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We developed a high-performance liquid chromatography-based method for simultaneous analysis
of nine catechins, gallic acid, strictinin, caffeine, and theobromine in green tea by using catechol as
an internal standard. Although the high cost and instability of the catechin reference standards limit
the application of this method, the addition of ascorbic acid to the standard stock solution preserved
the stability of the reference standards in the solution for 1 year when stored at -30 °C. Furthermore,
we found that the slopes of the calibration curves plotted were stable for a run time of 2000 h. Our
method proved to be appropriate for quantification and yielded good correlation coefficients, detection
levels, repeatability, reproducibility, and recovery rates. Quantitative data revealed that the contribution
of only 200 mL of brewed tea to the total dietary catechins was approximately 220-420 mg, while
that of 500 mL of bottled tea was approximately 170-900 mg.
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INTRODUCTION

The demand for green tea has increased due to human
preferences and health concerns. Green tea contains many
bioactive substances and is particularly rich in polyphenol
compounds. The predominant polyphenols in green tea include
epigallocatechin gallate (EGCg), epicatechin gallate (ECg),
epigallocatechin (EGC), and epicatechin (EC) (1). These
polyphenols are reported to have various functions that involve
their antiviral, antioxidative, antimutagenic, anticarcinogenic,
antiobesity, and hypocholesterolemic activities (2). During the
manufacture of bottled and canned tea, some catechins undergo
isomerization at the C-2 position of flavan-3-ol (3); for example,
EGCg, ECg, EGC, and EC are converted into gallocatechin
gallate (GCg), catechin gallate (Cg), gallocatechin (GC), and
catechin (C), respectively. Similar to the original tea catechins,
these epimers also exhibit antioxidative (4) and hypocholester-
olemic activities (5). Proanthocyanidins have attracted con-
siderable attention due to their possible contribution to the
health benefits of green tea. Strictinin (ST), which belongs to
the class of hydrolyzable tannins, was first detected in tea by
Nonaka (6). It exhibits antioxidative (7) and antiallergic activi-
ties (8). Furthermore, epigallocatechin-3-O-(3-O-methyl)gallate
(EGCg3′′Me) and gallocatechin-3-O-(3-O-methyl)gallate
(GCg3′′Me) also exhibit antiallergic activities (9, 10). In
addition, tea contains caffeine (CAF) and a small amount of
theobromine (TB) (1). These are the main methyl xanthines that
constitute tea alkaloids, and they are important factors in
determining the quality of green tea. The chemical structures

of these compounds are shown inFigure 1. The determination
of tea quality by routine quality control methods has recently
gained substantial importance because of the pharmacological
importance of tea and its application in the food industry. In
addition, the high concentration of catechins in green tea,
coupled with its widespread consumption, makes it a signifi-
cant dietary product. Therefore, several studies in which tea
catechins and alkaloids were separately analyzed have been
reported in literature, and the related reviews are available (11-
13). Recent studies have reported the absolute calibration curve
method for the analysis of catechins, other phenolic compounds,
and alkaloids in tea (1, 14-22). Although these methods are
practicable, their application is limited because some reference
standards of catechin are very expensive and unstable. An
internal standard method is a good alternative to the calibration
curve method because the latter is extremely expensive and time-
consuming when multiple compounds are required to be
analyzed in a single sample. In one study, ethyl gallate was
used as an internal standard for the analysis of tea catechins
in human plasma (23). In another study, (+)-C was selected
as the reference compound for determining the relative
response factors of seven catechins and alkaloids in tea (24).
Methods in which five or six tea catechins and CAF can be
analyzed using phenylalanine (25), 4-amino-2-hydroxybenzoic
acid (26), l-tryptophan (27), and naringenin (28) as internal
standards are also available. In addition, 12 tea catechins without
alkaloids were analyzed using propyl gallate (29). However,
thus far, limited research has been conducted to determine
methods by which tea catechins, their epimers, ST, and tea
alkaloids can be simultaneously analyzed using an internal
standard.
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We have developed an efficient method by which catechins
(EGC, EC, EGCg, ECg, EGCg3′′Me, GC, C, GCg, and Cg),
gallic acid (GA), and ST as well as CAF and TB in green tea
can be simultaneously analyzed by high-performance liquid
chromatography (HPLC) using catechol as an internal standard.
Although the analytical method discussed in this study requires
approximately 1 h, it could greatly contribute to the analysis of
these compounds and facilitate quality control. This is because
our method proved to be appropriate for quantification and
yielded good correlation coefficients, detection levels, repeat-
ability, reproducibility, and recovery rates.

