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The phenolic composition and antioxidant activities
[TEAC, ORAC, FRAP] of consumer brews (1 tea bag in
230 ml for 1 min) of seven different brands of black tea from
the British market were investigated. The main phenolic
compounds identified were epigallocatechin gallate, four
theaflavins, as well as epicatechin gallate, theogallin
(tentative assignment), quercetin-3-rutinoside and 4-caf-
feoyl quinic acid. Thearubigins represented an estimated
75–82% of the total phenolics. Further, polyphenol fractions
were in decreasing order theaflavins, flavan-3-ols, flavo-
nols, gallic acids and hydroxycinnamates. On average, a
cup of a consumer brew of black tea is providing
polyphenols at the level of 262 mg GAE/serving, of which
65 mg were assigned to individual polyphenols. The
antioxidant activity of black tea preparations is higher
than that of most reported dietary agents on a daily basis.
Correlations were observed between the antioxidant
activities and the sum of all quantified polyphenols by
HPLC analysis as well as with the total phenolics.

Treatment of the black tea brew with simulated gastric
juice resulted in a significant increase of the identified
theaflavins implying a partial cleavage of thearubigins in
the environment of the gastric lumen.

Therefore, black tea can be considered to be a rich source
of polyphenols and/or antioxidants.

Keywords: Black tea; Tea phenolics; Antioxidant activity; HPLC;
TEAC; ORAC

INTRODUCTION

Tea is one of the most consumed beverages of
the world. In addition, tea consumption is linked
to beneficial effects on human health, with the

polyphenols as the responsible constituents.[1 – 4] Tea
leaves as well as the resulting beverage tea are
known to possess high amounts of polyphenols,
especially flavan-3-ols, the so-called catechins.[5 – 7]

Many in vitro and in vivo effects of tea polyphenols
have been reported,[8 – 13] including antioxidant,
anticarcinogenic and hypolipidemic properties.
However, there is a great difference in the phenolic
composition of black and green tea due to the
fermentation process from green tea, rich in flavan-3-
ols, to black tea resulting in the formation of
condensation and oxidation products such as the
thearubigins and the theaflavins.[14] Those two
phenolic fractions of black tea represent the majority
of phenolic constituents found in black tea.[5,15]

Crucial for the understanding of the in vivo
bioactivities of the black tea polyphenols in humans
is knowledge of the bioavailability, biotransfor-
mation and concentration of the black tea poly-
phenols in the circulation and tissues. The
bioavailability and metabolism of individual poly-
phenols from green or black tea has been studied in
humans demonstrating the absorption and elimi-
nation of small amounts of flavan-3-ols,[6 – 19]

flavonols[20] and gallic acids.[21] Factors influencing
metabolism and conjugation of the tea polyphenols
have been reported from human and animal studies
as well as from in vitro models,[21 – 29] including
glucuronidation/sulphation, O-methylation of cate-
chol groups or the trihydroxymoiety of gallic acids as
well as degradation in the large intestine resulting in
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the destruction of the flavan structure and the
formation of simpler phenolic compounds.

The powerful antioxidant properties of the tea
polyphenols are implicated in their proposed health
beneficial effects, although findings concerning the
effects of black tea consumption on the antioxidant
activity of plasma and its components are controver-
sial.[31 – 33] Interestingly, the addition of milk did not
modulate an observed increase in plasma antioxidant
activity,[31] consistent with the observation that
addition of milk did not affect the bioavailability of
black tea phenolics.[34]

The aim of this study was to investigate the content
of flavonoids and phenolics in regularly consumed
tea brands available on the UK market and the
influence of variation in phenolic components on the
antioxidant potential of a serving of black tea.

