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ABSTRACT
Background: Caffeine and L-theanine are pharmacologically important 
constituents of tea, especially due to their effects on the central 
nervous system. The effects of these two compounds are opposite: 
While caffeine is a well-known stimulant, theanine has a relaxing 
effect. Tea processing may influence the caffeine and theanine content 
of tea leaves. Objective: The aim of our work was to quantify these 
constituents from a set of commercial products to reveal the possible 
correlations of caffeine and theanine content and processing methods. 
Materials and Methods: Theanine and caffeine contents of 37 commercial 
white, green, oolong, black, and pu-erh tea samples were quantified by 
high-performance liquid chromatography-diode array detector. Results: The 
mean L-theanine content of white, green, oolong, and black teas were 
6.26, 6.56, 6.09, and 5.13 mg/g, respectively. The same values for caffeine 
content were 16.79, 16.28, 19.31, and 17.73 mg/g. Conclusion: Though 
the effect of processing on theanine content was evident, quantification 
for these analytes does not seem to be a good criterion to discriminate 
the different types of tea. Caffeine content provided no information on the 
effect of processing, and the theanine content of the samples was rather 
variable, independently from the type of the tea. The quantitative analysis 
of caffeine and theanine is essential to assess the stimulating effect of the 
tea, however, for chemical profiling further secondary metabolites have to 
be determined.
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SUMMARY
•  Thirty-seven commercial white, green, oolong, black, and pu-erh tea samples 

were analyzed for caffeine and theanine content
•  While the caffeine content was similar, the theanine contents of black teas 

were slightly lower and practically zero in pu-erh
•  The great variability of these two compound within the tea categories 

allows no discrimination of tea types based solely on theanine and caffeine 
quantification

•  Contrary to the previous data, the way of processing has no determining 
effect on theanine content.

Abbreviations used: CZE: Capillary zone electrophoresis, DAD: Diode 
array detector, EEG: Electroencephalography, GC: Gas chromatography, 
HPLC: High-performance liquid chromatography, IR: Infrared spectroscopy, 
MEKC: Micellar electrokinetic capillary chromatography, MS: Mass 
spectrometry, RP: Reversed phase, RSD: Relative standard deviation, 
SD: Standard deviation, TLC: Tile liquid 
chromatography, UV: Ultraviolet.
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INTRODUCTION
Although the importance of tea  (Camellia sinensis L.) as a medicinal 
plant is increasing, this plant is above all a raw material of the food 
industry. Pharmacological research focuses mainly on the polyphenols 
of tea due to their antioxidant, anticancer properties,[1] nevertheless, 
tea drinkers experience the immediate effect of two other compounds: 
Both caffeine and theanine exert their activities on the central nervous 
system. The purine alkaloid caffeine, the most widely applied stimulating 
agent, acts through adenosine receptors,[2] whereas the mechanism of 
action of the anxiolytic, relaxing effect of the amino acid L‑theanine is 
not fully discovered yet.[3] However, there is an experimental evidence 
that L‑theanine counteracts the stimulatory effect of caffeine. In rats, 
theanine administered after caffeine dosing blunted the stimulant effect of 
caffeine.[4] L‑theanine facilitates the generation of alpha waves in the brain, 
which are believed to be associated with a relaxed yet alert mental state.[5] 
This effect has been confirmed in clinical studies as well.[6] Though there 

are only a few human data on the interaction of these two compounds, 
it is obvious that the ratio of theanine and caffeine determines the 
degree of stimulant effect of tea drinks. Moreover, together with caffeine, 
L‑theanine has a synergistic positive effect on attention as demonstrated 
in human electroencephalography studies,[7] and in a behavioral study.[8]

