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ABSTRACT
(−)-Epigallocatechin gallate (EGCG) and olivetol hybrid molecules 1-4 were conveniently synthesized using dielectric
barrier discharge plasma irradiation. The structures of these unprecedented hybrid molecules were determined by
interpretation of spectroscopic data. The unusual hybrid 1 showed improved antiglycation potency toward the advanced
formation of glycation end products than the original EGCG and olivetol. The novel hybrid 1 is an interesting new class
of antiglycation candidate that requires further investigation.

Graphical Abstract

A new convenient method was established for simple green synthesis of methylene-bridged (−)-epigallocatechin gallate
and olivetol hybrid molecules 1-4 using cold plasma apparatus.
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Diabetes mellitus is a common endocrine disease characterized
by elevated hyperglycemia. This syndrome is prevalent world-
wide and predisposes an individual to chronic complications,
including coronary heart disease, nephropathy, and neurode-
generation (Fava 2008; Anselmino 2009). Diabetes-associated
metabolic disorder manifests as hyperglycemia, high levels of
triacylglycerol (TG), and low levels of high-density lipoprotein
(HDL) dyslipidemia. In particular, hyperglycemia resulting from
diabetes plays a key role in the pathogenesis of diabetic com-
plications through several mechanisms, such as the increased
formation of advanced glycation end products (AGEs), activation
of protein kinase C isoform, overexpression of the AGE recep-
tor, excessive oxidative stress, and increased aldose reductase
(AR)-related polyol pathway flux in body tissues (Peyroux and
Sternberg 2006). The AGEs form in cellular proteins, lipids, nu-
cleic acids, and take complex structures that produce protein
fluorescence and cross-linkage. The AGEs and protein glycation
are accompanied by increased free radical activity that con-
tributes toward the biomolecular damage in diabetes (Ahmed
2005; Jung et al. 2005). Recent studies have implicated natural
and synthetic antioxidants in various diabetic complications in
humans (Jung et al. 2005, 2008) Thus, the prevention of AGE for-
mation and oxidative stress is a promising therapeutic target for
diabetic complications.

Molecular hybridization is an emerging approach for the ad-
vanced strategy of novel chemical entities and structural modi-
fications based on the recognition of pharmacophoric subunits
(Viegas-Junior et al. 2007). The chemical hybridization of new
prototype drug candidates has attracted considerable attention
over the last 2 decades because of their advantageous effects on
human health (Proschak, Stark andMerk 2018). Hybrid molecule
is created by the combination of structural features of 2
differently active backbones. The development of modified
skeletons with enhanced and remarkable properties has been a
major focus in the field of medicinal chemistry. In addition, the
development of hybridmolecular entities capable ofmodulating
multiple targets is a popular approach for multidrug therapy.
Natural products provide an initiating point for new synthetic
materials with diverse structures and often have multiple chiral
centers, which can be challenging synthetically. Natural bioac-
tive phytochemicals, such as polyphenolic compounds, have at-
tracted recent attention because of their beneficial properties
on human health. A previous study reported that the molecular
hybridization of natural products with different structural fea-
tures is a valuable chemical approach for the formation of struc-
turally modified novel entities with improved pharmacological
capacities (Suzuki 2010). (−)-Epigallocatechin gallate (EGCG) is
the most well-known secondary metabolite of flavan-3-ol found
in the leaves of Camellia sinensis. This bitter catechin has been
studied widely and is believed to have potent biological proper-
ties responsible for several beneficial health effects, especially
antiglycation capacity (Sampath et al. 2017). On the other hand,
(−)-EGCG is unstable under oxidative conditions and has low
bioavailability in the human body.Thus, this study examined the
influences of its structural hybridization, which is closely cor-
related with its biological capacity. Several alklyphenol analogs
derivatives have promising capacities as a new class of drug can-
didates in several bioassay systems. Olivetol is found in certain
species of lichens and exhibits potent radical scavenging and
digestive enzymes inhibitory effects (Taslimi and Culcin 2017,
2018). According to a previous study, EGCG lipophilized with
fatty acid is a valuable approach to enhancing the antiglyca-
tion activity (Wang et al. 2016). These 2 pharmacologically sub-
stantial skeletons were examined to synthesize their molecular
hybridization.

