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Introduction: Black tea processing generates large amounts of waste fiber that
still retains considerable levels of bioactive compounds. In this study, black tea
waste fiber was valorized for the production of instant tea powders, and the
influence of extraction conditions on both bioactive composition and anticancer
activity was investigated.

Methods: Instant tea powders were produced using hot extraction (100 °C, 6
min) and cold extraction (25 °C, 2 h). Catechins, gallic acid, caffeine, theanine,
theaflavin and thearubigins were quantified. Anticancer activity was evaluated by
the MTT assay using prostate cancer cell lines (PC3, 22Rv1 and LNCaP), glioblas-
toma cell lines (U87MG and Al72) and the breast cancer cell line MCF7.

Results: Hot extraction resulted in significantly higher levels of catechins, con-
densed phenolics and theanine (p < 0.05). In contrast, the extended extraction
time applied in the cold method partially compensated for mass transfer lim-
itations in the extraction of gallic acid and caffeine. The anticancer potential
of the instant teas was evaluated in vitro using prostate cancer cell lines (PC3,
22Rv1, and LNCaP), glioblastoma cells (U87MG and A172), and breast cancer cells
(MCF7). The hot-extracted instant tea infusion inhibited the proliferation of pros-
tate cancer cells in a concentration-dependent manner (p < 0.05). Hot-extracted
instant tea showed a particularly strong cytotoxic effect on U87MG glioblastoma
cells, reducing cell viability to 2.7% at 1.25 mg/mL, whereas A172 cells exhibited
greater resistance. In contrast, cold-extracted samples demonstrated stronger
inhibitory effects on MCF7 breast cancer cells (p < 0.05).

Discussion: These findings demonstrate that black tea waste fiber can serve as
a valuable raw material for functional instant tea production and highlight the
importance of extraction conditions in shaping both the bioactive profile and
biological activity of instant tea products derived from tea processing residues.
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anticancer activity, bioactive compounds, black tea waste fiber, catechins, cold
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FIGURE 1
Representative image of black tea waste fiber used as the raw
material for instant tea powder production.

1 Introduction

In response to the growing demand for black tea, its production
has increased considerably and is projected to expand at an annual
rate of 2.1% by 2030 (1, 2). During the processing stages of black tea
production, including withering, rolling, fermentation and drying, a
significant amount of waste tea is inevitably generated (3). It has been
reported that approximately 20-200 million kilograms of black tea
waste are collected annually during harvesting and processing stages
(4). This waste material mainly consists of lignocellulosic biomass
composed of discarded tea leaves, stems and stalks (Figure 1) (4).
Although these materials are generally considered processing residues,
they still retain substantial amounts of biologically active compounds
similar to those found in conventional tea (3). Such compositional
retention is relevant because black tea waste fiber is separated from the
end product after the main processing steps and contains not only
fibrous fractions, such as discarded leaves, stems and stalks, but also a
lignocellulosic matrix composed of cellulose, hemicellulose, lignin,
polyphenols and tannins (4). In addition, tea waste has been reported
to act as a reservoir of tea-derived bioactive constituents, including
catechins, flavonoids, caffeine, theobromine, vitamins, minerals, ter-
penoids and amino acids (3). Therefore, although its composition dif-
fers from that of conventional tea products due to the higher
proportion of coarse fibrous material, black tea waste fiber still repre-
sents a chemically valuable raw material for functional ingredient
recovery.

Instant tea, a new-generation fully soluble black tea product,
has been developed to meet changing consumer preferences and
the growing demand for convenient beverage products (5).
Extraction represents one of the most critical steps in the manu-
facturing of soluble tea, as the composition of the tea extract
directly influences both the nutritional value and sensory charac-
teristics of the final product (6, 7). While conventional hot

Abbreviations: EC, epicatechin; ECG, epicatechin gallate; EGC, epigallocatechin;
EGCG, epigallocatechin gallate; HI, hot-extracted instant tea infusions; Cl, cold-

extracted instant tea infusions.
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extraction is widely used in instant tea production, cold extraction
has recently emerged as a promising alternative due to its poten-
tial to enhance the extraction efficiency of certain bioactive com-
pounds (8-11).

The bioactive compounds present in black tea, which also contrib-
ute to the value of tea waste, mainly consist of phenolic compounds
such as catechins, including epicatechin (EC), epicatechin gallate
(ECG), epigallocatechin (EGC) and epigallocatechin gallate (EGCG),
as well as theaflavins, thearubigins and gallic acid, together with caf-
feine and theanine (3). The characteristic astringent flavor of tea prod-
ucts is largely attributed to variations in catechin composition (12).
During black tea processing, catechins undergo enzymatic oxidation
and polymerization reactions, resulting in the formation of complex
polyphenolic compounds such as theaflavins and thearubigins (13).
These compounds are responsible for the distinctive sensory attributes
of black tea, including its reddish-brown color, brightness and brisk-
ness (14). In addition, gallic acid, caffeine and theanine, which are the
most abundant phenolic acid, alkaloid and free amino acid in tea,
respectively, also contribute significantly to the sensory profile of black
tea (15, 16). Beyond their sensory contributions, these compounds
have also been associated with several potential health benefits,
including protective effects against neurological and cardiovascular
diseases (16-18, 96). Recent studies further indicate that the chemical
profile and bioactivity of black tea are influenced by processing and
infusion-related conditions, including fermentation-induced changes
in polyphenols and antioxidant bioactivity and infusion-dependent
dissolution of functional components (19, 20). Among the reported
health-related properties of tea-derived compounds, their anticancer
potential has attracted particular attention due to the global burden
and severity of cancer (21).

