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Abstract The objective of this study was to analyse

selected brands of fermented (red and black) and unfer-

mented (white and green) teas for free radical content with

the use of electron paramagnetic resonance (EPR) spec-

troscopy and for contents of flavan-3-ols by means of high-

performance liquid chromatography. Analyses were also

conducted for the polyphenolic profile of infusions of the

analysed teas (with the Folin–Ciocalteu’s method) and

their antioxidant activity (in reaction with a DPPH radical)

at three brewing times (5, 10 and 15 min). The obtained

results showed the possibility of using rapid spectroscopic

method EPR to evaluate the oxidative changes in tea leaves

caused by enzymatic fermentation. The number of free

radicals in teas was negatively correlated with contents of

flavan-3-ols, (-)-EGCG in particular. The main signals

observed in EPR spectra of teas were attributed to semi-

quinone radicals; however, also signals attributed to car-

bohydrate radicals were detected. Regarding unfermented

teas, it was ascertained that teas with the highest content of

flavan-3-ols, (-)-EGCG in particular, were characterised

by the lowest content of semiquinone radicals and a high

content of carbohydrate radicals. The group of fermented

teas demonstrated to contain mainly semiquinone radicals.

The total phenolic content and antioxidant activity of the

tea infusions were strongly diversified depending on the

kind and brand of tea as well as on the extraction time. The

predominating flavan-3-ol in the analysed teas was epi-

gallocatechin gallate (-)-EGCG, the content of which was

additionally highly correlated with the antioxidant activity

of the tea infusions.

Keywords Free radicals � EPR spectroscopy � Teas �
Flavan-3-ols � Antioxidant activity

Introduction

Tea, owing to its cherished sensorial values and specific

properties, is one of the most frequently consumed bever-

ages around the globe. This has become the key reason

behind interest in health-promoting properties of a tea

infusion. Recent studies have shown that a tea infusion may

affect reduction in the risk of cardiovascular diseases [1, 2]

and some forms of cancer development [3], as well as to be

implicated in arterial blood pressure decrease and body

mass reduction [4]. It has also been shown to exhibit anti-

inflammatory, antibacterial, antiviral, neuroprotective and

anticoagulating properties [2]. The health-promoting

properties of a tea infusion are, to a great extent, deter-

mined by the presence in tea leaves of compounds poly-

phenolic in character that possesses strong antioxidant

properties. Other bioactive compounds occurring in tea

leaves include alkaloids (e.g. caffeine), amino acids, pro-

teins, carbohydrates, pigments and lipids [5].

The polyphenolic profile of tea leaves is diversified as

affected by: geographical location, growing conditions

(soil, climate, agricultural practices, fertilisers) and varie-

ties of tea [6]. The major group of phenolic compounds

occurring in tea leaves are flavan-3-ols (also referred to as

catechins), which constitute approximately 20–30 % by

weight of dry matter of tea leaves [7]. The most significant
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flavan-3-ols occurring naturally in tea leaves include (-)-

epigallocatechin gallate ((-)-EGCG), (-)-epigallocatechin

((-)-EGC), (-)-epicatechin gallate ((-)-ECG), (-)-epicat-

echin ((-)-EC), (?)-gallocatechin ((?)-GC) and (?)-cate-

chin ((?)-C) [8]. Those substances, while migrating to an

infusion is imparting it strong antioxidant (health-promoting)

properties [9], yet excessive contents of catechins and non-

hydrolysing tannins in a tea infusion may yield negative

effects on its sensory attributes and colour parameters. Out of

the other phenolics present in tea leaves worthy of mention are

quercetin, kaempferol and myricetin, occurring in the form of

glycosides, theogallin and phenolic acids, including: gallic, p-

coumaric and chlorogenic acids [10]. Generally, due to the

production method, teas may be divided into: unfermented

teas (white and green), semi-fermented teas of Oolong and

Paochong type (red), and fermented teas [11]. Unlike white

and green teas, the production of fermented teas is based on

the fermentation process during which flavan-3-ols present in

leaves are oxidised in the presence of an enzyme (polyphe-

nolic oxidase) to ortho-quinones, which in turn are being

condensed to theaflavins and thearubigins [12]. These com-

pounds are responsible for the bitter taste of black tea infusion

and its dark colour.

Electron paramagnetic resonance (EPR) spectroscopy

was successfully used for early detection of oxidative

changes in dried food products during storage as well as for

evaluation of the protection of food by different antioxi-

dants [13]. However, there is little information related to

EPR spectroscopic features of radical species in tea sam-

ples. Moreover, literature lacks data reporting attempts of

detection of oxidative changes in tea leaves in terms of

EPR characteristics. Thus, the quantitative EPR analysis of

both fermented and unfermented teas may be an useful

method for evaluate the oxidative changes in tea leaves

caused by enzymatic fermentation or storage. This infor-

mation seems to be of key importance owing to the

destructive effect of reactive oxygen species on food

products. In contrary to black and green teas, white teas are

relatively expensive and rarely consumed (apart from the

Asian continent). Thus, despite of a number of data con-

cerning the comparison between fermented and unfer-

mented teas in terms of phenolic content and antioxidant

activity, there is little information regarding unfermented

white teas [14], as well as the influence of brewing time on

the mentioned above parameters of tea infusions. This

information also seems to be very important for consumers

owing to health-promoting and antioxidant properties of

phenolic constituents of tea infusions (e.g. flavan-3-ols,

flavonoids, theaflavins and thearubigins).

