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ABSTRACT

Modern chromatographic techniques such as high-performance liquid chromatography are currently the most helpful approach to
the routine analysis of and research of non-volatile tea constituents. Using these techniques some errors in the more classical analytical
techniques could be detected. Unfortunately, some of these methods of analysis are still in widespread use, even as official methods.
However, knowledge of especially the polyphenols in tea is still lacking, and for many of the minor polyphenols no chromatographic
methods for the determination exist.
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1. INTRODUCTION

Tea is one of the most popular beverages in the
world. In China and Japan usually the green (non-
fermented) tea is consumed, whereas in India and
most European countries black (fermented) tea is
preferred. The major tea-producing countries are
India, China, Japan, Sri Lanka, Indonesia and Cen-
tral African countries. Tea production was about
2.2 million tons in 1984 [1]. Until now the quality
assessment of tea has been performed worldwide by
professional tea tasters [2]. For a long time, at-
tempts have been made to correlate their findings
with contents of chemical constituents.

The objectives of chemical analysis of tea cover at
least three different areas: (a) to find a constituent
or a group of tea constituents which are a measure
of tea quality; (b) to optimize tea technology; and
(c) to correlate the health effects of tea with certain
tea constituents.

As regards the non-volatile constituents, in the
past in most instances groups of tea constituents
(e.g., TFs, TRs) have been determined as a sum pa-
rameter using non-chromatographic methods.
Chromatographic methods (PC, TLC) were devel-
oped in the 1950s and 1960s. Since 1976, many
HPLC methods have been developed for tea alka-
loids and pigments.

In this review we compare the more recently de-
veloped chromatographic methods (e.g., HPLC) for
the determination of natural tea constituents and
more classical approaches. The determination of,
e.g., pesticide residues is not covered. More general
information about tea (horticulture, technology,
chemical composition) can be obtained, ¢.g., from
reviews by Bokuchava and Skobeleva [3,4] and
Wickremasinghe [5] and from monographs [6-8].

2. ANALYSIS OF TEA CONSTITUENTS
2.1. Alkaloids

The different health effects of caffeine have been
compiled recently by James [9]. Another recent pa-
per deals with the metabolism of methylxanthines
in tea and other beverages, including analytical as-
pects [10]. Black tea contains normally 1.5-4% of
caffeine, 0.2-0.4% of theobromine and about
0.02% of theophylline.
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2.1.1. Non-chromatographic methods

The most widely used non-chromatographic
method is a modified Levine procedure [11]. The
caffeine is extracted from ammonia-containing tea
solutions, clean-up is performed on two columns
(acidic, alkaline) and caffeine is eluted from the col-
umn using chloroform. Absorbance is measured at
three different wavelengths, which has to be done to
subtract interferences from other compounds. This
procedure leads to reproducible results.

Gravimetric determination after extraction of the
brews [Ba(OH), added] with chloroform has
also been used [12]. A similar procedure, using
Pb(OAc);, KOH and KMnO, solutions, treatment
with H,SO, and iodine, followed by titration with
Na,S,03, was reported [13].

2.1.2. HPLC methods

Numerous HPLC methods for the detection of
tea alkaloids have been published, but in most
countries the official methods are still non-chro-
matographic.

Clean-up for HPLC analysis is performed, e.g.,
using heavy magnesium oxide [14] in a modified
Kjeldahl apparatus [15] or in a shaking water-bath
for 20 min [16]. In an international interlaboratory
test an HPLC system with RP-18 phases and meth-
anol-water (ca. 40:60, depending on the column
used) was recommended. This procedure is simple
and rapid to perform and leads to reproducible re-
sults, even for decaffeinated teas. It has been tested
successfully in international and national ring tests
[16].

Another clean-up procedure prior to HPLC is the
use of a Sep-Pak C, g cartridge and a PVPP column
for aqueous extracts of green tea as carried out by
Kuwano and Mitamura [17]. The eluate was ana-
lysed by HPLC, using an RP-18 (Nova-Pak C,5)
column and acetonitrile-water (20:80) as the mobile
phase and monitoring at 254 nm.

Alternatively, if theobromine also should be de-
tected, a clean-up by means of ion exchange (Do-
wex 1-X4) and elution with methanolic phosphate
buffers has been proposed and is currently being
tested as a German standard method [18,19]; the
HPLC elution systems can be water—methanol or
water—acetonitrile.

Kunugi et al. [20] used an Extrelut column clean-
up with 8 M H,80, and 2 M NaOH (elution with
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dichloromethane) and chromatography on a Li-
Chrosorb Si 60 column. Water-saturated dichloro-
methane—ethanol (97:3) was used as a solvent. Some
workers have described a clean-up by column chro-
matography using Al,O; or MgO phases to remove
polyphenols prior to RP-HPLC [21,22]. In most pa-

pers RP- HPL.C senarations are described. Tt 15 also
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possible to use normal-phase HPLC on silica layers
[eluent, dichloromethane-methanol, (90:10)] as de-
scribed, e.g., by Vergnes and Alary [23].

A comparison between a spectrophotometric
method and HPLC after chloroform extraction and
water extraction—PVPP clean-up has been made
[24]. Unfortunately, it was impossible to compare
the results of the different methods owing to the
different extraction conditions used (water and
chloroform extractant, respectively).

HPLC (10-um Bondapak C;g column with aceto-
nitrile-2% acetic acid as eluent) and GLC (column:
OV-17 on Chromosorb W HP; temperature pro-

mmi datarminatione have heen commnared
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[25]. Clean-up was done by liquid-liquid extraction
(chloroform containing 5% isopropanol from alka-
line brews). HPLC gave better resolution and a bet-
ter sensitivity. A nitrogen—phosphorus detector for
the sensitive GLC determination was also used [26]
together with a packed column (column: OV-101 on
Chromosorb W; isothermal). Clean-up was effected
by partitioning into toluene. The data were similar
to those obtained by a spectrophotometric proce-
dure (Chinese standard method, including treat-
ment with lead acetate). A similar spectrophoto-
metric method was described by Chen [27].

In general, the non-chromatographic methods
use hazardous chemicals to a greater extent (chloro-
form, lead salts and other heavy metals), and they
are more tedious than, e.g., HPLC methods. GLC
methods can also be used, but an extraction is nec-
essary. If only caffeine is to be determined an HPLC
procedure after MgO treatment, filtration and dilu-
tion should be the method of choice. The pretreat-
ment of the sample depends on what information is
required. If one wants to determine the amounts of
caffeine ingested by the consumer, a normal tea
brew of unground material should be prepared, fol-
lowed by a suitable clean-up prior to HPLC. The
standard procedures normally determine the total
extractable caffeine, so grinding and longer extrac-
tion times are included.
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2.2. Volatile flavour compounds

As there are a large number of papers that deal
with the composition of tea aroma and the analyt-
ical aspects, this section will only try to give some
representative examples of the analytical concepts
used. About 500 different aroma r‘nmnnnn{‘k have

been identified in black tea [6,7,28,29]. Accordlng to
Flament [29], there are 37 different hydrocarbons,
46 alcohols, 55 aldehydes, 57 ketones, 55 esters, 71
acids, 16 lactones, various furans, pyrroles and oth-
ers. In recent years reviews on the composition and
analysis of tea aroma have been compiled by, e.g.,
Bokuchava and Skobeleva [30], Schreier [28] and
Flament [29]; information on the biogenesis of the
tea volatiles can be obtained from the same sources.
Some aroma compounds in teas, such as alcohols
and linalools, are biosynthesized directly by the tea
plant (primary products); most of tea volatiles are
formed during processing from precursors such as

carotinoids,

products) [6].

An aroma impact compound has not been identi-
fied as yet. Sanderson [31] stated in 1975 that, “The
possibility that an as yet unidentified aroma constit-
uent is the primary determinant of the character of
black tea aroma is not entirely excluded”.

Nowadays the method of choice is capillary
GLC, as in analysis of flavours of other foods and
beverages. Bokuchava and Skobeleva [30], who
summarized the older attempts to determine tea
aroma compounds, stated that there was no effi-
cient method for tea aroma analysis before the in-
troduction of GLC. The main effect on the results is
due to the sample preparation used. A specific treat-
ment according to volatility or the chemical nature
of the compounds is necessary. This will be briefly
outlined using some examples.

Heins et al. [32] employed a static headspace tech-
nique for identifying aroma components in dry tea
leaves. They used GLC-MS, with the mass spec-
trometer disconnected during the injection of the
(10-ml) vapour sample on to the capillary column
(cooled by dry-ice). Using this method, 36 com-
pounds from dry tea leaves were identified. Another
headspace technique was published by Reymond et
al. [33], who compared the fraction of highly vola-
tile tea constituents. Wickremasinghe et al. [34] pro-
duced aroma concentrates of Ceylon black teas al-

aming acide and linide f(cecondarvy
aming acigs and apias (secondaary
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ternatively by steam distillation and adsorption on
charcoal of the headspace vapour over the tea brew
and eluted with diethyl ether. The former method
proved to be superior to the latter, which was partly
due to artefact formation on the charcoal. Identifi-
cation of the compounds was carried out by GLC
and GLC-MS. As one result, variations in the aro-
ma pattern of flavoury and non-flavoury tea were
detected. A dynamic headspace technique com-
bined with concentration of the volatiles was also
used by Vitzthum and Werkhoff [35].

Solvent extraction procedures prior to GLC were
used by other workers, e.g., Yamanishi er al. [36].
They separated essential oils from black teas (isolat-
ed by solvent extraction using diethyl ether) by
treatment with acidic and basic solutions, parti-
tioned into a carbonyl-free and a carbonyl fraction
and determined alcohols and carbonyls (such as
benzaldehyde and phenylacetaldehyde).

Steam distillation was used, e.g., by Yamanishi ez
al. [37]. They employed two traps for the steam vol-
atiles (temperatures —15 and —78°C). The distil-
lates were extracted with isopentane and diethyl
ether and concentrated before analysis by GLC on
packed columns. For the identification retention
times, GLC-MS and IR were used; 57 compounds
could be identified and their relative amounts were
obtained. Similar procedures have been published
(e.g., 38-41)).

In most instances no real quantification of the
steam volatiles was carried out. Relative amounts
of the volatiles were obtained by calculating the ra-
tio of peak areas and the internal standard area.
Suitable internal standard compounds were, e.g.,
ethyl caproate or ethyl decanoate.

Some workers (e.g., refs. 42-44) use a so-called
flavour index (FI). This is defined as the ratio of
GLC peak areas (calculated versus an internal stan-
dard) of two groups of flavour compounds. The
first group (VFC I) consists of the compounds with
an undesirable flavour formed by twelve substances
including hexanal, (E,Z)- and (E, E)-2,4-heptadi-
enal,(Z)-3-hexenol,(Z£)-3- and (E)-2-hexenal, n-pen-
tanol and n-hexanol. The second group (VFC II),
which imparts a sweet and flowery aroma to tea,
includes twenty compounds such as linalool and its
oxides, benzaldehyde, geraniol, a-terpineol, methyl
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salicylate, benzyl alcohol and S-ionone. Isolation is
performed using SDE in a modified Likens—Nick-
erson apparatus. This concept was used to detect
the influence of plucking on tea aroma [42], season-
al variations and the use of nitrogen fertilizers [43]
or the effects of the altitude of the tea estate [44].
Similar approaches, such a terpene index, have also
been made [45].

These analytical techniques have been applied in
various studies on the influence of horticultural and
technological variables such as plucking season and
technique, use of fertilizers and withering on the
formation of tea aroma. A Japanese group publish-
ed a method for differentiating various tea clones by
means of a terpene index [43].

Mick and co-workers [46-49] used successive ex-
traction, vacuum distillation, liquid-liquid extrac-
tion with pentane and dichloromethane and column
chromatography on silica gel to isolate four purified
fractions of different polarity, which were analysed
by capillary GLC on Carbowax or by GLC-MS.
They also used GLC-MS to differentiate between
two qualities of black tea (Darjeeling orange pekoe
and Indian broken). A real quantification of some
tea aroma components was performed.

A new aspect is due to the fact, that some volatile
aroma constituents occur in form of enantiomers
with different aroma values. Moreover, because of
the different enantiomer patterns in natural and
synthetically prepared aromas, adulteration can be
detected. Werkhoff et al. [50] used enantioselective
GLC on heptakis(2,3,6-tri-O-methyl)-f-cyclodex-
trin in polysiloxane for the separation of trans-o-
damascenone and trans-o-ionone enantiomers in
tea and other foodstuffs.

According to Kinugasa and Takeo [51], who used
GLC-MS (electron impact mode; column 50-m
Carbowax 20M), the decomposition of unstable
compounds (hexenal and esters) and the liberation
of more volatile compounds (e.g., linalool and gera-
niol) from precursors lead to imbalances in aroma
pattern and off-flavour.

