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Abstract
Tea is one of the world's most popular and widely consumed beverages. It is a common pastime to enjoy a cup of tea in the sunshine. 
However, little attention has been given to understanding the possible photochemical reactions occurring beneath the calm surface of 
brewed tea. Epigallocatechin gallate (EGCG), which is widely used in food and beverages, is the most significant active ingredient 
found in tea. In this study, we investigated the presence of free radicals in both an aqueous EGCG solution and brewed tea under 
simulated sunlight conditions. To our surprise, we unexpectedly observed the production of hydroxyl radicals (•OH) in brewed tea. It 
was found that sunlight irradiation played a critical role in the formation of •OH, independent of the presence of metal ions. 
Furthermore, we demonstrated that the •OH generated from the EGCG aqueous solution induced cell cytotoxicity and DNA damage in 
vitro. Considering the crucial role of •OH in various fields, including human health and the environment, it is important to further 
explore the practical implications of •OH production in brewed tea under sunlight. In summary, our study unveils the unexpected 
formation of •OH in brewed tea and emphasizes the significance of sunlight-induced reactions. The observed cytotoxic and DNA- 
damaging effects of •OH emphasize the importance of understanding the potential health consequences associated with tea 
consumption. Further research in this area will contribute to a better understanding of the broader implications of •OH production in 
brewed tea under sunlight.

Significance Statement

Enjoying a cup of tea in the sunshine is a popular activity. Although tea consumption is considered beneficial for human health be
cause of the important bioactive ingredients, especially epigallocatechin gallate (EGCG), some studies have suggested that tea could 
have conflicting effects. Free radical chemistry is the core of understanding the health effects of EGCG in tea. Here, in addition to 
hydrogen radicals (•H), hydroxyl radicals (•OH) were unexpectedly produced in aqueous EGCG solution and brewed tea under sunlight 
irradiation. The •OH is considered the most damaging reactive species. We reveal that the •OH production in brewed tea and EGCG 
under sunlight could have potential health effects. Therefore, people must recognize the tea drinking under sunlight.
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Introduction
Tea is one of the most widely consumed beverages, and the tea 

plant (Camellia sinensis) is cultivated in >30 countries worldwide 

(1). Tea drinking is considered beneficial for human health be

cause it can improve mental health and potentially prevent 

some cancers (1–4). Some epidemiological studies have found 

that a high intake of green tea is associated with reduced risks 

of upper gastrointestinal tract cancer, mammary cancers, and pri

mary liver cancer (5, 6). However, some epidemiological studies 

have suggested that tea consumption might have adverse effects 
(7–11). Epidemiological studies conducted in Greece found no indi
cation that intake of certain flavonoids reduced lung cancer risk, 
but an unexpected increased risk was observed (12). Higdon and 
Frei (13) reviewed many epidemiological studies on tea health 
and concluded that evidence regarding the effects of tea drinking 
on cancer and cardiovascular disease risk was conflicting. Further 
research on the underlying mechanisms of the bioactive ingre
dients of tea is required to improve our understanding of the asso
ciation between tea consumption and health.
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Epigallocatechin gallate (EGCG) is the dominant bioactive com
ponent in tea (3, 7). EGCG is widely used as an additive in food and 
beverages, health-care products, and clinical medicines (14), even 
though the Food and Drug Administration has stated that there is 
no credible evidence supporting the claim that tea drinking or 
EGCG can fight cancer (4). EGCG is a catechin (Fig. 1), which basic
ally contains two functional groups that can produce free radicals. 
These are the catechol group (B ring) and the hydroxyl group (A 
ring). The formed free radicals can act as reducing agents and 
are responsible for the antioxidant ability of EGCG (13, 15–17). It 
has been reported that EGCG attenuates the progression of heart 
failure through a scavenging of free radicals and a reduction of 
cardiac chronic inflammation (18). EGCG can also affect transcrip
tion factors and enzymatic activity and thereby be beneficial for 
human health (17, 19). A daily intake of EGCG of 66.7 mg day−1 

for an individual was derived in the European Prospective 
Investigation into Cancer and Nutrition–InterAct (EPIC interact) 
case–cohort study (20). However, an intake of EGCG and some oth
er polyphenols was found to induce cleavage of the MLL gene, 
which could cause infant leukemia (21–23). Furthermore, an in
take of a high dose of EGCG aggravated inflammation in mice 
with colitis and disturbed kidney function (19). Therefore, there 
are still many puzzles about the mechanisms and effects of 
EGCG as the most important active ingredient of tea.