According to the World Health Organization, the global burden
of cancer is expected to reach approximately 27 million cases and
17.5 million deaths annually by 2050 (22). Prostate cancer represents
one of the leading causes of cancer-related mortality worldwide and is
the second most frequently diagnosed cancer among men after lung
cancer (23). In addition, glioblastoma multiforme (GBM) is recog-
nized as the most common and aggressive tumor of the central ner-
vous system, with an average survival time of fewer than 15 months
(24). Breast cancer also represents a major global health challenge as
the most frequently diagnosed cancer worldwide (25).

The selected cancer cell lines were chosen to cover cell models
with different biological characteristics and treatment responses. PC3,
22Rvl, and LNCaP were included to represent prostate cancer cell
lines with different androgen responsiveness and genetic backgrounds
(26). U87MG and A172 were selected as glioblastoma models because
they differ in genetic alterations and cytotoxic response patterns,
including PTEN mutation in both cell lines and additional TP53
mutation-associated resistance in A172 cells (27). MCF7 was included
as a commonly used breast cancer cell model to evaluate the response
of breast cancer cells to the instant tea samples.

Various conventional treatment strategies, including immu-
notherapy, hormone therapy, radiation therapy, chemotherapy and
surgical interventions, have been widely employed to reduce can-
cer-related mortality. However, these therapeutic approaches are
often associated with severe adverse side effects in patients (28).
Consequently, increasing attention has been directed toward the
identification of novel anticancer agents derived from natural
sources that may exhibit cytotoxic activity with potentially fewer
(26). several studies have

side effects In this context,
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demonstrated that tea extracts and tea-derived bioactive com-
pounds possess cytotoxic and antiproliferative activities against
different cancer cell lines (29-32).

In our previous study, the feasibility of producing instant tea
from black tea waste fibers was demonstrated, and the resulting
products were characterized in terms of their physicochemical
properties and bioactive composition (33). However, most exist-
ing tea studies have focused on conventional tea leaves, commer-
cial tea infusions, or isolated tea-derived compounds, while
studies on tea processing residues have mainly addressed waste
valorization, extraction efficiency, antioxidant properties, or com-
positional characterization. Therefore, the biological functionality
of instant tea powders produced directly from black tea waste
fibers remains insufficiently understood. In particular, the anti-
cancer activity of black tea waste fiber-derived instant teas and the
extent to which hot and cold extraction conditions modify both
their bioactive composition and cancer cell responses have not
been systematically investigated. The novelty of the present study
is that it integrates three aspects that have generally been exam-
ined separately: valorization of black tea waste fiber into instant
tea powder, extraction-dependent profiling of major tea bioac-
tives, and evaluation of in vitro anticancer activity across prostate
cancer, glioblastoma, and breast cancer cell models. This inte-
grated approach provides new insight into whether an underuti-
lized tea-processing residue can be converted into a functional
instant tea product with biologically relevant activity.

Therefore, the present study aimed to develop instant tea powders
from black tea waste fiber and to investigate the effects of hot-extracted
instant tea infusion (HI) and cold-extracted instant tea infusion (CI)
on bioactive composition and in vitro anticancer activity against pros-
tate cancer (PC3, 22Rvl, and LNCaP), glioblastoma (U87MG and
A172) and breast cancer (MCF7) cell lines.

2 Materials and methods

2.1 Materials

Black tea waste fiber, consisting of residual fibrous material
generated during industrial black tea processing, was supplied by
Dogadan Tea Company (Ankara, Tiirkiye) in 2021. The material
originated from black tea produced in Tiirkiye using the Orthodox
processing method and was obtained from tea harvested between
April and October. The initial moisture content of the supplied
black tea waste fiber was approximately 4%. Specific cultivar
information was not available because the material was supplied
as a mixed industrial processing residue. The waste fiber was used
in its supplied dry form without any additional washing or sieving
step before milling. Owing to its irregular structure and heteroge-
neous particle size, the material was directly subjected to high-
shear grinding and subsequent planetary ball milling prior to
extraction.

