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Abstract Photostimulated luminescence (PSL), thermoluminescence (TL), electron spin resonance (ESR), and direct
epiflourescent filter technique/aerobic plate count (DEFT/APC) were applied to detect dried green, black, and oolong teas
irradiated between 0-10 kGy. Teas irradiated at 2.5 kGy and higher showed over 5000 photon counts/60 sec, while non-
irradiated teas yielded 650-1000 photon counts/60 sec. TL glow curves for minerals separated from teas were detected at about
300°C with low intensity in non-irradiated samples, whereas around 150°C with high intensity in all irradiated samples. Ratio
of TL,/TL; based on re-irradiation step, showing lower than 0.1 and higher than 1.44 for non-irradiated and irradiated samples,
respectively, enhanced reliability of TL results. ESR measurements for irradiated teas showed signals specific to irradiation.
Log DEFT/APC ratio increased with irradiation dose; this result could be applied to identify irradiated tea samples.
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Introduction

Tea is the most popular beverage worldwide due to its
refreshing and mildly stimulating action (1). Many reports
are available on the health benefits of tea including its
protective role against cardiovascular disease and- cancer
resulting from the antioxidant activity of the leaf flavonoids
(2, 3). Like other plant materials, tea leaves are also prone to
microbial spoilage and pest damage from agricultural
practices as well as problems that may occur during
harvesting, handling, and processing of raw materials.
Chemical fumigants including ethylene oxide, methyl
bromide, and phosphine have been used for the control of
pests, microorganisms, and overall quarantine importance.
However, these are either prohibited or being increasingly
restricted for uvse on foods or food ingredients in most
countries due to their adverse effects on the health and
environment. Therefore, alternative means of control, which
also provide safety and food security, are in high demand.

Food irradiation has been widely accepted and is now
becoming a reality in many countries. In particular, spices
and dried vegetables including herbal teas are major items
for irradiation practices in most countries, and consequently
have been popular commodities in food trade among
countries. In this regard, suitable analytical methods are
needed for confirming the identity of irradiated products in
terms of enhancing consumers confidence regarding the
quality of irradiated commodities by differentiating them
from non-irradiated ones.

Photostimulated luminescence (PSL), which uses whole
samples, has been studied as a screening method for many
irradiated foods including brown shrimp, herbs, spices,
seasonings, and shellfish (4, 5), and white ginseng powder
(6). Thermoluminescence (TL) technique has also shown
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potential for the identification of various irradiated foods,
such as herbs and spice (7-9), fruits (10), vegetables (11),
and sea foods (12, 13) and was adopted as a standard
method for detecting food containing silicate minerals
(14). Electron spin resonance (ESR) spectroscopy can be
applied to detect irradiated foods by measuring ions or
radicals produced from molecules dissociated by irradiation
energy, with its results affected by the nature and water
activity of the foodstuff (15-17). The characteristics of the
microbial population in irradiated foods can also be used
to detect irradiated food (15). In addition, microbiological
method based on direct- epiflourescent filter technique
(DEFT) and aerobic plate count (APC) has been used for
the detection of irradiated spices (18, 19). The objective of
this study was to examine the suitability of the different
detection methods for identifying irradiated green, black,
and oolong teas over the non-irradiated ones.

Materials and Methods

Materials Green (Korean), black (Sri Lankan), and
oolong (Chinese) teas were purchased from H Tea Co.,
Korea and packaged in a commercial PE film prior to
irradiation. Gamma irradiation was carried in a ®Co irradiator
at the Korean Atomic Energy Research Institute (KAERI;
Daejon, Korea) at doses ranging from 0 to 10 kGy for the
prepackaged samples, and the target doses were assured by
a ceric/cerous dosimeter (5.6%).