Hence powerful methods for the analysis of tea
volatiles are available. The problem is the assess-
ment of the analytical data, because a generally ac-
cepted and convincing concept for the use of the
data does not exist so far.
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2.3. Polyphenols

2.3.1. Flavanols (catechins)

Polyphenols are the most abundant group of
compounds in tea leaf. Among these, the flavanols
(catechins) constitute the quantitatively major com-

+ sth 0
ponent, with up to 30% of the dry matter of fresh

leaf. Fig. 1 gives the structures of the main flavanols
of tea. Flavanols make an important contribution
especially to the bitter and astringent taste of green
tea. They are also of interest because of their physi-
ological effects, in particular the capillary strength-
ening activity and antiartherosclerotic effect and the
anticarcinogenic [52] and the bacteriostatic effects
on several microorganisms. Acting as antioxidative
agents or free radical scavengers, flavanols inhibit
the Maillard reaction [53].

During the manufacture of black tea the flava-
nols are easily oxidized by polyphenol oxidase and
further reactions lead to TFs and compounds of

e v Alannlas maacg armanint and mreanartio
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of various flavanols, depending on the leaf age, are
directly correlated with the quality of the final bev-
erage. The finest teas are made from young tea
shoots containing the highest flavanol levels.
Therefore, this group of tea constituents has been
the subject of intensive studies for a long time. The
first objective following the identification of the
main flavanols of tea was to determine their distri-
bution in different parts of the tea plant and their
fate during the processing of black tea. For these
investigations, e.g., Roberts ez al. [54] and Bhatia
and Ullah [55] used 2-D PC after extracting the

OH

HO 3] -
OH

~R
R,

2

OH

Fig. 1. Structures of flavanolsin tea. R, = OH; R, = R; = H
(+)-catechin; R; = R; = H; R, = OH, (—)-epicatechin; R,
R, = H; R, = galloyl, (—)-epicatechin gallate; R, = H; R,
R, = OH, (—)-epigallocatechin; R, = H; R, = galloyl; R,
OH, (- )-epigallocatechin gallate.
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powdered green leaf with boiling methanol. After
detecting the spots by their purple fluorescence un-
der UV light in the presence of ammonia vapour,
they were eluted with cold water and the absor-
bance of filtrates were measured at 275 nm.

2-D TLC was applied by Forrest and Bendall

5861 Thev used cellulase lavers and develoned in
106). 10CYy used CCliuiose layers ang daeveloped in

water or 5% aqueous methanol in the first direction
and 1-butanol-acetic acid-water (4:1:5) in the sec-
ond direction. Identification of polyphenols was
carried out by means of co-chromatography, colour
reactions and UV spectra. For quantification two
different colour reactions were applied: (1) with
benzidine—sodium nitrite-hydrochloric acid and (2)
with vanillin—sulphuric acid, followed by measuring
the absorbance at 450 and 500 nm, respectively.
This method has been applied to flavanol analysis
by several other groups [57-59]. TLC analysis on
polyamide layers using different solvents and spray
reagents for detection has also been described
[60,61].

Because PC and TLC methods are time consum-
ing and involve problems in quantification, GLC
was introduced to overcome these disadvantages. In
1969 Pierce er al. [62] presented a method for the
analysis of tea flavanols by GLC of their trimethyl-
silyl derivatives. Extraction of fresh or dried tea
leaves with pyridine was followed by silylation with
bistrimethylsilylacetamide (BSA). Two sets of iso-
thermal conditions and a complex calibration pro-
cedure were necessary to separate and analyse the
derivatives on a column packed with 3% OV-1 on
60-80-mesh Gas-Chrom Q. Collier and Mallows
[63] improved the GLC method. They developed a
temperature-programmed method for separation so
that the complete analysis required only one run.
Studies with different extraction solvents and condi-
tions favoured ethyl acetate for selective and com-
plete extraction of the flavanols from aqueous tea
infusions. Solvent extraction is necessary to avoid
interferences with other tea constituents. Similar
GLC methods for the separation and determination
of the flavanols of tea were applied by other work-
ers [64-67].

Liquid chromatography was first employed for
the preparative isolation of flavanols from green
tea. Flavanols were extracted from tea leaves with
boiling water and aqueous acetone and separated
on Sephadex LH-20 columns [68-73]. Some appli-
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cations of other stationary phases, e.g., styrene—di-
vinylbenzene copolymer or methacrylate esters [74],
MCI gel CHP-20P or Bondapak C,g Porasil B {72]
and high-porosity polystyrene gel Diaion HP20
[69], have also been described. The flavanol frac-
tions were eluted with aqueous solutions of metha-
nol, ethanol, acetone or their mixtures in varying
compositions and monitored at 280 nm. This tech-
nique was also used for the isolation of minor flava-
nols in tea such as acetylated or 3-O-methyl flava-
nols [68,69,72].

Investigations on the effect of the extraction
method on the determination of flavanols [75]
showed that 90% aqueous methanol is the most effi-
cient solvent compared with 90% ethanol, 90% ace-
tone and water-saturated ethyl acetate. When com-
paring results from different methods, it is very im-
portant to consider the extraction technique.

Hoefler and Coggon [76] introduced HPLC with
reversed phases into the analysis of flavanols in tea.
For green tea the sample clean-up procedures could
be reduced to a minimum. Even the direct injection
of aqueous tea solutions after filtration through a
membrane (cellulose, 0,45 um) gave the desired sep-
aration. Moreover, the accurate and easy quantita-
tive analysis inherent in GLC also applies in HPLC,
which became the method of choice for the determi-
nation of non-volatile tea constituents. The authors
used an RP-18 column (uBondapak Cyg, 10 um, 30
cm X 4 mm [.D.), flow-rate 2 ml/min and a UV
detector with a 280-nm filter for separating the five
flavanols EGCG, ECG, EGC, EC and catechin
within 35 min. The mobile phase was acetic acid—
methanol-DMF-water (1:2:40:157). This method
has frequently been used for investigating green tea
or monitoring the purity of preparatively isolated
flavanols which were needed for model fermenta-
tion systems [77-80]. Several slightly modified
HPLC methods have appeared [66,68,81-83]. Hi-
rose and Tamada [81] analysed fresh green tea leav-
es using the described method with acetonitrile in-
stead of methanol in the eluent. A Japanese patent
[83] used acetone—THF-water (12:10:78). More dif-
ferences could be found concerning the sample
preparation, which should be mentioned in any case
together with the chromatographic technique. Sep-
aration with gradient elution systems was carried
out by Ma and Wang [84] and Liang et al. [85] with
acetic acid—methanol-water (1:1:98) and acetic
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acid—methanol-DMF-water (1:1:50:48). However,
the chromatograms showed no real improvement
over isocratic elution.

A Japanese group developed another simple
method for the determination of flavanols in infu-
sions of green, oolong and even black tea by means
of HPLC with gradient elution. Their solvents con-
tained phosphoric acid, acetonitrile and DMF. A
good separation within 35 min was achieved with
an RP-18 column (Ultron-N C;5, 15cm X 4.6 mm
I.D.) held at 43°C [86]. As expected, the flavanol
concentration in green teas was higher than in oo-
long and especially in black teas. Unfortunately, no
HPLC separation of a black tea was published.

An RP-HPLC method for the determination of
the main flavanols of tea together with caffeine, the-
obromine, gallic acid and theogallin has been re-
ported recently [87]. For rapid and easy sample
preparation an SPE technique with RP-18 cartridg-
es was employed. The method is suitable for green,
oolong and black tea and for tea extracts. A gra-
dient method with eluents containing only 2%
aqueous acetic acid and acetonitrile allowed a sep-
aration of the mentioned compounds in about 20
min. Fig. 2 shows a chromatogram of a green tea
extract.

absorbance

2 6
L\:\/\- m

] 1 L 1

S 10 15 20

retention time [min]

Fig. 2. HPLC profile of a green tea (measured by absorbance at
278 nm). 1 = Theogallin; 2 = gallic acid; 3 = EGC; 4 = cate-
chin; § = caffeine; 6 = EC; 7 = EGCG; 8 = ECG. From ref. 87,
with permission.
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Comparison of different extraction methods, (1)
a normal tea brew with boiling water, (2) a metha-
nolic extract of ground tea and (3) the official Ger-
man method for the determination of soluble solids
(1 h boiling under refiux) [88], revealed a great influ-
ence on the flavanol yield. The official German

method led to deeradation of flavanols while meth-
methed 1eQ 1o gegragation ¢ Ravancois winue metn

anolic extracts gave the highest yields. The use of
DAD improved and simplified the confirmation of
peak identity and purity [80,89], so that sample
clean-up procedures became less important.

An interesting HPLC method using postcolumn
derivatization with 4-dimethylaminocinnamalde-
hyde in the presence of concentrated sulphuric acid
allowed the selective detection of flavanols [90]. A
20040 000-fold sensitivity increase was observed
for EC compared to other phenols. However, this
sensitive method is time consuming and not neces-
sary in analysis of the major flavanols of tea.

222 Flavanale and
2.J.4. 174

The flavonols in tea are present as aglycones
(traces) and to a much higher extent as their glyco-
sides. In tea leaves all the flavonol glycosides derive
from the aglycones myricetin, quercetin and
kaempferol. Their structures are given in Fig. 3. The
carbohydrate moieties, in most instances located at
position 3 of the aglycone, consist of various combi-
nations of glucose, galactose, rhamnose and, in a
single instance, fructose. Mono-, di- and triglyco-
sides have been observed. Flavonol glycosides are
interesting compounds because of their positive
physiological activities, especially their capillary

OH (o]

Fig. 3. Structures of flavonol and flavone aglycones in tea. R, =
OH; R, = R; = H, kaempferol; R, = R, = OH; R, = H,
quercetin; R; = R, = R; = OH, myricetin; R, = R, = R, =
H, apigenin.
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strengthening effect (so called vitamin P activity).
Owing to their yellow colour, the flavonol glyco-
sides contribute to the colour of the tea brew in
addition to TRs and TFs. Moreover, the colour of
the green tea brew is caused aimost exciusively by

flavonol glycosides. For this reason, most of the in-
vestieations on flavonol o\vhnmdeq deal with green

SuigaiiOl Qi aavoelios S Aldr Wil (wiw) 8

tea or fresh tea shoots.

The first investigations on flavonols and their gly-
cosides in tea were carried out by the groups of Ro-
berts and Oshima and Nakabayashi. The Japanese
workers [91] separated 23 flavonols, flavones and
their glycosides by means of 2-D PC from extracts
of tea leaves (var. assamica). Nine of them could be
identified as derivatives of kaempferol and some
others as glycosides of quercetin, including rutin.
For the latter they published a spectrophotometric
method for its semiquantitative determination [92].
They also used column chromatography on magne-

sium or zinc silicate for isolation. Roberts et al. [93]

nead YN PO tha ceanarata thae Aavannl oluracidac and
USCA Z-1v I 10 SEPpdratl uil navono: giyCosials ana

aglycones from Indian fresh tea leaves and black
tea. Dried tea was ground and three volumes of wa-
ter were added. The extract was centrifuged and ap-
plied to the paper. Chromatograms were run with
1-butanol-acetic acid—water (4:1:2.2) in the first di-
rection followed by acetic acid (2%). This chro-
matographic system became a standard system for
the separation of flavonoids from tea and was used
frequently during the next few decades. Roberts et
al. [94] also applied this system to taxonomic in-
vestigations on different camellia species. Spot de-
tection was carried out either by fluorescence in UV
light or for sufficiently high concentrations, by
spraying with iron(III) chloride—potassium hexa-
cyanoferrate(IIT) reagent, which gave blue reaction
products with quercetin and myricetin derivatives.
Acetic acid (2%) as the second solvent could be re-
placed with some advantage by 2% aqueous boric
acid. This did not lead to any changes in Ry values
but, owing to the formation of borate complexes,
most of the flavonols showed up as bright yellow
spots intensifying under UV light without any spray
reagent being necessary. Some flavonol glycosides
that remained unresolved under these conditions
could be separated using 80% aqueous phenol fol-
lowed by 1-butanol-acetic acid—water as solvent.
Imperato [95] isolated three flavonol glycosides
from a tea brew using preparative PC employing
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mixtures of 1-butanol-acetic acid-water (4:1:5, up-
per phase), 5% acetic acid and 1-butanol-ethanol-
water (4:1:2.2) as solvents.