Antioxidants, such as EGCG, work by quenching or removing 
harmful short-lived free radicals (24). Therefore, free radical 
chemistry is the core of understanding the health effects of 
EGCG. It is thought that EGCG can greatly decrease oxygen-free 
radicals in reperfusion injury in vivo (25, 26). However, the pos
sible production of harmful free radicals from EGCG under actual 
environmental conditions has not been considered. Scenarios of 
afternoon tea exposure to outdoor sunlight are possibly prevalent 
in many people's daily lives. Whether harmful free radicals are 

intensely produced beneath the calm surface of the cup of tea 
when people relax under outdoor sunlight has never been studied. 
Considering that free radicals and their reactions are playing very 
pivotal roles in many fields including food, environment, and hu
man health, it is urgent to recognize the underlying free radical 
production and reactions in brewed tea.

Here, we used electron paramagnetic resonance (EPR) spectros
copy for in situ detection combined with quantum chemical com
putation to study free radical formation from EGCG of brewed tea 
under light irradiation (Fig. S1). The potential effects of the identi
fied free radicals on DNA damage, cell cytotoxicity, and apoptosis 
were tentatively explored in vitro. Screening of the free radical–in
termediated products was conducted by Fourier transform ion 
cyclotron resonance-mass spectrometry (FT-ICR MS) to further 
clarify the free radical formation and transformation pathways. 
It is expected to improve our further understanding of the free 
radical chemistry related to the widely used EGCG in food and bev
erages or brewed tea in human daily lives by conducting this 
study.

Results and discussion
Free radical formation from EGCG and other 
catechins contained in tea under simulated 
sunlight
EGCG and other catechins are widely contained in tea. 
Identification of free radicals formed from catechin could aid in 
further understanding the behavior and health effects of tea. 
Here, in-situ EPR spectroscopy detection was applied using 
5,5-dimethyl-1-pyroline-N-oxide (DMPO) as a spin-trapping 
agent to distinguish the potential free radical species formed 
from EGCG in brewed tea under light irradiation. This simulated 

Fig. 1. Chemical structures of typical catechins in tea. A) EGCG with the highest occupied molecular orbital electron cloud density of the EGCG molecular 
frontier orbital. B) Catechin, epicatechin gallate, epicatechin, and epigallocatechin.
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a real-world scenario of enjoying a leisurely afternoon tea out
doors in the sunshine. DMPO−hydroxyl radicals (•OH) with a hy
perfine splitting constant (hfsc) of αN = αH = 14.8 G (27) and DMPO 
−hydrogen radicals (•H) with a hfsc of αN = 16.5 G and αH = 22.5 G 
(28, 29) were identified in both the brewed tea and the EGCG 
aqueous solution (Figs. 2A and S2A). A simulated spectrum of 
DMPO−•OH and DMPO−•H fit quite well with the experimental 
spectrum (Fig. 2B). The yields of •H (43.3%) and •OH (56.7%) 
were similar. DMPO−•OH can be detected as an impurity when 
DMPO is added to a buffer because of the nucleophilic addition 
of water (30). Consequently, we conducted secondary radical 
spin-trapping experiments using 5% dimethyl sulfoxide (DMSO) 
as a typical •OH scavenger to further confirm the existence of 
•OH in the system (30–32). As shown in Fig. 2C, adding 5% 
DMSO to EGCG aqueous solution led to a decrease of DMPO 
−•OH concentration and a corresponding increasing yield of 
DMPO−•CH3 adduct with a hfsc of αN = 16.3, αH = 23.3 G derived 
from DMSO and •OH (Fig. 2C). These results were evidence of 
the presence of •OH in the EGCG photochemical reaction system 
and in brewed tea. When an excess of DMSO was added to the 
system, the •OH and •H were all scavenged by the DMSO, and hy
perfine splitting signals for DMPO−•OOH (αN = 12.73, αHβ = 10.18 
G, and αHγ = 1.30 G) were observed (Fig. 2D). This indicated that 
superoxide radicals (O2

•−) formed in the reaction system and 
could be stabilized by the DMSO. The stabilized O2

•− was then 
trapped by DMPO (Fig. 2D) and easily transferred to DMPO 
−•OOH in the DMSO solvent (33–35). The trapping agent 
5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) al
lows for the accumulation of EPR signals (27). When using 
BMPO as the spin-trapping agent, BMPO−•OH (with a hfsc of αN  

= 14.07 G, αHβ = 15.23 G, and αHγ = 1.27 G for conformer I; αN =  
14.12 G, αHβ = 12.67 G, and αHγ = 0.67 G for conformer II), BMPO 