MATERIALS AND METHODS

Materials. Green tea leaves (n ) 20) and bottled green tea (n )
20) were purchased from local markets in Shizuoka Prefecture, Japan,
from January to December 2006. The bottled beverage contained 500
mL of tea infusion. Brewed tea was prepared according to standardized
methods (30) established by the Japan Science and Technology Agency.
Briefly, green tea leaves (10 g) were weighed in a beaker (1 L), and
430 mL of hot water (90°C) was added. The mixture was left to stand
for 1 min in a hot water bath (KZ-1000T; National Co. Ltd., Tokyo,
Japan) at 90°C. It was filtered through a tea strainer (mesh size,<1
mm2), and the filtrate was cooled to room temperature in an ice bath.
The filtrate was then centrifuged at 20000 rpm for 10 min at 20°C,
and the supernatant obtained was used as the analyte. For quantification,
this treatment was conducted in triplicate.

Chemicals.Water was purified using a Milli-Q system (Millipore,
Bedford, MA) with a resistivity of>17.5 MΩm. HPLC-grade methanol
and acetonitrile were obtained from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Analytical grade catechol (internal standard),
ascorbic acid, CAF, TB, GA, and phosphoric acid were also obtained
from Wako Pure Chemical Industries. ST, (-)-EGC, (-)-EC, (-)-
EGCg, (-)-ECg, (-)-EGCg3′′Me, (-)-GC, (-)-C, (-)-GCg, and (-)-
Cg were purchased from Nagara Science (Gifu, Japan).

The optical rotation properties of authentic artificial tea catechins
may differ from those of catechins in natural tea flush. For example,
GC occurring in fresh tea flush is in the positive form (31), while that

obtained from Nagara Science was in the negative form. However, this
discrepancy did not influence the identification of tea catechins in our
experiment because the HPLC method described below could not
distinguish the catechins based on the differences in their optical rotation
properties. Therefore, the (+) or (-) optical rotation property for each
catechin has not been addressed in this study.

HPLC Analysis. HPLC analysis was performed using a Hitachi
HPLC system (Tokyo, Japan) equipped with a vacuum degasser (L-
5090), quaternary pump to generate gradients (L-6300), temperature-
controlled column chamber (L-5025), UV-vis detector (L-4250), and
an autosampler (AS-2000). Resolution was achieved at 40°C by using
a series of 2 Wakopack Navi C18-5 columns (5µm, 4.6 mm× 150
mm; Wako Pure Chemical Industries) equipped with a guard column
(5 µm, 4.6 mm× 10 mm). Mobile phase A comprised 0.25% v/v
phosphoric acid and acetonitrile (20:1 v/v, pH 2.4), and mobile phase
B comprised mobile phase A and methanol (5:1 v/v, pH 2.5). A gradient
was established as follows: 0-10 min, 10% B; 10-20 min, linear
gradient of B from 10 to 50%; 20-30 min, linear gradient of B from
50 to 95%; and 30-65 min, 95% B. The flow rate was 1.0 mL/min,
and the injection volume was 10µL. It has been reported that the use
of a detection wavelength of 210 nm considerably improves the signal-
to-noise ratio of the chromatograms obtained in the analysis (27);
therefore, the wavelength of the UV-vis detector was set at 210 nm.
The peak area was calculated using the Empower 2 (revision A)
software (Waters Co. Ltd., Milford, MA). The identification and peak
purity of each compound were confirmed using a photodiode array
detector (SPD-M10Avp; Shimadzu, Kyoto, Japan) with the Class-M10A
(version 1.61) software (Shimadzu). The peaks were identified based
on a combination of retention time and spectral matching over 99%
from 200 to 300 nm.