The dried leaves of tea shrub contain 1–2% theanine as free amino acid and 
up to 7–9% methylxanthines, with caffeine as the quantitatively (3–6%) 
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and pharmacologically most significant compounds.[9] According to 
the processing of the raw leaves, the main types of tea are green, white, 
oolong, black, and pu‑erh teas. Green and white teas are subject to 
minimal oxidation, whereas oolong and black teas are allowed to partially 
and extensively oxidize as a result of fermentation, respectively, with the 
highest grade of oxidization in case of pu‑erh. The extent of fermentation 
has been found to be determinant of the concentration of L‑theanine, 
with more theanine contained in unfermented teas and less in fermented 
teas.[10] If steaming is avoided during the processing of green tea, the final 
product is remarkably rich in theanine (>2% theanine).[11] Nevertheless, 
other factors also influence the composition of the final product, since 
some green teas are almost devoid of theanine, and there are black teas 
with remarkable theanine content.[10] However, the presence of caffeine in 
the tea counteracts the relaxing effect. The amount of caffeine in different 
tea varieties is unaffected by the various processing methods.[12] Apart 
from the composition of the raw material, the way the tea is prepared 
by the consumer (grade of comminution of tea leaves, extraction time, 
temperature, drug extract ratio, stirring, and addition of milk) has also 
major influence on the concentration of theanine and caffeine in the tea 
drink.[10]

Despite the practical relevance of the quantity of caffeine and 
theanine in tea leaves, there are only a few papers dealing with 
the simultaneous quantification of these substances from tea 
drinks or dry tea leaves. In case of caffeine, a plethora of methods, 
including gravimetric, spectrophotometric, gas chromatographic 
(GC), high performance liquid chromatography coupled with UV 
detection (HPLC‑UV), HPLC‑mass spectrometry (HPLC‑MS), 
chemometric, infrared spectroscopic (IR), capillary electrophoretic 
and electroanalytical protocols are available for quantification.[13] 
For theanine, the most frequently applied methods are tile liquid 
chromatography (TLC)‑densitometry,[14,15] HPLC‑UV or coupled 
with diode array detector (DAD)[16] and capillary electrophoresis. In 
case of reversed‑phase  (RP)‑HPLC, the chromatographic separation 
and/or detection of theanine can be improved by derivatization with 
o‑phthalaldehyde,[17] dimethylaminoazobenzene sulfonyl chloride[18] 
or as 2,4‑dinitrophenyltheanine derivative[11] or by the application of 
fluorescence detector.[17] HPLC‑MS[19] and capillary electrophoresis 
methods have also been published.[20]

For the simultaneous determination of the two substances, capillary zone 
electrophoresis,[21] micellar electrokinetic capillary chromatographic 
methods,[22] HPLC method using C18[23] and amide‑C16 column,[16] and a 
multidimensional HPLC‑DAD‑MS quantification[24] are available in literature.
From a practical point of view, the caffeine and theanine content of the tea 
infusions belong to the most important data characterizing a tea. Though 
there are such results for theanine from an extensive study (Keenan 2011), 
there are no detailed data on the caffeine and theanine content of 
infusions of different tea types using standardized sample preparation 
methods. Here we report the results of a comprehensive analytical study 
on the caffeine and theanine contents of infusions of 34 commercial 
samples using HPLC‑DAD on a C‑18 column.

MATERIALS AND METHODS
Chemicals and reagents
L‑theanine  (>99%) and caffeine  (>99%)  –  used as calibration 
standards  –  was purchased from Sigma to Aldrich  (Steinheim, 
Germany) and Phoenix Pharma cPlc. (Budapest, Hungary), respectively. 
Acetonitrile used for chromatographic analysis  (LiChrosolv® HPLC 
grade) was obtained from Merck  (Darmstadt, Germany). Millipore 
Direct‑Q UV3 clarifier (Molsheim, France) was used to produce purified 
water for HPLC measurements.