Bearing this in mind, the aim of the reported study was:

(a) to determine the types and number of free radicals in

tea leaves using EPR as well as to determine the

phenolic profile (flavan-3-ols content) of selected

fermented (black and red) and unfermented (white

and green) teas of various brands using the high-

performance liquid chromatography (HPLC) method

(b) to determine the effect of brewing time of fermented

(red and black) and unfermented (white and green)

teas on the content of phenolic content in the

infusions and its antioxidant activity measured in

the reaction with a DPPH radical.

Materials and methods

Reagents

The acetic acid (99.5 %), chloroform, ethyl acetate,

methanol, ortho-phosphoric acid (85 %) and sodium car-

bonate were of analytical grade and supplied by Chempur

(Piekary Śląskie, Poland). The acetonitrile (HPLC) grade

was purchased from POCh (Gliwice, Poland). The 2,2-

diphenyl-1-picrylhydrazyl (DPPH), (-)-epigallocatechin-

3-gallate, (-)-epigallocatechin, (-)-epicatechin, (?)-cate-

chin, Folin–Ciocalteu reagent and gallic acid were supplied

from Sigma-Aldrich (Steinheim, Germany). The (-)-epi-

catechin-3-gallate was purchased from Supelco (Belle-

fonte, USA). The 6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid (Trolox) (97 %) was purchased by

Aldrich (Steinheim, Germany).

Samples

The experimental materials were 12 teas of four different

brands: Bio-Active, Lipton, Teekanne and Yunnan,

including: unfermented teas (white and green) of Bio-

Active, Lipton, Teekanne and Yunnan brands; fermented

teas (black) of Lipton, Teekanne and Yunnan brands; and

fermented tea (red) of Bio-Active brand. The analysed teas

were purchased in hypermarkets in the city of Krakow,

Poland.

Extraction and chromatographic analysis

of flavan-3-ols (catechins) in tea samples

A reported procedure [15] was adapted to determinate the

flavan-3-ols content in tea samples. In summary, 1 g of

commercial green tea was poured with 20 mL of deionised

water and heated in a water bath at a temp. of 80 �C for

15 min in the atmosphere of argon to prevent oxidation by

atmospheric oxygen. The resultant infusion was collected,

and the residues were poured with another portion of water

and heated in a water bath under conditions as above. The
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whole procedure was repeated 3 times. The resultant

infusions, having been cooled to a room temperature, were

purified by threefold extraction with 20 mL of chloroform

in order to remove pigments and methylxanthines. After

discarding the chloroform fraction, phenolic compounds

(flavan-3-ols) were extracted from the residues 4 times

with ethyl acetate each time using 30 mL of the solvent.

Fractions of ethyl acetate were collected and evaporated to

dryness in a vacuum evaporator in the atmosphere of argon.

The residues after evaporation were dissolved in 10 mL of

a acetonitrile/water mixture (1:1, v/v). Sample prepared in

such way was subjected to a chromatographic analysis

(HPLC). For each sample, the extraction procedure was

conducted in 2 replications.

The qualitative and quantitative analysis of phenolic

compounds (flavan-3-ols) in the teas examined was con-

ducted with the use of HPLC with a reversed-phase

(ODS) column based on the method developed by the

reported procedure [15]. Before the exact chromato-

graphic analysis, all samples were filtered through Millex-

LCR (PTFE) filters with a pore diameter of 0.45 lm. The

analyses were conducted using an L-7000 LaChrom liquid

chromatograph (Merck-Hitachi, Tokyo, Japan). Out of the

phenolic compounds isolated from the samples, analyses

were conducted for the following substances: (?)-cate-

chin, (-)-epicatechin, (-)-epigallocatechin, (-)-epigallo-

catechin gallate and (-)-epicatechin gallate. They were

identified with a L-7420 LaChrom UV/Vis detector

(Merck-Hitachi, Tokyo, Japan) at a wavelength of

k = 280 nm. The chromatographic separation was carried

out on a reversed-phase ODS column (Thermo Scientific,

USA: 25 mm 9 0.4 cm, particle size 5 lm) at a temper-

ature of 30 �C, in a gradient mode with two phases: phase

A—a mixture of acetonitrile, ethyl acetate and 0.1 %

ortho-phosphoric acid, (8.5:2:89.5, v/v/v) and phase B—a

mixture of acetonitrile and water (1:1, v/v), at eluent flow

rate of 1 mL/min. The chromatographic analysis of the

samples was conducted for 30 min as follows: the first

10 min—isocratic flow of phase A, 10–20 min—linear

gradient through increasing phase B contribution to 20 %,

followed by the stable composition of solvents (80 % of

phase A and 20 % of phase B) maintained till the 30th

minute of chromatographic analysis. The qualitative

analysis of flavan-3-ols was conducted by comparing their

retention times with those of standards. In turn, the

quantitative analysis was carried out by comparing areas

of individual peaks on chromatograms with those of

calibration curves plotted for particular standards. The

calibration curves of the analysed flavan-3-ols were

plotted separately for each standard at 4 different con-

centrations (0.125–1.0 mg/mL) in 3 replications. The

chromatographic analysis of each tea sample was con-

ducted in two replications.