Standard Solution. The internal standard catechol was weighed
(69.4 mg), transferred into a 100 mL volumetric flask containing
ascorbic acid (176 mg), and dissolved in 90 mL of water by sonication
for 1 h at 20-25 °C; the volume was made up to 100% with water.
All of the authentic references were accurately weighed (4.25-14.48
mg), transferred into a 100 mL volumetric flask containing ascorbic
acid (176 mg), and dissolved in 90 mL of water by sonication for 1 h
at 20-25°C; the final volume was made to 100% with water. The

Figure 1. Chemical structure of tea catechins, ST, CAF, and TB.
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stock standard and internal standard solutions were stored at-30 °C
until use. The addition of ascorbic acid into the stock solution preserves
the stability of its components for approximately 1 year at-30 °C.
The stability of the compounds in the solution is described in the Results
and Discussion. Working standard solutions for calibration and valida-
tion tests were prepared by diluting the stock solution 1-200-fold with
water and adding the internal standard solution to these diluted solutions.

Calibration and Validation. For all of the calibration and validation
calculations, the analyte concentration was defined in terms ofµg/mL
of the injection volume (10µL). Calibration curves were plotted for
all of the authentic references by performing HPLC-UV analysis in
triplicate on eight incremental dilutions (ranging from 0.45 to 86.88
µg/mL) of the stock solution containing the internal standard. The
detection limit (DL) and quantification limit (QL) were also determined
by performing HPLC-UV analysis in triplicate on six incremental
dilutions (ranging from 0 and 0.11µg/mL, respectively, to 9.01µg/
mL) of the stock solution containing the internal standard. The intraday
variation (repeatability) in the analytical results was assessed by
performing HPLC-UV analysis of the brewed tea and bottled tea. The
bottled tea was analyzed six times on the same day, and the relative
standard deviation (RSD %) was calculated. The brewed tea was
prepared in triplicate, and each aliquot was measured in triplicate on
the same day; the RSDs were calculated based on the nine measure-
ments obtained for the brewed tea. Furthermore, the interday variation
(reproducibility) in the analytical results was assessed by performing
HPLC-UV analysis of the brewed tea and bottled tea on three
consecutive days. The triplicate analyses of the bottled tea that were
conducted on each day were treated as single data points to calculate
the RSD between days for each compound. Similarly, the brewed tea
was prepared in triplicate on the same day, and each aliquot was
analyzed in triplicate; the nine measurements obtained for the brewed
tea on each day were treated as single data points. To verify the accuracy
of our analyses, we carried out a recovery test by adding three
incremental dilutions (ranging from 23 to 120µg/mL) of the stock
solution to the brewed tea and bottled tea in triplicate and performed
three independent measurements.

Sample Preparation for HPLC Analysis.For preparing the brewed
tea and bottled tea samples for HPLC, the internal standard solution (1
mL) containing ascorbic acid was added to each sample (2 mL) and
mixed by shaking for 1 min. When the peak area ratio (analyte/catechol)
was over the linear range described in the Results and Discussion, the
additional amount of internal standard solution was increased. The
mixture was diluted with water to achieve a volume of 10 mL and
passed through a 0.45µm filter disk (Advantec, Tokyo, Japan) prior
to injection.

RESULTS AND DISCUSSION

Identification. The chromatograms obtained for the resolution
of the standard solution, brewed tea, and bottled tea are shown
in Figure 2. No impurities were detected by the peak purity
software that was used to analyze the diode array data; the signal
ratios (relative absorbance) were constant across each peak
profile examined in the range of 200-300 nm. In a previous
study, a considerable amount of GCg3′′Me was formed from
EGCg3′′Me when the tea was brewed at 90°C for 9-15 min
(10); however, the GCg3′′Me peak was not detected in the
brewed tea (90°C for 1 min) and commercial bottled tea
samples. In contrast, the GCg3′′Me peak was detected at a
retention time of 61 min by using our method.