−•H (with a hfsc of αN = 15.57 G, αHβ1 = 20.81 G, and αHβ2 = 22.29 
G), and BMPO−•OOH (with a hfsc of αN = 13.50 G and αH = 12.10 
G for conformer I; αN = 13.30 G and αH = 10.07 G for conformer 
II) were observed (Figs. 2E and S2B). These results also indicated 
the production of •OH, •H, and O2

•− in the light irradiation reac
tion system, occupying 27.7, 62.7, and 9.6% of the total active 
free radical production yield, respectively. Therefore, even 
though •H is generated, significant concentrations of •OH and 
few O2

•− are also generated in both brewed tea and EGCG aqueous 
solutions under light irradiation. The spin concentrations of •OH 
produced for each mole of EGCG were up to 2.4 × 10−4 mol (1.5 ×  
1020 spins), which was ∼1.3 times that produced from hydrogen 
peroxide (H2O2, 1.8 × 10−4 mol) at the same molar amount under 
the same intensity of light irradiation. The first-order rate con
stant of •OH from EGCG aqueous solution under light irradiation 
was estimated at 4.5 × 10−4 s−1 (Figs. 2F and S3 and Table S1), 
which was ∼58 times that of photoinduced production of •OH 
from H2O2 (7.2 × 10−6 M s−1) (36). These results indicate signifi
cant production yield and the rate of •OH from EGCG under light 
irradiation.

To date, a few studies have reported on the occurrences of •OH 
(37) and H2O2 (38) under specific biological conditions in the pres
ence of polyphenols (39). In earlier research, polyphenols, includ
ing EGCG, only produce •OH if metal ions were present (40, 41). 
Interestingly, we found that significant formation of •OH and •H 
from EGCG and brewed tea occurred under sunlight irradiation 
without these specific biological conditions or metals. We subse
quently investigated the 3T3-L1 cell viability (Fig. 3A), apoptosis 
(Figs. 3B, C and S4), and DNA damage (Fig. S5) in vitro after treating 
the cells with different concentrations of EGCG under light irradi
ation. A significant reduction (P < 0.001) in cell viability was found 
in the experimental group under light irradiation compared with 

Fig. 2. Free radical identification in tea under sunlight. A) EPR spectra of DMPO-trapped radicals from brewed tea under full bandwidth light irradiation 
(100 mW cm−2) and in the dark. B) The experimental (black line) and simulated EPR spectra (red line) of DMPO−•OH and DMPO−•H adducts. C) EPR 
spectra of DMPO-trapped radicals containing DMPO−•OH, DMPO−•H, and DMPO−•CH3 after the addition of 5% DMSO. D) The experimental and 
simulated EPR spectra of the DMPO−•CH3 and DMPO−•OOH adducts with the addition of excess DMSO (100%). E) The experimental and simulated EPR 
spectra of the BMPO−•OOH, BMPO−•OH, and BMPO−•H adducts. F) Kinetics of DMPO−•OH yields from EGCG under light irradiation acquired by EPR 
spectroscopy and simulated by kinetic modeling using Kintecus software.
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the control group in the dark. The cells treated with EGCG under 
light irradiation showed distinct apoptosis, which was displayed 
as fluorescence both in the cytomembrane and cell nucleus 
(Figs. 3B, C and S4). The decrease in cell viability and observed 
apoptosis confirmed the instant effect of photoinduced free radi
cals, especially •OH. Therefore, the benefits of drinking tea when 
it is exposed to sunlight merit further attention.

The conjugation effects of the A and B rings (Fig. 1A) in cate
chins are responsible for free radical formation. The alcohol hy
droxyl group (C ring) is not an active group for free radical 
production because it cannot form a conjugated bond. The conju
gation bond in the A ring is considered greater than that in the B 
ring because the A ring contains one more oxygen atom than 
the B ring (Fig. 1A and B). Therefore, the B ring is always more ac
tive for free radical formation than the other rings (13). The 
formed free radicals can act as reducing agents and are respon
sible for the antioxidant abilities of catechins (13, 15–17). We 
found that the capacities of different compounds to form •OH 
under light irradiation for 500 s were in the order of EC > ECG >  
C > EGCG > EGC (Fig. 4A). The •H formation capacities were in 
the order of EC > C > EGC > ECG > EGCG (Fig. 4B). These results in
dicate that there are different formation mechanisms and influ
encing factors for •OH and •H formations from catechins. For 

the formation of •OH, the conjugation effect was critical, and 
the three phenolic hydroxyl groups in EGCG and EGC could extend 
the π bond in the B ring, strengthen the carbon–oxygen bond, and 
decrease the yield of •H (Fig. 1). Therefore, the •OH yields from 
EGCG and EGC with three phenolic hydroxyl groups were lower 
than those from EC, ECG, and C with two phenolic hydroxyl groups 
(Fig. 4A). Additionally, steric effects determined the yield of •H. 
This contributed to the lower yields of •H from ECG and EGCG 
compared with other catechins because they had more compli
cated configurations (Figs. 1 and 4B).