Analysis of tea samples by EPR method

Electron paramagnetic resonance (EPR) measurements

were performed for solid, untreated tea sample. The sam-

ples of 0.05–0.08 g were introduced to EPR quartz tubes,

and EPR spectra were recorded using the X-band Bruker

Elexsys 500 spectrometer (Karlsruhe, Germany) with

100 kHz field modulation at a room temperature and

microwave power of 3.0 mW, in the range of 5 mT. 2,2-

diphenyl-1-picrylhydrazyl (DPPH) was used as a g-factor

standard. It was applied also as a reference sample (with

the number of spins equal to 1.0 9 1015/g) to estimate the

amount of radicals.

Electron paramagnetic resonance (EPR) parameters

such as values of g-factor, the constants of hyperfine

splitting (A), character of lines, their peak-to-peak line

width (DBpp) and relative intensities of the particular sig-

nals of the spectrum were found by the simulation proce-

dure using the program SIM 32 [16]. The fitting of

theoretical spectrum to the detected one was performed by

the nonlinear least squares method. The theoretical spec-

trum was the sum of particular signals, with appropriate

contributions. The accuracy of determination of EPR

parameters was: ±0.0005 for g-factor and ±0.1 mT for

parameter A, whereas the accuracy of the radical number

calculation was ±0.5 9 1015.

Preparation of tea infusions

The samples (2 g) of the analysed teas were weighed and

brewed with 100 mL of distilled water. Fermented teas

(black teas and red Bio-Active tea) were brewed at a

temperature of 95 �C, whereas unfermented teas (white and

green ones) were brewed at 75–80 �C, respectively. Three

tea brewing times were applied, that is, 5, 10 and 15 min.

Determination of phenolic content in tea infusions

The total phenolic content (TPC) in infusions of the

investigated teas was determined using the Folin–Ciocalteu

reagent following the reported procedure [17]. In summary,

2.5 mL of Folin–Ciocalteu reagent (0.2 N) was added to

0.5 mL of tea infusions (diluted with distilled water at the

ratio of 1:10, v/v). After 3 min of sample incubation, 2 mL

of a 7.5 % Na2CO3 solution was added to the sample. The

resulting sample was incubated for 2 h, and then its

absorbance was measured at k = 765 nm against a blank

sample (prepared by the addition of first 2.5 mL of Folin–

Ciocalteu reagent (0.2 N) and then 2 mL of Na2CO3

solution to 0.5 mL of water) using a UV/Vis V-530 spec-

trophotometer (Jasco, Tokyo, Japan). The measurements

were performed in triplicate. The total content of phenolics

was expressed in mg of gallic acid per 1 L of infusion,
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based on a calibration curve. The latter was plotted for

standard solutions of gallic acid used in concentration

range of 0–200 mg per 1 L according to the above

described procedure.

Determination of antioxidant activity of tea infusions

The antioxidant activity of tea infusions was assayed using

a DPPH radical using a method following the reported

procedure [18]. In summary, a hundred microlitres of tea

infusions [diluted with methanol at the ratio of 1:10, (v/v)]

was mixed with 3.9 mL of methanolic solution of 2,2-

diphenyl-1-picrylhydrazyl radical (DPPH) (25 mg per 1 L)

and left for 30 min. Then an absorbance of the mixture was

measured in UV/Vis V-530 spectrophotometer (Jasco,

Tokyo, Japan) at wavelength at 515 nm against methanol

as a blank sample. The measurements were performed in

triplicate. The antioxidant activity of the infusions was

expressed as trolox equivalent antioxidant capacity

(TEAC) in mM of Trolox per 1 L of infusion, using a

calibration curve plotted for Trolox methanolic solutions in

the concentration range of 0–1.0 mM according to the

above described procedure.

Results and discussion

Flavan-3-ols content in tea samples

In this research study, we considered the importance of

understanding the role of enzymatic fermentation in the

genesis of free radicals generated in tea leaves. The

chromatographic analysis of both fermented and unfer-

mented teas enabled to evaluate the content of flavan-3-ols

that play a key role in the generation of radical forms of

phenolic compounds during enzymatic fermentation.

In the investigated samples of teas (fermented and

unfermented ones), quantitative analyses were carried out

for the following flavan-3-ols: (-)-epigallocatechin gallate

(EGCG), (-)-epicatechin gallate (ECG), (-)-epigalloca-

techin (EGC), (-)-epicatechin (EC) and (?)-catechin (C).

The results achieved demonstrated that contents of tea

flavan-3-ols differed both between fermented and unfer-

mented teas and among the brands (Table 1). Fermented

teas, in particular red Bio-Active tea, were characterised by

significantly lower contents of all analysed flavan-3-ols in

comparison with the unfermented teas.

A comparison of properties of white and green tea infu-

sions was addressed in a research [19] in which analyses

were carried out for the polyphenolic profile of infusions

obtained from white to green teas at different brewing times

(5, 15 and 30 min) and with various extractants. This

research demonstrated that, irrespective of the brewing time,

the infusion of green tea was a richer source of flavan-3-ols

(e.g. (-)-EGC, (-)-EGCG, (-)-GCG and (-)-ECG) than

the white tea infusion; however, extraction of polyphenols

from leaves of white tea proceeded considerably slower than

in the case of green tea, and extraction yield was strictly

depended on the extractant’s composition.