All chemicals and reagents were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO, USA), except for RPMI-1640
medium, DMEM medium, HEPES, penicillin-streptomycin and
sodium pyruvate acquired from Thermo Fisher Scientific (Grand
Island, NY, USA).
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2.2 Production of instant black tea powders

Black tea waste fibers were first reduced in size by high-shear
grinding (Vorwerk Thermomix GmbH, Wuppertal, Germany) at
10,700 rpm for 3 min, followed by planetary ball milling (Liya
Laboratory Testing Equipment Co., Ltd., Ankara, Tiirkiye) at 600 rpm
for 15 min. The 15 min ball-milling condition was selected based on
previously optimized production parameters; under these conditions,
the pre-ground and ball-milled fiber had a particle size range of 4.12—-
76.02 pm and a mean particle size of 19.39 pm, while avoiding the
higher temperature increase associated with longer dry milling. For
extraction, the pulverized waste fibers were infused with distilled
water at a water-to-tea ratio of 30:1 mL/g. Hot extraction was con-
ducted at 100 °C for 6 min with 15 s mixing every 3 min, whereas cold
extraction was conducted at 25 °C for 2 h with 15 s mixing every
30 min. The selected water-to-tea ratio, particle size, extraction tem-
perature and extraction time were based on previously optimized
conditions for black tea waste fiber-derived instant tea production and
were kept constant for all samples to ensure reproducibility (33). The
extracts were then separated using 10 pm polypropylene filters and
frozen at —18 °C for 24 h before freeze-drying (Beijing Songyuan
Huaxing Technology Development Co., Ltd., Beijing, China) for 48 h.
The freeze-drying process was continued until the final moisture con-
tent of the instant tea powders reached 4.0-4.5% on a wet basis.
Moisture content was determined gravimetrically by drying the sam-
ples in an oven at 105 °C until constant weight.

2.3 Quantification of catechins, gallic acid,
caffeine, and theanine

EC, ECG, EGC, EGCG, gallic acid, caffeine and theanine were
quantified by HPLC according to Serpen et al. (16), with modifica-
tions. Analytical standards of epicatechin, epicatechin gallate, epigal-
locatechin, epigallocatechin gallate, gallic acid, caffeine and L-theanine
were used for compound identification and quantification. The com-
pounds were identified by comparing the retention times and absorp-
tion spectra of sample peaks with those of the corresponding
standards, and quantification was performed using external calibra-
tion curves prepared for each standard compound. A sample of
500 mg of instant tea was extracted with 5 mL of distilled water at
80 °C. The mixture was stirred for 5 min and then centrifuged at
9,055 g for 5 min using a centrifuge (Wisd Laboratory Instruments
Co., Ltd., Dusseldorf, Germany). The supernatant was collected, and
the extraction was repeated once for the residue under the same con-
ditions. The combined extract solutions were filtered through a
0.45 pm nylon filter and transferred to HPLC vials. The extracted cat-
echins, gallic acid, caffeine and theanine were quantified using an
HPLC system (Shimadzu Scientific Instruments Co., Ltd., Kyoto,
Japan) equipped with a DG-20A5 degasser, LC-20 AD pump, SIL-
20AHT autosampler, CTO-20A column oven and SPD-M20A photo-
diode array detector. The chromatographic conditions were as follows:
Hypersil GOLD Phenyl HPLC column (250 x 4.6 mm, 5 pm); UV
detection was 275 nm; mobile phase A, acetonitrile, mobile phase B,
0.1% (v/v) aqueous acetic acid; flow rate, 1 mL/min; temperature,
25 °C; injection volume, 10 pL; gradient elution: 10-20% A, 0-15 min;
20-40% A, 15-25 min; 40-10% A, 25-30 min. For theanine quantifi-
cation, the chromatographic conditions were arranged as follows: UV
detection was 200 nm; mobile phase A, acetonitrile, mobile phase B,
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water; flow rate, 1 mL/min; temperature, 25 °C; injection volume,
10 pL; gradient elution: 2% A, 0-5 min; 2-50% A, 5-12 min; 50% A,
12-30 min; 50-2% A, 30-40 min; 2% A, 40-45 min (34).

2.4 Quantification of theaflavin and
thearubigins

The content of theaflavin and thearubigins in instant black teas
was determined using a modified Flavognost method (35, 36). A
tea infusion with a concentration of 24% (w/v) was prepared using
freshly boiled distilled water and allowed to cool to room tempera-
ture. Then, 10 mL of the tea infusion was mixed with 10 mL of
isobutyl methyl ketone (IBMK) using a shaker at 300 rpm for
10 min (Daihan Scientific Co., Ltd., South Korea). After phase
separation, 2 mL of the upper layer was mixed with 4 mL of etha-
nol and 2 mL of Flavognost reagent (prepared by dissolving 2 g of
diphenyl boric acid-2-aminoethyl ester in 100 mL of ethanol). The
absorbance was measured at 625 nm against an IBMK:ethanol
(1:1, v/v) blank after allowing it to stand for 15 min. The theaflavin
content was calculated using Equation (1), adapted from the mod-
ified Flavognost method (35, 36):

Theaflavin (mg /100 g dry matter)
_ Absorbance x 47.9 x10 x 564.49
Dry matter (%)

1

where the absorbance value corresponds to the measurement at
625 nm, 47.9 is the dilution and correction factor used in the
Flavognost method, 10 is the conversion factor for expressing the
result per 100 g of sample, 564.49 g/mol is the molecular weight of
theaflavin, and dry matter (%) represents the dry matter content of the
instant tea powder.