The direct scission of chemical bonds by UV irradiation is re
sponsible for the photochemical formation of free radicals (36, 
42). The wavelength and intensity of light irradiation are possibly 
important factors for free radical formation. We found that the 
continuous formation of •H and •OH occurred under constant light 
irradiation (Fig. 4C). The spin concentrations of •H were higher 
than those of •OH, which could be attributed to the conjugated π 
bonds in the A and B rings (Fig. 1) strengthening the carbon–oxygen 
bond and making dehydrogenation easier. Additionally, forma
tions of those free radicals, dependent on specific light irradiation 
as EPR silent, are observed during visible light irradiation 
(Fig. 4D). The concentrations of the free radicals were also depend
ent on the irradiation intensity (Fig. 4E and F). The wavelength 

Fig. 3. Free radical cell cytotoxicity evaluation. A) The cell viability of 3T3-L1 cells was incubated with different concentrations of EGCG under light 
irradiation and in the dark. Data are presented as the mean ± SD (n = 6). ***P < 0.001. B) Annexin V-FITC/PI costaining of 3T3-L1 cells treated with different 
concentrations of EGCG under light irradiation (70 mW cm−2) and in the dark. C) Annexin V-FITC/PI showing cell apoptosis via flow cytometry.
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(300–1,100 nm) and intensity (100 mW cm−2) of the xenon lamp 
used for the laboratory photochemical experiments fall within 
the range of sunlight (300–1,800 nm and ≤100 mW cm−2; Fig. S6). 
Therefore, the wavelength and illumination intensity of sunlight 
could be responsible for •H and •OH formations in brewed tea, 
which could have practical environmental implications.

The metal oxide ZnO is frequently present in tea samples, con
tributing to 64% (48 mg kg−1) of the total metal oxides, and is 
found in higher concentrations than Al2O3, Fe2O3, and CuO 
(Table S2). Therefore, we evaluated the influence of ZnO on free 
radical formation. In ZnO acetate buffer, specific persistent free 
radicals (Fig. 4G) did not form in Fe2O3, Al2O3, and CuO systems 
(Fig. 4H). This reflects the distinguished stabilization effect of 
ZnO on the organic free radicals simultaneously generated with 
•H and •OH from catechins. This result agrees with the previous 
study that the ZnO surface rich in delocalized π electrons above 
the benzene ring made the organic free radicals stable (43). The 
ZnO-stabilized organic free radicals were deconvoluted as semi
quinone radicals formed by •H abstraction from the B ring 
(Fig. 4G). These stable semiquinone radicals may form covalent 
bonds with proteins and pose toxic effects to organisms (44, 45).

In this study, besides the formation of free radical •H, we dis
cover the significant formation of •OH from EGCG and in brewed 
tea under light irradiation. Those easily formed free radicals 
may break the free radical equilibrium in human and are respon
sible for the ambiguous effects of tea consumption when exposed 
to outdoor sunlight. In addition to these reactive free radicals, the 
simultaneously formed organic free radicals can be stabilized by 
ZnO and pose potential risks to human health.

Formation mechanisms of free radicals from 
EGCG as an active ingredient in tea
We used FT-ICR MS for screening the free radical–intermediated 
products to clarify the formation mechanisms of free radicals pro
duced from EGCG under light irradiation. Both photooxidation 

products and photoreduction products produced from EGCG 
were detected. These compounds were characterized by plotting 
the carbon oxidation state (OSc = 2O/C−H/C) against the carbon 
number (Fig. 5A). Unsurprisingly, during the photoreaction of 
EGCG in vitro, the OSc values of most of the molecular products 
were <0.182, which is the OSc value of EGCG. Some of the OSc val
ues were even below zero, which indicated that photoreduction 
reactions were dominant in the system.