The Georgian team of Chkhikvishvili and co-
workers [96,97] used column chromatography and
TLC for the isolation and separation of various fla-
vonoids from tea. Generally, a clean-up of the ex-
tract prior to analysis, e.g., by PC, TLC, UV, 'H
NMR or MS, is essential. Suitable clean-up tech-
niques are column chromatography on silica gel
[96,98], polyamide [96,99] or cellulose [100] and gel
chromatography on Sephadex LH-20 [96,100,101].
A procedure for the separation of flavonoids from
tea was described [98]: tea shoots were extracted
with chloroform—benzene (1:1) to remove lipophilic
substances and caffeine. Flavonoids and catechins
were extracted with ethyl acetate. Catechins were
removed from this extract by column chromatogra-
phy on silica gel (washing with diethyl ether) and
the residual flavonoids were desorbed with metha-
nol. The eluent was analysed by TLC on polyamide
and silica gel layers. Ten individual compounds (fla-
vonol glycosides, flavones, flavanones and dihydro-
flavonols) were identified.

None of these methods allowed the determina-
tion of flavonols or flavonol glycosides. The first
intensive quantitative study on flavonol glycosides
from tea was performed by Bokuchava and Ulya-
nova [102]. Flavonol glycosides were extracted with
methanol from unprocessed tea leaves, which had
been previously treated with chloroform to remove
caffeine. Ammonia solution was added to the meth-
anolic extract (pH 10) to force the destruction of the
bulk of catechins and tannins by oxidation. Oxida-
tion products were separated from the solution by
filtration and the filtrate was analysed by 2-D PC
using 1-butanol-acetic acid—water (40:12:29) and
2% aqueous acetic acid as solvents. Slices of the
chromatogram were sprayed with AICl; (1% etha-
nolic) to detect flavonol glycosides. The compounds
of interest were eluted from the paper using ethanol
(50%, aqueous) and determined spectrophotomet-
rically. Owing to the alkaline treatment, myricetin
glycosides, which are very sensitive to oxidation,
could not be determined by this method.

In the last few years, HPLC has been introduced
as the method of choice for flavonol analysis of tea.
Detection was carried out using a UV detector or,
with some advantage, by DAD. Tsushida et al.
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[103] obtained flavonol aglycones by hydrolysing a
tea extract with 1.2 M HCI for 30 min under reflux,
followed by ethyl acetate extraction. They separat-
ed the three aglycones myricetin, quercetin and
kaempferol by HPLC on RP-18 material using a
phosphate buffer as eluent. Absorbance was mon-
itored at 325 nm, which is not in accordance with
the UV maxima of flavonol aglycones at ca. 270 and
370 nm. HPLC analysis of flavonol glycosides from
tea was introduced by Biedrich et al. [104]. Flavonol
glycosides were isolated from black tea by column
chromatography on polyamide. An RP-HPLC
method with gradient elution [solvents: (A) 2%
aqueous acetic acid, (B) acetonitrile] was developed
for separation. By means of the UV spectra ob-
tained from DAD, several peaks could be identified
as flavonol glycosides. The authors concentrated on
the determination of rutin (quercetin 3-O-rhamno-
glucoside), which could be identified by co-chroma-
tography. McDowell et al. [105] used the RP-HPLC
system and method of Bailey et al. [89] to study the
contribution of flavonol glycosides to the colour of
black tea liquors. From chromatograms of the en-
tire tea brew they estimated that 48% of the absorp-
tion at 380 nm was caused by flavonol glycosides,
25% by TFs and the remainder by the so-called
TRs (cf., section 2.3.6). Liang et al. [85] developed
an HPLC method to separate and determine several
groups of tea constituents, including flavonols. The
analytes were extracted from tea with ethanol (non-
phenolic pigments had been removed previously
with light petroleum). The extract was cleaned up
using a Sep-Pak column and analysed by HPLC on
a uBondapak fatty acid column using 55% aqueous
methanol adjusted to pH 3.0 with phosphoric acid.
The detection wavelength was 254 nm. Seven peaks
appeared during the first 5 min, three of which were
identified by co-chromatography (quercetin, myr-
icetin and rutin). Although the separation was very
poor, quantification was carried out. The amounts
of, e.g., myricetin (up to 1.67 mg/g) in Chinese
green teas were much higher than reported by other
workers. As no further confirmation of peak identi-
ty and purity were carried out, the results obtained
by this method seem to be unreliable. Recently, En-
gelhardt and co-workers [106-108] published a
method for the HPLC determination of flavonol
glycosides. Analytes were extracted with methanol
and aqueous methanol and cleaned up by column
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chromatography on polyamide (washing with wa-
ter, elution with methanol). HPLC separation of
the eluate was done by two isocratic systems: 2%
aqueous acetic acid-acetonitrile (85:15) and 2%
aqueous acetic acid-1,4-dioxane-methanol
(77:13:10) on an RP column (ODS-Hypersil). Chro-
matograms were monitored by DAD at 354 nm
(Fig. 4). Fifteen flavonol glycosides were isolated by
means of preparative HPLC and identified by vari-
ous methods such as UV, 'H and !*C NMR, MS,
hydrolysis and analytical HPLC and GLC. The
method was applied to the determination of flavo-
nol glycosides in 30 samples of black, green, oolong
and instant teas [106].

2.3.3. Flavones and glycosides

In addition to flavonol glycosides, tea contains
several flavone glycosides in lower amounts. The
structure of the most important aglycone in tea,
apigenin, is shown in Fig. 3. In contrast to flavonol
glycosides, which have O-linked carbohydrate
moieties, flavone glycosides in tea appear nearly ex-
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Fig. 4. HPLC separation of black tea flavonol glycosides (Sikkim
Temi first flush). Chromatogram at 354 nm. 1 = Myricetin-3-O-
rhamnoglucoside; 2 = myricetin-3-O-galactoside; 3 = myrice-
tin-3-O-glucoside; 4 = quercetin-3-O-glucorhamnogalactoside;
5 = quercetin-3-O-rhamnodiglucoside; 6 = quercetin glycoside;
7 = quercetin-3-O-rhamnoglucoside and kaempferol-3-O-glu-
corhamnogalactoside; 8 = quercetin-3-O-galactoside; 9 = quer-
cetin-3-O-glucoside; 10 = kaempferol-3-O-rhamnodiglucoside;
[1 = kaempferol galactoside; 12 = kaempferol-3-O-rhamnoglu-
coside; 13 = kaempferol-3-O-glucoside. From ref. 108 with per-
mission. Identification of peaks 4 and 7 according to ref. 106.
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clusively as C-glycosides. Isolation and identifica-
tion techniques are similar to those applied to flavo-
nol glycosides. Moreover, C-glycosides cannot be
hydrolysed under normal conditions. This causes
some problems in the identification of the sugar
moieties of tea flavone glycosides. However, it facil-
itates the separation of flavone glycosides from the
bulk of flavonol glycosides.

There are only a few papers on flavone glycoside
analysis in tea. Some of them have been mentioned
above (see Section 2.3.2). The first report on fla-
vones in tea was published by Sakamoto [109]. He
observed nineteen flavones in a green tea infusion.
Separation was carried out by 2-D PC [solvents: (1)
1-butanol-acetic acid-water (4:1:2); (2) 2% aque-
ous acetic acid]. IR and UV spectra were recorded
after elution of the spots. The identification of some
of the compounds was described in a later paper
[110]. Chauboud et al. [111] used a similar solvent
system for the isolation of another flavone glycoside
from tea. Apigenin di-C-glycosides obtained from
tea by the method of Sakamoto [109] were separat-
ed using HPLC by Tsushida et a/. [103]. The detec-
tion wavelength was set at 325 nm. Recently, Engel-
hardt et al. [112] worked on flavone glycosides from
black tea. Flavone glycosides were extracted to-
gether with flavonol glycosides (see section 2.3.2) by
methanol. The eluate obtained from column chro-
matography on polyamide was refluxed with HCl to
hydrolyse the flavonol O-glycosides. The hydroly-
sate was cleaned up again using a polyamide SPE
cartridge and analysed by HPLC (ODS-Hypersil,
gradient elution with 2% acetic acid and acetoni-
trile, DAD). Fig. 5 shows the HPLC trace of the
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Fig. 5. HPLC trace of a hydrolysed tea brew (Sikkim Temi).
Column, Hypersil-ODS (5-um); solvents (A) 2% aqueous acetic
acid, (B) acetonitrile, gradient 90% A, in 15 min to 85% A, 5min
isocratic, in 10 min to 70% A, 10 min isocratic; flow-rate, 1
ml/min; detection at 340 nm. 1 = Vitexin; 2 = isovitexin. From
ref. 112, with permission.
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flavone glycosides from a black tea sample mon-
itored at 340 nm. The major drawback of acid hy-
drolysis is due to a Wessely-Moser rearrangement
leading to isomerization of unsymmetrically substi-
tuted flavones (e.g., vitexin and isovitexin). For that
reason, quantitative data could only be presented
for the sum of the amounts of those isomers.

2.3.4. Phenolic acids and esters

The major representatives of this group of tea
constituents are gallic acid and its tea-specific ester
with quinic acid (theogallin) and hydroxycinnamoyl
acid/quinic acid esters (depsides).

2.3.4.1. Free gallic acid. Gallic acid (Fig. 6) is the
most important phenolic acid in tea. The amount of
gallic acid increases during the fermentation owing
to its liberation from catechin gallates. Oshima and
Nakabayashi [113] described a spectrophotometric
method for its determination in tea using HCl-for-
maldehyde and alkaline phosphomolybdic acid.

Determination by means of HPLC is more spegif-
ic than spectrophotometry. Sample clean-up does
not seem to be essential, as most workers employed
direct injection of a tea brew after filtration through
a membrane filter. In general the separation is car-
ried out on RP-18 columns. One of the first HPLC
applications to tea analysis was that of Hoefler and
Coggon [76], who separated a number of tea com-
ponents including gallic acid using a pBondapak
Cis column (10 ym) and a fixed-wavelength UV
detector (254 nm). The mobile phase was 0.02 M
citrate-phosphate buffer (pH 4.5).

More convenient is the use of non-salt-containing
mobile phases as done by Ma and Wang [84]. The
gradient elution solvents contained water—acetic
acid-methanol (98:1:1) and DMF-water—acetic
acid—methanol (50:48:1:1). They used a Micropak
SP-C, g column (5 um) and a UV detector set at 280

COOH

HO OH
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Fig. 6. Structure of gallic acid.
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nm, which led to an increase of sensitivity. Gallic
acid contents in brews obtained from Chinese tea
samples ranged from 0.4 to 1.6 g/kg dry mass.
These results correspond fairly well with Engel-
hardt’s [114] results (0.9-5.5 g/kg dry mass). He also
used direct injection of a tea brew on a Nucleosil
RP-18 column with an isocratic system [2% aque-
ous acetic acid—acetonitrile (90:10)]. Recently, Bai-
ley et al. [89] published investigations on non-vola-
tile tea constituents. They detected several com-
pounds in a black tea liquor, including gallic acid,
using DAD. Separation was carried out on a 5-um
Hypersil-ODS column by a linear gradient of 2%
aqueous acetic acid and acetonitrile. Only a single
sample was analysed and no quantification was
done.

Kuhr and Engelhardt [87] developed an RP-
HPLC method for the determination of gallic acid
together with flavanols, theogallin and caffeine in
tea employing solid-phase extraction on RP-18 car-
tridges for the clean-up procedure, as discussed in
Section 2.3.1. Fifteen black tea and two each of
green, oolong and instant tea samples were ana-
lysed. Gallic acid contents ranged between 0.6 and
6.2 g/kg dry mass in tea samples. They also studied
different techniques for gallic acid extraction. The
yield of a methanolic extraction was higher than
that of a normal tea brew. They noticed a consid-
erable increase in gallic acid during extraction when
using the official German method (refluxing with
water for 1 h), probably caused by depolymeriza-
tion/decomposition of, e.g., catechin gallates or
TRs.

2.3.4.2. Theogallin. Although theogallin is a par-
ticularly interesting compound, as it specifically ap-
pears in tea, only few investigations have been pub-
lished on this subject. Theogallin was isolated and
characterized as galloylquinic acid by Roberts and
Myers [115]. They used a Craig distribution system,
cellulose acetate column chromatography and pre-
parative PC for isolation. The purity of the isolate
was monitored by 2-D PC [eluents: (1) butanol-
aqueous acetic acid; (2) aqueous acetic acid]. The
structure of theogallin (Fig. 7) was finally assigned
to be 5-O-galloylquinic acid [116] by NMR analy-
sis.

Bhatia and Ullah [117] observed a decrease in
theogallin content during tea fermentation. They al-
so used 2-D PC followed by photometric measure-
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Fig. 7. Structure of theogallin.

ment of the spots at 275 nm. Unfortunately, the
solvent composition used was not given. An HPLC
method for determination of theogallin has been
mentioned and described above [87] (see Section
2.3.1).