Sample preparation and calibration standards
The analyzed tea samples  (34) were commercially available green, 
black, white, oolong, and pu‑erh teas. Samples 1–25, 32, 33, and 38 
were purchased in a tea shop  (Latin Negyed), samples 26–31 in a 
hypermarket  (Metro) in Szeged, Hungary and samples 34–37 in a tea 
shop in Kaohsiung, Taiwan. Extraction of L‑theanine and caffeine 
was carried out with 100  ml 80°C water for 3  min from 1  g sample. 
Dissolution of these two analytes was analyzed similarly, but applying 
longer extraction time (up to 90 min).
A stock standard solution of L‑theanine was prepared in 1.3870 μg/μl 
concentration, and the standard solutions were made in the concentration 
range of 0.0277–0.5548 μg/μl by diluting the stock standard solution. 
The standard solutions were prepared in water and stored at 4°C. 
The calibration range was 0.277–5.548  μg L‑theanine/injection. The 
calibration standard was injected in triplicate at six concentration levels.
A stock standard solution of caffeine was prepared in 0.2600  μg/μl 
concentration, and the standard solution was made in the concentration 
of 0.0260  μg/μl by diluting the stock standard solution. The standard 
solutions were prepared in methanol and stored at 4°C. The calibration 
range was 0.130–5.200  μg caffeine/injection. The calibration standard 
was injected in triplicate at six volume levels.

High-performance liquid chromatography 
apparatus and measurement conditions
HPLC analysis was carried out on a Waters 600 system  (Waters 
Corporation, Milford, USA), equipped with a 2998 photodiode array 
detector, on‑line degasser and autosampler using an RP Kinetex 
XB‑C18  (2.6  μm, 100Å, 100  mm  ×  4.6  mm) column  (Phenomenex, 
Torrance, USA). With a column temperature of 40°C gradient elution 
was applied which was as follows: Starting with 100% of mobile phase 
A (water + 0.05% phosphoric acid) with a flow rate of 0.5 ml/min which 
was held for 6 min, then the flow rate was changed in 1 min to 0.8 ml/min. 
Then the composition of the mobile phase was changed in 18  min to 
95% A and 5% B (acetonitrile), then in 15 min to 80% A and 20% B and 
held up to 10 min. At last, it was returned to the initial composition in 
1 min and the column was equilibrated for 9 min with 0.8 ml/min flow 
rate. The flow rate was decreased to 0.5  ml/min in 1  min. L‑theanine 
and caffeine were monitored at 210 nm and 273 nm, respectively. Data 
acquisition and evaluation were performed using Waters Empower Pro 
software (Milford, MA, USA).

RESULTS AND DISCUSSION
Quantification method
Caffeine and L‑theanine were identified by the comparison their 
retention times and UV spectra with analytical standards. L‑theanine 
was detected at 2.5  min; caffeine was eluted with a retention time of 
35.0 min [Figure 1]. Table 1 shows the slope (S), the intercept (I), their 
standard deviation  (SD), and the correlation coefficient  (R2) for the 
calibration curves. The relationship between area and concentration was 
linear within the studied concentration range. The method applied by us 
allows reliable determination of these compounds.

Table 1: Statistics of calibration curves for L-theanine and caffeine

Component S SD I SD R2

L‑theanine 3.3097E+08 2.1667E+06 −3.8284E+03 6.2012E+03 1.0000
Caffeine 4.3913E+09 4.3897E+07 −1.0294E+05 1.2771E+05 0.9999

SD: Standard deviation; S: Slope; I: Intercept
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Dissolution test
The amount of time required for the total extraction of L‑theanine and 
caffeine from a green tea sample (China Yunnan FOP) was established 
[Figure 2‑3]. According to our results, about 20 min is required for the 
total extraction of the studied components. Though an extraction time 

of 3  min does not allow maximal extraction of theanine and caffeine 
(90 min extraction results in ×2 and ×1.5 higher analyte concentration 
in the extract), for detailed analysis sample preparation similar to 
the traditional green tea brewing method was applied to mimic the 
extraction efficacy of tea preparation.