Analysis of free radicals content in teas using EPR

Electron paramagnetic resonance (EPR) spectra of the

analysed teas displayed many similarities. Their intensities

Table 1 The content of flavan-3-ols in fermented and unfermented teas in mg/g of tea leaves

Commercial name (?)-C (-)-EC (-)-EGCG (-)-ECG (-)-EGC Total

Unfermented teas (white)

Bio-Active 1.17 ± 0.00 1.71 ± 0.03 42.05 ± 2.50 11.83 ± 1.16 5.90 ± 0.56 62.66

Lipton 2.49 ± 0.05 5.55 ± 0.05 75.04 ± 1.10 24.41 ± 0.00 8.36 ± 0.04 115.85

Teekanne 2.28 ± 0.03 4.45 ± 0.03 24.61 ± 1.14 13.70 ± 0.30 5.97 ± 0.27 51.06

Yunnan 1.48 ± 0.02 2.57 ± 0.09 33.33 ± 0.81 22.46 ± 0.23 8.37 ± 0.00 68.21

Unfermented teas (green)

Bio-Active 1.89 ± 0.04 6.51 ± 0.10 57.49 ± 0.82 19.31 ± 0.66 12.31 ± 0.16 97.51

Lipton 2.14 ± 0.05 4.59 ± 0.11 35.98 ± 0.34 10.89 ± 0.24 9.47 ± 0.17 63.07

Teekane 0.52 ± 0.03 2.27 ± 0.09 21.25 ± 0.92 4.87 ± 0.18 6.19 ± 0.51 35.10

Yunnan 4.56 ± 0.05 9.99 ± 0.15 48.46 ± 0.07 35.17 ± 0.69 7.75 ± 0.29 105.93

Fermented teas

Bio-Active (red) 0.15 ± 0.00 0.88 ± 0.04 0.17 ± 0.00 0.47 ± 0.01 0.92 ± 0.07 2.59

Lipton (black) 0.72 ± 0.00 1.16 ± 0.00 10.31 ± 0.14 8.39 ± 0.06 4.44 ± 0.03 25.02

Teekane (black) 0.34 ± 0.00 1.01 ± 0.02 4.59 ± 0.04 3.10 ± 0.03 7.46 ± 0.46 16.50

Yunnan (black) 1.00 ± 0.03 1.21 ± 0.05 0.39 ± 0.00 6.03 ± 0.43 4.99 ± 0.40 13.62

Mean values from two repetitions ± standard deviations
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were found to depend on tea kind and appeared to be the

highest in black teas the lowest in green teas (Table 2). The

simulation procedure of spectra enabled discriminating 2 or

3 signals of the Gaussian character, depending on kind of

tea (Fig. 1). The main signal, with the highest percentage

contribution to the spectra, was signal I with parameters

similar for all teas (Table 2), whereas signal II exhibited

g-factor and DBpp width depending on tea kind. The lowest

g-factor of this signal was noted for green teas, whereas the

highest for black and red tea (Table 2). Widths of signals II

were changing from the value of DBpp = 0.4–0.7 mT

determined for unfermented teas to the value of

DBpp = 1.2 mT noted for black Yunnan and Lipton teas.

Simulation of spectra of two teas, white Bio-Active and

black Teekanne, revealed the presence of signal III instead

of signal II. Signal III displayed a different characteristics

than the signals I and II. It exhibited g-factor in the range

2.0032–2.0034 and hyperfine structure (Table 2). In the

Table 2 EPR parameters and number of radicals in the tea samples

Commercial name Number of radicals

(spins/1 g sample)

Signal g DBpp (mT); A (mT) Contribution (%) Radical attribution

Unfermented teas (white)

Bio-Active I 2.0038 0.8 76.8 Semiquinone

0.34 9 1017 III 2.0032 0.8; A = 1.4 13.6 Carbohydrate

IV 2.0056 0.3 9.6 Carbohydrate

Lipton I 2.0042 1.1 44.3 Semiquinone

0.12 9 1017 II 2.0031 0.4 24.1 Semiquinone

IV 2.0054 0.6 31.6 Carbohydrate

Teekanne I 2.0041 1.1 57.1 Semiquinone

0.31 9 1017 II 2.0034 0.5 28.6 Semiquinone

IV 2.0056 0.4 14.3 Carbohydrate

Yunnan I 2.0041 1.1 48.9 Semiquinone

0.24 9 1017 II 2.0037 0.7 36.0 Semiquinone

IV 2.0056 0.4 15.1 Carbohydrate

Unfermented teas (green)

Bio-Active I 2.0042 1.1 56.2 Semiquinone

0.13 9 1017 II 2.0029 0.5 15.0 Semiquinone

IV 2.0048 0.4 28.8 Carbohydrate

Lipton I 2.0040 1.1 60.5 Semiquinone

0.25 9 1017 II 2.0031 0.5 27.8 Semiquinone

IV 2.0050 0.4 11.7 Carbohydrate

Teekanne I 2.0040 0.9 73.5 Semiquinone

0.20 9 1017 II 2.0031 0.4 18.5 Semiquinone

IV 2.0055 0.4 8.0 Carbohydrate

Yunnan I 2.0042 1.0 68.3 Semiquinone

0.12 9 1017 II 2.0030 0.4 22.3 Semiquinone

IV 2.0052 0.3 9.4 Carbohydrate

Fermented teas

Bio-Active (red) 0.23 9 1017 I 2.0040 0.9 41.7 Semiquinone

II 2.0037 0.4 58.3 Semiquinone

Lipton (black) 0.31 9 1017 I 2.0042 0.7 57.8 Semiquinone

II 2.0038 1.2 42.2 Semiquinone

Teekanne (black) I 2.0040 0.9 85.2 Semiquinone

0.40 9 1017 III 2.0034 0.7; A = 1.7 9.4 Carbohydrate

IV 2.0057 0.4 5.4 Carbohydrate

Yunnan (black) I 2.0042 0.6 48.7 Semiquinone

0.63 9 1017 II 2.0038 1.2 44.8 Semiquinone

IV 2.0055 0.3 6.5 Carbohydrate
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spectra of all green and white teas and in the spectra of

black Yunnan and Teekanne teas, the simulation required

an additional signal IV with a higher value of g-factor, that

is, g = 2.0048–2.0057, compared to the other signals

(Table 2).