Stability of the Standard Solution. The stability of the
standard solution containing the catechins, GA, ST, TB, and
CAF was tested. The solution was found to be stable for
approximately 1 month when stored at-30 °C. We expect that
the solution would remain stable for at least a year since
expensive reference standards of catechins were used. It was
reported that the addition of ascorbic acid (11 mg/mL) protects
green tea catechins in the solution (pH 2.55) for a month at
room temperature (32). Hence, we added ascorbic acid (10 mM,

176 mg) to the 100 mL stock solution. The response factor (peak
area/µg mL-1) of each solution component was stable for
approximately 1 year when the solution was stored at-30 °C.
Therefore, we added 176 mg of ascorbic acid to the 100 mL
stock solution. The stability was also investigated during the
HPLC analysis. This investigation revealed that after the
standard solution was maintained at room temperature (20(
3 °C) in the autosampler for a day, the response factor of its
components decreased by approximately 0-10%. However, the
addition of ascorbic acid at a concentration greater than 1 mM
rendered the solution stable for approximately more than 2 days
at room temperature. Therefore, we added ascorbic acid (176
mg) to the internal standard solution (100 mL) to achieve a
concentration of 1 mM ascorbic acid in the mixture (internal
standard, 1 mL; sample, 2 mL; and water, 7 mL). This
information proved to be useful in the experimental design.

The antioxidant effect of ascorbic acid significantly contrib-
utes to the stabilization of compounds in the solution. Although
a decrease in the pH of the solution was also an important effect
of the protection (33), catechins in a solution mixture of green
tea and Coca Cola or Pepsi soft drinks at pH 2.6 exhibited poor
stability (32). This suggests that other ingredients in tea and/or
Coca Cola or Pepsi soft drinks may interact with catechins and
affect their stability. Although ascorbic acid is an ingredient of
green tea, the addition of ascorbic acid to the standard stock
solution is valuable for the analysis of expensive catechin
reference standards.

Calibration and Validation. We next performed experiments
to calibrate and validate our method. Methods in which tea
catechins and CAF can be analyzed using phenylalanine (25),
4-amino-2-hydroxybenzoic acid (26),L-tryptophan (27), and
naringenin (28) as internal standards are available. However,
phenylalanine and tryptophan are ingredients of green tea (34).
Ethyl gallate (23) was used as an internal standard for the
analysis of tea catechins in human plasma. Propyl gallate (29)
has also been used for the analysis of 12 catechins. Catechol is
more soluble in water than naringenin, 4-amino-2-hydroxyben-
zoic acid, ethyl gallate, and propyl gallate. The UV spectra of
catechol, catechins, ST, and CAF at 200-300 nm are shown in
Figure 3. Because the UV spectrum of each catechin is the
same as that of its isomer, the UV spectra of five catechins are
shown in the figure. Each spectrum had two peaks, and strong
absorbance of each spectrum was detected at 200-220 nm.
Furthermore, HPLC profiles of the reference mixture, brewed
tea, and bottled tea showed no impurities (Figure 2). These
findings prompted us to select catechol as the internal standard
for our experiments.

Calibration curves of the peak area ratio (analyte/internal
standard) vs the ratio of concentration inµg/mL (analyte/internal
standard) were obtained for all of the authentic references at
the detection wavelength of 210 nm. The least-squares method
was used to calculate the regression equations. The character-
istics of the calibration curves, including the slope of the peak
area ratio vs the ratio of concentration inµg/mL, range of
linearity, and correlation coefficient (r), are listed inTable 1.
All of the calibration curves were linear over the tested
concentration ranges, withr g 0.998. Both the DL and the QL
were evaluated according to the International Conference on
Harmonization (ICH) guidelines (35). The DL and QL are
expressed as 3.3× σ/Sand 10× σ/S, respectively, whereS is
the slope of the peak area ratio vs the ratio of concentration in
µg/mL, andσ is the standard deviation of the results based on
the values obtained from the triplicate analyses using six
standard solutions. The DL and QL values obtained are also
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Figure 2. HPLC profiles of the reference mixture (A), brewed tea (B), and bottled tea (C). The chemicals are numbered, and the exact amounts
of compounds without ascorbic acid injected into the column are as follows: 1, ascorbic acid; 2, GA (A, 334 ng; B, 9 ng; C, trace); 3, GC (A,
271 ng; B, 60 ng; C, 251 ng); 4, TB (A, 679 ng; B, 13 ng; C, trace); 5, catechol (A, 694 ng; B and C, 1388 ng); 6, EGC (A, 497 ng; B,
711 ng; C, 130 ng); 7, C (A, 540 ng; B, 19 ng; C, 49 ng); 8, ST (A, 425 ng; B, 125 ng; C, not detected); 9, CAF (A, 465 ng; B, 488 ng;
C, 223 ng); 10, EGCg (A, 869 ng; B, 816 ng; C, 188 ng); 11, EC (A, 624 ng; B, 169 ng; C, 32 ng); 12, GCg (A, 348 ng; B, 19 ng; C,
207 ng); 13, EGCg′′3Me (A, 257 ng; B and C, not detected); 14, ECg (A, 420 ng; B, 121 ng; C, 37 ng); and 15, Cg (A, 552 ng; B, not detected;
C, 37 ng).
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listed in Table 1. The DL and QL of the compounds were in
the range of 0.21-0.81 and 0.63-2.44µg/mL, respectively.