Natural products and their semisynthetic derivatives are
used extensively in the treatment of several diseases (Kinghorn
et al. 2009), but the insufficient amounts of pharmacologically
active compounds of natural origins have restricted their ap-
plication. Moreover, most synthetic procedures for producing
pharmacological agents require harsh reactions and long reac-
tion times (Han, Jones and Lei 2015). A recent study suggested
nonthermal dielectric barrier discharge (DBD) plasma irradia-
tion as a unique green chemical procedure for the synthesis
of structurally novel biologically active compounds with en-
hanced convenience and yields (Jeong et al. 2017; Jeong, Cho
andKim2019a).Dielectric barrier discharge (DBD) plasma causes
specific chemical modifications due to the generation of abun-
dant oxygen species and reactive nitrogen (Gaunt, Beggs and
Georghiou 2006). Recent interest has focused on the synthesis
of potential pharmacological agents from major natural prod-
ucts in plant origin. This paper reports the novel structural
hybridization of (−)-EGCG and olivetol units adapted by non-
thermal DBD plasma irradiation. The present study leads to
the unique molecular hybridization of new lipophilized (−)-
EGCG analogs with substantially enhanced biological properties
based on the formation of AGEs assay compared to the original
(−)-EGCG.

Results and discussion

Cold plasma apparatus irradiation was conducted with a previ-
ously described protocol (Jeong et al. 2020). A prepared mixture
containing (−)-epigallocatechin gallate and olivetol in methanol
was treated directly toDBDplasma for 60min.Themolecular hy-
bridization patterns were monitored with reversed-phase HPLC
analysis. Chromatographic separation led to the purification of
4 new methylene-bridged (−)-EGCG-olivetol hybrid molecules
1-4 (Figure 1). The structures of the novel hybrid molecules were
established by an interpretation of their spectroscopic data.

Compound 1 was obtained as a white amorphous optically
active powder, [α]25D −6.4 (c 0.1, MeOH). The molecular formula
was indicated as C46H50O15 based on the pseudomolecular ion
peak at m/z 841.3071 [M–H]− (calcd for C46H49O15) in the neg-
ative mode HRFABMS. The UV spectrum exhibited a maximal
absorption peak at 225 nm and a broad band approximately
278 nm, which is typical of a flavan-3-ol framework (Cui et al.
1992). The phenolic feature of the hydroxyl groups was evident
from a positive ferric chloride test. The 1H nuclear magnetic res-
onance (NMR) measurement of compound 1 (Table 1) showed
the resonance of 4 sets ofmeta-coupled protons at δH 6.97 (2H, s,
H-2′′, 6′′), 6.70 (2H, s, H-2′, 6′), 6.32 (1H, d, J = 2.4 Hz, H-3′′ ′′), 6.24
(1H, d, J = 2.4 Hz, H-3′′ ′), 6.17 (1H, d, J = 2.4 Hz, H-5′′ ′), and 6.11
(1H, d, J = 2.4 Hz, H-5′′ ′), indicating the presence of four 1,3,4,5-
tetrasubstituted aromatic rings. The spectrum also revealed 2
oxygenatedmethine protons at δH 5.42 (1H,m, H-3) and 5.00 (1H,
br s, H-2), which displayed the characteristic broad singlets at
H-2 andH-3 associatedwith the 2,3-cis geometry (Morikawa et al.
2019), and additional 8 methylene protons at δH 2.64-0.91, and 2
methyl groups at δH .79 (3H, t, J = 7.2 Hz, H-11′′ ′′) and .60 (3H, t,
J = 7.2 Hz, H-11′′ ′). With the exception of these resonances, the
1H NMR spectrum of 1 in the aliphatic area also revealed the
resonances of 2 characteristic isolated methylene signals at δH