EXPERIMENTAL

Chemicals

Acetonitrile (HPLC grade) was obtained from
Rathburn Chemicals Ltd., Walkerburn, Scotland.
Hydrochloric acid and Folin–Ciocalteu phenol
reagent were from BDH Laboratory Supplies,
Poole, England. Chlorogenic acid, quercetin-3-gluco-
side, quercetin-3-galactoside, kaempferol-3-gluco-
side and kaempferol-3-rutinoside were obtained
from Extrasynthese, Genay, France. Gallic acid,
p-coumaric acid, quercetin-3-glucoside and simu-
lated gastric juice (without pepsin) were purchased
from Sigma Chemical Co., Steinheim, Germany.
ABTS (2,20-azinobis(3-ethylbenzothiazoline-6-sul-
phonic acid) and b-phycoerythrin were from
Sigma–Aldrich, Zwijndrecht, The Netherlands. Tro-
lox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid) was from Randox Ltd., Co. Antrim,
UK. ABAP (2,20-azobis (2-methyl-propionamidine
dihydrochloride) was from ACROS, Geel, Belgium.
TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) was from Fluka,
Sigma –Aldrich, Zwijndrecht, The Netherlands.
( þ )-Catechin, (2 )-epicatechin, (2 )-epicatechin gal-
late, (2 )-epigallocatechin, (2 )-epigallocatechin gal-
late and theaflavins were from the Tea Science
Unit, Unilever Research Colworth, Sharnbrook,
Bedfordshire, UK. All were demonstrated by HPLC
to be .95% pure. Seven brands of black tea available
in the UK market were purchased as tea bags. The
black tea brands studied were: Typhoo, Tesco
standard blend, Tesco premium blend, Sainsbury red
blend, Sainsbury gold blend, PG Tips, Tetley.

Preparation of Consumer Brews of Black Tea

Tea infusions were prepared by adding 230 ml of
boiling deionised water to one tea bag. After 15 s

delay the brew was stirred for 5 s and left for an
additional 40 s resulting in total extraction time of
60 s. The tea bag was than removed, left decanting
for 20 s and gently squeezed using a teaspoon. This
procedure was performed three times to produce one
sample for analysis by HPLC and the determination
of total phenolics by the Folin–Ciocalteu assay.
For every black tea brand, three samples were
generated. The samples were analysed in duplicate.

HPLC Analysis

HPLC analysis was undertaken using a Waters
system consisting of controller 600, an autosampler
717 plus, a photodiode array detector 996 and an
in-line degasser. Samples were analysed on a Fluofix
column (INEOS Co. Ltd, Kobe, Japan),
250 mm £ 4.6 mm, with 5mm particle size and a
guard column of the same material, 4.6 £ 15 mm.
Mobile phase A consisted of water/5N HCl
(99.85/0.15 v/v) and mobile phase B of aceto-
nitrile/water/5N HCl (50/49.9/0.1 v/v/v). The
gradient applied was as follows: from 0 to 5 min
100% A, from 5–40 min to 60% A and 40% B, from
40–65 min to 100% B, from 65 to 67 min 100% B and
from 67.1 min 100% A. Run time was 70 min
followed by a 10 min delay prior to the next injection.
Injection volume of the samples was 25ml. Peaks
were identified via spiking with authentic standards,
retention time and UV-spectra. Tentative assign-
ments were suggested using information from
UV-spectra, retention time and reports in the
literature. Quantification was undertaken with
standard curves or in the absence of a standard
with a standard curve of a related compound.
Wavelengths used for phenolic quantification were:
catechins and theaflavins 280 nm, caffeic acid
derivatives 324 nm, p-coumaric acid derivatives
310 nm, flavonols 354 nm and gallic acids 270 nm.
Integration was performed manually for every peak.

The coefficient of variance appeared to be mainly
between 1 and 15%, except for epicatechin (38%),
quercetin-3-galactoside (38%) and epigallocatechin
gallate (16%) in brand 5, epicatechin (33%) and
theaflavin 2 (16%) in brand 4 and chlorogenic acid
(20%) in brand 3, which was due to insufficient
resolution of the peak in the particular chro-
matograms.

Gastric Juice Treatment

A representative consumer brew of black tea was
diluted 1:10 with simulated gastric juice of pH 1.5
(sample) and with water (control) and incubated
at 378C for 2 h. After cooling, the filtered solutions
were analysed by HPLC.
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Total Phenolics

Total phenolics were measured by the Folin–
Ciocalteu assay, based on the method described by
Singleton and Rossi.[35] The values of total phenolics
are expressed as gallic acid equivalents (GAE).

In order to validate the results of the assay the
analyses were carried out in the two different partici-
pating laboratories applying the same methodology
and gave consistent results.

Total Antioxidant Activity

For every black tea brand, one sample of three
pooled tea infusions was prepared at the Unilever
Health Institute, Vlaardingen, The Netherlands. The
total antioxidant activity in each sample was
measured applying the TEAC (Trolox Equivalent
Antioxidant Capacity), the ORAC (Oxygen Radical
Absorbance Capacity) and FRAP (Ferric ion Redu-
cing Antioxidant Power) assays.