Table 2: L-theanine and caffeine content of the examined tea samples

Commercial name /1 g tea leaves (mg) mcaffeine/
mL-theanine

Type

mL-theanine mcaffeine
Mao Feng White 9.11 15.38 1.69 White
Pickwick White 7.00 17.94 2.56
China Pai Mu Tan 5.67 18.22 3.21
ChinaYunnan White 3.24 15.62 4.82
Tanzania Black 6.75 13.48 2.00 Black
English morning 5.09 19.44 3.82
Assam Harmutty 5.69 19.93 3.50
Russian Samovar 3.80 16.13 4.24
Ceylon OP Highrown 4.33 14.61 3.37
Earl Grey 2.70 16.48 6.10
Twinings Earl Grey 2.47 16.61 6.72
Lord Nelson Earl Grey 10.85 23.44 2.16
Lipton Earl Grey 5.65 21.44 3.79
Lipton Earl Grey Lemon 7.83 23.22 2.97
Darjeeling First Flush 
Leaf Blend

4.25 14.10 3.32

Darjeeling Happy Valley 2.09 14.40 6.89
Korean Green 10.93 17.36 1.59 Green
ChinaYunnan FOP 10.88 17.05 1.57
Mao Feng Green 8.53 13.48 1.58
Vietnamese Green 10.11 16.95 1.68
China‑Chun Me 6.11 14.97 2.45
Japanese Kokaicha 4.70 11.47 2.44
China Gunpowder 3.83 13.07 3.41
China OP Sencha 2.92 11.32 3.88
Green Earl Gray 2.65 10.23 3.86
Pickwick Green Cranberry 4.40 14.89 3.38
PickwickGreen Melon 4.76 20.11 4.22
Mr Perkins Green Peach 7.79 19.72 2.53
H Green Mint 6.71 21.97 3.27
H Green Lemongrass 6.76 22.75 3.37
Lipton Green Nature 7.30 18.85 2.58
Japanese Bancha 2.81 11.82 4.21
Oolong 0.90 8.01 8.90 Oolong
Tradition 9.78 26.15 2.67
Hwa Gung 12.37 39.71 3.21
Alishan 3.18 10.96 3.45
King’s 4.21 11.72 2.78
China Yunnan Pu‑Erh 0.00 12.59 ‑ Pu‑erh

OP: Orange pekoe; FOP: flowery orange pekoe; these are the names of different 
tea leaf grades

Figure 1: High-performance liquid chromatography chromatogram of a green tea sample with the peaks of L-theanine (1, 210 nm) and caffeine (2, 273 nm)

Figure 2: Dissolution test for L-theanine and caffeine (two replicates)

Figure 3: L-theanine and caffeine content of the examined tea samples
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L-theanine and caffeine content of the examined 
tea samples
Living tea shoots contain many enzymes. The postmortem activity of 
these enzymes influences the chemical composition of the processed tea. 
The general steps of tea processing are as follows: Withering of the leaves, 
rolling, fermenting, and firing. White tea is subjected only to firing, 
green tea is produced by withering and firing, in case of oolong these 
two steps are followed by rolling, and the processing of black teas is the 
most complex (withering, rolling, fermentation, and firing). Withering 
leads to loss of water, rolling causes the disruption of cell walls and cell 
membranes (and activates several enzymes), and fermentation catalyzes 
complex chemical reactions in the plant material. Firing deactivates 
the enzymes of the plant thereby preventing the transformation of 
compounds.[25] The concentration of caffeine is not significantly altered by 
processing, although it may increase during withering and may decrease 
during the firing process of tea manufacturing. Caffeine in the plant is the 
product of nucleic acid metabolism and as this breakdown continues also 
during the withering stage, the caffeine content increases.[26] The level of 
free amino acids, including L‑theanine, may increase during processing 
because of the increase in the activity of proteolytic enzymes. Hydrolysis 
is augmented by high temperature and moist environment.[25] However, 
withering and drying results in a significant decrease of L‑theanine 
content.[27]