4.14 (1H, d, J = 15.6 Hz, H-12′′ ′), 3.83 (1H, d, J = 15.6 Hz, H-12′′ ′),
3.80 (1H, d, J = 15.6 Hz, H-12′′ ′′), and 3.73 (1H, d, J = 15.6 Hz, H-
12′′ ′′). Consistent with these 1H NMR interpretations, 13C NMR
andHSQC analyses of 1 further suggested that compound 1 con-
tain 1 EGCG core substitutedwith 1 olivetol unit. The attachment
points of the 2 methylene bridge residues in 1 were established
unambiguously through the key HMBC cross-peaks as shown in
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Molecular hybridization based on (−)-epigallocatechin gallate 1071

Figure 1. Structures of newly converted hybrid molecules 1-4 induced by plasma irradiation.

Figure 2. The small J2,3 value designated a cis stereochemistry be-
tween H-2 and H-3 of the flavan 3-ol unit (Morikawa et al. 2019).
Therefore, the structure of novel hybrid molecule 1 was defined
and given the trivial name, olivecachin A.

The negative-ion mode HRFABMS of 2 provided a pseudo-
molecular ion peak at m/z 649.1915 [M–H]−, which is consistent
with the molecular formula of C36H33O13. The similar UV and
1D (1H- and 13C-) NMR spectroscopic data of these molecules 1
and 2 indicated that 2 was also an EGCG-olivetol hybrid. The 1H
NMR spectrum of 2 (Table 1) observed 3 pairs of meta-coupled
aromatic signals at δH 6.96 (2H, s, H-2′′, 6′′), 6.59 (2H, s, H-2′, 6′),
6.27 (1H, d, J= 2.4 Hz,H-3′′ ′′), and 6.17 (1H, d, J= 2.4 Hz,H-5′′ ′), and
2 diagnostic oxygenatedmethine protons of the flavan-3-olmoi-
ety at δH 5.35 (1H, m, H-3) and 4.90 (1H, br s, H-2), and 1 methy-
lene signal at δH 2.92 (1H, dd, J= 17.4, 4.8 Hz,H-4) and 2.83 (1H, dd,
J= 17.4, 1.2 Hz,H-4), indicating the presence of 1 EGCG and olive-
tol units. In addition to these characteristic magnetic features,
the 1H and 13C NMR spectra of 2 appeared 1 extra methylene
and 1 isolated aromatic singlet functionality at δH 3.83 and 3.73
(δC 18.5) and 6.10 (δC 95.4). The connection point of 1 methylene
bridge in the novel hybrid structure was determined unambigu-
ously by the key HMBC cross-peaks between the CH2- function-
ality and aromatic carbons as shown in Figure 2. Therefore, the
new structure of 2 could be assigned as olivecachin B as shown
in Figure 1.

The 1H and 13C NMR spectral data of novel hybrids 2 and 3
were closely comparable (Table 1), and the same molecular for-
mula of C34H34O13 was assigned for 2 (m/z 649.1915) and 3 (m/z

649.1927) based on their HRFABMS [M–H]−. These 2 compounds
were indicated to be olivetol-EGCG hybrids with an olivetol com-
prising unit substituted in the A-ring of EGCG by a comparison
of their 1D NMR data with those of hybrids 2 and 3. Careful in-
terpretation of their 2D NMR (HSQC, HMBC, and NOESY) spectral
features resulted in the structural isomer for both 2 and 3. The
only difference between 2 and 3 was the linkage points of the
olivetol subunits at C-8 or C-6 in the A-ring of the EGCG core.
The attached position of olivetol through a methylene bridge at
C-8 was clearly indicated by the occurrence of the key HMBC cor-
relations (Figure 2). Thus, compound 3was structurally assigned
as the trivial name olivecachin C.