The B ring of EGCG was more prone to produce •H because of its 
weaker oxygen–hydrogen bond compared with the A ring (path
way A in Fig. 5B) (46), which was attributed to the weaker conjuga
tion effect of the B ring compared with the A ring (13). 
Additionally, we considered that steric hindrance had a signifi
cant influence on the •H yield from catechins. Currently, there 
is no study pointing out the simultaneous formation of •OH, 
which is the most damaging free radicals in biosystems (24), not 
to mention their formation mechanisms. The products with the 
highest responses were the photooxidation products (e.g. 
C22H18O12, m/z 473.0725) and the photoreduction products (e.g. 
C22H18O10, m/z 441.0827), which were produced from EGCG 
(C22H18O11) in reactions involving •OH (Fig. 5B). The lowest •OH 
yields were obtained with EGCG and EGC, which indicated that 
•OH formation was dependent on the conjugation effect of the B 
ring. Therefore, the B ring is the dominant donor for •OH in the re
action system as for •H. The one O reduction product at m/z 
441.0827 (C22H18O10) may be responsible for •OH production 
from EGCG, followed by •H coupling. Therefore, during light ir
radiation, we speculated that homolytic decomposition of the C– 
O bond in the B ring of EGCG could occur. This would lead to the 
formation of •OH and carbon-centered organic radicals, which 
could subsequently couple with •H (pathway B in Fig. 5B). The 
carbon-centered organic radicals could not be detected by EPR 
spectroscopy in the aqueous reaction because of the •H coupling 
reaction; however, they could be stabilized by metal oxides (e.g. 
ZnO). EPR signals for these organic radicals on ZnO were detected 
(Fig. 4G). Additionally, O2

•−, which was trapped by both DMPO and 

Fig. 4. Influence factors for •OH and •H production from EGCG as an active ingredient in tea. A and B) Dynamic changes in the yields of photoinduced •OH 
and •H from typical catechins in tea as a function of the irradiation time. C) Dynamic changes in the yields of photoinduced radicals produced from EGCG 
as a function of irradiation time, along with the temporal decay of radicals subsequent to light cessation. D) DMPO adducts formed when an EGCG 
aqueous solution was irradiated with full bandwidth light and visible light. E and F) Concentrations of •OH and •H produced from EGCG under light 
irradiation with different intensities. G) The experimental and simulated EPR spectra for DMPO−•H, DMPO−•OH, and persistent-free radicals formed 
when ZnO was added to the photochemical reaction system. H) The experimental and simulated EPR spectra for DMPO−•H and DMPO−•OH when Al2O3, 
Fe2O3, and CuO were added to the photochemical reaction system.
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BMPO in this study (Figs. 2D and S2), could also easily form 
through electron transfer from these organic free radicals to O2 

(42, 47). Then, O2
•− could transfer to H2O2, which could decompose 

homolytically to form •OH (pathway C in Fig. 5B). To further ex
plore the influence of O2 on •OH formation, deoxygenation was 
conducted in the reaction system. As a result, the yield of •OH de
creased to 83.3% of the original yield (Fig. S7), indicating the con
tribution of pathway C to the formation of •OH.

In summary, by combining in situ EPR spectroscopy of the free 
radicals and FT-ICR MS of the molecular products from EGCG as 
an active ingredient in tea under light irradiation, we have ob
tained evidence of the production of •OH in brewed tea under light 
irradiation. Additionally, we have proposed a formation mechan
ism involving breaking of the O–H bond in phenolic OH groups on 
the B ring to form •H radicals and breaking of the C–O bonds on the 
B ring and D ring to form •OH radicals. This is followed by singlet 
electron transfer from EGCG to O2 to form O2

•− and H2O2. The H2O2 

then decomposes to generate •OH under light irradiation.
Free radicals and their reactions are playing very pivotal roles 

in many fields including food, environment, and human health. 
For example, free radical theory is considered the underlying 
mechanism of human aging and disease (48–50). Excess free rad
icals, specifically •OH, could cause lipid peroxidation and lead to 
lipid membrane damage. If this reaction is not controlled in a 
timely manner, •OH might continuously damage cellular mem
branes in a chain reaction involving the extraction of electrons 
and production of lipid-free radicals (51). Furthermore, •OH could 
cause oxidative stress and DNA damage and therefore decrease 
cell viability. In this study, EGCG as the active ingredient in tea ef
fectively produced •OH under light irradiation. This is important 
because •OH is considered the most damaging free radical in bio
logical systems. The discovery of •OH production in brewed tea 
under sunlight in this study suggests that much more extensive 
research on their potential practical application and health impli
cations should be conducted.