The chromatograms obtained for the brewed tea and bottled
tea in the intra- and interday tests are shown inFigure 2. The
exact amounts of compounds injected into the column are also
presented in the figure caption. No significant difference was
observed in the RSD between the intra- and the interday
experiments (Table 2). The intra- and interday RSDs of GA
and TB that yielded low signals in the bottled tea ranged from
2.5 to 3.8%. However, the other compounds that yielded higher
signals exhibited low RSD values ranging from 0.1 to 1.1%.
The intra- and interday RSDs for the brewed tea ranged from
2.8 to 9.7%; these values were approximately 10 times higher
than those obtained for the bottled tea. Furthermore, we assessed
the intraday experiment in which brewed tea that was not

subjected to repeated brewing treatments was used. The RSD
values obtained in this experiment ranged from 0.1 to 2.3%.
Thus, the high RSD values obtained in the intra- and interday
experiments using brewed tea included the errors that occurred
due to the brewing treatment.

Furthermore, to verify the accuracy of our results, we carried
out a recovery test by adding three incremental dilutions of the
standard solution to the brewed and bottled tea samples. The
overall recovery rate that was calculated by averaging the three

Figure 3. Absorption spectra of catechol, catechins, ST, and CAF ranging from 200 to 300 nm.

Table 1. Slope of the Peak Area Ratio vs the Ratio of Concentration
in µg/mL, Linear Range, r, QL, and DL Obtained in the HPLC-Based
Method Developed for the Analysis of Nine Catechins, GA, ST, CAF,
and TB Using Catechol as an Internal Standard

µg/mL

compound slopea

linear
range

(µg/mL)

peak
area
ratio r DL QL

EGC 0.692 0.82−49.68 0.11−1.49 0.998 0.49 1.49
EGCg 0.596 1.45−86.88 0.01−2.24 0.998 0.81 2.44
EC 0.696 1.04−62.40 0.04−1.28 0.998 0.49 1.51
EGCg3′′Me 1.194 0.43−25.68 0.06−0.96 0.998 0.21 0.63
ECg 1.204 0.70−42.00 0.07−0.87 0.998 0.32 0.98
GC 0.292 0.45−27.12 0.02−1.36 0.999 0.45 1.38
GCg 0.627 0.58−34.80 0.08−1.34 0.999 0.27 0.83
C 0.656 0.90−54.00 0.04−1.11 0.998 0.46 1.34
Cg 1.691 0.92−55.20 0.06−0.88 0.998 0.41 1.24
GA 0.257 0.57−33.43 0.08−1.86 0.998 0.46 1.39
ST 1.883 0.71−42.48 0.02−1.05 0.998 0.41 1.24
TB 0.442 1.13−67.92 0.03−2.21 0.998 0.44 1.35
CAF 0.766 0.61−46.48 0.08−1.39 0.998 0.24 0.72

a Peak area ratio (analyte/internal standard) vs the ratio of concentration in
µg/mL (analyte/internal standard).