In case of white tea, the average L‑theanine content was 6.26 mg/g, with 
a mean caffeine concentration of 16.79  mg/g  (caffeine/theanine ratio: 
3.07). [Table 2]. Black tea samples contained a lower amount of theanine 
(5.13  mg/g) with slightly higher caffeine concentration  (17.77  mg/g), 
therefore, the caffeine/theanine ratio was higher  (4.07). Green tea 
contained the highest amount of theanine  (6.56  mg/g) and since 
the caffeine content was comparable with the values of the previous 
samples  (16.28  mg/g in average), the caffeine/theanine ratio was 
remarkably lower (2.79). The average theanine concentration of oolong 
samples was 6.09 mg/g with a mean caffeine level of 19.31 mg/g (caffeine/
theanine ratio 4.20). In the pu‑erh tea, no theanine was detected. The 
SD of the results in case of the green, white, and black tea samples was 
remarkably high  (2.45–2.79 for theanine and 1.50–3.95 for caffeine). 
However, in case of oolong samples the extremely high variation 
of results  (0.90–12.37  mg/g theanine and 10.96–39.71  mg caffeine) 
hampers the assessment of these values. Although the interaction of 
caffeine and L‑theanine has not been studied so far in detail in case of 
human application, based on the available scientific data, it can be stated 
that samples with lower caffeine/theanine ratio have less pronounced 
stimulating effect.
The analysis of 17 tea samples carried out by Ekborg‑Ott et  al., 
revealed that the average theanine content of black teas was 1.40%, 
as compared to 1.42% in green teas, and 1.16% in oolong teas. The 
widest range of theanine content (0.60–1.72%) was detected in oolong 
samples. One of the black tea samples contained the highest amount 
of theanine (2.38%).[28] The results of a comprehensive analytical study 
points out the high variability of theanine content within the different 
tea types  (3.97–14.47  mg/g for oolong, 0.89–17.27  mg/g for black, 
3.07–21.18 mg/g for green and 2.23–14.21 mg/g for white tea). In pu‑erh, 
the concentration of this amino acid was rather low (0.07–0.26 mg/g).[29] 
Our results are in accordance with these findings, however, the theanine 
contents were significantly lower than those measured by Ekborg‑Ott 
et al.[28] This can be explained by the application of different extraction 
methods. Although the variation of theanine content among the different 
tea types was high, the effect of processing is reflected in the measured 
values  (highest theanine content in green and white tea, followed by 
oolong and black, and no theanine in pu‑erh). Interestingly, one oolong 

sample contained extremely high amount of caffeine  (HWA Gung, 
39.71  mg/g) and in this tea category one sample was almost void of 
theanine (Oolong, 0.9 mg/g). However, the caffeine content of the whole 
sample set was more uniform than the theanine concentration (relative 
SD% 33.04 vs. 49.50). This reflects the difference of the stability of these 
two compounds in the biological matrix of tea leaves during processing. 
The high variability of the values within each category and highlights the 
major influence of the processing conditions (time and temperature of 
withering, rolling, fermentation, and drying).[27] Based on the analysis of 
caffeine and theanine content, it is almost impossible to categorize teas 
to the groups of white, green, oolong, and black major tea groups. The 
only exception is pu‑erh tea, which is characterized by its negligibly low 
theanine content.

CONCLUSION
HPLC‑DAD analysis of 34 tea samples for their L‑theanine and caffeine 
content revealed large variation in the quantities of these compounds 
in the samples. Though the effect of processing on theanine content is 
evident, quantification for these analytes does not seem to be a good 
criterion to discriminate the different types of tea. The quantitative 
analysis of caffeine and theanine is essential to assess the stimulating 
effect of the tea, however, for chemical profiling further secondary 
metabolites have to be determined.
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