The human body is a highly complex and sophisticated system, 
and the impact of the discovery of •OH in brewed tea on human 
health is still not fully clarified. The oxidation stress caused by 
•OH in brewed tea is unclear, as it could either have damaging or 
beneficial effects. Variables such as an individual's fitness level, tea- 
drinking scenario, tea type, and active ingredient content, among 
others, can all influence their effects on health. However, it is 

generally believed that drinking tea polyphenols is beneficial to 
the health of the general population. Nevertheless, the discovery 
of •OH in brewed tea is undoubtedly interesting, as it serves as a sig
nificant clue that drinking tea under sunlight irradiation should be 
taken into consideration. Additionally, the potential applications 
and implications of the relatively mild •OH produced from brewed 
tea under light irritations in various fields are worth exploiting.

Materials and methods
Characterization of the tea samples
The tea samples used in this study consisted of green tea varieties, 
procured from a local supermarket in Beijing, China. The dry 
weight of the tea samples was found to contain ∼15% EGCG (LC 
purity ≥92.9%, Dr Ehrenstorfer GmbH). For the analysis of metal 
elements in tea, tea samples were characterized using inductively 
coupled plasma mass spectrometry (ICP MS-2030, SHIMADZU, 
Germany). Each green tea (1 g) sample was digested using 8 mL 
of aqua regia (69% HNO3:36% HCl) in a microwave digestion sys
tem for sample preparation for metal detection by ICP-MS. The di
gestion program was as follows: 120 °C for 5 min under 500 W 
microwave power, 160 °C for 10 min under 500 W microwave 
power, and 180 °C for 20 min under 700 W microwave power. 
The sample was then cooled to 50 °C. After acid treatment, the di
gestion tank was removed, and the solvent was exchanged with 
deionized water. The sample was diluted to 10 mL and filtered 
through a 0.45-μm polytetrafluoroethylene filter. Finally, the sam
ple was injected into the inductively coupled plasma mass spec
trometer for the determination of the heavy metal contents. The 
contents of zinc, aluminum, and copper in the tea samples were 
relatively high (Table S2). The effects of ZnO, Al2O3, Fe2O3, and 
CuO on free radical formation were evaluated.

Identification, quantification, and formation 
kinetics of free radicals produced from EGCG and 
brewed tea under light irradiation
EGCG is the dominant ingredient in tea. Free radical species pro
duced from an EGCG aqueous solution under sunlight irradiation 
were detected. We prepared brewed tea at 90 °C for 5 min, fol
lowed by implementing a nondestructive, in situ irradiation tech
nique using EPR spectroscopy (EMX plus, Bruker Instruments, 

Fig. 5. Mechanisms of •OH and •H formation from EGCG as an active ingredient in tea. A) Chemical characterization of the molecular products formed 
during photooxidation of EGCG in a plot of the carbon oxidation state (OSC) vs. the carbon number. B) Observed formation of EGCG-related products using 
FT-ICR MS, and the proposed mechanisms for •OH and •H formation from EGCG under light irradiation.
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USA) equipped with a light source to simulate free radical forma
tion in brewed tea under light irradiation (Fig. S1). Both DMPO (GC 
purity ≥99%, Dojindo Molecular Technology, Japan) and BMPO (GC 
purity ≥99%, Dojindo Molecular Technology) were used for react
ive free radical trapping during the photochemical reaction. EPR 
spectroscopy was used to measure the formation of active free 
radicals, including •OH and •H. No evidence of an EPR signal 
was observed in pure water, DMPO, or BMPO under the same con
ditions (Figs. 2C and S2A and B), suggesting that the observed rad
icals were derived from brewed tea and EGCG under light 
irradiation. The hfsc and line characteristics of DMPO and BMPO 
spin-trapping adducts were used to identify the free radicals. 
EPR secondary radical spin trapping with DMSO as a typical •OH 
scavenger was used for further confirmation of the existence of 
•OH (30–32, 52).

The hfscs of the free radicals were evaluated using Bruker's 
Xenon program. The hfscs can reflect the magnetic interaction be
tween the nucleus and the electron (27). Density functional theory 
was used for the calculation of hfsc. The structures of the ground 
states of the EGCG-related radicals were optimized using the un
restricted hybrid functional B3LYP and the 6-31G* basis sets. The 
hfscs were calculated using the B3LYP functional and the EPR-II 
basis sets with B3LYP/6-31G* geometry. The calculated hfscs of 
the EGCG-related radicals were elucidated using the Xenon pro
gram to fit the original EPR spectrum.