Photostimulated luminescence (PSL) analysis PLS
was measured using the SURRC Pulsed PSL irradiated
food screening system (SURRC, Glasgow, UK) which was
composed of a control unit, sample chamber, and detector
head assembly. The control unit contained a stimulation
source comprising of an array of infrared light (880-940)
emitting diodes, which pulsed symmetrically on and off
for equal periods. The PSL signal was detected by a bialkali
cathode photomultiplier tube operating at a photon-counting



mode and automatically recorded in a computer connected
with the system. Optical filtration was applied to define
both the stimulation and detection wavebands. For screen-
ing, the signal levels were compared with two thresholds, a
lower threshold T, of 700 counts/60 sec and an upper
threshold T, of 5000 counts/60 sec (20). After checking
the PSL apparatus by running an empty chamber test for
possible contamination, followed by a test using irradiated
and non-irradiated materials (in this case ginger powder
supplied by SURRC, Glasgow, UK) the dispensed green,
black, and oolong teas were introduced into the chamber
of the SURRC Pulsed PSL system. PSL signals below the
lower threshold were classified as those emitted from the
non-irradiated samples, whereas those above the upper
threshold were regarded to be from the irradiated ones.
The signal levels between the two thresholds were classified
as intermediates, which require further investigation.

Thermoluminescence (TL) analysis Separation of
minerals was carried out through the method of DIN
EN1788 (14). A sample was rinsed with water after
ultrasonic agitation (5-10 min) using a nylon sieve (125
mm). Minerals were shifted to the test tube and separated
from debris material by density separation using 5 mL
sodium polytungstate (2.0 g/mL). For separation from
organic constituents, minerals were treated with 1 N HCl,
followed by NH,OH. Subsequently, they were washed
sequentially with water and acetone, fixed onto an
aluminium disc using silicon, and placed in an oven at 50
°C overnight before analysis by the TLD system.

TL measurement was carried out using a TL reader
(Harshaw TLD-4200, Hanger, Germany). Temperature
was raised from 50 to 400°C at 5°C/sec and maintained at
400 °C for 5 sec. The light emission was recorded in a
temperature-dependent mode as a glow curve in units of
nano coulombs (nC). After the first glow curve was
measured, the discs with the minerals were re-irradiated
under a Co-60 irradiator at a normalizing dose of 1 kGy to
eliminate the effect of different compositions and/or
weights of minerals deposited on the discs. TL intensity
. was re-measured after the re-irradiation step (second glow
curve). This glow curve was compared with the first glow
curve for identification of irradiation treatment in terms of
the ratio of the area of the first glow curve to that of the
second glow curve (TL/TL,). '

Electron spin resonance (ESR) analysis ESR measure-
ments were done using an ESR spectrometer (JES-TE300,
Jeol Co., Tokyo, Japan). Tea samples were dried at 40°C
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for 42 hr and ground into powder. About 100 mg of each
sample was placed in a quartz tube, which was placed in
the resonator located between the opposite magnets, which
could provide the intensity of magnetic field needed in the
spectrometer (21). The irradiation conditions for the different
teas with ESR spectroscopy were as follows: magnetic
center field, 327.083+0.088 mT, microwave frequency,
9.193x0.005 GHz; microwave power, 400 uW; time
constant of signal channel, 0.03 sec; sweep time, 0.5 min;
and, modulation frequency, 100 kHz.

Direct epiflourescent filter technique/aerobic plate
count (DEFT/APC) measurement Ten grams each
non-irradiated and irradiated samples were added to
peptone saline diluent (pH 7.2, 8.5 g sodium chloride and
1.0 g peptone/1000 mL), diluted between 10 and 20 times,
and stirred vigorously. The solution was then filtered
through a fast filter paper (Whatman No. 41), and the
filtered solution was diluted with peptone saline diluents
by a logarithmic dilution series (10'-10° times). Each
diluted solution was transferred to the filteration manifold
tower for DEFT. The total viable count (APC) was determined
after filteration through a fast filter paper (Whatman No.
4). Aliquots (0.2 mL) of suitable dilutants were spread on
a plate count agar. The plates were incubated upside down
at 30+1°C for 72 hr and then counted (19). All experi-
ments were conducted in triplicates.

Calculation:

The DEFT count (X) per gram was calculated as follows:
X= DEFT count/g = {N x MF x DF)/n

where N/n is the mean number of DEFT units per
microscope filed, DF the dilution factor of the sample, and
MF the microscope factor.