2.3.4.3. Chlorogenic acids and p-coumaroylquinic
acids. Derivatives of hydroxycinnamic acids are
widely distributed in the plant kingdom. Caffeoyl-
and p-coumarylquinic acids (CQAs and CouQAs,
respectively, see Fig. 8) have been described in tea.
It should be noted that a different (non-IUPAC)
nomenclature was used in the earlier literature.

Early investigations on hydroxycinnamic acid es-
ters in tea were carried out by Roberts [118]. A
black tea infusion was prepared and extracted with
ethyl acetate. Analysis of this extract by means of
2-D PC led to the detection of three isomers each of

a b OH
oH OR,

Rd-
HOOC 4 ~ORz
5
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3 X _-COOH

Fig. 8. Structures of p-coumaroyl- and caffeoylquinic acids.
Numbering according to IUPAC rules. (a) R, = X (seeb); R, =
R, =H, 3-C0}1QA; R, =R, =HIR, =X, 4:CouQA; R, =
R, = H; R, = X, 5-CouQA; R, = Y; R, = R, = H, 3-CQA
(neo-chlorogenic acid); R, = R, = H; R, = Y (see b), 4-CQA
(crypto-chlorogenic acid); R, = R, = H; R, = Y, 5-CQA (n-
chlorogenic acid). X = p-coumaric acid (R, = H); Y = caffeic
acid (R, = OH).
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CQA and p-CouQA among several other phenolic
compounds. In a later paper, Roberts and Williams
[119] reported the UV spectra of 5- and 3-CQA
measured after elution from the paper and that of
CouQAs which were obtained by direct measure-
ment on the paper.

Other techniques used for hydroxycinnamic acid
isolation were preparative PC, TLC and column
chromatography on cellulose, silica or polyamide
phases. A method for the separation and determi-
nation of isomers of CQAs in tea was developed by
a Chinese group [120]. The analytes were extracted
by 20% aqueous acetic acid for 2 h, followed by
membrane filtration. For separation they used a
uBondapak C;g column, 20% aqueous acetic acid
as mobile phase and a UV detector set at 324 nm.
Peak identification of neo-, crypto-, n- and isochlo-
rogenic acid was done by co-chromatography. Iso-
chlorogenic acid means all possible isomers of di-
caffeoylquinic acid. Unfortunately, peak identifica-
tion was not confirmed by, e.g., co-chromatography
using an additional HPLC system. All four com-
pounds mentioned above appeared in the first 3 min
of the run. Contents in black tea were in the ranges
134-156 mg per 100 g (neo-CQA), 268-281 mg per
100 g (crypto-CQA), 67-99 mg per 100 g (n-CQA)
and 99-109 mg per 100 g (iso-CQA).

Engelhardt et al. [121] obtained CQAs and Cou-
QAs from a tea brew. Different clean-up procedures
prior to HPLC analysis, such as ultrafiltration, po-
lyamide column chromatography and SPE with
RP-18 cartridges, were compared with direct injec-
tion of the tea brew. The SPE clean-up gave the best
results. Owing to the high polarity of the CQAs and
CouQAs, they can be eluted even with water, which
makes this clean-up very simple. Fig. 9 shows an
HPLC trace of a black tea brew treated in this way.
Peak identity and purity were confirmed by UV
spectra obtained with DAD. The appearance of
mono-CQA and CouQAs in tea could be con-
firmed. However, this technique could not verify the
identification of dicaffeoylquinic acids. Comparison
of the results obtained from mono-CQA determina-
tions in black tea with the results in ref. 120 shows a
discrepancy which is higher than the natural range
of contents that could be expected for different sam-
ples and the different extraction modes. In the Chi-
nese work [120], the determination may have in-
cluded some co-eluting compounds.
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Fig. 9. HPLC separation of CQA and CouQA from a black tea
brew, cleaned up by SPE. From ref. 121, with permission.

2.3.5. Theaflavins

During the fermentation stage of black tea
processing, catechin or EC and their gallates are
involved in an enzyme-catalysed oxidative reaction
to form the so-called TFs [122]. These compounds,
containing a benzotropolone group, are orange-red,
constitute about 0.3-1.8% of black tea (dry mass
base) and contribute significantly to the bright col-
our and brisk taste of tea brews [123]. Pure TFs in
aqueous solution are normally very astringent but
in tea the astringency is reduced owing to an inter-
action with bitter caffeine. Fig. 10 shows the formu-
lae of the major TFs. Theaflavic acids are the ox-
idation products of an analogous reaction with the
quinones of flavanols and gallic acid. Several at-
tempts have been made to find correlations between
TF contents, results of tea tasters and the quality of
tea [124,125], but this is still controversial. After iso-
lation by means of 2-D PC and gel chromatography
the structures of the various TFs could be elucidat-
ed by MS, NMR and IR techniques [54,126-128].

The commonly used spectrophotometric method
for the determination of total TFs in tea infusions
was developed by Roberts and Smith [129,130] and
modified by Ullah [131] for climatic conditions in
subtropical countries. After extracting the TF from
hot aqueous tea brews with ethyl acetate or IBMK
and measuring the absorbance at 380 and 460 nm,
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Fig. 10. Structures of the major theaflavinsintea. R, = R, = H,
theaflavin; R, = H; R, = galloyl, theaflavin-3-gallate; R, =
galloyl; R, = H, theaflavin-3'-gallate; R, = R, = galloyl, thea-
flavin-3,3'-digallate.

respectively, the total TF amount was calculated
based on mean molar absorptivities. However, later
investigations showed that these values depend on
the composition of the TF fraction. This easy and
rapid method was mostly employed for investigat-
ing the influence of different processing parameters,
e.g., time and temperature of fermentation [117].
Hilton and Ellis [124] introduced another spectro-
photometric method involving flavognost reagent
(2-aminoethyl diphenylborate in ethanol), which
forms a green complex with the cis-1,2-dihydroxy-
benzene ring associated with the TFs. In general,
this rapid method gives reproducible results if the
conditions of several critical stages [132-135] such
as particle size of ground material, temperature of
water used and infusion time are well defined and
under control. The method has also often been ap-
plied to studies on the effects of different parameters
on processing of tea and the resulting tea quality
[125,136] and to investigations of the kinetics of tea
infusion [134,135,137-139].

Other non-chromatographic methods for TF
analysis were described by Fernando and Plambeck
[140], who used voltammetric methods, and Hall et
al. [141], who applied NIR spectrometry. However,
these methods did not become common because the
required analytical equipment is often not availa-
ble. The limitation of all of these non-chromato-
graphic methods arises from their inability to sep-
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arate the mixture of TFs into its individual compo-
nents, so that only values for the total amounts of
TFs can be obtained.

The purpose of Collier and Mallows” work [142]
was to develop a more specific and reproducible
method. They reported a method for separating and

determining the TF by temperature-programmed

GLC of their trimethylsilyl ethers. Fractions suit-
able for analysis were prepared from whole tea sol-
ubles by extraction with ethyl acetate and chroma-
tography on Sephadex LH-20. TF could be separat-
ed from the monogallates and the digallate in 25
min on columns packed with 3% OV-1 on Chromo-
sorb W, but the two isomeric monogallates were not
resolved. The results obtained by this GLC method
were lower than those given by Roberts’ spectro-
photometric method. The authors explained this re-
sult by incomplete extraction of TRs from solutions
in ethyl acetate in Roberts’ method. Another pos-
sible reason will be discussed later.

Rv means of column chromatoeranhy on Se
oY means o1f Co:umn caremalcgrapny on oS¢

dex LH-20 with gradient elution of aqueous acetone
from 40 to 80%, Takeo [143] was able to separate
TF, TF monogallates (the two isomers were not re-
solved) and TF digallate. The contents of three TFs
were determined spectrophotometrically from the
molar absorptivity of authentic TF at 460 nm.

An HPLC separation of TFs on RP material was
published by Hoefler and Coggon [76] and led to
remarkable improvements. The separation was per-
formed on a yBondapak C;g (10-um) column. The
mobile phase was acetic acid—-acetone-water and
UV detection (365-nm filter) was used. With a
slightly modified version of this method (380-nm
detection wavelength, different eluent proportions)
the changes undergone by tea polyphenols during
storage of tea brews were investigated [144]. Ro-
bertson [78,79] and Robertson and Bendall [145]
used a modification of Hoefler and Coggon’s meth-
od for the HPLC analysis of TFs formed from fla-
vanols in a model fermentation system under vari-
ous conditions. Bajaj ef al. [146] analysed the beha-
viour of TFs themselves in a model oxidation sys-
tem with a similar method. ]

Wellum and Kirby [147] systematically examined
the factors that could be important in TF analysis
using HPLC: sample preparation, column temper-
ature, the use of a ternary solvent system and sol-
vent gradient programming. Finally, they prepared
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the sample by means of solid-phase extraction using
Sep-Pak C,g cartridges with TF recoveries of 98-
100%. Separation on Partisil ODS columns (5 or 10
um) was performed at 80°C applying a gradient elu-
tion system with acetone—water—methanol. Never-
theless, the two isomeric monogallates remained
unresolved. Later, Anan et al. [148] succeeded in
separating them. They also used an RP column
[ODS-120A, 10 um (Toyo Soda), 250 x 4.6 mm
1.D ], elevated temperature (57°C) and detection at
375 nm, but a mobile phase containing phosphoric
acid in addition to water and acetone. Sample prep-
aration consisted only of extracting black tea with
40% aqueous acetone for 30 min, adding water,
centrifuging and filtering the supernatant. The re-
covery of TFs was between 91.1 and 96%.

An isocratic RP-HPLC method and the flavog-
nost method were compared in determining the TFs
[149]. The HPLC method is more time consuming
owing to the need for preseparation by gel chroma-

fnnrqnhv but ig able to senarate the four TFg (see
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Fig. 11) and determine their relative amounts. In
general, the results obtained by the flavognost
method were considerably higher than the HPLC
results.

The use of DAD in the HPLC analysis of black
tea [89] revealed the presence of interfering sub-
stances (flavonol glycosides) in fractions used to de-
termine TFs and TRs in the spectrophotometric
analysis developed by Roberts and Smith [129]. The
contribution of fiavonol glycosides to the absor-

absorbance
[3,]
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Fig. 11. HPLC separation (375 nm) of theaflavins in black tea. 1
= Isotheaflavin (tentative); 2 = epitheaflavic acid; 3 = TF; 4 =
TF-3-gallate; 5 = TF-3-gallate; 6 = TF-3,3'-digallate. From
ref. 149, with permission.
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bance at 380 nm is about 33%. Therefore, Roberts
and Smith’s method always led to an overestima-
tion of TFs[105]. A recently published method took
this fact into account. The authors used C, g sorbent
cartridges and stepwise elution of TRs and TFs
with acidified methanol for sample preparation and
measured the absorbance of different fractions at
one or more of the wavelength settings 380, 440 or
460 nm [150]. A comparison with HPLC, NIR and
spectrophotometric methods using flavognost and
aluminium chloride reagents and Roberts and
Smith’s method was also described. Nevertheless, in
the analysis of TFs the peak identity should be ver-
ified with photodiode-array detection as described
in recent publications [149,151] to avoid misleading
results. Recently a comparative study of RP-HPLC
of black tea phenolic pigments resulted in improved
chromatograms concerning resolution and peak
shape using a Hypersil ODS column (5 pm) with a
citrate buffer [152]. The chelating agent citric acid
reduced secondary retention through removal or
masking of surface metals. Eight TFs and three
theaflavic acids could be separated for the first time
in one chromatogram monitored at 460 nm.

2.3.6. Thearubigins

Thearubigins (TRs) is the name originally as-
signed to a heterogeneous group of orange-brown,
weakly acidic pigments formed by enzymic oxida-
tive transformation of flavanols during the manu-
facture of black tea [122]. TRs have been claimed to
be the most abundant polyphenolic fraction of
black tea contributing significantly to taste, depth
of colour and body of a tea brew and therefore in-
fluencing the quality. Roberts er al. [54] first at-
tempted to separate this complex mixture of sub-
stances by means of 2-D PC and by liquid-liquid
partitioning. They classified the TRs into three frac-
tions: the SI-TRs extractable into ethyl acetate, the
SII-TRs remaining in the aqueous phase and the
SIa-TRs also in the aqueous phase but being more
soluble in diethyl ether. Using successive extraction
of tea liquor with ethyl acetate and n-butanol fol-
lowed by fractional precipitation, Brown ez al. [153]
isolated five TR fractions, each being degradable
into anthocyanidins, gallic acid or flavanols under
different conditions of hydrolysis. For that reason
TRs were assigned to be polymeric proanthocyani-
dins containing flavonoid residues. Cattell and
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Nursten [101,154] examined the relatively low-mo-
lecular-mass fraction SI soluble in ethyl acetate by
means of gel chromatography on Sephadex LH-20
and 2-D PC. They obtained three subfractions, each
having an M, of about 1500. After degradation only
small amounts of anthocyanidins were obtained
and it was concluded that these TR fractions are
pentameric flavanols with hydrolysable and non-
hydrolysable links and benzotropolone units.