The TEAC Assay is a spectrophotometric assay
that determines the relative efficiency of an
antioxidant or a prepared extract to quench the
ABTS (2,20-azinobis(3-ethylbenzothiazoline-6-sul-
phonic acid) radical cation. This value is related to
the quenching efficiency of the water-soluble
vitamin E analogue Trolox (6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid) and the TEAC
values are expressed as Trolox equivalents. The
TEAC assay was undertaken according to Re et al.[36]

The TEAC value was determined in duplicate for
each pooled sample (of three separate brews of each
individual tea infusion) and the results presented are
the mean values.

The ORAC assay measures the relative efficiency
of antioxidants to protect the fluorescent protein
b-phycoerythrin against peroxidation. Peroxyl radi-
cals were generated at a constant rate using
the thermolabile azo-initiator ABAP (2,20-azobis
(2-methyl-propionamidine dihydrochloride). This
value is related to that of the water-soluble vitamin
E analogue Trolox. The ORAC assay was performed
on the COBAS-FARA II Centrifugal Analyser as
described by Cao et al.[37] The ORAC value was
determined once for each pooled sample (of three
separate brews of each individual tea infusion).

The FRAP assay is another chemical assay that
determines the antioxidant activity present in
extracts. This assay determines the ability of extracts
to reduce ferric—2,4,6-tri(2-pyridyl)-s-triazine com-
plex (Fe3þ–TPTZ complex) into the ferrous form.
The ferrous–TPTZ complex has an intense blue
colour and has an absorption maximum at 593 nm.
The FRAP activities were measured using a COBAS-
FARA II Centrifugal Analyser (Roche Diagnostics,
Almere, The Netherlands). The method is essentially
the same as that described by Benzie and Strain,[38]

except that the incubation had a duration of 7.5 min.
Data are expressed as Fe2þ-equivalents and are
normalised to the amount of material used. The
FRAP value was determined in duplicate for each
pooled sample (of three separate brews of each
individual tea infusion) and the results presented are
the mean values.

RESULTS AND DISCUSSION

Tea infusions were prepared and subjected to HPLC
analysis. The elution profile revealed a complex
polyphenol pattern including flavan-3-ols, flavo-
nols, hydroxycinnamates, gallic acids and theafla-
vins (Fig. 1). Twenty phenolic compounds were
identified, 16 confirmed using data from retention
time, spiking with authentic standards and UV-
spectra. For four compounds a tentative assignment
was suggested based on the relationship between
retention time, UV-spectra and reports in the
literature.[5,39]

The quantitative results for a serving of a
consumer brew prepared from seven different
brands of black tea bags are summarised in Table I.
As shown, the total flavan-3-ols constituted
between 19 and 26% of the total structurally
identified polyphenols by HPLC, the major one
being (2 )-epigallocatechin gallate. The total thea-
flavins accounted for 27–37% and the total gallic
acids with theogallin being the major one for 13–17%
of the total structurally identified polyphenols by
HPLC. The total flavonols were detected at a
proportion of 15–24% of the total structurally
identified polyphenols with the major constituents
being quercetin-3-rutinoside and kaempferol-3-
rutinoside. A significant proportion of hydroxycin-
namates, the major ones being 4-caffeoyl and
4-p-coumaroyl quinic acid, were also measured in
the tea brews with a variation of 8–10% of the total
structurally identified polyphenols.

Analysis and separation of the thearubigin fraction,
complex polymeric products deriving from poly-
phenols during the fermentation process of green tea
to black tea, was impossible, but the “hump” on
which the individual peaks are sitting in the
chromatogram is interpreted as chromatographically
irresolvable thearubigins. The approximate thearu-
bigin fraction was calculated by subtraction of the
total structurally identified polyphenols (from the
HPLC analysis) from the total phenolic content
(Folin–Ciocalteu).[5] Of a percentage of 72–79% of
total phenols, the thearubigins are estimated as
representing the major fraction of the polyphenols
in the consumer brews of black tea, although this
method has limited validity if many unidentified
phenolics remain, which is highly probable.
Consequently, due to the incomplete identification
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of the polyphenols in consumer brews of black tea,
this estimate is likely to be too high. The seven brands
of black tea differed significantly in their total
phenolic content ranging from 219 to 288 mg
GAE/230 ml and total sum of individual polyphenols
HPLC ranging from 49 to 78 mg/230 ml. The results
reveal that a cup of a consumer brew of black tea
is providing an average of 262 mg GAE/serving of
polyphenols. The polyphenolic content of one cup
(230 ml) of these brands is approximately twice as
high as world market brands investigated by other
researchers.[5] The flavan-3-ols, namely (2 )-epicate-
chin, (2 )-epigallocatechin, (2 )-epigallocatechin gal-
late, (2 )-epicatechin gallate, and the theaflavins, four
different compounds, were the main groups of
phenolic compounds in the tea brews followed by
the flavonols, namely quercetin-3-glucoside, querce-
tin-3-rutinoside, quercetin-3-galactoside, kaemp-
ferol-3-rutinoside, kaempferol-3-glucoside, the gallic
acids, namely gallic acid and an other gallic acid
derivative (possibly theogallin) and the hydroxycin-
namates, namely chlorogenic acid, 4-caffeoylquinic
acid, 3-caffeoylquinic acid, 4-p-coumaroylquinic acid,
3-p-coumaroylquinic acid (Fig. 2).