The negative HRFABMS of 4 exhibited a pseudomolecular ion
peak at m/z 649.1927 [M–H]−, indicating that the molecular for-
mula of C34H34O13 was the same as that of 3. The 1H, 13CNMR res-
onances of 4 were also nearly superimposable to those of 3, ex-
cept for the presence of a magnetically equivalent 2H-singlet (δH
6.24) instead of the 2 meta-coupled aromatic protons in 3. Com-
pound 4was regarded as the linkage isomer of 3. The location of
themethylene bridge in the hybrid molecule was determined by
the key HMBC cross-peaks between the CH2- functionality and
aromatic carbons as shown in Figure 2. Consequently, the struc-
ture of 4 was assigned as olivecachin D as shown in Figure 1.

Hybrid compounds are a combination of the structural char-
acteristics of differently active subunits. They are the most
popular chemical entities to work upon for emerging modified
skeletons with enhanced biological capacities in the field of
pharmacology.The synthesis strategy of hybrid natural products
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Table 1. 1H and 13C NMR shifts of compounds 1-4a

1 2 3 4

Position δH
b (J in Hz) δC, mult. δH

b (J in Hz) δC, mult. δH
b (J in Hz) δC, mult. δH

b (J in Hz) δC, mult.

2 5.00 (br s) 78.1 4.90 (br s) 77.8 5.07 (br s) 78.3 5.17 (br s) 79.5
3 5.42 (m) 69.9 5.35 (m) 70.0 5.45 (m) 69.6 5.44 (m) 69.4
4 2.96 (dd, 17.4, 4.8) 27.2 2.92 (dd, 17.4, 4.8) 26.8 3.02 (dd, 17.4, 4.8) 26.7 2.96 (dd, 17.4, 4.8) 26.6

2.88 (dd, 17.4, 1.2) 2.83 (dd, 17.4, 1.2) 2.94 (dd, 17.4, 1.2) 2.89 (dd, 17.4, 1.2)
4a – 98.9 – 98.9 – 98.7 – 99.4
5 – 153.0 – 154.6 – 155.0 – 154.7
6 – 107.7 – 107.5 5.99 (s) 96.5 6.09 (s) 97.2
7 – 153.2 – 154.8 – 155.3 – 155.5
8 – 106.5 6.10 (s) 95.4 – 106.4 – 105.5
8a – 151.2 – 154.2 – 153.3 – 152.4
1′ – 130.6 – 130.5 – 130.3 – 129.2
2′ 6.70 (s) 106.3 6.59 (s) 106.5 6.71 (s) 106.4 6.76 (s) 108.5
3′ – 146.1 – 146.0 – 146.0 – 145.8
4′ – 132.7 – 132.8 – 132.8 – 133.4
5′ – 146.1 – 146.0 – 146.0 – 145.8
6′ 6.70 (s) 106.3 6.59 (s) 106.5 6.71 (s) 106.4 6.76 (s) 108.5
1′′ – 121.4 – 121.2 – 121.2 – 121.0
2′′ 6.97 (s) 109.8 6.96 (s) 109.8 7.02 (s) 109.8 7.08 (s) 110.0
3′′ – 145.7 – 145.7 – 145.7 – 146.2
4′′ – 138.7 – 138.8 – 138.8 – 139.0
5′′ – 145.7 – 145.7 – 145.7 – 146.2
6′′ 6.97 (s) 109.8 6.96 (s) 109.8 7.02 (s) 109.8 7.08 (s) 110.0
7′′ – 166.7 – 166.6 – 166.7 – 166.5
1′′ ′ – 116.4 – 116.4 – 116.7 – 111.6
2′′ ′ – 155.0 – 155.3 – 155.5 – 155.6
3′′ ′ 6.24 (d, 2.4) 100.3 6.27 (d, 2.4) 100.3 6.25 (d, 2.4) 100.7 6.24 (s) 106.6
4′′ ′ – 156.7 – 156.7 – 156.5 – 143.2
5′′ ′ 6.11 (d, 2.4) 109.5 6.17 (d, 2.4) 107.5 6.15 (d, 2.4) 109.3 6.24 (s) 106.6
6′′ ′ – 145.8 – 145.8 – 145.4 – 155.6
7′′ ′ 2.64 (m), 2.34 (m) 33.0 2.62 (m) 33.3 2.72 (m), 2.39 (m) 33.3 2.34 (t, 7.8) 35.9
8′′ ′ 1.07 (m) 31.6 1.25 (m) 32.1 1.29 (m) 31.7 1.45 (q, 7.8) 31.4
9′′ ′ 0.91 (m) 32.3 1.32 (m) 32.4 1.04 (m) 32.22 1.19 (m) 31.9
10′′ ′ 0.93 (m) 23.4 1.20 (m) 23.1 1.01 (m) 23.3 1.23 (m) 22.3
11′′ ′ 0.60 (t, 7.2) 14.2 0.80 (t, 7.2) 14.2 0.68 (t, 7.2) 14.1 0.78 (t, 7.2) 14.1
12′′ ′ 4.14 (d, 15.6) 18.8 3.83 (d, 15.6) 18.5 4.06 (d, 15.6) 18.6 3.82 (d, 15.6) 16.8