The DEFT count was then converted into a logarithmic value.
The difference between the DEFT count and APC count was
then obtained by subtracting the APC count (logarithmic
value) from the DEFT count (logarithmic value).

Results and Discussion

PSL properties Triplicate samples of non-irradiated and
irradiated green, black, and oolong teas were dispensed
into clean petridishes to cover the bottom surface. The
petridishes were covered with lids to reduce the possibility
of contamination from outside minerals. After checking
the PSL apparatus by running an empty chamber test for
possible contamination, followed by a test with irradiated
and non-irradiated standard materials (in this case ginger
powder), the dispensed samples were introduced into the

Table 1. Pulsed photostimulated lnminescence determinations of irradiated teas at different doses

Trradiation dose (kGy)
Sample
0 25 5 7.5 10
Green tea 1001213 (M) 20773x150(+)* 21293+153(+) 31257+182(+) 36125+195(+)
Black tea 786+494(M) 5202+443(+) 6038+988(+) 7076+194(+) 7327+196(+)
Qolong tea 650+91(-)> 8353+101(+) 10894+113(+) 13714+125(+) 15117+130(+)

DMeans of triplicate+standard deviations.
2L ess than 700 counts/60 sec.
3700-5000 counts/60 sec.

“More than 5000 counts/60 sec.
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chamber of the SURRC PPSL system.

Table 1 shows the PSL values for green, black, and
oolong teas. The photon counts of non-irradiated samples
were 1001, 786, and 650 for green, black, and oolong teas,
respectively. In previous reports on PSL measurements for
different foods such as dried spices, condiments, and
shrimp, photon counts of 700-1000 were normally detected in
non-irradiated foods, while irradiated foods showed much
higher photon counts (4000-5000) (4, 5, 22). Threshold
values indicated green and oolong teas were suitable for
PSL measurements to detect irradiation. Non-irradiated
green and black teas yielded intermediate signals,
requiring the use of additional method such as TL or ESR.
PSL method, however, is very quick and easy to perform,
and may give valuable information.

TL properties TL glow curves of minerals isolated from
the irradiated and non-irradiated green, black, and oolong
teas were recorded within 1 month of irradiation. Figure 1-
3 show the typical glow curves of non-irradiated and
irradiated green, black, and oolong teas, respectively. The
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Fig. 1. Glow curves of minerals separated from irradiated

green tea at different doses.
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Fig. 2. Glow curves of minerals separated from irradiated
black tea at different doses.

glow curve of irradiated samples peaked approximately at
150°C with high intensity. The intensity of the glow curves
for both irradiated and non-irradiated samples showed a
significant difference. European Committee for Standardiza-
tion (CEN) has proposed thresholds not employing the
whole integrated area of the glow curve, but just the
interval (x10 up to +40°C in the range of 150-250°C). When
using this recommended temperature interval, TL ratios of
irradiated samples are typically greater than 0.5, whereas
those of non-irradiated samples are below 0.1. If the ratio
is between 0.1 and 0.5, then the shape of the glow curve
should be taken into account (14).

The TL results were normalized by carefully re-irradiating
the stainless steel disc with the deposited minerals at 1 kGy
to obtain a second glow curve. The ratio of the integrated
areas of the first glow curve to that of the second glow
curve (TL,/TL,) was calculated for irradiated and non-
irradiated samples. The ratios (TL,/TL;) of all non-
irradiated samples were less than 0.01 except for oolong
tea, which showed a ratio of 0.06. For all irradiated
samples, the ratio was 1.44 or higher. The results are
summarized in Table 2. On the basis of the (TL,/TL,) ratio,
it is possible to correctly identify all irradiated samples.

ESR properties For dried green, black, and oolong teas,
although settings for the ESR spectrometer to detect the
cellulose radical were applied, detection was not
successful. Only non-specific central peaks were observed
at g,=2.008+0.0007, 2.007+0.0001, and 2.007+0.0001
with irradiated green, black, and oolong teas, respectively
(Fig. 4). Similar tendencies were observed in different
kinds of foods by Gorden et al. (23), Nam et al. (24), and
Bayram and Delincée (25). The ESR signal intensities of
irradiated green, and black oolong, teas, however, linearly
increased with the increase in irradiation dose from O to 10
kGy, suggesting the supplementary use of ESR for the
identification of irradiated teas (Fig. 5).