The same tea infusion was used for the thearubigins quantifica-
tion, where 10 mL of the solution was first mixed with 50 mL of
IBMK, shaken at 300 rpm for 10 min, and left for phase separation.
Then, 4 mL of the upper layer was diluted to 25 mL with methanol
(solution A). Moreover, 25 mL of the upper layer was mixed with
25 mL of 2.5% aqueous sodium bicarbonate solution, and 4 mL of this
mixture was diluted to 25mL with methanol (solution B).
Furthermore, 2 mL of the upper layer was combined with 2 mL of
saturated oxalic acid solution and 6 mL of distilled water, and the mix-
ture was diluted to 25 mL with methanol (solution C). The absorbance
values of solutions A, B, and C were read at 380 nm against a distilled
water blank. The thearubigins content was calculated using
Equation (2), adapted from the modified Flavognost method (35, 36):

Thearubigins (mg /100 g dry matter)
_100000%0.02x 6.25 x (2 x Absc + Absp — AbB)
- 0.733x0.024 x Dry matter (%)

2

where AbsA, AbsB, and AbsC represent the absorbance values of
solutions A, B and C at 380 nm, respectively; 100,000, 0.02 and 6.25
are dilution and unit-conversion factors used to express the result as
mg/100 g dry matter; 0.733 and 0.024 are empirical coefficients used
in the Flavognost calculation; and dry matter (%) represents the dry
matter content of the instant tea powder.
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2.5 Cell culture

The anticancer activities of instant teas were investigated using
prostate cancer cell lines PC3 (ATCC® CRL-1435™), 22Rv1 (ATCC®
CRL-2505™) and LNCaP (ATCC® CRL-1740™), glioblastoma mul-
tiforme cell lines U87MG (ATCC® HTB-14™) and A172 (ATCC®
CRL-1620™), and the breast cancer cell line MCF7 (ATCC® HTB-
22™), PC3, 22Rv1 and LNCaP cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin, nonessential amino acids, sodium pyruvate and
HEPES (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid).
U87MG, A172, and MCF7 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum, 1% penicillin-strepto-
mycin, nonessential amino acids and sodium pyruvate. All cells were
grown at 37 °C in a humidified incubator with 5% CO, and were
subcultured at approximately 75-80% confluence before use in the
viability assay.

2.6 MTT assay

The viability of the cell lines was determined using the tetrazolium
microculture assay (MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide), a colorimetric method used to evaluate cell
viability and metabolic activity based on the reduction of the tetrazo-
lium salt MTT to insoluble formazan crystals by metabolically active
cells. Before seeding, cells were counted using a hemocytometer to
adjust the required cell density. For the analysis, cells were seeded in
96-well plates at a density of 4,000 cells per well in 100 pL of growth
medium and incubated overnight. The MTT assay was performed
with four replicate wells for each treatment condition. The cells were
then treated with varying concentrations of instant tea solutions
(0.001, 0.01, 0.1, 1, 1.25, 2.5, 5, 8, and 10 mg/mL), which were freshly
prepared before treatment by dissolving the samples in isotonic solu-
tion at 95 °C for 15 min and filtering through a 0.22 pm filter. This
dissolution step was applied to ensure complete solubilization of the
freeze-dried instant tea powders and to obtain particle-free solutions
suitable for sterile filtration before cell treatment. Although heat-sen-
sitive compounds may be affected during sample preparation, the
same dissolution procedure was applied consistently to all instant tea
samples prior to the MTT assay. Therefore, the observed cytotoxic
responses reflect the activity of the final treated solutions prepared
under standardized conditions. After 48 h incubation, 20 pL of MTT
solution (5 mg/mL in PBS) was added to each well and cultured for
4 h at 37 °C. The supernatant was aspirated, and MTT formazan crys-
tals, formed by metabolically viable cells, were dissolved in 100 pL of
dimethyl sulfoxide solution. The absorbance values were monitored at
560-620 nm with a microplate reader. Cell viability was calculated
relative to the untreated control group and expressed as a percentage
using the following formula: cell viability (%) = (Absorbance of treated
cells / Absorbance of control cells) x 100.

2.7 Statistical analysis

Experimental results were presented as mean * standard devia-
tion. Statistical analysis was performed by analysis of variance
(ANOVA) with Tukey’s Comparison Test in MINITAB (Version 20,
Minitab Inc., UK) at the confidence interval of 95%.
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3 Results and discussion

3.1 Analysis of phenolics, caffeine and
theanine

3.1.1 Overview of bioactive composition

The phenolic profile, including four main flavanols (EC, ECG,
EGC, and EGCG), two condensed phenolics (theaflavin and thearubi-
gins), one phenolic acid (gallic acid), as well as caffeine and theanine
contents of instant tea samples produced by hot and cold extraction
of black tea waste fibers, is presented in Table 1.