3.83 (d, 15.6) 3.73 (d, 15.6) 3.76 (d, 15.6) 3.78 (d, 15.6)
1′′ ′′ – 116.3
2′′ ′′ – 154.9
3′′ ′′ 6.32 (d, 2.4) 100.4
4′′ ′′ – 156.8
5′′ ′′ 6.17 (d, 2.4) 109.7
6′′ ′′ – 145.9
7′′ ′′ 2.41 (m) 33.3
8′′ ′′ 1.20 (m) 32.2
9′′ ′′ 1.15 (m) 31.7
10′′ ′′ 1.11 (m) 23.1
11′′ ′′ 0.79 (t, 7.2) 13.3
12′′ ′′ 3.80 (d, 15.6) 18.6

3.73 (d, 15.6)

a 1H NMR spectra were measured at 600 MHz, and 13C NMR spectra were measured at 150 MHz. Data obtained in acetone-d6 + D2O. Assignments based on HSQC and
HMBC spectra.
bJ values (Hz) are given in parentheses.

has several benefits and can overcome the drug combination ac-
companying the rapid emergence of drug resistance, potency,
solubility, pharmacokinetics, metabolism, and safety (Muregi,
Kirira and Ishih 2011). The traditional isolation and character-
ization of bioactive agents from medicinal plants continues and
several naturally occurring phytochemicals have been synthe-
sized into hybrid molecules with remarkably enhanced biolog-

ical capacity using a range of synthetic tools (Perez-Cruz et al.
2013).

Among the representative Camellia sinensis catechins, includ-
ing epicatechin gallate (ECG), epigallocatechin (EGC), epicatechin
(EC), EGCG with unstable chemical properties has numerous
biological capacities with the potential advantages on human
health (Cabrera, Artacho and Giménez 2006). EGCG has poor
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Figure 2. Key HMBC correlations of 1-4.

Table 2. Inhibitory effects on AGEs formation of new hybrids 1-4

Compound IC50 value (μm)a

Plasma treated (−)-EGCG and olivetol (60 min) 22.9±0.8b

(−)-EGCG 158.1±1.1
Olivetol >500
1 2.3± 0.1
2 7.6± 0.4
3 9.8± 0.5
4 13.9±0.5
Aminoguanidinec 837.2±6.3

aTested compounds were examined in triplicate experiments.
bResults are expressed as IC50 value using μg/mL unit.
cUsed as a positive control.