Radical quantification was conducted using Bruker's Xenon 
program according to the quantitative theory of spin calculation. 
Absolute values of the spins in the samples were calculated using 
the following equation:

DI =
c

f (B1, Bm)
× [GR × Gt × n] ×

��
P
√

× Bm × Q × nB × S × (S + 1)
􏽨 􏽩

× nS 

where DI is the result of double integration of the EPR signal, GR is 
the receiver gain, Ct is the conversion time (s), P is the microwave 
power (W), Bm is the modulation amplitude (G), nB is the 
Boltzmann factor for temperature dependence, S is the total elec
tron spin, n is the number of scans, and Q is the quality factor of 
the resonator. The factors described above were all known during 
the detection by EPR spectroscopy. In addition, nS is the number of 
spins, c is the point sample sensitivity calibration factor, and f (B1, 
Bm) is the resonator volume sensitivity distribution. The value of c/ 
(f [B1, Bm]) was obtained through factory calibration. The above 
radical quantification method was developed in consultation 
with the design engineer of Bruker's Xenon program and is de
scribed in our previous study (53). The precision of Bruker's 
Xenon program for radical quantification was tested by compari
son of the experimental data with the calculated data.

Metal oxides are common in tea and may influence the forma
tion of free radicals from EGCG under light irradiation. Here, 
EGCG aqueous solution containing the metal oxides, which are of 
relatively higher contents in practical tea samples, such as ZnO, 
Al2O3, CuO, and Fe2O3 (99.9% purity, Sigma-Aldrich, Co., St Louis, 
MO, USA), were evaluated for their free radical generation capacity. 
The pH is also important for free radical formation. The concentra
tions and species of free radicals formed in EGCG aqueous solutions 
with different pH values varied (Fig. S8A). We found that •OH could 
form in EGCG aqueous solutions over a wide pH range (pH 2–11). In a 
strongly alkaline environment (pH 12), organic free radicals and •H 
formed. Simulation of the hyperfine signals of organic free radicals 
demonstrated that semiquinone radicals were generated (Fig. S8B) 
after •H abstraction from the B ring of EGCG. Considering that 
brewed tea is neutral or weakly acidic, the experimental pH was 

adjusted to 7.4 using phosphate-buffered saline (PBS). All reactions 
were carried out using the following reagents: 2 μL of 3 M DMPO, 
30 μL of 1× PBS (0.01 M, pH 7.4), and 20 μL of 2 mg mL−1 EGCG/metal 
oxide (ZnO, Al2O3, CuO, Fe2O3, or no metal oxide).

Free radicals produced from EGCG under light irradiation were 
detected in situ using X-band EPR with a xenon lamp of 
100 mW cm−2 light irradiation (CHF-XM500, Perfectlight, China) to 
simulate sunlight. The xenon lamp spectrum was like that of real 
sunlight (Fig. S6). The EPR parameters were as follows: microwave 
frequency, 9.78 GHz; modulation frequency, 100 kHz; modulation 
amplitude, 1.0 G; receiver gain, 10 dB; center field, 3,505 G; sweep 
width, 100 G; time constant, 81.92 ms; sweep time, 50 s; and micro
wave power, 20 mW.

We used a kinetic model to obtain the rate constants of reactive 
species produced from EGCG under light irradiation. The concen
trations of the reactive species were simulated by kinetic model
ing using Kintecus software. The kinetic model included the 
formation reactions, coupled reactions, and additional reactions 
related to photoinduced free radical production from EGCG. 
Details for the reactions are shown in Table S1.

Screening of photochemical reaction products 
from EGCG as an active ingredient of tea by FT-ICR 
MS
Photochemical reaction products of the EGCG as an active ingredi
ent of tea were screened using FT-ICR MS (SolariX-15T, Bruker, 
Germany) in negative ionization mode (Fig. S1). Before analysis, 
3 mL of an aqueous EGCG solution (2 g L−1) or brewed tea 
(20 g L−1) was irradiated under a xenon lamp for 1 h. For FT-ICR 
MS, an aliquot (3 μL) of the irradiated solution was diluted in 
600 μL methanol/water (1:1, v/v). The instrument was equipped 
with a 15.0-T magnetic field. The screening mass range was m/z 
0–1,500. The atomizer temperature was set at 300 °C, the drying 
temperature was 220 °C, and the drying gas flow rate was 4.0 
L min−1. The ion accumulation time was 0.01 s, and the capillary in
let voltage was −3.8 kV. Sodium formate (10 mmol L−1) was used as 
the calibration solution. The mass error after calibration was 
<1 ppm. DataAnalysis 5.0 was used for molecular assignment. 
The signal-to-noise ratio was set at 6. The relative peak area thresh
old was 0.1%, the relative peak intensity threshold was 0.01%, and 
the relative intensity threshold was 0.01%. The absolute intensity 
was 10,000. The elemental composition was set as CxHyOz. The error 
of the molecular assignment was set to <1 ppm. Molecular formu
lae that overlapped between the blanks and samples were excluded.

