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Abstract: Tea (Camellia sinensis) and herbal tea have been recognized as rich sources of bioactive con-
stituents with the ability to exert antioxidant actions. The aims of this study were to analyze phenolic,
carotenoid and saccharide contents in a set of Vietnamese tea and herbal tea and compare the results
with those of green and black teas marketed in the U.S. In total, 27 phenolics, six carotenoids and
chlorophylls, and three saccharides were quantitatively identified. Catechins, quercetin glycosides
and chlorogenic acid were the predominating phenolics in the teas, with the concentrations following
the order: jasmine/green teas > oolong tea > black tea. Lutein was the dominant carotenoid in the
teas and its concentrations were generally found to be higher in the jasmine and green teas than in the
oolong and black teas. The study showed that the green teas originating in Vietnam had much higher
levels of phenolics and carotenoids than their counterparts stemming from another country. The
application of partial least squares discriminant analysis (PLS-DA) as a chemometric tool was able
to differentiate phenolic profiles between methanolic extracts and tea infusions. Through principal
component analysis (PCA), the similarities and dissimilarities among the jasmine, green, oolong,
black teas and herbal teas were depicted.

Keywords: phenolic; carotenoid; jasmine tea; green tea; Vietnamese tea; artichoke

1. Introduction

Tea, prepared from leaves and buds of Camellia sinensis, is among the most consumed
beverages in the world. Herbal teas are beverages that are brewed from aerial parts or roots
of plants, other than Camellia sinensis, with medicinal properties. Research has provided
evidence that drinking tea and herbal tea is linked with multiple health benefits, including
prevention of cardiovascular diseases, delay of the onset of neurodegenerative disorders,
and protection against the development of certain cancers [1]. These health-promoting
properties are partly attributed to the presence of a diverse mixture of phytochemicals,
notably phenolics, in tea. Phenolics are a class of compounds with molecules comprising
one or more aromatic rings bonded to hydroxyl groups. They are divided into different
subclasses, such as phenolic acid, flavonoid, stilbene, coumarin and tannin. Evidence
has shown that flavonoids are able to act as antioxidants, countering damaging effects of
reactive oxygen species (ROS) [2]. The inhibition of multiple ROS-induced process steps
in metabolic pathways in living cells results in reduced risks of certain cancers, such as
prostate and breast cancers [3-5]. The presence of ROS initiates oxidative stress which
plays a role in promoting events related to neurodegenerative diseases [6]. Antioxidants,
such as flavonoids, may aid in improving endogenous oxidative stress-attenuating systems,
contributing to prevention of deteriorations in cognitive performance. In addition to phe-
nolics, alkaloids, such as caffeine and theobromine, amino acids, fiber, protein, saccharides,
pigments and minerals in tea have been documented [7]. Carotenoids constitute a class
of lipophilic pigments found in plants. They are known to play an important role in the
formation of tea aroma during processing, and some of them are deciding factors for the
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quality of tea [8]. Evidence suggests the consumption of diets rich in carotenoids may be
associated with reduced risks for cardiovascular diseases, diabetes and certain cancers [9].
Saccharides greatly affect the taste and smell of tea products [10]. Besides, saccharides,
such as glucose, fructose, arabinose and xylose, may exert powerful actions on human
immunity due to their benefits on the growth of bifidobacteria [11].

The tea cultivation in Vietnam springs from a long tradition just as in China and other
East Asian countries. Some local legends recount that tea was first brought to Vietham
more than 1000 years ago [12]. Currently, Vietnam is one of the largest tea-producing
countries in the world. During the period from 2017 to 2018, it exported 158,340 tons of
tea, earning 265.9 million USD in revenue [13]. Vietnamese tea can be categorized into four
popular varieties: green tea, oolong tea, black tea and scented tea. Green tea is made from
tea leaves and buds that are heated after picking to preclude the enzymatic oxidation of
polyphenols. During black tea production, tea leaves have undergone full oxidation and
thus have a darker appearance and a stronger flavor. Oolong tea is a product which is
produced with partial oxidation. Adding flowers, herbs or fruits to tea is used in making
scented tea. Prior research reported that Vietnamese tea contained catechin and catechin
derivatives at comparable levels with those obtained from China, Japan and Australia [14].
Recent case-control studies have indicated frequent consumption of Vietnamese tea may
have positive impacts upon Vietnamese adults with type 2 diabetes [15] and men with
prostate cancer [16]. Beyond these, data about bioactive phenolic contents and the potential
health-promoting properties of Vietnamese tea are very limited, while those of the Chinese
and Japanese have been well recorded.