bioavailability and bioactivity owing to its relatively hydrophilic
nature. To overcome the limitations of EGCG, lipophilized EGCG
analogs were synthesized by the esterification of EGCG with
different hydrophobic fatty acids (Zhong and Shahidi 2011). Few
studies have examined the pharmacological potential of (−)-
EGCG-olivetol hybrid using DBD plasma irradiation on antigly-
cation. Contents of the isolated molecules in the irradiated
(−)-EGCG of 30, 60, 90, and 120 min were quantified using
the external standard method and the results are shown
in Table 3. Five concentrations points (n = 5) were used for
the preparation of the calibration curve and the calibration
curve of pure solutions of the standard compounds was
completely linear (r2 > 0.9997). The retention times of newly
generated compounds 1 (tR 19.7 min), 2 (tR 18.2 min), 3 (tR 16.8

min), 4 (tR 19.3 min), olivetol (tR 20.2 min), and (−)-EGCG (tR
10.2 min) were detected for 4 plasma-treated samples. Quan-
titative analysis revealed that the contents of the most potent
compound (1) in the treated reactants at 30, 60, 90, and 120 min
were 5.2±0.3, 36.3±1.1, 43.0±0.9, and 64.7±1.3 mg/g, respec-
tively. As the irradiation dose increased, formation of most
active olivecachin A (1) and new hybrid molecules 2, 3 and 4
increased, reaching maximum values of 64.7±1.3, 172.3±1.6,
215.8±1.8, and 172.3±1.9 mg/g upon 120 min treatment,
respectively. In contrast, reduction of (−)-EGCG and olivetol
contents were observed by DBD plasma irradiation (Table 3).
These results suggest that the contents of olivecachin A (1)
and new hybrid molecules 2-4 increased up to 120 min of
plasma treatment as the final products from (−)-EGCG and
olivetol.

Lipophilized hybrid molecules 1-4 obtained in the present
study were evaluated in terms of their inhibitory capaci-
ties toward the formation of advanced glycation end prod-
ucts (AGEs) (Table 2) (Vinson and Howard 1996). Among these
lipophilized hybrids, olivecachin A (1) and olivecachin B (2)
exhibited more enhanced inhibitory activities than those of
the parent (−)-EGCG and olivetol toward AGEs formation with
IC50 values of 2.3± 0.1 and 7.6±0.4 μm, respectively (Table 2).
Interestingly, the structurally related hybrids 3 and 4, which
have an olivetol moiety on the A-ring at the C-8 position,
were found to display relatively weaker inhibitory activity
in this bioassay than 1. This suggests that the number and
location of hydrophobic olivetol at A-ring for this type of
molecule may have positively influenced the inhibition of AGEs
formation.
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Table 3. Content (mg/g) of individual components in the reaction mixture by plasma irradiation times

Plasma irradiation time (min)

Compound tR (min) 30 60 90 120

EGCG 10.2 534.7 ± 4.4 389.1 ± 2.9 144.7 ± 1.7 57.8 ± 1.0
Olivetol 20.2 215.4 ± 2.1 152.7 ± 1.8 81.1 ± 1.2 Nd
1 19.7 5.2 ± 0.3 36.3 ± 1.1 43.0 ± 0.9 64.7 ± 1.3
2 18.2 22.6 ± .8 28.8 ± 1.0 123.5 ± 1.7 173.2 ± 1.6
3 16.8 46.2 ± 1.0 83.4 ± 0.9 169.8 ± 2.0 215.8 ± 1.8
4 19.3 8.3 ± 0.5 66.1 ± 0.7 136.7 ± 1.6 172.3 ± 1.9

nd: Not detected.

EGCG is the major polyphenolic secondary metabolite in
green tea with potent antioxidant capacities that comprise epi-
catechin and gallic acid comprising units. Based on the chemical
structure and molecular weight, phenolic acids and isoflavones
are well absorbed. In contrast, catechins and proanthocyani-
dins are poorly absorbed (Han, Shen and Lou 2007). Structural
modification of the attaching lipophilic group to improve its
hydrophobicity may be valuable for improving bioavailability
and, therefore, bioefficacy. Recent advances have suggested that
unstable, reactive oxygen species and free radicals generated by
DBD plasma might be conveniently modified to new molecules
with enhanced bioefficacy (Jeong, Park and Kim 2019b). The
present investigation examined themolecular hybridization and
isolation of structurally novel EGCG-olivetol through a methy-
lene bridge that is correlated distinctly with the enhanced
antiglycation property.