In vitro experiments to evaluate DNA damage, cell 
cytotoxicity, and apoptosis induced by free 
radicals produced from EGCG as an active 
ingredient of tea under light irradiation
3T3-L1 cells were used as the model cells for in vitro experiments to 
assess DNA damage, cell cytotoxicity, and apoptosis induced by free 
radicals produced from EGCG under light irradiation. The 3T3-L1 
cells were grown in Dulbecco's modified Eagle's medium at 37 °C 
under a 5% CO2 atmosphere. The cells were cultured in a medium 
containing 10% fetal bovine serum and 1% penicillin streptomycin.

In vitro cytotoxicity assays of the free radicals produced from 
EGCG were conducted by assessing the cell viability of 3T3-L1 
cells. 3T3-L1 cells were seeded in 96-well plates at a density of 
1–1.5 × 104 cells per well. The cells were incubated at 37 °C over
night. After incubation with different concentrations of EGCG 
for 0.5 h, the cells were then irradiated with full bandwidth light 
(70 mW cm−2, 15 min). The treated cells were then cultured for 
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an additional 24 h. Cells in the control group were treated in the 
same manner, except for exposure to light. Finally, the cell viabil
ity was determined using a cell counting kit-8 (CCK-8, Dojindo 
Molecular Technology) following a standard protocol. The absorb
ance for the Bio-Rad microplate reader was set at 490 nm.

In vitro cell death analysis was conducted using Annexin 
V-FITC/propidium iodide (PI) immunofluorescence. An Annexin 
V-FITC/PI Apoptosis Detection Kit (Elabscience, China) was used 
for the detection of photoinduced cell death caused by free radi
cals produced from EGCG under light irradiation. 3T3-L1 cells 
were seeded onto 20-mm confocal dishes for 24 h. The cells 
were then incubated with PBS, 20 μM EGCG, and 100 μM EGCG 
for 30 min, respectively. After this, the cells were irradiated with 
full bandwidth light (70 mW cm−2, 15 min). The irradiated cells 
were stained with the Annexin V-FITC/PI Apoptosis Detection 
Kit for 15 min and visualized by fluorescence microscopy (DMi8, 
Leica, Germany) with an excitation wavelength of 488 nm. The 
emission wavelength was measured from 505 to 545 nm (green 
channel) and from 600 to 700 nm (red channel). In addition, a 
flow cytometer (BD FACS LSR II, BD Biosciences, USA) was used 
to quantitatively show cell necrosis and apoptosis degree. The 
cells in the control group were treated in the same manner, except 
for exposure to light.

In vitro DNA damage was assessed using phosphorylation of 
H2AX at Ser 139 (γ-H2AX) immunofluorescence analysis. We used 
γ-H2AX to probe the formation of DNA double-strand breaks with 
EGCG after light irradiation. 3T3-L1 cells were seeded on 20-mm 
confocal dishes at a density of 5 × 104 cells for 24 h. The cells were 
incubated with PBS, 20 μM EGCG, or 100 μM EGCG for 30 min. Next, 
the cells were irradiated with full bandwidth light (70 mW cm−2, 
15 min). The irradiated cells were cultured for an additional 7 h, 
washed with PBS, and fixed with paraformaldehyde for 10 min. 
After rinsing with PBS, the fixed cells were permeabilized with 
Triton-X 100 for 15 min at room temperature. Subsequently, the 
cells were incubated with γ-H2AX Ab (Beyotime Biotechnology, 
China) overnight at 4 °C. After washing, the cells were stained 
with the secondary antibody antirabbit Alexa-488 (Beyotime 
Biotechnology) for 1 h at room temperature. The cell nuclei were 
stained with DAPI for 5 min at room temperature, followed by the 
addition of an antifade mounting medium. Finally, the cells were im
aged under a confocal microscope (TCS SP5, Leica) with the following 
excitation and emission wavelengths: 350 and 460 nm for DAPI and 
488 and 525 nm for Alexa-488. The cells in the control group were 
treated in the same manner, except for exposure to light.
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Supplementary material is available at PNAS Nexus online.
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