Table 2. RSD of the Intraday (Repeatability) and Interday
(reproducibility) Measurements Obtained by HPLC Analysis Using
Catechol as an Internal Standard

brewed teaa bottled tea

compound
intraday

RSD (%)b
interday

RSD (%)c
intraday
RSD (%)

interday
RSD (%)

EGC 3.4 6.1 0.3 0.2
EGCg 4.1 3.3 0.2 0.4
EC 2.8 3.4 0.4 0.8
EGCg3′′Me −d − − −
ECg 3.5 5.7 0.3 0.2
GC 4.8 6.1 0.1 0.2
GCg 6.1 5.6 0.5 0.4
C 9.2 9.7 0.8 1.1
Cg − − 0.7 0.6
GA − − 2.5 2.7
ST 6.3 5.7 − −
TB 8.4 8.3 3.8 3.5
CAF 2.9 3.4 0.4 0.6

a Hot water (430 mL) at 90 °C was added to green tea leaves (10 g), and the
mixture was allowed to stand at 90 °C for 1 min. b Intraday RSDs represent data
obtained for nine measurements for brewed tea (brewing in triplicate with three
independent measurements) and six measurements for bottled tea performed on
the same day. c Interday RSDs represent data obtained for nine measurements of
bottled tea and 27 measurements of brewed tea. The triplicate analyses conducted
on each day for bottled tea were treated as single data points. Brewed tea was
prepared three times on the same day, and each aliquot was analyzed in triplicate.
The nine measurements conducted on each day for brewed tea were considered
as single data points. d The peak area was small because the concentration of
each compound was lower than the corresponding QL.
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measurements obtained for each test ranged from 96 to 105%
(data not shown).

Stability of the Slope of the Peak Area Ratio vs the Ratio
of Concentration. The response factor of the solution compo-
nents is not always stable because of the influence of instru-
mental conditions and other factors. Therefore, when using the
absolute standard curve method, the standard solution should
be analyzed at regular intervals to compensate for the instability
of the response factor. The internal standard method is well-
known to compensate for these errors. In theory, the slope of
the peak area ratio vs the ratio of concentration is stable;
however, the stability of the slope for HPLC analysis has not
been verified experimentally. We tested the stability of the slope
of the peak area ratio vs the ratio of concentration by using the
standard stock solution. Using the method described in the
Materials and Methods, the slope was obtained after ap-
proximately 50, 1000, and 2000 h of run time. After the
measurements, we also assessed the reference energy of the lamp
(deuterium lamp, 635-0946; Hitachi, Tokyo, Japan), and the
relative reference energy (%) of the lamp was calculated; the
results are listed inTable 3. The slope of the peak area ratio vs
the mass ratio for all of the components was observed to be
stable for a run time of approximately 2000 h.

Quantitative Results.The consumption of bottled green tea
has dramatically increased because of the ease of preparation
and health benefits. Although the contents of EC, EGCg, C,
and GCg in both bottled and brewed tea have been reported
(32, 36), the difference in the contents of EGC, ECg, GC, and
Cg with regard to the content of total catechins remains unclear.
By using the method that we developed, we analyzed nine
catechins, GA, and ST as well as CAF and TB in commercial
bottled tea and brewed tea (Table 4). The average, maximum,
and minimum values inTable 4 were calculated based on the
data for 20 samples. The original catechins, their epimers, and
CAF were detected in all of the bottled tea samples. The Cg
content was less than the DL in all of the brewed tea samples.
Furthermore, while ST was detected in all of the brewed tea
samples, its concentration in the bottled tea samples was less
than the DL. The concentrations of the original tea catechins
were substantially higher in the brewed tea samples than in the
bottled tea samples. However, the bottled tea contained similar
concentrations of the original catechins (EGC, EGCg, EC, and
ECg) and their epimers (GC, GCg, C, and Cg, respectively).
EGCg3′′Me was not detected in most of the samples. In a
previous report, EGCg3′′Me was detected in most of the tea
leaves plucked from tea gardens in Taiwan by using an
electrochemical detector (16). The electrochemical detector is
more sensitive than the UV detector. However, the amount of
EGCg3′′Me ranged from 0.1 to 1.4 mg/g in tea leaves when
0.5 g of dry tea leaves was steeped in boiling distilled water
(50 mL) for 3 min at 90°C. Thus, the amount of 0.1 mg/g of
EGCg3′′Me in tea leaves could be calculated from 1µg/mL of
the injected sample. Because the developed method using the

UV detector showed that the QL of EGCg3′′Me was 0.63µg/
mL, we could quantify approximately 0.06 mg/g of EGCg3′′Me
in tea leaves. The EGCg3′′Me content in Benifuuki, Benifuji,
and Benifomare cultivars, which are classified as Assam hybrids,
was higher than those of the other tea cultivars (10, 29). Because
most of the cultivars classified as Chinese hybrids were planted
in Japan, EGCg′′3Me could not be detected in most of the
bottled tea and brewed tea samples. The quantitative data
revealed that the consumption of only 200 mL of brewed tea
contributes approximately 220-420 mg to the total dietary
catechins. In contrast, the consumption of 500 mL of bottled
tea contributes approximately 170-900 mg to the total dietary
catechins.