Conclusion

The present study found that (−)-EGCG and olivetol is readily
hybridized into 4 novel structures 1-4. The new hybrid 1 showed
higher antiglycation capacity toward the formation of advanced
glycation end products (AGEs) compared to the original EGCG
and olivetol. These results will facilitate structure–activity re-
lationship investigations of the antiglycation activities of (−)-
EGCG-olivetol connected through methylene bridge compared
to other types of hybrid structures. This investigation revealed
the convenient hybridization of major naturally occurring sec-
ondary metabolites induced by cold plasma and provided a
unique approach to the semisynthesis of (−)-EGCG-based hy-
bridization with highly enriched potency for the antiglycation
property. A further systematic study into the influences of DBD
plasma irradiation on structure hybridization and biological
potencies of other natural secondary metabolites is currently
underway.

Experimental
Chemicals and instruments

(−)-EGCG, olivetol, and aminoguanidine and were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
used in this study were of analytical grade. UV spectra were
recorded on aHitachi U-2000 spectrophotometer (Hitachi, Tokyo,
Japan). 1H and 13C NMR spectra were obtained on a Avance NEO-
600 instrument (Bruker, Karlsruhe, Germany) operated at 600
and 150 MHz, respectively. Chemical shifts are given in δ (ppm)
values relative to those of the solvent acetone-d6 (δH 2.04; δC

29.8) on a tetramethylsilane (TMS) scale. The standard pulse
sequences programmed into the instruments were measured

for each 2D measurement. The JCH value was set at 8 Hz in the
HMBC spectra. FABMS were conducted on a JMS-700 spectrome-
ter (JEOL, Tokyo, Japan). Column chromatographywas performed
with YMC GEL ODS AQ 120-50S (YMC Co., Kyoto, Japan).

Sample preparation and new compounds isolation

The plasma exposure device consisted of a process chamber
with a DBD apparatus and power supply. The material of the
chamber is a Teflon with relatively low chemical reactivity, and
the inside of the chamber is 150 × 150 × 275 (h) mm (Jeong et al.
2020). The DBD apparatus is comprised of 4 surface DBD sources.
Each source is made of a fused silica plate with a thickness of
0.6 mm and a size of 100 × 100 mm2 and 2 electrodes of a metal
sheet based on nickel–chromium alloy. One electrode consists
of 6 × 6 open surface patterns, and each pattern is a rounded
square and the size is 9 × 9 mm2. The other electrode is no open
area. The power supply consists of an arbitrary waveform gen-
erator (Tektronix AFG3021C) and a high voltage power amplifier
(Trek 5/80). A sinusoidal waveform with a frequency 2.5 kHz and
a peak-to-peak voltage of 4 kV was applied between the 2 elec-
trodes during the operation, and surface discharge was gener-
ated at the open boundary with 36 patterns in ambient air with-
out any gas supply. The high voltage probe (Trektronix P6015A),
10:1 voltage probe (Tektronix P2100), and 100 nF capacitor were
used to measure the dissipated power by plasma. The tempera-
ture inside the chamber was measured using a digital hydrom-
eter before and after sample treatment. The dissipated power
by plasma is 65 (±5%) W, and the temperature increased from
20 up to 50 °C during the operation. A prepared mixture con-
taining (−)-epigallocatechin gallate (460 mg) and olivetol (180
mg) in methanol (2.5 L) was subjected directly to DBD plasma
for 60 min. During that time, the molecular hybridization pat-
terns were observed using reversed-phase HPLC analysis. The
exposed methanolic solution treated by DBD plasma was sus-
pendedwith 10%MeOH (50mL) and then partitionedwith EtOAc
(3 × 60 mL) to afford the dried EtOAc-soluble portion (542.2 mg).
A part of the EtOAc extract (470 mg) was directly subjected to
column chromatography over a YMC GEL ODS AQ 120-50S col-
umn (1.0 cm i.d. × 43 cm) with aqueous MeOH, to afford pure
compounds 1 (2.1 mg, tR 19.8 min), 2 (5.2 mg, tR 18.5 min), 3
(9.4 mg, tR 17.0 min), 4 (2.0 mg, tR 19.7 min), oolonghomobis-
flavan A (1.9 mg, tR 12.5 min), and oolonghomobisflavan B (2.9
mg, tR 13.8 min). Oolonghomobisflavans A and B were identi-
fied by comparison of their spectroscopic data with those of
authentic samples and reported data (Hashimoto, Nonaka and
Nishioka 1989; Jeong et al. 2020). HPLC analysis was conducted
on a YMC-Pack ODS A-302 column (4.6 mm i.d. × 150 mm; 5 μm
particle size; YMC Co., Kyoto, Japan), and the gradient solvent
system started with 8%MeCN in 0.1% HCOOH/H2O (flow rate: 1.0
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mL/min; detection: UV 280 nm; temperature: 40 °C), increased to
CH3CN over 25min.Newly generated products from original (−)-
EGCG and olivetol were identified by comparing their retention
timeswith those of pure (−)-EGCG and olivetol. Quantification of
the isolated compounds was carried out by HPLC instruments
using the external standard method by constructing standard
curves.