Several attempts have been made to separate the
TRs by means of gel chromatography often in com-
bination with 2-D PC [143,155-159]. However,
many of these so-called ‘“‘separations of TRs” were
in fact separations of low-molecular-mass com-
pounds accompanying the TRs, especially when
whole tea brews were analysed. Many of these mis-
leading results were obtained because of adsorption
effects which disturbed the SEC. In other instances
only poor separations could be achieved when ana-
lysing single TR fractions. Most promising was the
application of the porous polymer packing material
Toyopearl [157] for gel filtration, which showed a
much higher resolving power than the frequently
used Sephadex LH-20. However, chromatography
of TRs is difficult, because they consist of com-
pounds with a wide molecular mass range (700
40 000) [160] and strongly adsorb on active surfac-
es. Another method for isolating TR fractions was
carried out by Wedzicha and Lo [161] using a multi-
layer coil planet centrifuge for counter-current
chromatography. They obtained pure SII and a
mixture of SI and SIa TR in a relatively short time
(1-2 h).

The most frequently used method for the deter-
mination of TRs is that of Roberts and Smith [129]
already mentioned in Section 2.3.5, measuring the
absorbance of distinct solutions at 380 nm
[42,44,117,130,159,162-168] or a modified version
[124,131,143,169,170]. McDowell er al. [105]
checked this method with HPLC and revealed that
TRs contribute only about 23% to the absorption
of the sample solution at 380 nm, whereas flavonol
glycosides account for 72% and TFs for 5%. It is
obvious that quantitative measurement based on
absorbance at particular wavelengths can only re-
sult in approximate values for such an inhomogene-
ous group of compounds, especially when these
substances could not be completely separated from
others. A recently developed spectrophotometric
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method measured absorbance at 380, 440 and 460
nm after sample preparation using C,g cartridges
and stepwise elution with acidified methanol [150].
The selectivity of this method for separating TR
and TFs was assessed by analysing the different
fractions by means of HPLC with DAD.

A different way to elucidate the TR formation
and structure is the method of Robertson [78,79]
and Robertson and Bendall [145] using a model fer-
mentation system. The products formed during in
vitro enzymatic oxidation of flavanols under con-
trolled conditions were analysed by HPLC. They
used an RP-C;g column (Hypersil ODS, 5 um) (20
cm % 6.4 cm I.D.) and a mobile phase consisting of
29% aqueous acetone containing 1% acetic acid. In
the HPLC elution profile monitored at 375 nm they
could identify the TFs among separated peaks and
a number of compounds also appeared in green tea
extract. The remainder was summarized under the
name TRs. With a similar HPLC method Roberts
et al. {144] carried out a study of changes undergone
by TRs and TFs during storage of tea brews. From
the HPLC profiles the increase in the TR fraction
was determined.

To overcome the problems with the high affinity
of TRs for stationary phases such as RP-C, g mate-
rial, Wedzicha and Donovan [171] checked the po-
tential applicability of normal-phase HPLC of de-
rivatized SI-TR. After extraction from black tea in-
fusions and inspection to be free from low-molec-
ular-mass impurities, SI-TRs were converted into
acetyl and methyl derivatives. The best separation
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of the more stable methylated SI-TRs by HPLC
was obtained using a silica phase (Partisil 10) (25
cm % 0.46 cm 1.D.) with a chloroform-methanol
gradient, but no further identification was done.

The combination of HPLC with DAD provided
additionally spectral information on each resolved
component. Based on the method reported by Ro-
bertson and Bendall [145], Opie and co-workers
[80,172] used the model fermentation system to-
gether with HPLC and DAD on 3-um RP-18 parti-
cle packings to improve separation. They also re-
placed acetone with acetonitrile, which is advante-
geous in obtaining spectra in the UV region. More
than 40 pigments were separated from untreated
black tea liquors and four of them were identified as
TFs (see Fig. 12). Most of the other peaks showed
absorption maxima between 390 and 410 nm, i.e., in
the yellow-pale orange region. Changes in TR pro-
file during fermentation or substances produced by
in vitro oxidation of a standard catechin mixture
could be observed and compared by means of this
method.

A comparative study of different types of RP ma-
terials (Hypersil-ODS, Hypersil octyl wide pore,
Hamilton PRP-1) for the analysis of black tea pig-
ments has recently been published [152]. The best
resolution was obtained on a Hypersil-ODS column
with a citrate buffer acting as a chelating agent for
removing or masking surface metals. The pigments
were classified by their chromatographic behaviour
into three groups: pigments which ran close to the
void volume of the HPLC columns because of size

a2 44

ab

Retention time (min)

Fig. 12. HPLC analysis of a whole black tea liquor (450 nm). From ref. 80, with permission.
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exclusion, resolved pigments and unresolved pig-
ments. The resolved pigments were further classi-
fied by DAD UV-VIS spectra into TFs, TF acids
and resolved TRs. The unresolved components,
which were eluted as a broad, convex band on the
wide-pore column and the Hamilton column (sty-
rene—divinylbenzene copolymer), showed absorp-
tion acrosss the entire spectral region, indicating
that they were brown pigments, possibly polymeric
TRs.

It should be stressed that only chromatographic
methods can improve our knowledge of TRs. Clas-
sical methods overestimate TR contents and so data
have to be revised.

2.4. Miscellaneous

2.4.1. Non-phenolic pigments

There are two major groups of non-phenolic pig-
ments which contribute to the colour of tea leaves,
chlorophylls and its degradation products (pheo-
phytins, pheophorbides) and carotenoids. Most of
the papers on non-phenolic pigments deal with both
groups. Therefore, we shall discuss them together in
this section. Until recently, only PC and TLC had
been applied to non-phenolic pigments of tea. Sub-
sequently HPLC has also been introduced into this
field.

Vachnadze ef al. [60,173] used TLC for the sep-
aration of chlorophyll from a crude extract of tea
catechins (solvent: ethanol). This extract was mon-
itored for chlorophyll by means of TLC on a silica
gel layer which had been impregnated with forma-
mide. Light petroleum—formic acid (10:1) was em-
ployed as a solvent. Five chlorophyll spots were ob-
served under UV radiation. A method for the deter-
mination of chlorophylls and accompanying pig-
ments such as carotenoids from tea by means of
TLC-spectrophotometry was established by
Dzhindzholiya and Revishvili [174]. Tea was macer-
ated with acetone, CaCOj; and Na,SO,. The mix-
ture was filtered and separated by TLC on a Silufol
layer with light petroleum—ethanol (16:1) as the mo-
bile phase. Determination by means of spectropho-
tometry was carried out after elution of the caro-
tene, chlorophyil and carotenoide spots with light
petroleum, diethyl ether and ethanol, respectively.
Dev Choudhury and Bajaj [175] reported a solvent
system for the separation of chlorophylls, their de-
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rivatives (pheophorbides and pheophytins) and ca-
rotenoids in tea. A Chinese researcher [61] devel-
oped a rapid method for the determination of chlo-
rophylls and carotenoids by 2-D TLC. He em-
ployed acetone as a solvent extraction. The com-
pounds were separated on polyamide using
ethanol-water (1:1.1) in the first and toluene—etha-
nol-water (2:6.8:1) in the second direction. Detec-
tion was done by spectrofluorimetry. In addition to
several catechins, chlorophyll ¢ and b, xanthophyll
and f-carotene were detected and identified. Komi-
ya et al. [176] described a number of methods to
determine tea constituents, including chlorophyll,
by means of. spectrophotometry. The chlorophyll
concentration was very low in all samples.

TLC analysis of unsaponifiable matter from vari-
ous seed oils including tea seed was performed by
Nasirullah and Kapur [177]. The CHCIj; solution of
the hydrolysed oil was separated with benzene-eth-
anol (94:6). p-Carotene and several other com-
pounds were identified. A rapid method for the ex-
traction and TLC separation of tea leaf carotenoids
was described by Tirimanna and Wickremasinghe
[178]. Monohydroxyxanthophylls and carotenes
could be separated on silica gel and polyhydroxy-
xanthophylls and epoxides on infusorial earth
plates impregnated with vegetable oil. Nine of the
fourteen carotenoids found could be identified.

Two HPLC methods for the separation of non-
phenolic pigments in tea have been published. Kita-
da et al. [179] described various methods for the
determination of several non-phenolic tea constitu-
ents (L-ascorbic acid, tocopherol, carotene and
chlorophyll) in Japanese green, oolong and black
tea by HPLC. Carotenes and chlorophylls were sep-
arated on Zorbax-ODS and detected with a UV~
VIS detector. Sencha (Japanese green tea) con-
tained higher amounts of carotenoids and chloro-
phyll than oolong and black tea. These compounds
were not detected in tea brews prepared by the usual
method. Recently, Taylor and McDowell [180] pub-
lished a method for the rapid classification of the
non-phenolic pigments of tea leaf. Fresh green tea
leaf was extracted with methanol as described [181].
Separation was performed on a Hypersil-ODS col-
umn (5 ym, 250 X 4.6 mm 1.D.) with gradient elu-
tion using acetonitrile-water (90:10) as solvent A
and ethyl acetate as solvent B (1.5 ml/min, 0-20 min
100% A to 50% B, 2030 min 50% B). The HPLC
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Fig. 13. HPLC elution profile of carotenoids and chlorophylls prepared from fresh leaf extracts of tea monitored at 450 nm. Identifica-
tion of the main peaks: 3 and 5 = neochrome and flavoxanthin; 12 and 13 = luteoxanthin and flavoxanthin; 14 = lutein; 16 and 17 =
mono isomers of lutein or lutein epoxide; 18 = isomer of lutein or lutein epoxide; 22 = chlorophyll b; 24 = chlorophyll ; 28 =

p-carotene. From ref. 180, with permission.

trace recorded at 450 nm is shown in Fig. 13. Detec-
tion was carried out by DAD. The spectroscopic
data of all 28 pigments obtained were given.

2.4.2. Amino acids

The following amino acids have been identified in
tea leaves by PC or liquid chromatography [5]: as-
partic acid, glutamic acid, glycine, serine, gluta-
mine, tyrosine, threonine, alanine, valine, leucine,
isoleucine, phenylalanine, lysine, arginine, histidine,
tryptophan, aspargine and proline. In addition to
these usual amino acids, tea contains a unique sub-
stance called theanine (5-N-ethylglutamine), which
usually accounts for more than 50% of the free ami-
no acid fraction of tea leaf and about 1% of the
total dry weight. Fig. 14 shows the structure of
theanine. Theanine is not found in tea proteins
[182], but takes part in the biosynthesis of poly-
phenols. Correlations between content of amino
acids and theanine and tea quality are discussed
controversially in the literature. On one hand, green
tea quality should depend to a large extent on ami-

)
HaN I
CH—CH,—=CH,,—C—NH—CH
v
Hooc

Fig. 14. Structure of theanine.

no acid level, especially that of theanine [8], and the
highest quality black teas were found to possess the
lowest amount of theanine [183], whereas on the
other hand a high content of free amino acids is said
not to be neither characteristic of green or black tea
and no correlation between theanine and quality
could be found [182]. Many of the amino acids in
tea are involved in aroma formation. During black
tea manufacture aldehydes are produced by flava-
nol quinone oxidation and through Strecker degra-
dation of amino acids. Co and Sanderson [184] con-
firmed this mechanism in detail using a model tea
fermentation system with radiotracer techniques
and headspace GLC.

Early investigations on amino acids in tea using
2-D PC and the ninhydrin method partly after sam-
ple clean-up through a cation-exchange column
were carried out by several groups [185-188]. They
intended to examine the changes undergone by free
amino acids, either as individual compounds or in
total, during each processing step in the manufac-
ture of black tea. In 1978 Chakraborty ez al. [189]
used this method to determine free amino acids in
different parts of tea shoots and their effect on qual-
ity.

Theanine, aspartic and glutamic acid in green tea
have been analysed by means of capillary tube iso-
tachophoresis; however, these compounds could
not be separated in a single run [190]. Especially for



310

theanine a GLC method after conversion into its
TMS derivative was reported in 1974 [191). The
mass spectra were also discussed, but no method for
tea sample preparation was given. Another very
time-consuming method for determination of thea-
nine in tea used a combination of TLC (4 h for one
run!) and densitometry after a complex sample
clean-up procedure [183,192]: extraction of tea with
hot water, precipitation of polyphenolic and col-
oured substances with lead acetate, centrifugation,
removal of excess lead by passing hydrogen sul-
phide through the solution and filtration.