DEFT/APC properties Characteristics of the microbial
population of irradiated foods have been used to develop
detection methods for irradiated foods (26). A microbiological
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Fig. 3. Glow curves of minerals separated from irradiated
oolong tea at different doses.
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Table 2. TL ratio of minerals separated from dried teas after gamma irradiation

TL ratioV ) .
Sample Correlation equation and coefficient ?
Control 2.5 kGy 5 kGy 7.5 kGy 10 kGy
Green tea 0.01% 2.66 3.14 3.52 396 Y=0.8746x+0.03465 R?=0.792
Black tea 0.01 1.44 2.04 4.10 478 Y=1.2179x-1.17900 R’=0.973
Oolong tea 0.06 1.81 1.99 3.02 3.17 Y=0.7425x-0.21890 R*=0.889
D Integrated TL,/TL,,
Bx: irradiation dose (kGy), y: TL ratio.
) Means of duplicate.
COHU'OI 10 h -
9 _r_ Green tea (y=1.087x+0.30; R*=0.967)
I Black tea (y=1.488x-0.62; R™=0.914) ‘
81 I Oolong tea (y=1.722x-0.622; R*=0.909)
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Fig. 4. Typical ESR spectra of irradiated green tea.
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Fig. 5. Dose-dependent ESR signal intensities in irradiated
teas.
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method based on DEFT and the conventional APC has
been used for the detection of irradiated spices (18). DEFT
count enumerates the total number of contaminated
microorganisms, irrespective of the viabilities of untreated
and treated samples. APC indicates the number of viable
microorganisms capable of forming colonies on an agar
plate and is expressed as a colony forming unit (CFU). If
samples are irradiated, most viable microorganisms are
killed and the ratio of DEFI/APC increases. Thus, the
quotient of the two counts is used in assessing whether the

Fig. 6. Histogram of log DEFT/APC ratio of irradiated teas.

Table 3. The logarithmic microbial accounts of the irradiated
dried teas

Irradiation dose (kGy)
Sample
0 2.5 5 7.5 10

Greentea Log DEFT 6439V 649 643 643 636

Log APC 439 249 185 154 1.04
Blacktea LogDEFT 645 643 641 641 646

Log APC 558 451 132 128 095
Oolongtea Log DEFT 638 639 636 639 638

Log APC 369 254 132 123 0.69
Y'Means of triplicate.

sample is irradiated.

The results of both non-irradiated and irradiated teas are
presented as logarithmic microbial counts in Table 3. The
DEFT counts of all samples were nearly equal independent
of irradiation, whereas the APC counts decreased gradually
with irradiation dose increments. Therefore, the log DEFT/
APC ratio increased with increasing dose level. In green
tea, the log DEFT/APC ratio of non-irradiated sample was
1.46 and increased to higher than 2.5 as the irradiation dose
increased. In the case of black tea, the ratios were 1.15 and
1.42 for samples non-irradiated and irradiated with 2.5
kGy, respectively, and samples irradiated at 5 kGy or higher
showed a log DEFT/APC ratio of more than 4.85. In
oolong tea, the non-irradiated and irradiated samples
showed 1.72 and greater than 2.5, respectively (Fig. 6). In a
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previous research carried out by Oh ef al. (27, 28), cereal
grains and beans showed log DEFT/APC ratios between
2.0 and 3.0 at 0.5 kGy or higher.

These results thus suggest irradiation treatment of dried
teas can be identified through a combination of physical
and microbiological methods. PSL and DEFT/APC have
been proven useful as screening methods, when involving
a large number of samples, to identify in a limited period
whether or not the samples have been irradiated. However,
to obtain a definite proof of irradiation for the unknown
samples through both screening, TL is recommended as a
means of verification due to its success on teas.
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