The observed signals I and II were single lines with EPR

parameters being typical for a group of stable semiquinone

radicals occurring frequently in plant material [20–25]. The

kind of semiquinone radical could be identified on the basis

of the hyperfine structure resulting from interactions

between magnetic moments of unpaired electron localised

at oxygen and nuclear spins of hydrogen atoms. However,

in our study, it was impossible to ascribe the signals to

define semiquinone structures, since the values of hyperfine

splittings characteristic for such species were small [26]

and could not be observed in the X-band spectra, because

of hyperfine lines overlapping. Therefore, it could be only

assumed that the process of semiquinone radical generation

resulted from the equilibrium settled between quinone/

semiquinone forms. The certain confirmation of such

approach was the character of changes of signal II g-factor,

which was significantly lower in unfermented teas, the

green teas in particular. As demonstrated in a research [20],

values of g-factors of semiquinone radicals depended on

external conditions the plant material was exposed to and

under oxidising conditions the value of g-factor was

increasing from 2.0031 to 2.0038. Such a dependency was

true for both unfermented and fermented teas. The later

possessed radicals exhibiting signal II with higher values of

g-factors, which was likely to be due to oxidation reactions

occurring during fermentation processes.

In the case of black Teekanne tea and white Bio-Active

tea, tangibly marked hyperfine structure of signal III pointed

to a different origin of this signal than that of signals I and II.

The values of its HFS splitting were significantly higher than

those observed for signals of semiquinone radicals [26];

hence, we ascribed tentatively signal III to carbohydrate

radical. The formation of such centre could occur under the

influence of solar, mechanical, irradiation or thermal energy

and was observed in living plants, as well as in other bio-

logical materials subjected to c-irradiation, heating or

grinding [27–31]. The radicals were formed via removal of

hydrogen atom from carbon of carbohydrate molecules,
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Fig. 1 The experimental (exp) and simulated (sim) EPR spectra of

different kinds of teas, registered at 293 K, at 3 mW, in the range

5 mT and their particular signal components (I, II, III, IV) used to

simulation of the spectra: a Teekane black, b Lipton black, c Lipton

green, d Bio-Active green, e Yunnan white I, II—signals of

semiquinone radicals, III—carbohydrate radical localised at C(1)

atom of glucose, IV—carbohydrate radical localised at C(1) atom of

glucose unit in oligosaccharide structure created after dehydration

b
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probably mono or disaccharides [31–33]. Assuming the

radical formation at C(1) of glucose, magnetic moment of an

unpaired electron localised at this carbon atom could interact

with the magnetic moment of the nucleus of the hydrogen

atom (I = 1/2) at C(2), leading to the appearance of two

lines of hyperfine structure.

The signal IV exhibited a significantly higher intensity

in unfermented white and green teas, which might indicate

that it was linked with the paramagnetic centre which

decayed in the course of the fermentation process. A rel-

atively high value of its g-factor could suggest that the

signal originated from a carbohydrate radical, localised

probably in polysaccharides structure [27, 28, 30, 34, 35].

The absence of HF lines pointed to the lack of interactions

between magnetic moments of an unpaired electron and

hydrogen nuclei, which was probably caused by the

removal of hydrogen atoms from polysaccharide molecule,

for example upon dehydration process, which occurred

during drying. Assuming localisation of radical at C(1) of

glucose molecule, a unit building polysaccharide mole-

cules, the dehydration occurring via the removal of the

hydrogen atom at C(2) and OH group situated at C(3) led to

the creation of the double bond between C(2) and C(3) and

simultaneous vanishing of HFS of signal [36]. Lower

content of the carbohydrate radical in black teas than in

unfermented ones was probably caused by carbohydrates

degradation occurring during fermentation process. The

presence of stable carbohydrate radicals in plant material

subjected to drying was confirmed in literature [22].

The main signals observed in EPR spectra of teas were

attributed to semiquinone radicals which concentration was

determined by the equilibrium between oxidised form of

quinone and reduced form of hydroquinone. The quanti-

tative analysis of phenolic compounds in the investigated

teas allowed stating that this equilibrium was strongly

shifted towards the reduced form, mainly in the unfer-

mented teas. This was fully corroborated by the quantita-

tive analysis of EPR spectra of the teas. The lowest content

of semiquinone radicals was found in green and white teas,

particularly in green Yunnan and Bio-Active teas and in

white Lipton tea, which were characterised by exception-

ally high content of flavan-3-ols, (-)-EGCE in particular.

The process of fermentation shifted the quinone–hydro-

quinone equilibrium towards the oxidised form, which

resulted in an increased content of semiquinone radical in

the fermented black teas and in the red tea. It was

accompanied by a drastic decrease in flavan-3-ols content,

especially in black Yunnan and Teekanne teas. In the

former, the content of the semiquinone radical was

exceptionally high.