In conclusion, we developed an HPLC-UV-based method for
simultaneous analysis of catechins, GA, and ST as well as TB
and CAF in tea by using catechol as an internal standard. This
method yielded good repeatability, reproducibility, recovery
rates, and component resolution. Furthermore, the addition of
ascorbic acid preserved the stability of the expensive catechin
reference standards in the stock solution when stored at
-30 °C. In addition, the slope of the peak area ratio vs the
mass ratio was stable for a run time of 2000 h. The quantitative
data reported in this study revealed that the consumption of only
200 mL of brewed tea contributes approximately 220-420 mg
to the total dietary catechins, while the consumption of 500 mL
of bottled tea contributes approximately 170-900 mg to the
total dietary catechins.

Table 3. Stability of the Slope of the Peak Area Ratio vs the Ratio of Concentration Obtained by HPLC Analysis Using Catechol as an Internal
Standard

slope of the peak area ratio vs the ratio of concentration

relative reference
lamp energy (%)a

run
time (h) EGC EGCg EC EGCg3′′Me ECg GC GCg C Cg GA ST TB CAF

100 50 0.692 0.596 0.696 1.194 1.204 0.292 0.627 0.656 1.691 0.257 1.883 0.442 0.766
87 1000 0.694 0.601 0.697 1.202 1.203 0.297 0.631 0.667 1.695 0.261 1.891 0.448 0.769
64 2000 0.691 0.594 0.693 1.191 1.195 0.288 0.629 0.657 1.691 0.254 1.886 0.448 0.764

a Relative reference ) (reference lamp energy × 100)/reference lamp energy at 50 h of run time.

Table 4. Concentrations of Tea Catechins, GA, ST, TB, and CAF in
Brewed Tea and Commercial Bottled Tea Measured by HPLC Using
Catechol as an Internal Standard

concentration (µg/mL)

brewed teaa bottled tea

compound avgb maxc mind avg max min

EGC 706 866 521 119 218 49
EGCg 599 881 272 150 331 63
EC 167 241 111 28 59 11
EGCg3′′Me 79 (3)e 94 NDf 44 (1) 44 ND
EGC 75 127 28 32 93 13
GC 53 113 24 195 469 85
GCg 13 21 5 162 458 56
C 21 46 9 43 122 19
Cg ND ND ND 37 138 11
GA 8 (6) 9 trg 13 (16) 29 ND
ST 78 128 18 6 (1) 6 ND
TB 13 19 7 9 (4) 10 ND
CAF 388 501 108 165 240 97

a Hot water (430 mL) at 90 °C was added to green tea leaves (10 g), and the
mixture was allowed to stand at 90 °C for 1 min. This treatment was conducted
in triplicate, and the average value was treated as a single data point. b Average
value calculated from 20 samples. c Maximum value in the 20 samples. d Minimum
value in the 20 samples. e Number of quantitative samples. The average value
was obtained from the quantitative samples. f Not detected because the levels
were less than the corresponding DL. g Trace level, DL e tr < QL.
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ABBREVIATIONS USED

EGCg, epigallocatechin gallate; ECg, epicatechin gallate;
EGC, epigallocatechin; EC, epicatechin; GCg, gallocatechin
gallate; Cg, catechin gallate; GC, gallocatechin; C, catechin;
EGCg3′′Me, epigallocatechin-3-O-(3-O-methyl)gallate; GCg3′′Me,
gallocatechin-3-O-(3-O-methyl)gallate; GA, gallic acid; ST,
strictinin; CAF, caffeine; TB, theobromine; HPLC, high-
performance liquid chromatography;r, correlation coefficient;
RSD, relative standard deviation; DL, detection limit; QL,
quantification limit.
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