Neumann and Montag [193] developed a method
for the separation and determination of theanine in
an automatic amino acid analyser together with
twenty other amino acids. After purification of the
aqueous tea extract by means of a strongly acidic
cation exchanger, amino acids were separated with
a special elution buffer system in about 160 min
using ninhydrin reagent for detection (see Fig. 15).
This method can be also employed for the separa-
tion of amino acids after hydrolysis.

Free amino acids and S-methylmethionine (anti-
ulcer agent) in green tea extracts were simultane-
ously determined with an HPLC-amino acid ana-
lyzer and lithium citrate buffers which could also
separate theanine and y-aminobutyric acid from
others. Analysis was carried out on a high-resolu-
tion column within 180 min. Conventional columns
and sodium citrate buffers did not succeed in sep-
arating the amino acids satisfactorily [194]. Amino

absorbance

0 E) 80 90 | 120 150 [min]

retention time

Fig. 15. HPLC separation of amino acids from a Taiwan oolong
tea extract. | = Asparagic acid; 2 = threonine; 3 = serine; 4 =
theanine; 5 = glutamic acid; 6 = proline; 7 = glycine; 8 =
alanine; 9 = cysteine; 10 = homocitrullin (internal standard); 11
= valine; 12 = methionine; 13 = isoleucine; 14 = leucine; 15 =
4-aminobutyric acid; 16 = tyrosine; 17 = phenylalanine; 18 =
lysine; 19 = histidine; 20 = NHj,; 21 = arginine. From ref. 193,
with permission.
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acid analysers are still applied [67,194,195], but
have mostly been replaced with other more conve-
nient methods such as HPLC with fluorescence de-
tection or special RP-HPLC techniques [196-198].

After precolumn derivatization with dansyl chlo-
ride, sensitive determination of amino acids in green
tea on a LiChrosorb RP-18 column was possible in
about 32 min with a linear gradient of acetonitrile
[198]. Zhu [196] determined theanine by HPLC with
a RP-alkylphenyl C, g column, aqueous phosphoric
acid as the mobile phase and detection at 240 nm.
Analysis of amino acids by HPLC with fluorescence
detection has become more common in the last few
years. Hirose and Tamada [199] and Chang et al.
[200] separated amino acids on ion-exchange col-
umns, monitoring the fluorescence after reaction
with o-phthalaldehyde in the presence of f-mercap-
toethanol. The fluorimetric detection involved exci-
tation at 350 nm and emission at 450 nm [200]. Oth-
er workers chose slightly different wavelength pairs:
338/425 [85], 360/500 [66], 340/455 [201], 335/450
[202] or 365/435 nm [203] for theanine alone and RP
columns [66,201-203]. Using this sensitive method,
a set of up to eighteen amino acids could be deter-
mined in about 90 min [85].

2.4.3. Metal speciation analysis

Research by chromatographic means has also
been carried out in the field of metal speciation. The
reason for these activities is the suggestion that tea
polyphenols lower the absorption of Fe, Zn and Ca
in the gut [204]. Disler er al. [205] showed in animal
studies (rats) that the tannins in the tea are respon-
sible for inhibiting the absorption of food Fe and
medicinal Fe, probably by forming non-absorbable
complexes with the Fe within the intestinal lumen.
Brown et al. [206] also used rats for an animal
study, and stated that beverages (coffee, black tea,
cocoa and bush tea) reduced the bioavailability of
Fe (whole-body retention of 3°Fe) by 31-45%. In-
dividual polyphenols (EC and chlorogenic, gallic,
caffeic and tannic acids) were less inhibitory than
the beverages, reducing Fe bioavailability by 2-
30%, while caffeic acid and tannic acid were the
most inhibitory. Other workers (e.g., ref. 207)
stated that the addition of 100 mg of ascorbic acid
or 200 g of milk completely counteracted the inhib-
itory effect of tea on Fe absorption. As Fe is one of
the elements with a worldwide marginal status
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[208], ir vivo and in vitro studies have been under-
taken. The binding of Cu, Zn and Fe to organic
complexing compounds, tea and other beverages
has been investigated [209-211]. The organically
complexed metals were extracted using ethyl acetate
and than analysed by RP-HPLC with UV-VIS de-
tection and other more specific devices. The total
amount of individual metals and their distribution
in tea were determined by coupling HPLC and
AAS. The results showed that polyphenolic com-
pounds —especially the flavonoids— are important
for the binding of the metals.

A radio-thin-layer method has also been used to
detect the binding sites of Fe and Ni in tea [211]. To
one tea sample *Ni or **Fe was added, followed by
extraction with ethyl acetate and analysis by TLC
on silica gel [with ethyl acetate or ethyl acetate—
methyl ethyl ketone—formic acid-water
(50:30:10:10)] or on RP-18 [methanol-water
(70:30)], with radiometric detection. It turned out
that the added metal ions are bound to the same
compounds as Fe and Ni naturally occurring in tea
and that strongly polar phenols play a major role in
binding of Ni and Fe. The chromatographic beha-
viour of flavonoid standards and of flavonoids iso-
lated from tea was analysed by HPLC (with electro-
chemical detection) and AAS. The metals (such as
Cu, Fe and Al) are complexed by flavonoids con-
taining vicinal OH bonds [212].

The high contents of aluminium in tea are also of
interest. The level in tea made from twelve commer-
cial brands was 3.9 mg/l (range 2.7-4.9 mg/1) [213],
or from 2.2 to 4.5 mg/l (thirteen different tea in-
fusions) as determined by AAS [214]. From an ani-
mal study [215] it was concluded that the Al in tea
was very poorly absorbed but that tea, either in the
form of an infusion or as tea leaves, had an adverse
effect on Fe status.

2.4.4. Vitamins

Black tea contains only small amounts of some
vitamins [8]. As the nutritional benefits of tea are
not mainly due to vitamin contents, only a few
methods have been published. The relatively high
amounts of ascorbic acid in fresh tea leaves dimin-
ishes during fermentation. However, some determi-
nations of vitamins by means of chromatographic
methods have been published. In most instances
green teas were analysed. Liang er al. [85] used
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HPLC for the detection of ascorbic acid. They
found 2 mg/g in two green tea samples.

Tsushida and co-workers [216,217] also detected
ascorbic acid in green tea by HPLC after extraction
with 2% metaphosphoric acid by steeping for 10
min. Dehydroascorbic acid in the extract was chro-
matographed after reduction with H,S. A modifica-
tion of the indophenol titration method has been
published [218]. Interfering colours could be re-
moved by contacting with bovine skin powder. Oht-
suki et al. [194] described the determination of S-
methylmethionine, which they called vitamin U, to-
gether with free amino acids (see Section 2.4.2) on a
high-resolution column, MCI Gel CK-10U (150
mm X 4.6 mm L[D.). S-Methylmethionine was
identified as dimethyl sulphide in the column el-
uates by GLC with flame photometric detection.
Kitada et al. [179] used HPLC with an electrochem-
ical detection system for the determination of ascor-
bic acid and HPLC with fluorescence detection for
tocopherol in different teas. All the compounds ex-
amined were much more common in sencha than
semi-fermented (oolong) and fermented (black)
teas. The average contents of ascorbic acid and
a-tocopherol in sencha were 167 and 13.5 mg per
100 g, respectively.

The riboflavin contents of green tea have been
determined by Anan ez al. [219] using HPLC. Tea
was extracted with dilute HC! in boiling water for
30 min. The extract was mixed with an enzyme
preparation. The HPLC system consisted of an
ODS column and water-acetonitrile-acetic acid
(88.5:11:0.5) as the mobile phase. A fluorescence de-
tection system (excitation at 360 nm and emission at
500 nm) was used.

3. CONCLUSIONS AND FURTHER RESEARCH NEEDS

One of the major challenges in tea analysis is the
improvement of our knowledge of the thearubigins,
which is only possible by combining chromato-
graphic and spectroscopic analysis with a suitable
clean-up. Another problem, which is less on the
analytical side, is to set up a suitable concept for
volatile flavour compounds. In the field of metal
speciation and bioavailability there is need for stud-
ies in which both the in vivo and the in vitro aspects
are covered. Moreover, depending on the different
composition and contents of polyphenolic com-
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pounds, the effect of different teas on bioavailability
needs to be checked.

Interdisciplinary research (chemical, biochemical
and medical) is also needed for the improvement of
our knowiedge of the positive heaith effects of tea
polyphenols. A chemical measure for tea quality

hage not vet heen get un
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4. ABBREVIATIONS

Ac Acetyl

AAS Atomic absorption spectrometry
BSA Bistrimethylsilylacetamide
CouQA p-Coumaroylquinic acid

CQA Caffeoylquinic acid

2-D Two-dimensional

DAD  (Photo)diode-array detection
DMF  Dimethylformamide

EC Epicatechin

ECG Epicatechin gallate
EGC Epigallocatechin
EGCG Epigallocatechin gallate
FI Flavour index

GLC Gas-liquid chromatography
HPLC High-performance liquid chromatogra-

phy

IBMK Isobutyl methyl ketone

IR Infrared spectrometry

IUPAC International Union of Pure and Applied
Chemistry

MS Mass spectrometry

NIR Near-infrared spectrometry
NMR  Nuclear magnetic resonance spectrome-

try
PC Paper chromatography
PVPP  Polyvinylpyrrolidone
RP Reversed-phase
SDE Simultaneous distillation and extraction
SEC Size-exclusion chromatography

SPE Solid-phase extraction
THF Tetrahydrofuran

TF Theaflavin

TLC Thin-layer chromatography
T™MS Trimethylsilyl

TR Thearubigin

uv Ultraviolet

VIS Visible

A. FINGER, S. KUHR, U. H. ENGELHARDT

REFERENCES

1 B. Merzenich and A. Imfeld, Tee, Edition Dia, St. Gallen,
Cologne, 1986.

2 U. H. Engelhardt, A. Finger, B. Herzig and S. Kuhr, in W.
Baltes, T. Eklund, R. Fenwick, W. Pfannhauser, A. Ruiter
and H. P. Thier (Editors), Strategies for Food Quality Con-
trol and Analytical Methods in Europe, Proceedings of EU-
RO FOOD CHEM VI, Hamburg, September 22-26, 1991,
Behrs Verlag, Hamburg, 1991, p. 647.

3 M. A. Bokuchava and N. I. Skobeleva, CRC Crit. Rev. Food
Seci. Nutr., 12 (1980) 302.

4 M. A. Bokuchava and N. 1. Skobeleva, Adv. Food Res., 17
(1969) 215.

5 R. L. Wickremasinghe, Adv. Food Res., 24 (1978) 229.

6 K. C. Willson and M. N. Clifford (Editors), Tea —Culti-
vation and Consumption, Chapman and Hall, London, 1992.

7 P. K. Mahanta, in H. F. Linskens and J. F. Jackson (Edi-
tors), Modern Methods of Plant Analysis —New Series, Vol.
8, Springer, Berlin, 1988, p. 221.

8 N. Graham, in G. A. Spiller (Editor), The Methylxanthine
Beverages and Foods, Alan R. Liss, New York, 1984, p. 30.

9 J. E. James, Caffeine and Health, Academic Press, London,
1991.

10 T. Suzuki and G. R. Waller, in H. F. Linskens and J. F.

Jackson (Editors), Modern Methods of Plant Analysis
—New Series, Vol. 8, Springer, Berlin, 1988, p. 184.
Bundesgesundheitsamt, Amzliche Sammiung von Untersu-
chungsverfahren nach § 35 LMBG, Beuth Verlag, Berlin,
1987, 47.00/6.

—_

12 Schweizerisches Lebensmittelbuch, Eidgendssische Druck-

und Materialzentrale, Bern, 1971, p. 57.

13 Z. Y. Dzneladze and E. V. Zhordaniya, Subtrop. Kult.,

(1985) 73.

14 U. Juergens and R. Riessner, Desch. Lebensm.-Rundsch., 76

(1980) 39.

15 M. Dulitzky, E. De la Teja and H. F. Lewis, J. Chromatogr.,

317 (1984) 403.

16 ISO/TC34/SC8-Report Interlab Test, 1SO, London, 1989.
17 K. Kuwano and T. Mitamura, Nippon Nogei Kagaku

Kaishi, 60 (1986) 115; C.A., 104 (1986) 184951f.

18 H. G. Maier, personal communication, 1992.
19 J. Van Duijn and G. H. D. Van der Stegen, J. Chromatogr.,

179 (1979) 199.

20 A. Kunugi, T. Aoki and S. Kunugi, Shokuhin Eiseigaku

Zasshi, 29 (1988) 136; C.A4., 109 (1988) 169060z.

21 M. Nishizawa, T. Chonan, I. Sekijo and T. Sugii, Hokkai-

doritsu Eisei Kenkyushoho, (1982) 7.