The analysis of EPR spectra enabled even more precise

characteristics of teas of particular kinds. Among green

teas, two groups might be discriminated, that is, the first

included Yunnan and Bio-Active teas containing a lower

number of radicals, while the second included Teekanne

and Lipton teas with ca. twice as high number of radicals.

The Bio-Active tea was characterised by a higher per-

centage content of carbohydrate radicals giving signal IV.

The second group, including Teekanne and Lipton teas,

displayed a higher content of the semiquinone radical

responsible for the signal I (Table 2).

Out of the white teas, Teekanne, Yunnan and Bio-Active

were showing similar contents of radicals; however, Bio-

Active exhibited different EPR characteristics showing

signal III, absent in the spectra of the remaining two. The

EPR characteristics of Lipton tea was similar to Teekanne

and Yunnan, but the radical content was the lowest among

white teas (Table 2).

In comparing both types of unfermented white and green

teas, it may be concluded that the teas with the highest

contents of flavan-3-ols, (-)-EGCG in particular, were

characterised by the lowest content of semiquinone radicals

and a high content of the carbohydrate radicals, whereas

the teas with lower concentration of flavan-3-ols were

characterised by higher contents of semiquinone radicals

and lower contents of carbohydrate radicals. The group of

fermented teas contained mainly semiquinone radicals. The

carbohydrate radicals were occurring in minor contents

only in Yunnan and Teekanne teas.

Analysis of correlation between content of flavan-3-ols

and free radicals assayed in tea leaves

The chromatographic (HPLC) and spectroscopic (EPR)

method used to compare fermented with unfermented teas

showed the degree of oxidative changes in tea leaves due to

enzymatic fermentation. The increase in a number of

semiquinone radicals along with decrease in flavan-3-ols

content was observed when comparing the fermented teas

with unfermented ones. Results achieved in this study

demonstrated statistically significant (a = 0.05) negative

correlations (Table 3) between the content of individual

Table 3 Linear correlation coefficients between the content of free

radicals, measured by using EPR spectroscopy and individual flavan-

3-ols contents in teas evaluated chromatographically

Teas (?)-C (-)-EC (-)-

EGCG

(-)-

ECG

(-)-

EGC

Unfermented

(white)

-0.621 -0.706 -0.815 -0.922 -0.857

Unfermented

(green)

-0.525 -0.734 -0.698 -0.770 -0.239

Fermented

(black)

0.468 0.471 -0.944 -0.212 -0.075

All samples -0.542 -0.700* -0.791* -0.662* -0.595*

* Statistically significant correlations at a = 0.05
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flavan-3-ols (Table 1) and the content of free radicals in

black, green and white teas (Table 2). The fermented red

Bio-Active tea that strongly differed in flavan-3-ols content

from the other teas (Table 1) was not included in the cor-

relation. The highest value of negative correlation coeffi-

cient (R = -0.791) between measured parameters was

noted for (-)-EGCG (Table 3). The values of the negative

correlation coefficients noted for individual flavan-3-ols

were then successively decreasing in the following order:

(-)-EGCG [ (-)-EC [ (-)-ECG [ (-)-EGC [ (?)-C,

however, the correlation between the content of (?)-cate-

chin and the numbers of free radicals in the analysed teas

was no longer statistically significant (a = 0.05). The

highest value of negative correlation noted for (-)-EGCG

(Table 3) is probably due to its highest reactivity as

hydrogen or electron donating agent among the analysed

flavan-3-ols which resulted in generation a higher amount

of radical form of semiquinone in tea leaves caused by

oxidation in comparison with other flavan-3-ols. The

highest ability of (-)-EGCG for oxidation is due to the

presence in this molecule two aromatic rings in the form

so-called gallyl and galloyl substituent, each possessing

three hydroxyl groups. The degree of hydroxylation of the

aromatic ring in a phenol molecule, as well as the structure

of phenolic compounds plays a key role in electron and

hydrogen donating activity of these compounds [27]. On

contrary, the lower values of correlation coefficients, in

comparison with (-)-EGCG, were observed for (-)-EGC

and (-)-ECG (R = -0.595 and R = -0.662, respectively)

(Table 3), each possessing only one aromatic ring in the

form of gallyl substituent for the former and galloyl for the

latter. Additionally, a lower when compared to (-)-EGCG,

but still significant (a = 0.05) correlation coefficient

(R = -0.7) (Table 3) was observed for (-)-epicatechin

that possesses nor gallyl neither galloyl substituent. What is

more, the high negative correlations between flavan-3-ols

content and number of free radicals was observed for both

the groups of unfermented teas (white and green ones)

(Table 3). Thus, the process of generation of semiquinone

radicals in tea leaves could take place not only during

enzymatic fermentation stage but also may occurs during

some stages of production of unfermented teas (e.g. heating

or drying) or during storage.

Content of phenolic compounds in tea infusions

determined with the Folin–Ciocalteu method

Results of the reaction of tea infusions with the Folin–

Ciocalteu’s reagent demonstrated that the TPC in the

analysed infusions was strongly diversified depending on

the kind and brand of tea as well as on the extraction time.

In the case of the unfermented teas, depending on tea brand

and brewing time, the TPC value ranged from 299.2 to

1646.2 mg/L infusion for white teas and from 1,135 to

1,608 mg/L infusion for green teas, respectively (Table 4).