3.1.2 Catechin and condensed phenolic profile

EC was identified as the most abundant catechin in the instant
tea samples, followed by EGC, ECG, and EGCG. Although the
instant teas were produced from black tea waste fibers, their ECG
(428.00 and 315.00mg/100g) and EGCG (176.00 and
173.00 mg/100 g) contents were similar to those reported previously
for instant black teas produced from conventional tea samples (37).
The theaflavin value of instant tea produced by the hot extraction
method (HI) was higher than the literature values of 56.00 and
124.00 mg/100 g reported by Alasalvar et al. (37) and 165.00 and
175.00 mg/100 g reported by Someswararao et al. (38), unlike the
cold extraction method (CI). Thearubigins levels of the current study
were similar to the findings of Someswararao and Srivastav (38),
1,973 and 4,526 mg/100 g, while lower than those of Alasalvar et al.
(37), 10,161 and 12,701 mg/100 g. Alasalvar et al. (37) also stated
lower gallic acid, 697.00 and 751.00 mg/100 g, and theanine, 512.80
and 572.20 mg/100 g, values and higher caffeine, 3,964 and
4,398 mg/100 g, for their instant tea samples. The relatively high
levels of several bioactive compounds observed in the instant tea
powders suggest that black tea waste fibers still retain substantial
amounts of functional phytochemicals after industrial processing.
This finding further supports the potential of tea processing residues
as valuable raw materials for the development of functional tea
products.

3.1.3 Comparison with conventional black tea and
instant tea literature

Comparable levels were also observed in conventional black teas
for ECG, 89.5-115.0 mg/100 g (16) and 214.00-767.00 mg/100 g dry
matter (39), EGC, 1,038.0-1,214.0 mg/100g (16) and 502.00-
2,203.00 mg/100 g dry matter (39), EGCG, 102.0-155.0 mg/100 g (16)
and 304.0-1,540.0 mg/100 g dry matter (39), and theaflavins, 121.00-
399 mg/100 g (16) and 0-540 mg/100 g (40). In addition, thearubigins
contents of conventional black teas were found to be 5,920.00-
6,830 mg/100 g (16) and 8,580-11,970 mg/100 g (36). Although no
obvious pattern could be seen for the others, EC [362.86 mg/100 g
(41); 263.00-340.00 mg/100 g dry matter (36)], gallic acid [250.00—
450.00 mg/100 g (42); 96.80-116.00 mg/100g (16)], caffeine
[2,206.99 mg/100 g (41); 1,348-2,344 mg/100 g (43)] and theanine
[513.00 mg/100 g (43); 480-1,190 mg/100 g dry matter (44)] contents
of the powders needed special attention because of their higher levels.
The variation observed in the profile of bioactive compounds may be
attributed to several factors, including tea variety, cultivation condi-
tions, processing parameters and extraction conditions, all of which
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are known to influence the release and stability of tea polyphenols (10,
16, 36, 45).

3.1.4 Effect of extraction conditions

It was determined that HI had higher catechins, condensed phe-
nolics and theanine contents than instant tea produced by CI
(p < 0.05). A similar pattern was also observed in the study of Yang et
al. (11), where catechin extraction in black tea at 100 °C for 4 min was
achieved more efficiently than at 25 °C for 16 h. Increasing extract-
ability of tea bioactive compounds with the rising temperature could
be explained by the enhancing effect of temperature on the permeabil-
ity of plant cell walls, mass transfer, diffusion coefficients and solubil-
ity (11, 46-48). In addition, elevated temperatures may facilitate the
disruption of plant cell structures, allowing intracellular polyphenols
to diffuse more readily into the extraction medium.

3.1.5 Interpretation of gallic acid and caffeine
extraction

On the other hand, the high temperature could not improve the
extraction of gallic acid and caffeine over the cold extraction method
(p > 0.05). Thus, it was proposed that the extended extraction period
of the cold extraction could compensate for the mass transfer rate
limitation in the extraction of gallic acid and caffeine (49). Therefore,
although cold extraction occurs at lower temperatures, prolonged
extraction time may partially overcome mass transfer limitations and
allow the gradual diffusion of certain compounds such as caffeine and
gallic acid into the solvent. Damiani et al. (50) also suggested this
trend in their research for caffeine extraction in white teas, where
extraction at 25 °C for 2 h led to greater extraction than at 70 °C for
7 min. These results indicate that black tea waste fibers retain consid-
erable levels of bioactive compounds even after industrial processing.

3.2 Analysis of anticancer activities

3.2.1 Prostate cancer cells (PC3, 22Rv1, and
LNCaP)

HI was selected for the anticancer activity confirmation in pros-
tate cancer cell lines because it contained higher levels of catechins,
condensed phenolics and theanine than CI. Therefore, this part of the
experiment was designed to confirm the cytotoxic potential of the
bioactive-rich instant tea infusion, whereas the comparative effect of
extraction conditions on anticancer activity was subsequently evalu-
ated using US87MG, A172, and MCF7 cells.

The cell viabilities of prostate cancer cells against HI are presented
in Figure 2. The results demonstrated that instant tea extracts sup-
pressed the viability of all tested prostate cancer cells in a concentra-
tion-dependent manner (p <0.05). Moreover, in the range of
0.1-10 mg/mL, the prostate cancer cells showed varying susceptibili-
ties to the anticarcinogenic effects of instant teas (p < 0.05). The dif-
ferences in cellular responses may be associated with the biological
characteristics of the prostate cancer cell lines, including their andro-
gen sensitivity and genetic background (26).