22 T. Kazi, C. R. 11th Collog. Sci. Int. Cafe, (1985) 227.
23 M. F. Vergnes and J. Alary, Talanta, 33 (1986) 997.
24 R. S. Ramakrishna, M. Dias, S. Palamakumbura and M.

Jeganathan, Can. J. Chem., 65 (1987) 947.

25 F.J. Muhtadi, S. S. El-Hawary and M. S. Hifnawy, J. Lig.

Chromatogr., 13 (1990) 1013.

26 B. Guo and H. Wan, J. Chromatogr., 505 (1990) 435.
27 J. Chen, Sepu, 5 (1987) 367; C.A., 108 (1988) 73903e.
28 P. Schreier, in H. F. Linskens and J. F. Jackson (Editors),

Modern Methods of Plant Analysis —New Series, Vol. 8,
Springer, Berlin, 1988, p. 296.

29 I. Flament, Food Rev. Int., 5 (1989) 317.



CHROMATOGRAPHY OF TEA CONSTITUENTS

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

5

—

52
53

54

55

56

58

M. A. Bokuchava and N. I. Skobeleva, in I. D. Morton and
A. J. McLeod (Editors), Food Flavours, Part B, the Flavour
of Beverages, Elsevier, Amsterdam, 1986, p. 49.

G. W. Sanderson, in F. Drawert (Editor), Geruchs- und
Geschmacksstoffe, Verlag H. Carl, Niirnberg, 1975, p. 65.
J. Th. Heins, H. Maarse, M. C. ten Noever de Brauw and C.
Weurman, J. Gas Chromatogr., 4 (1966) 395.

D. Reymond, F. Mueggler-Chavan, R. Viani, L. Vuataz
and R. Egli, J. Gas Chromatogr., 4 (1966) 28.

R. L. Wickremasinghe, E. L. Wick and T. Yamanishi, J.
Chromatogr., 79 (1973) 75.

0. G. Vitzthum and P. Werkhoff, in G. Charambolous (Edi-
tor), Analysis of Foods and Beverages —Headspace Tech-
niques, Academic Press, London, New York, 1978, p. 115.
T. Yamanishi, A. Kobayashi, H. Sato, A. Ohmura and H.
Nakamura, Agric. Biol. Chem., 29 (1965) 1016.

T. Yamanishi, Y. Kita, K. Watanabe and Y. Nakatani,
Agric. Biol. Chem., 36 (1972) 1153.

M. A. Gianturco, R. E. Biggers and B. H. Ridling, J. Agric.
Food Chem., 22 (1974) 758.

F. Mueggler-Chavan, R. Viani, J. Bricout, D. Reymond
and R. Egli, Helv. Chim. Acta, 49 (1966) 1763.

H. A. Bondarovich, A. S. Giammerino, J. A. Renner, F. W.
Shephard, A. J. Stingler and M. A. Gianturco, J. Agric.
Food Chem., 15 (1967) 36.

T. Takeo and P. K. Mahanta, J. Sci. Food Agric., 34 (1983)
307.

P. O. Owuor, C. O. Othieno, J. M. Robinson and D. M.
Baker, J. Sci. Food Agric., 55 (1991) 241.

P. O. Owuor, C. O. Othieno, J. M. Robinson and D. M.
Baker, J. Sci. Food Agric., 55 (1991) 1.

P. O. Owuor, S. O. Obaga and C. O. Othieno, J. Sci. Food
Agric., 50 (1990) 9.

P. O. Owuor, T. Takeo, H. Horita, T. Tsuhida and T. Mo-
rai, J. Sci. Food Agric., 40 (1987) 341.

P. Schreier and W. Mick, Chem. Mikrobiol. Technol. Le-
bensm., 8 (1984) 97.

W. Mick and P. Schreier, J. Agric. Food Chem., 32 (1984)
924.

W. Mick, E. M. Gotz and P. Schreier, Lebensm.-Wiss. Tech-
nol., 17 (1984) 104.

P. Schreier and W. Mick, Z. Lebensm.-Unters.-Forsch., 179
(1984) 113.

P. Werkhoff, W. Bretschneider, M. Giintert, R. Hopp and
H. Surberg, Z. Lebensm.-Unters.-Forsch., 192 (1991) 111.
H. Kinugasa and T. Takeo, Agric. Biol. Chem., 54 (1990)
2537.

S. Cheng and C. Ho, Food Rev. Int., 4 (1988) 353.

N. Kinae, M. Yamashita, S. Esaki and S. Kamiya, in P. A.
Finot, H. U. Aeschbacher, R. F. Hurrell and R. Liardon
(Editors), The Maillard Reaction in Food Processing, Human
Nutrition and Physiology, Birkhduser, Basle, 1990, p. 221.
E. A. H. Roberts, R. A. Cartwright and M. Oldschool, J.
Sci. Food Agric., 8 (1957) 72.

I. S. Bhatia and M. R. Ullah, J. Sci. Food Agric., 19 (1968)
535.

G. I. Forrest and D. S. Bendall, Biochem. J., 113 (1969) 741.
P. J. Hilton and R. Palmer-Jones, J. Sci. Food Agric., 24
(1973) 813.

P. J. Hilton, R. Palmer-Jones and R. T. Ellis, J. Sci. Food
Agric., 24 (1973) 819.

59
60

61

62

63
64

65
66
67
68
69

70

7

ey

72

73

74

75

76
77
78
79
80
81

82

83

84

85

86

87

88

89

90
91

313

J. B. Cloughley, J. Sci. Food Agric., 32 (1981) 1213.

V. Y. Vachnadze, D. A. Kipiani and K. S. Mudzhiri, Zh.
Biol. Khim., 1970 (1969); C.4., 74 (1971) 136144k.

T. Ting, Chung-Kuo Nung Yeh Hua Hsueh Hui Chih, 19
(1981) 170; C.A., 97 (1982) 214337s.

A. R, Pierce, H. N. Graham, S. Glassner, H. Madlin and J.
G. Gonzalez, Anal. Chem., 41 (1969) 298.

P. D. Collier and R. Mallows, J. Chromatogr., 57 (1971) 29.
T. Nagata, Chagyo Gijutsu Kenkyu, (1981)6; C.A4.,97 (1982)
37559t.

N. M. Zaprometov and N. V. Stankova, Bull. Liaison
Groupe Polyphenols, (1980) 306; C.4., 94 (1981) 117028x.
T. Nagata and S. Sakai, Tkushugaku Zasshi, 34 (1984) 459.
T. Nagata, Jpn. Agric. Res. Q., 19 (1986) 276.

R. Saijo, Agric. Biol. Chem., 46 (1982) 1969. )
G. 1. Nonaka, O. Kawahara and 1. Nishioka, Chem. Pharm.
Bull., 31 (1983) 3906.

T. Takeo and K. Oosawa, Chagyo Shikenjo, 12 (1976) 125,
Food Science and Technology Abstracts, 10 (8) (1978)
H1093.

F. Yayabe, H. Kinugasa and T. Takeo, Nippon Nogei Kaga-
ku Kaishi, 63 (1989) 845; C.A., 111 (1989) 6208f.

F. Hashimoto, G. Nonaka and 1. Nishioka, Chem. Pharm.
Bull., 37 (1989) 77.

M. Nakagawa, Chagyo Gijutsu Kenkyu, 58 (1980) 38; C.A.,
94 (1981) 119538n.

F. Yoshibe, 1. Mukai, C. Takeo, H. Oosu, H. Kato, A.
Tanaka and K. Shibata, Jpn. Kokai Tokkyo Koho, JP 02 311
474 (1990); C.A4., 114 (1991) 140123q.

M. H. Lee, S. C. Chen and B. W. Min, J. Chin. Agric. Chem.
Soc., 27 (1989) 82; Food Science and Technology Abstracts,
22(2) (1990) H0052.

A. C. Hoefler and P. Coggon, J. Chromatogr., 129 (1976)
460.

R. Saijo, Chagyo Gijutsu Kukuyu, 61 (1981) 28.

A. Robertson, Phytochemistry, 22 (1983) 889.

A. Robertson, Phytochemistry, 22 (1983) 897.

S. C. Opie, A. Robertson and M. N. Clifford, J. Sci. Food
Agric., 50 (1990) 547.

S. Hirose and S. Tamada, Chagyo Kenkyu Hokoku, 50
(1979) 51; C.A., 93 (1980) 44073a.

T. Matsuzaki and Y. Hara, Nippon Nogei Kagaku Kaishi, 59
(1985) 129; Food Science and Technology Abstracts, 19 (5)
(1990) T0021.

Mitsui Norin Co. Ltd., Jpn. Kokai Tokkyo Koho, JP 60 013
780 (1985); C.A4., 103 (1985) 157635d.

Q. Ma and X. Wang, Fenxi Ceshi Tongbao, 7 (1988) 25;
C.A., 109 (1988) 53296b.

Y.R. Liang, Z. S. Liu, Y. R. Xuand Y. L. Hu, J. Sci. Food
Agric., 53 (1990) 541.

S. Terada, Y. Maeda, T. Masui, Suzuki and K. Ina, Nippon
Shokuhin Kogyo Gakkaishi, 34 (1987) 20.

S. Kuhr and U. H. Engelhardt, Z. Lebensm.-Unters.-
Forsch., 192 (1991) 526.

Bundesgesundheitsamt, Amtliche Sammlung von Untersu-
chungsverfahren nach §35 LMBG, Beuth Verlag, 1985,
47.00/4.

R. G. Bailey, I. McDowell and H. E. Nursten, J. Sci. Food
Agric., 52 (1990) 509.

D. Treutter, J. Chromatogr., 467 (1989) 185.

Y. Oshima and T. Nakabayashi, J. Agric. Chem. Jpn., 26
(1953) 754.



314

92

93

94

95
96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

112

113

114

115
116
117
118
119
120
121

122
123

124

Y. Oshima and T. Nakabayashi, J. Agrid. Chem. Jpn., 26
(1953) 274.

E. A. H. Roberts, R. A. Cartwright and D. J. Wood, J. Sci.
Food Agric., 7 (1956) 738.

E. A. H. Roberts, W. Wight and D. J. Wood, New Phytol.,
57 (1958) 211.

F. Imperato, Chem. Ind. ( London), 3 (1980) 388.

L. D. Chkhikvishvili, V. A. Kurkin and M. N. Zaprometov,
Priki. Biokhim. Mikrobiol., 22 (1986) 410.

I. D. Chkhikvishvili and M. N. Zaprometov, Subtrop.
Kul’t., 4 (1986) 73.

I. D. Chkhikvishvili, V. A. Kurkin and M. N. Zaprometov,
Khim. Prir. Soedin., 5 (1984) 661.

D. A. Surmanidze, V. D. Shcherbukhin and T. O. Revish-
vili, Biotekhnologiya, 4 (1988) 491.

R. R. Dzhindzholiya, M. R. Pruidze and R. G. Dadiani,
Prikl. Biokhim. Mikrobiol., 15 (1979) 782.

D. J. Cattell and H. E. Nursten, Phytochemistry, 15 (1976)
1967.

M. A. Bokuchava and M. S. Ulyanova, Fenol’nye Soedin.
Ikh Biol. Funkts., Mater. Vses. Simp., 1 (1966) 224.

T. Tsushida, T. Matsuura, S. Ohta and T. Murai, Chagyo
Gijutsu Kenkyu, 69 (1986) 45.

P. Biedrich, U. H. Engelhardt and B. Herzig, Z. Lebensm.-
Unters.-Forsch., 189 (1989) 149.

1. McDowell, R. G. Bailey and G. Howard, J. Sci. Food
Agric., 53 (1990) 411.

U. H. Engelhardt, A. Finger, B. Herzig and S. Kuhr, Dtsch.
Lebensm.-Rundsch., 88 (1992) 69.

A. Finger, U. H. Engelhardt and V. Wray, Phytochemistry,
30 (1991) 2057.

A. Finger, U. H. Engelhardt and V. Wray, J. Sci. Food
Agric., 55 (1991) 313.

Y. Sakamoto, Agric. Biol. Chem., 31 (1967) 1029.

Y. Sakamoto, Agric. Biol. Chem., 34 (1970) 919.

A. Chaboud, J. Raynaud, L. Debourcieu and J. Reynaud,
Pharmazie, 41 (1986) 745.

U. H. Engelhardt, A. Finger, B. Herzig and S. Kuhr, Ta-
gungsband der 11. Konigssteiner Chromatographietage, GIT,
Darmstadt, 1991, p. 118.

Y. Oshima and T. Nakabayashi, J. Agric. Chem. Jpn., 26
(1953) 377.

U. H. Engelhardt, in H. Porkert (Editor), Tagungsband der
10. Konigssteiner Chromatographietage, Millipore, Esch-
born, 1989, p. 449.