The infusions of green teas of Yunnan, Bio-Active and

Teekanne brands were characterised by higher TPC values,

compared to the white teas of respective brands. Only in

the case of white Lipton tea (with the highest content of

(-)-EGCG among all tea samples examined) was its

infusion characterised by a higher TPC value compared to

the green tea of this brand. The higher value of TPC in the

infusion of green Teekanne tea, compared to the white tea

of this brand, despite a lower content of catechins deter-

mined with the HPLC method (35.10 vs. 51.05 mg/g)

(Table 1), might result from the presence of higher quan-

tities of phenolic compounds that were not assayed chro-

matographically, including, for example, gallic, 3-O-

caffeoylquinic (chlorogenic) acid and p-coumaroylquinic

acids, as well as flavonoids other than tea catechins. A

comparison of properties of white and green tea infusions

was addressed in a research [19] in which analyses were

carried out for the phenolic profile of infusions obtained

from white tea (Pai Mu Tan Superior) and green tea (Long

Jing) at different brewing time (5, 15 and 30 min) and with

using various solvents (extractants). This research demon-

strated that, irrespective of the brewing time, the infusion

Table 4 Total phenolic content (TPC) in tea infusions, expressed as

mg of gallic acid equivalent per 1 L of extract for three different

times of extraction

Commercial

teas

Time of brewing (min)

5 10 15

Unfermented (white)

Bio-Active 946.5a ± 10.6 1321.8b ± 20.6 1438.6c ± 13.0

Lipton 1251.2a ± 11.5 1447.8b ± 24.1 1646.2c ± 27.6

Teekanne 1271.3a ± 19.4 1503.5b ± 23.7 1242.4a ± 30.2

Yunnan 299.2a ± 7.2 547.1b ± 3.6 637.1c ± 1.4

Unfermented (green)

Bio-Active 1323.3a ± 5.7 1579.3b ± 44.5 1607.9b ± 17.4

Lipton 1203.5a ± 10.4 1271.3a ± 14.0 1293.0a ± 57.6

Teekanne 1334.1a ± 18.1 1607.3c ± 25.1 1467.6b ± 19.4

Yunnan 1134.9a ± 26.2 1310.3b ± 2.2 1529.0c ± 33.3

Fermented

Bio-Active

(red)

793.9a ± 5.0 836.2b ± 7.6 880.2c ± 5.3

Lipton

(black)

1043.5a ± 8.0 1109.8b ± 11.1 1245.6c ± 10.9

Teekanne

(black)

1028.1a ± 2.3 1030.6a ± 2.6 1033.4a ± 9.6

Yunnan

(black)

721.8a ± 13.5 957.7b ± 0.9 975.6b ± 14.0

Mean values from three repetitions ± standard deviation. The values

superscribed by the same letters in each line are not statistically

significant at a = 0.05
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of green tea was a richer source of both flavan-3-ols and

TPC than the white tea infusions. In the case of TPC, our

results confirm this thesis only in the case of Bio-Active,

Yunnan and Teekanne brands. Moreover, the infusions of

white teas of Lipton and Teekanne brands were charac-

terised by a higher content of flavan-3-ols determined

chromatographically (Table 1) compared to the green teas

of these brands.

The analysis of the effect of extraction time on TPC

value in the infusions of unfermented teas revealed that in

the case of the white teas, the TPC value in infusions was

increasing along with extending extraction time, reaching

the maximum after 15 min, except for the infusion of

Teekanne tea. For each analysed brand of white tea, sta-

tistically significant (a = 0.05) differences were observed

in TPC values among all applied extraction times

(Table 4). When it comes to the green tea infusions, in the

case of Yunnan tea, the TPC value was increasing signif-

icantly (a = 0.05) along with extraction time till the

15th minute, whereas in the case of Bio-Active and

Teekanne Brand teas, the maximum TPC value was

achieved as soon as after 15 min for the former and after

10 min for the latter, while in the case of Lipton tea no

statistically significant (a = 0.05) differences were

observed in TPC value, irrespective of the extraction time.

It was also observed that in the case of the white teas

(except of white Lipton brand), the process of extraction of

phenolic compounds proceeded considerably slower in

comparison with the green teas. The greatest differences in

the TPC values, as affected by the extraction time, were

recorded between the 5th and 10th minute of extraction,

but still those differences were more tangible in the case of

the white tea infusions in comparison with the green ones.

It is consistent with the previously reported research [19]

which also demonstrated a slower extraction process of

phenolic compounds for white tea, compared to green tea.

The content of total phenolics in the infusions of fer-

mented teas ranged from 722 to 1,246 mg/L infusion

(Table 4). In the case of Lipton and Bio-Active brands, a

statistically significant increase (a = 0.05) in TPC was

observed along with extending extraction time. Irrespective

of the extraction time, the highest content of phenolic

compounds was determined for the infusion of black Lip-

ton tea (Table 4) which was the richest in (-)-EGCG

(Table 1) out of all fermented teas examined.