PC3, the androgen-independent prostate cancer cell, was deter-
mined as the most sensitive cell line because its viability was reduced
at the concentration of 0.1 mg/mL, 87.8% (p < 0.05). In addition,
22Rvl, the androgen-independent but sensitive prostate cancer cell,
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started to decrease at the concentration of 1 mg/mL, 71.56% (p < 0.05).
On the other hand, in the present study, LNCaP, the androgen-depen-
dent prostate cancer cell, was considered the most resistant cell line
because the cell viability inhibition was observed at 10.0 mg/mL,
11.54% (p < 0.05).

The study by Sun et al. (51) verified the anticancer potential of
EGCG, known as the most effective component in tea against cancer
cell survival, for PC3 cells in a concentration-dependent manner by
MTT analysis (52). Moreover, Yang et al. (53) found that EGCG
induced apoptosis and necrosis of PC3 cells by mitochondrial dys-
function, i.e., the mitochondria-mediated pathway. Apoptosis and
necrosis are the main mechanisms of cell death, with apoptosis being
a controlled autonomous cellular process and necrosis resulting from
uncontrolled environmental damage (54). In the mitochondria-medi-
ated pathway, proteins like cytochrome c are released into the cytosol
due to increased permeability of the mitochondrial membrane, the
mitochondrial membrane loses its potential, and ATP synthesis is
inhibited. Sun et al. (55) also determined this pathway in PC3 cells
treated with black tea extracts and theaflavins. Furthermore, these
studies highlighted the activation of caspase 3 (55) and caspase 9 (53),
enzymes responsible for apoptosis, due to the presence of EGCG,
black tea extracts and theaflavins. Liu et al. (56) demonstrated a con-
centration-dependent inhibition of PC3 cell viability due to the pres-
ence of gallic acid. The anticancer mechanism of gallic acid involves
inducing DNA damage and DNA repair by altering the expression of
DNA repair genes such as ataxia telangiectasia mutated, ataxia-telan-
giectasia and Rad3-related, DNA-dependent serine/threonine protein
kinase and p53 mRNA (56).

Alserihi et al. (26) also investigated the reactive oxygen species
(ROS)-mediated pathway, where ROS causes cell death by generat-
ing oxidative stress in cells, in the cytotoxicity of EGCG in PC3 and
22Rvl1 cell lines (57). They observed an increase in ROS formation
in PC3 cells by EGCG, unlike in 22Rv1 cells. Moreover, the study
showed a dramatic reduction in the sizes of cancer cell spheroids.
This observation was essential since larger tumor sizes are associ-
ated with higher resistance (58). The decrease in spheroid size was
significantly higher in PC3 cells compared to 22Rv1 cells, like the
present study where 22Rv1 cells showed higher resistance to instant
teas than PC3 cells. Unlike earlier studies (53, 55), the recent study
(26) did not observe a significant loss of mitochondrial membrane
potential in prostate cancer cells due to EGCG. Therefore, the
researchers hypothesized that EGCG might also work through a
mitochondrial-independent mechanism for anticancer activity.
Rahman Siddique et al. (59) also reported a decrease in cell viability
of 22Rv1 cells because of the ability of EGCG to reduce androgen
receptor protein expression. Additionally, Kaur et al. (60) revealed
the cytotoxicity of gallic acid against 22Rv1 cells by inducing apop-
tosis in 22Rv1 cells.

Eom et al. (61) found that EGCG had a stronger concentration-
dependent inhibitory effect on LNCaP cells compared to PC3 cells,
which contrasts with the present research on instant teas.
Bakhshandeh et al. (62) also confirmed the cytotoxicity of EGCG by
reducing the proliferation of LNCaP cells. Nam et al. (63) found that
the ester bond in EGCG was responsible for its cytotoxicity on
LNCaP cells by arresting the proteasome in the cell, leading to the
accumulation of proteasome substrates, p27Kip1 and IkB-a, inhibit-
ing the key, the transcription factor NF-kB, for cell proliferation and
survival (64). It was also stated that EGCG stimulated AMP-activated
protein kinase (AMPK), which is involved in apoptosis (62, 65). Lin
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et al. (66) also revealed the chemoreceptive potentials of theaflavins
(theaflavin, theaflavin-3-gallate, theaflavin-3’-gallate, and theaflavin-
3,3’-digallate) along with EGCG on LNCaP cells by suppressing
5a-reductase, an enzyme responsible for the progression of the cells,
and inhibiting the expression of androgen receptors in LNCaP cells.
Furthermore, Russell et al. (67) demonstrated that gallic acid
reduced the cell viability of LNCaP cells through a ROS-mediated
pathway.

3.2.2 Brain tumor cells (U87MG and A172)

After the confirmation, the impact of hot and cold extraction
methods on the anticancer activity was investigated on glioblastoma
multiforme (GBM) cells, U87MG and A172.