Inhibitions of AGE formation

To evaluate the abilities of EGCG derivatives to inhibit AGEs
formation, we used a previously reported method (Vinson and
Howard 1996) with minor modification. Briefly, an AGEs reac-
tion solution was prepared by adding 50 mm sodium phosphate
buffer (pH 7.4) containing bovine serum albumin (10 mg/mL),
and 0.02% sodium azide to inhibit bacterial growth to 0.2 m glu-
cose and 0.2 m fructose. This reaction mixture (950 μL) was then
added to samples (50 μL, final concentration 200 μg/mL) dis-
solved in 5% DMSO. After incubation for 7 days at 37 °C, fluores-
cence intensities were measured by spectrofluorometry (Infinite
F200; Tecan Austria GmBH, Grödig, Austria) using excitation and
emission wavelengths of 350 and 450 nm, respectively. The per-
centage inhibition was calculated from a graphical plot of the
data and is expressed as the mean ± SD of triplicate experi-
ments. Aminoguanidine was used as a positive control in the
AGE assay.

Olivecachin A (1): White amorphous powder, [α]20D −6.4 (c .1,
MeOH); UV λmax MeOHnm (log ε): 225 (2.25), 278 (1.27); CD (MeOH)
�ε (nm): 218 (−23.7), 280 (−4.7); FABMSm/z 841 [M–H]−,HRFABMS
m/z 841.3071 [M–H]− (calcd for C46H49O15, 841.3071); 1H and 13C
NMR, see Table 1.

Olivecachin B (2): White amorphous powder, [α]20D −87.4 (c .1,
MeOH); UV λmax MeOHnm (log ε): 225 (2.28), 278 (1.29); CD (MeOH)
�ε (nm): 215 (−23.8), 278 (−4.6); HRFABMS m/z 649.1915 [M–H]−

(calcd for C34H33O13, 649.1921); 1H and 13C NMR, see Table 1.
Olivecachin C (3): White amorphous powder, [α]20D −12.6 (c .1,

MeOH); UV λmax MeOHnm (log ε): 224 (2.26), 275 (1.39); CD (MeOH)
�ε (nm): 214 (−19.3), 278 (−4.9); FABMSm/z 649 [M–H]−,HRFABMS
m/z 649.1927 [M–H]− (calcd for C34H33O13, 649.1921); 1H and 13C
NMR, see Table 1.

Olivecachin D (4): White amorphous powder, [α]20D −20.9 (c .1,
MeOH); UV λmax MeOHnm (log ε): 225 (2.23), 276 (1.23); CD (MeOH)
�ε (nm): 213 (−18.7), 277 (−3.6); FABMSm/z 649 [M–H]−,HRFABMS
m/z 649.1927 [M–H]− (calcd for C34H33O13, 649.1921); 1H and 13C
NMR, see Table 1.
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Supplementary material is available at Bioscience, Biotechnology,
and Biochemistry online.
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