Antioxidant activity of tea infusions determined

in the reaction with a DPPH radical

Values of the antioxidant activity of the investigated

infusions of fermented and unfermented teas were

expressed as TEAC in mmol Trolox per 1 L of extract

(Table 5). The infusions of unfermented teas (white and

green ones) were characterised by significantly higher

values of the antioxidant activity, compared to the infu-

sions of fermented teas. Likewise in the case of TPC

(Table 4), the infusions of green teas of Yunnan, Bio-

Active and Teekanne brands exhibited higher values of the

antioxidant activity than infusions of the white teas of the

same brands. Out of the fermented teas, the highest values

of the antioxidant activity were determined for the infu-

sions of Lipton tea, which appeared to be the richest source

of (-)-EGCG among all brands of fermented teas. High

and statistically significant (a = 0.05) correlations were

noted between TPC in tea infusions, determined with the

reaction with Folin–Ciocalteu reagent, and the antioxidant

activity of tea infusions assayed in the reaction with a

DPPH radical, in the case of all applied brewing times (5,

10 and 15 min), R = 0.963, 0.958 and 0.961, respectively.

When comparing contents of individual flavan-3-ols

determined with the HPLC method in the investigated teas

(Table 1) with the antioxidant activity of their infusions

obtained after the longest time of brewing (15 min)

(Table 5), the highest and significant (a = 0.05) value of a

correlation coefficient out of all flavan-3-ols examined was

noted for (-)-EGCG (R = 0.798). This is consistent with

literature data [37] referring to the antiradical activity of

flavanols determined in the reaction with a DPPH radical,

which confirms the highest activity of (-)-EGCG against a

Table 5 Antioxidant activity (AA) of tea infusions, expressed as mM

of Trolox equivalent per 1 L of extract for three different times of

extraction

Commercial teas Time of brewing [min]

5 10 15

Unfermented (white)

Bio-Active 4.47a ± 0.08 7.81b ± 0.29 8.77c ± 0.27

Lipton 7.71a ± 0.13 8.92b ± 0.03 9.38c ± 0.14

Teekanne 6.96a ± 0.20 8.03b ± 0.19 6.45a ± 0.19

Yunnan 1.14a ± 0.02 2.92b ± 0.20 3.84c ± 0.09

Unfermented (green)

Bio-Active 7.66a ± 0.19 8.92b ± 0.36 9.20c ± 0.29

Lipton 7.21a ± 0.08 7.47a ± 0.15 7.78a ± 0.53

Teekanne 7.40a ± 0.18 8.55b ± 0.20 7.93a,b ± 0.32

Yunnan 5.36a ± 0.02 7.82b ± 0.20 8.44c ± 0.17

Fermented

Bio-Active (red) 3.60a ± 0.16 4.15b ± 0.19 4.33b ± 0.06

Lipton (black) 5.67a ± 0.08 6.18b ± 0.01 6.54b ± 0.22

Teekanne (black) 4.89a ± 0.15 5.10a ± 0.13 4.79a ± 0.23

Yunnan (black) 2.22a ± 0.23 3.68b ± 0.21 4.05b ± 0.10

Mean values from three repetitions ± standard deviations. The values

superscribed by the same letters in each line are not statistically

significant at a = 0.05
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DPPH radical out of all flavan-3-ols occurring naturally in

tea leaves.

Conclusions

Analysis of the obtained results showed the possibility of

using the spectroscopic method (EPR) to evaluate the

degree of oxidation occurring during processing of tea

leaves (e.g. enzymatic fermentation). The applicability of

chromatographic methods (HPLC) for evaluation the

influence of enzymatic fermentation of tea leaves on the

degree of oxidation (e.g. decreasing in flavonoids and

phenolic acids content, increasing in theaflavins content)

has been widely used and known. The proposed spectro-

scopic method (EPR) enables to identify the particular

types of radical species generated in studied material dur-

ing processing or storage. Moreover, the analysis of cor-

relation between a number of particular types of free

radical species and the content of bioactive compounds in

studied material may be helpful in better understanding of

radical mechanism of oxidation processes occurring during

food processing and storage. This information seems to be

significantly important owing to destructive influence of

reactive oxygen species on food products both processing

and storage.

The quantitative EPR analyse of the teas under study

enabled to state the type and number of free radicals in teas

under study. The EPR spectra of dry tea leaves proved that

the main and most intensive signals were originated from

semiquinone radical species. However, also signals attrib-

uted to the stable carbohydrate radicals were detected. An

increasing content of semiquinone radicals in the fer-

mented teas was caused by enzymatic fermentation of tea

leaves that shifted the quinone–hydroquinone equilibrium

towards the more oxidised form. When comparing the both

groups of unfermented teas (green and white), it was

ascertained that the teas with the highest contents of flavan-

3-ols, (-)-EGCG in particular, were characterised by the

lowest content of semiquinone radicals and a high content

of the carbohydrate radicals. The group of fermented teas

under study demonstrated to contain mainly semiquinone

radicals. The obtained results revealed statistically signifi-

cant trend between the number of free radicals and contents

of individual flavan-3-ols (in particular, (-)-EGCG). TPC

and antioxidant activity of the analysed tea infusions were

strongly diversified depending on the kind and brand of tea,

as well as on extraction time. The tea infusions of unfer-

mented teas showed higher values of both TPC and anti-

oxidant activity than those of fermented ones. In the case of

most of the white teas under study the process of extraction

of phenolic compounds proceeded considerably slower

than in the green teas. The predominating flavan-3-ol in the

analysed teas was epigallocatechin gallate (-)-EGCG, the

content of which was significantly and highly correlated

with the antioxidant activity of tea infusions evaluated in

the reaction with a DPPH radical. Also, the high and sig-

nificant correlations were confirmed between the TPC and

the antioxidant activity of tea infusions, in the case of all

applied brewing times.
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