The cell viabilities of GBM cells treated with HI and CI are
presented in Figure 3. Both instant teas had a concentration-
dependent anticancer effect on U87MG and A172 cells (p < 0.05).
In addition, HI decreased the cell viability of U87MG and A172
cells more than CI (p < 0.05), except for U87MG cells at 5 and
8 mg/mL (p > 0.05). This trend was consistent with the higher cat-
echin and condensed phenolic contents of HI; however, the mag-
nitude of the response differed markedly between U87MG and
A172 cells, indicating a strong cell-line-dependent effect. The
greater EGCG content in HI was especially noteworthy, as it was
considered the most promising cytotoxic agent in tea (52, 68).
Moreover, HI reduced the cell viability of U87MG cells to 2.7%
and A172 cells to 88.1% at the concentration of 1.25 mg/mL
(p < 0.05), with no significant difference at 2.5, 5 and 8 mg/mL
(p > 0.05). On the other hand, CI significantly decreased the cell
viability of U87MG cells to 8.2% at 1.25 mg/mL and 2.6% at 5 mg/
mL and A172 cells to 94.5% at 2.5 mg/mL and 90.1% at 8 mg/mL
(p < 0.05).
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Instant teas had a higher anticancer effect on U87MG cells com-
pared to A172 cells (p < 0.05), indicating that A172 cells were more
resistant to instant teas. This difference in response of the cells is due
to their genomic variations, such as genetic alterations that make glio-
blastoma cells more resistant to treatments (27). Both cells have
genetic mutations in the phosphatase and tensin homolog deleted on
chromosome ten (PTEN) gene, a tumor suppressor gene (27). The
main function of PTEN is to dephosphorylate phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), activating the phosphatidylinositol-3
kinase (PI3K) pathway, a key signal transduction mechanism that con-
trols cell growth and survival (69, 70). The mutation in PTEN
increases PIP3 levels, leading to uncontrolled cell growth and tumor
formation by stimulating the PI3K pathway (71). Furthermore, A172
cells have a mutation in the TP53 gene, which encodes the p53 pro-
tein, known as the “guardian of the genome” and regulates cellular
responses like division and differentiation (27, 72, 73). When cells face
stress signals, p53 is activated to initiate DNA repair, cell cycle arrest
and apoptosis (74). However, the mutated p53 in A172 cells, known
as the guardian of cancer cells, promotes cancer cell survival by allow-
ing unrestricted cell cycles and preventing apoptosis (72, 73).
Therefore, this mutation gives A172 glioblastoma cells extra resistance
to cytotoxic agents (27).

EGCG-induced apoptosis in U87MG cells in a concentration-
dependent manner by the ROS-mediated pathway was noted in several
studies (75, 76). Das et al. (75) also indicated that EGC and EGCG
activated caspase 8, triggering the mitochondria-mediated apoptosis
in U87MG cells. Moreover, Shervington et al. (77) found that EGCG
inhibited cell proliferation and telomerase protein, linked to the malig-
nancy level in U87MG cells, ultimately leading to apoptosis. These
mechanisms are frequently associated with the activity of tea polyphe-
nols, particularly catechins and theaflavins, which have been reported
to influence mitochondrial function and apoptosis pathways in various

frontiersin.org


https://doi.org/10.3389/fnut.2026.1861937
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Cifte etal. 10.3389/fnut.2026.1861937
120
a
a
a a
a
100 b b b b
C c
C
2 80
S
z
@ 60
>
©
O 40
20
¢ d
d e d d dd
Control 1.25 2.5 5 8
Concentration (mg/mL)
US87MG against HI mU87MG against CI BA172 against HI WA172 against CI
FIGURE 3
Cell viability of glioblastoma multiforme cell lines (U87MG and A172) after 48 h treatment with HI and CI. Data are expressed as mean + standard
deviation. Different letters indicate statistically significant differences compared with the untreated control at the same concentration (p < 0.05).

cancer cell models. On the other hand, Yang et al. (78) confirmed that
gallic acid decreased U87MG cell viability in a concentration-depen-
dent manner. They also suggested that the cytotoxic effect of gallic acid
could be based on p38 MAPK (mitogen-activated protein kinase) acti-
vation, involved in cell cycle regulation and apoptosis. Furthermore,
the concentration-dependent anticancer activity of caffeine was shown
in the study of Li et al. (79).

EGCG-induced apoptosis in the aggressive glioblastoma cells of
A172 was demonstrated in the study of Siegelin et al. (80), where it
was found that EGCG suppressed apoptosis preventing surviving pro-
teins and phosphoprotein enriched in astrocytes (PEA15), known as
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-
mediated pathway. TRAIL has a strong ability to activate apoptosis in
cancer cells (81). Moreover, Sachinidis et al. (82) reported the anti-
cancer activity of ECG and EGCG on A172 cells by inhibiting the
activity of the platelet-derived growth factor receptor p
(PDGF-Rp) (83).

3.2.3 Breast cancer cell (MCF7)

The anticancer behaviors of HI and CI were also shown on the
breast cancer cell, MCF7.