E. A. H. Roberts and M. Myers, J. Sci. Food Agric., 9
(1958) 701.

G. V. Stagg and D. Swaine, Phytochemistry, 10 (1971) 1671.
1. S. Bhatia and R. Ullah, J. Sci. Food Agric., 16 (1965) 408.
E. A. H. Roberts, J. Sci. Food Agric., 9 (1958) 212.

E. A. H. Roberts and D. M. Williams, J. Sci. Food Agric.,9
(1958) 217.

M.-J. Li, Q.-K. Chen and H. F. Wang, Tea Sci. Res. J.,
(1983) 106.

U. H. Engelhardt, A. Finger and B. Herzig, Lebensmittel-
chem. Gerichtl. Chem., 43 (1989) 57.

E. A. H. Roberts, J. Sci. Food Agric., 9 (1958) 381.

T. Yamanishi, in R. L. Roussef (Editor), Bitterness in Foods
and Beverages, Elsevier, Amsterdam, 1990, Ch. 9, p. 161.
P. J. Hiiton and R. T. Ellis, J. Sci. Food Agric., 23 (1972)
227.

125

126

127

128

129
130
131
132
133
134
135
136
137

138
139

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

157
158

A. FINGER, S. KUHR, U. H. ENGELHARDT

P. O. Owuor, S. G. Reeves and J. K. Wanyoko, J. Sci. Food
Agric., 37 (1986) 507.

Y. Takino, A. Ferretti, V. Flanagan, M. Gianturco and M.
Vogel, Tetrahedron Lett., 45 (1965) 4019.

D. T. Coxon, A. Holmes, W. D. Ollis and V. C. Vora, Tet-
rahedron Lett., 60 (1970) 5237.

P. D. Collier, T. Bryce, R. Mallows, P. E. Thomas, D. J.
Frost, O. Korver and C. K. Wilkins, Tetrahedron, 29 (1973)
125.

E. A. H. Roberts and R. F. Smith, Analyst ( London), 86
(1961) 94.

E. A. H. Roberts and R. F. Smith, J. Sci. Food Agric., 14
(1963) 689.

M. R. Ullah, Curr. Sci., 41 (1972) 422.

A. Robertson and M. N. Hall, Food Chem., 34 (1989) 57.
1. McDowell, S. G. Reeves, P. O. Owuor and F. Gone, Tea,
6, No. 2 (1985) 25.

W. Spiro and W. E. Price, Analyst (London), 111 (1986)
331.

S. G. Reeves and F. Gone, Tea, 5(1) (1984) 28.

P. O. Owuor and F. O. Gone, Tea, 9(2) (1988) 81.

M. Spiro, W. E. Price, W. M. Miller and M. Arami, Food
Chem., 25 (1987) 117.

M. Spiro and W. E. Price, Food Chem., 24 (1987) 51.

M. Spiro and S. Siddique, J. Sci. Food Agric., 32 (1981)
1135.

A. R. Fernando and J. A. Plambeck, Analyst ( London), 113
(1988) 479.

M. N. Hall, A. Robertson and C. N. G. Scotter, Food
Chem., 27 (1988) 61.

P. D. Collier and R. Mallows, J. Chromatogr., 57 (1971) 19.
T. Takeo, Jpn. Agric. Res. Q., 8 (1974) 159.

G. R. Roberts, R. S. S. Fernando and A. Ekanayake, J.
Food Sci. Technol. (India), 18 (1981) 118.

A. Robertson and D. S. Bendall, Phytochemistry, 22 (1983)
883.

K. L. Bajaj, T. Anan, T. Tsushida and K. Ikegaya, Agric.
Biol. Chem., 51 (1987) 1767.

D. A. Wellum and W. Kirby, J. Chromatogr., 206 (1981)
400.

T. Anan, H. Takayanagi and K. Ikegaya, Nippon Shokuhin
Kogyo Gakkaishi, 35 (1988) 487.

B. Steinhaus and U. H. Engelhardt, Z. Lebensm.-Unters.-
Forsch., 188 (1989) 509.

D. L. Whitehead and C. M. Temple, J. Sci. Food Agric., 58
(1992) 149.

I. McDowell, J. Feakes and C. Gay, J. Sci. Food Agric., 55
(1991) 627.

R. G. Bailey and H. E. Nursten, J. Chromatogr., 542 (1991)
115.

A. G. Brown, W. B. Eyton, A. Holmes and D. Ollis, Phyto-
chemistry, 8 (1969) 2333.

D. J. Cattell and H. E. Nursten, Phytochemistry, 16 (1977)
1269.

D. J. Millin, D. Swaine and P. L. Dix, J. Sci. Food Agric., 20
(1969) 296.

T. Takeo and K. Oosawa, J. Food Sci. Technol., 19 (1972)
406.

T. Ozawa, Agric. Biol Chem., 46 (1982) 1079.

R. R. Dzhindhzoliya and M. F. Saipova, Subtrop. Kul't.,
(1988) 40; C.A4., 111 (1989) 56145d.



CHROMATOGRAPHY OF TEA CONSTITUENTS

159

160

161

162

163
164

165
166
167
168
169
170
171
172

173

174

175

176

177

178

179

180

181
182

183

184
185

186

187
188

189

M. Hazarika, S. K. Chakravarty and P. K. Mahanta, J. Sci.
Food Agric., 35 (1984) 1208.

D. J. Millin and D. W. Rustidge, Process Biochem., (1967)
9.

B. L. Wedzicha and M. F. Lo, J. Chromatogr., 505 (1990)
357.

D. J. Wood and E. A. H. Roberts, J. Sci. Food Agric., 15
(1964) 19.

E. A. H. Roberts, J. Sci. Food Agric., 14 (1963) 700.

S. Nagalakshmi and R. Seshadri, Food Ind. Rev., 5 (1986)
13.

A. K. Biswas, A. K. Biswas and R. Sarkar, J. Sci. Food
Agric., 22 (1971) 196.

D. J. Millin and D. Swaine, J. Sci. Food Agric., 32 (1981)
905.

M. Spiro and S. Siddique, J. Sci. Food Agric., 32 (1981)
1027.

R. F. Smith, J. Sci. Food Agric., 19 (1968) 530.

M. R. Ullah, Two Bud, 33 (1986) 46.

M. R. Ullah, N. Gogoi and D. Baruah, J. Sci. Food Agric.,
35 (1984) 1142.

B. L. Wedzicha and T. J. Donovan, J. Chromatogr., 478
(1989) 217.

S. Opie, A. Robertson and H. Davies, Tech. Memo. Camp-
den Food Preserv. Res. Assoc., 477 (1988) 1.

V. Y. Vachnadze, D. A. Kipiani and K. S. Mudzhiri, 7r.
Inst. Farmakokhim., Akad. Nauk Gruz. SSR, No. 11 (1969)
20.

R. R. Dzhindzholiya and T. O. Revishvili, Subtrop. Kul't.,
(1977) 75.

M. N. Dev Choudhury and K. L. Bajaj, Chem. Anal. (War-
saw), 24 (1979) 703.

M. Komiya, S. Kawabata and K. Yagasaki, Reports of the
Central Customs Laboratory (Kanzei Chuo Bunsekishoho),
27 (1987) 97.

Nasirullah and O. P. Kapur, J. Qil Technol. Assoc. India, 17
(1985) 37; C.A., 104 (1985) 131906p.

A.S. L. Tirimanna and R. L. Wickremasinghe, Qual. Plan:.
Mater. Veg., 20 (1971) 341.

Y. Kitada, K. Tamase, M. Sasaki, Y. Yamazoe, Y. Maeda,
M. Yamamoto and T. Yonetani, J. Jpn. Soc. Food Sci.
Technol. (Nippon Shokuhin Kogyo Gakkaishi), 36 (1989)
927.

S. J. Taylor and 1. J. McDowell, J. Sci. Food Agric., 57
(1991) 287.

K. Eskins and H. J. Dutton, Anal. Chem., 51 (1979) 1885.
K. Neumann and A. Montag, Dtsch. Lebensm.-Rundsch., 79
(1983) 160.

W. Feldheim, P. Yongvanit and H. Cummings, J. Sci. Food
Agric., 37 (1986) 527.

H. Co and G. W. Sanderson, J. Food Sci., 35 (1970) 160.
G. R. Roberts and G. W. Sanderson, J. Sci. Food Agric., 17
(1966) 182.

R. L. Wickremasinghe, J. Nat. Sci. Counc. Sri Lanka, 7, No.
1(1979) 5.

I. S. Bhatia and S. B. Deb, J. Sci. Food Agric., 16 (1965) 759.
R. L. Wickremasinghe and T. Swain, J. Sci. Food Agric., 16
(1965) 57.

S. Chakraborty, R. A. K. Srivastava and M. N. Dev
Choudhury, Twe Bud, 25 (1978) 17.

190
191
192
193
194
195
196
197

198

199

200

201

202

203

204

205

206
207
208
209
210
211
212
213
214
215
216
217
218

219

315

Y. Shiogai, T. Yagi and Akiyama, Bunseki Kagaku, 26
(1977) 701.

O. Viizthum and P. WerkhofT, J. Chromatogr., 95 (1974) 39.
P. Yongvanit, Kaffee Tee Markt, 36 (1986) 11.

K. Neumann and A. Montag, Dtsch. Lebensm.- Rundsch., 78
(1982) 172.

K. Ohtsuki, M. Kawabata, H. Kokura and K. Taguchi,
Agric. Biol. Chem., 51 (1987) 2479.

B. Li and H. Hu, Fenxi Ceshi Tongbao, 8 (1989) 51; C.A4.,
112 (1990) 117439x.

H. Zhu, Shengwu Huaxue Yu Shengwu Wuli Jinzhan, (1986)

'65; C.A., 107 (1987) 5834n.

C. Li, Shipin Yu Fajiao Gongye, (1988) 54; C.A4., 109 (1988)
36694n.

K. Ohtsuki, M. Kawabata, K. Taguchi and H. Kokura,
Kyoto-furitsu Daigaku Gakujutsu Hokoku, Rigaku, Seikatsu
Kagaku, (1979) 39; C.4., 93 (1980) 112426v. .

S. Hirose and S. Tamada, Chagyo Kenkyu Hokoku, (1979)
61; C.4., 91 (1979) 191483w.

J. Chang, Z. Song and Z. Guo, Sepu, 7 (1989) 106; C.4., 111
(1989) 38068b.

H. Takayanagi, T. Anan and K. Ikegaya, Chagyo Kenkyu
Hokoku, (1989) 29; C.A4., 111 (1989) 152265p.

T. Tsushida and T. Takeo, Chagyo Gijutsu Kenkyu, (1983)
29; C.4., 100 (1984) 119420k.

N. Hamada and H. Murakita, Shimadzu Hyoron, 45 (1988)
183; C.A4., 110 (1989) 152881r.

P. B. Disler, S. R. Lynch, J. D. Torrance, M. H. Sayers, T.
H. Bothwell and R. W. Charlton, S. Afr. J. Med. Sci., 40
(1975) 109.

P. B. Disler, S. R. Lynch, R. W. Charlton, J. D. Torrance,
T. H. Bothwell, R. B. Walker and F. Mayet, Gut, 16 (1975)
193.

R. Brown, A. Klein and R. F. Hurrell, Spec. Publ. R. Soc.
Chem., 72 (1989) 152.

P. Christian and S. Seshadri, J. Sci. Food Agric., 49 (1989)
431.

R. D. Baynes and T. H. Bothwell, Annu. Rev. Nutr., 10
(1990) 133.

G. Weber and G. Schwedt, Fresenius’ Z. Anal. Chem., 316
(1983) 394.

G. Weber and G. Schwedt, Z. Lebensm.-Unters.-Forsch.,
178 (1984) 110.

G. Weber and G. Schwedt, J. Chromatogr., 285 (1984) 380.
G. Weber, Chromatographia, 26 (1988) 133.

S. J. Fairweather-Tait, G. R. Moore and S. E. J. Fatemi,
Nature (London), 330 (1987) 213.

M. J. Baxter, J. A. Burrell and R. C. Massey, Food Addit.
Contam., 7 (1990) 101.

S. I. Fairweather-Tait, Z. Piper, S. J. A. Fatemi and G. R.
Moore, Br. J. Nutr., 65 (1991) 61.

T. Tsushida and T. Takeo, Chagyo Gijutsu Kenkyu, (1980)
34; C.A4., 94 (1981) 82314h.

T. Tsushida and F. Fukazawa, Chagyo Gijutsu Kenkyu,
(1980) 29.

K. Yagasaki and T. Kato, Kanzei Chuo Bunsekishoho, 25
(1985) 103.

T. Anan, H. Takayanagi and K. Ikegaya, Nippon Shokuhin
Kogyo Gakkaishi, 35 (1988) 396.



