in the
extract of non-fermented green tea. It is noteworthy that a success-
ful separation of catechins by HSCCC employing the solvent system
hexane–ethyl acetate–methanol–water–acetic acid (1:5:1:5:0.25,
v/v) is performed and allows isolation of catechins from green tea
4. Conclusion

It was demonstrated that HSCCC has a great potential for the
preparative isolation of polyphenols from tea. In combination with
a suitable extraction and cleanup procedure prior to HSCCC sep-
aration, pure reference compounds are obtained on a preparative
scale. The results of our study clearly demonstrated that HSCCC
could provide highly efficient preparative separation of theaflavins
from enzymatic oxidation products of green tea catechins. Mean-
while, the HSCCC isolation of catechins (EGCG, ECG, EGC and GCG)
from the aqueous extract of green tea has proved to be successful
based on the solvent system mentioned above.
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