The average composition of the six identified
classes of polyphenols, namely thearubigins, thea-
flavins, catechins, flavonols, hydroxycinnamates,

gallic acids, in all consumer brews of black tea is
shown in Fig. 3. Thearubigins are the major fraction
in all seven brands, followed in decreasing order by
the theaflavins, the catechins, the flavonols, the gallic
acids and finally the hydroxycinnamates.

Taking the annual imports of tea for consumption
(134,077 t in 2000; International Tea Committee, Ltd.,
Annual Bulletin of Statistics; Tea Brokers’ Publi-
cations, London (2001)), the consumption of one cup
of tea per day (which approximates to a usage of
800 g tea per year) and the population in the UK
(60 million), average daily tea consumption per
capita in the UK equates to 2.8 cups. Taking this
estimation and the contents of polyphenols in one
cup, found in this study, black tea contributes
approximately 840 mg of total polyphenols, 48 mg of
flavan-3-ols, 56 mg of theaflavins, 20 mg of flavonol
aglycones, 8 mg of hydroxycinnamates and 20 mg of
gallic acid to the daily intake of polyphenols in the
UK. For the flavonols these data are consistent with
reports of other researchers.[5] Khokhar and
Magnusdottir[40] have produced an estimate based
on the analysis of black tea leaves and a proposed
average consumption of three cups per day contain-
ing 1% w/v tea leaves, which led to the calculation of
the total intake of catechins (flavan-3-ols) from black
tea in the UK to be 92.7 mg/day, which is slightly

FIGURE 1 Representative chromatogram of a consumer black tea brew at 280 nm (1) gallic acid [RT: 8.2 min], (2) gallic acid derivative
[RT: 11.3 min], (3) 3-caffeoyl quinic acid* [RT: 20.5 min], (4) epigallocatechin [RT: 22.9 min], (5) 3-p-coumaroyl quinic acid* [RT: 25.0 min],
(6) 4-caffeoyl quinic acid* [RT: 30.2 min], (7) chlorogenic acid [RT: 30.9 min], (8) epicatechin [RT: 31.8 min], (9) epigallocatechin gallate [RT:
32.0 min], (10) 4-p-coumaroyl quinic acid* [RT: 34.7 min], (11) epicatechin gallate [RT: 40.4 min], (12) quercetin-3-rutinoside [RT:
41.8 min], (13) quercetin-3-galactoside [RT: 42.3 min], (14) quercetin-3-glucoside [RT: 43.0 min], (15) kaempferol-3-rutinoside [RT: 45.8 min],
(16) kaempferol-3-glucoside [RT: 47.1 min], (17) theaflavin 1 [RT: 52.7 min], (18) theaflavin 2 [RT: 54.2 min], (19) theaflavin 3 [RT: 55.0 min],
(20) theaflavin 4 [RT: 55.7 min] *tentative assignments.
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higher than the estimate reached in this study. An
epidemiological study in the Netherlands deter-
mined an average daily intake of 72 ^ 47.8 mg/day
catechins with black tea being the major source
contributing 87% (63 mg) to this total daily intake.[41]

This result is broadly consistent with findings herein.
Due to the high content of polyphenols the

consumer brews of black tea possessed high
antioxidant activities (Table II). The brands with the
highest values (brand 4 and 5) provide approxi-
mately 50% more antioxidant activity than the brand
with the lowest values (brand 2) mirroring the
differences in phenolic content of the seven tea
brands investigated here. The three assays used
for the determination of the antioxidant activity
delivered relatively consistent results, even though
their principles of measurement, ABTS radical or
oxygen radical scavenging or iron reducing abilities,

were different. Correlations between each of the
assays were R ¼ 0:93 for TEAC and FRAP, R ¼ 0:90
for TEAC and ORAC and R ¼ 0:89 for ORAC and
FRAP. The antioxidant activity determined with
these three assays correlated well with the total
phenolics assay (Folin–Ciocalteu) as well as the sum
of identified polyphenols ðR . 0:81Þ: Other studies
have observed consistent correlations between
antioxidant activity assays for a variety of food and
beverages including the three assays used here.[42,43]