The cell viability of the breast cancer cells treated with HI and CI
is presented in Figure 4. Instant teas showed concentration-depen-
dent cytotoxic effects on MCF7 cells (p < 0.05). CI decreased the cell
viability of MCF7 cells more than HI (p < 0.05), except at 1.25 mg/
mL (p > 0.05). This unexpected result suggested that other bioactive
molecules in CI, besides catechins, theaflavin, thearubigins and the-
anine, found higher in HI, could be responsible for their anticancer
activities by suppressing the effects of the greater phenolic composi-
tion of HI. It was also revealed that Camellia tenuifolia had the high-
est apoptosis induction ability on MCF7 cells among the six different

Frontiers in Nutrition

Camellias species, following Camellia sinensis, despite its lowest cat-
echin content in the study of Way et al. (84). Then, they concluded
that the cytotoxicity of Camellia tenuifolia was caused by other bioac-
tive components instead of catechins. In addition, the interactions
between components during extractions could affect the cytotoxic
ability of instant teas on MCF7 cells. It was also supported in the
study of Friedman et al. (40) by finding that competitive and antago-
nistic interactions among the flavonoids could contribute to the anti-
cancer activity of commercial black teas as catechin and theaflavin
levels did not correlate with the cytotoxicity of the tea samples.
Moreover, the morphological structures of HI and CI, caused by dif-
ferent extraction conditions, could affect their anticancer abilities,
such as cellular uptake (85-87).

HI and CI started to decrease MCF?7 cell viability at 2.5 mg/mL
(p < 0.05). Moreover, HI reduced the cell viability of MCF?7 cells to
27.1% at 1.25 mg/mL and 23.9% at 5 mg/mL (p < 0.05). On the other
hand, CI decreased the cell viability of MCF?7 cells to 24.3% at 1.25 mg/
mL and 11.9% at 8 mg/mL (p < 0.05).

To provide an overall comparison of cell-line sensitivity, the
maximum inhibition values calculated from the lowest comparable
cell viability responses are summarized in Figure 5. Overall, the com-
parative summary highlights the cell-line-dependent response to
instant tea treatments, with U87MG, LNCaP, MCF7 and 22Rv1 show-
ing greater inhibition than A172 under the tested conditions.

Way et al. (84) also found that fresh tea leaf extract decreased
the cell viability of MCF7 cells in a concentration-dependent
manner. They observed that fresh tea leaves induced apoptosis in
MCEF?7 cells through the activation of caspase 3, which cleaved two
apoptosis proteins, poly-ADP ribose polymerase (PARP) and BH3
interacting domain death agonist (BID). Konarikova et al. (88)
also confirmed the cytotoxicity of black tea on MCF7 cells by
causing DNA strand breaks and oxidative DNA damage. The
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anticancer activities of commercial black teas against MCF7 cells
were also supported by the research of Friedman et al. (40), where
the concentration-dependent cytotoxicities of EC, ECG, EGC,
EGCG, theaflavins and theanine compounds were also demon-
strated. The anticancer behavior of EGCG on MCF7 cells was
shown in several studies (89-91, 97). Tran et al. (90) revealed that
EGCG suppressed the expressions of heat shock proteins (HSP70
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and HSP90), increasing cell resistance to apoptosis, in MCF7 cells
by inhibiting their heat shock transcription factors (HSF1 and
HSF2). In addition, Machado et al. (92) exhibited that caffeine
reduced the cell viability of MCF7 cells by inducing apoptosis
through oxidative stress. The anticancer activity of gallic acid on
MCF7 cells was also verified in the studies of Aborehab et al. (93),
Rezaei-Seresht et al. (94) and Wang et al. (95).
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Taken together, these findings indicate that the anticancer activ-
ity of black tea waste fiber-derived instant teas was influenced by
both extraction-dependent composition and cell-line-specific sen-
sitivity. The higher catechin and condensed phenolic contents of HI
were consistent with its stronger inhibitory effect on glioblastoma
cells, particularly U87MG. However, the higher response of MCF7
cells to CI showed that cytotoxic activity was not simply propor-
tional to the major phenolic fractions. This suggests that the bio-
logical activity of the instant tea samples may arise from the
combined contribution of multiple compounds, including cate-
chins, theaflavins, gallic acid and caffeine, as well as possible com-
pound interactions and matrix-related effects. Therefore, the
observed anticancer activity should be interpreted as a cell-line-
dependent response associated with the overall phytochemical pro-
file of the instant tea samples rather than with a single dominant
compound.

4 Conclusion

This study demonstrated, for the first time, the anticancer
potential of instant teas produced from black tea waste fibers. The
instant tea extracts exhibited cytotoxic activity against prostate
cancer cell lines (PC3, 22Rv1, and LNCaP) in vitro, with LNCaP
identified as the most resistant cell line, followed by 22Rv1 and PC3.
In terms of extraction efficiency, hot extraction resulted in signifi-
cantly higher levels of catechins (EC, ECG, EGC and EGCG), con-
densed phenolics (theaflavins and thearubigins) and theanine,
which was also associated with stronger cytotoxic effects on glio-
blastoma multiforme cells (U87MG and A172). Among these, A172
cells exhibited greater resistance compared to U87MG cells. In con-
trast, cold extraction showed comparable efficiency in the extrac-
tion of gallic acid and caffeine (p > 0.05) and demonstrated stronger
inhibitory effects on MCF7 breast cancer cells. These findings sug-
gest that bioactive compounds other than the major catechins and
phenolic fractions may also contribute to the observed anticancer
activity of cold-extracted instant teas. Overall, the results highlight
that black tea waste fibers can serve as a valuable raw material for
the production of instant tea with a considerable bioactive profile
and potential biological activity. Further studies are needed to iden-
tify the compounds responsible for the enhanced anticancer activity
observed in cold-extracted samples and to better understand the
mechanisms underlying these effects.
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