The limitations and differences of most in vitro
methods for the determination of the antioxidant
activity[42,44] results also in the recommendation that
at least two different assays should be used to
determine the antioxidant activity for food matrices,
such as beverages, as proposed by Schlesier et al.[42]

The determined values of antioxidant activity of the
consumer tea brews as well as the correlations
between the total phenolics and the antioxidant
activity were consistent with the ranges and results
of other researchers.[12,42,45,46]

The bioavailability as well as the metabolism of
the individual polyphenolic constituents of black
tea (flavan-3-ols, flavonols, hydroxybenzoic acids,
hydroxycinnamates) in humans has been repor-
ted.[16 – 30] In contrast, no information has been
achieved so far about the bioavailability and
metabolism of the theaflavins, which are exclusively
found in black tea and, as shown in this report and
consistent with other researchers,[5] represent the
second largest fraction in a consumer brew of black
tea. The metabolic fate of the thearubigins is also
unknown, which applies also to their precise
structure. The theaflavins and thearubigins both
derive from fermentation of green tea to black tea.
In order to ascertain the potential effects of the acidic

FIGURE 3 Mean percentile composition of different classes of
polyphenols in consumer brews of different black teas ðn ¼ 7Þ:

FIGURE 2 Amounts of catechins, theaflavins, flavonols, hydroxycinnamates and gallic acids (expressed in mg per serving) in consumer
brews of seven different brands of tea bags from the UK market.
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environment of the gastric lumen on breakdown of
complex polyphenols, a black tea brew was treated
with simulated gastric juice. Incubation of a brew of
black tea with simulated gastric juice (1 ml tea
brew þ 9 ml of simulated gastric juice for 2 h at 378C)
resulted in a significant increase in the amounts of
theaflavins (approx. 140% increase) while the
composition of the other identified compounds did
not change (Fig. 4). The observed increase in the
amounts of theaflavins after incubation of a black tea
brew with simulated gastric juice is consistent with a
pH-dependent partial cleavage of thearubigins into
the smaller theaflavins, which are more likely to be
bioavailable due to their smaller molecule size.
Recent studies have demonstrated that it is the acidic
component of the simulated gastric juice which
is responsible for the cleavage.[47] Evidence that

a prolonged colonic metabolism of black tea
polyphenols (including theaflavin and thearubigins)
might occur has been suggested.[48]

The results reveal that a cup of black tea as usually
brewed in the UK is an excellent source of
polyphenols providing as much as six different
classes of polyphenols and presenting a higher
antioxidant activity than other dietary sources. The
questions of absorption, metabolic fate and bioacti-
vity of the identified polyphenols and classes of
polyphenols remain a task for future investigations.
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FIGURE 4 Overlay of chromatograms of tea diluted 1:10 in either water (solid line) or gastric juice (dotted line) at 280 nm after 2 h
incubation at 378C.

TABLE II TEAC (n ¼ 2; pooled samples of three brews), ORAC (n ¼ 1; pooled samples of three brews), FRAP (n ¼ 2; pooled samples of
three brews), total phenolics (Folin–Ciocalteu) and total polyphenols (HPLC) of consumer brews of the seven black tea brands from the
British market (mean þ SD)

Brand 1 Brand 2 Brand 3 Brand 4 Brand 5 Brand 6 Brand 7

TEAC
(mmol Trolox/ml)

12.5 ^ 1.1 9.6 ^ 1.0 11.6 ^ 0.5 12.4 ^ 0.9 13.4 ^ 0.7 11.9 ^ 1.0 11.3 ^ 1.2

ORAC
(mmol Trolox/ml)

13.0 7.4 12.4 13.1 12.8 11.9 11.7

FRAP
(mmol Fe2þ/ml)

10.3 ^ 0.7 8.1 ^ 0.6 9.8 ^ 0.6 10.7 ^ 0.6 11.3 ^ 0.6 9.7 ^ 0.7 10.3 ^ 1.3

Total phenolics
(Folin) (mg/ml)

1163 ^ 150 953 ^ 187 1177 ^ 129 1252 ^ 208 1233 ^ 159 1087 ^ 208 1111 ^ 194

Total identified
polyphenols HPLC (mg/ml)

320.8 ^ 1.6 211.0 ^ 5.2 251.8 ^ 26.5 323.1 ^ 21.9 339.5 ^ 33.6 282.5 ^ 6.0 258.5 ^ 11.5
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