The aim of this study was to quantitatively identify phenolic, carotenoid and saccha-
ride composition in different teas manufactured in Vietnam. In addition, two herbal teas,
including an artichoke tea and a refreshing tea prepared from Senna obtusifolia, Glycyrrhiza
uralensis and Sophora japonica, were included in the study. Attempts to analyze these con-
stituents in teas have been made to gain a better understanding of phytochemical composition
and how these constituents contribute to the health benefits of tea consumption.

2. Materials and Methods
2.1. Chemicals and Reagents

Analytical phenolic standards (caffeic acid, cinnamic acid, chlorogenic acid, daidzein, (—)-
epicatechin, ferulic acid, gallic acid, genistein, hesperetin, p-coumaric acid, p-hydroxybenzoic
acid, kaempferol, phloretin, procyanidin A2, procyanidin B2, protocatechuic acid, quercetin,
quercetin-3-O-glucoside, quercetin 3-O-galactoside, resveratrol, rutin, syringic acid and
vanillic acid) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The (+)-catechin hy-
drate, cyanidin chloride and delphinidin chloride were purchased from Cayman Chemicals
(Ann Arbor, MI, USA). Acacetin, apigenin, luteolin, LCMS-grade methanol, acetone (ACS
grade), naringenin and naringenin chalcone were purchased from Fisher Scientific (Pitts-
burgh, PA, USA). Ultra-pure water (with a resistivity of 18 M().cm and a TOC level < 5 ppb)
for all the experiments was prepared from a Milli-Q purification system (Millipore, MA,
USA).

2.2. Tea Samples

Seven Vietnamese and three U.S. products were used in the study (Table 1, Figure 1).
The Vietnamese products were purchased from tea manufacturers located in Vietnam,
including two jasmine teas, two green teas, one oolong tea, one refreshing tea and one
artichoke tea. The U.S. teas (one decaffeinated black tea, one decaffeinated green tea and
one jasmine tea) were obtained from local groceries in Lincoln, Nebraska, USA. All the
samples were stored in a freezer (—20 °C) until analysis.
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Table 1. Summary of the teas examined in this study.
Abbreviations Vietnamese Name Packaging Eurch.ase Origin
ocation
Jasmine tea 1 JT1 loose tea Vietnam Lam Dong, Vietnam
Jasmine tea 2 JT2 tra lai loose tea Vietnam Thai Nguyen, Vietnam
Jasmine tea 3 JT3 loose tea USA China
Green tea 1 GT1 loose tea Vietnam Thai Nguyen, Vietnam
Green tea 2 GT2 tra xanh loose tea Vietnam Thai Nguyen, Vietham
Green tea 3 GT3 teabag USA China
Oolong tea oT tra 6 long loose tea Vietnam Lam Dong, Vietnam
Black tea BT tra den teabag USA Sri Lanka
Artichoke tea AT tra atis6 teabag Vietnam Lam Dong, Vietham
Refreshing tea RT tra thanh nhiét teabag Vietnam Lam Dong, Vietnam

LA

Figure 1. The tea and herbal tea samples used in the study.

2.3. Analysis of Phenolics

Each ground tea sample (approximately 100 mg) was weighed into a 2 mL Eppendorf
tube, then extracted with 1.5 mL of 100% methanol. Two stainless steel beads (4.8 mm
diameter, Biospect Products, OK, USA) were added. The mixture was homogenized in
a TissueLyzer II (Qiagen, Hilden, Germany) at 20 Hz for 10 min and then centrifuged at
21,120x g for 5 min. The supernatant was collected and transferred to an HPLC vial. The
tea samples were also extracted with 1.5 mL of boiling water (Milli-Q water) using the
same extraction method. Both the methanolic and aqueous extracts were analyzed using
liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Analysis of phenolics in the tea samples was conducted using a Shimadzu Nexera
X2 high performance liquid chromatography system coupled with a Sciex QTRAP 6500+
mass spectrometer (Sciex, MA, USA). The chromatographic separation of the phenolics was
performed by an Agilent Eclipse XDB C18 (100 mm x 3.0 mm; 3.5 um particle size) reverse-
phase column (Agilent Technologies, CA, USA). The mobile phases consisted of 2% acetic
acid in water (A) and 100% acetonitrile (B). The gradient conditions were 0-0.1 min, 6% B;
0.1-5 min, 6-17% B; 5-8 min, 17-20% B; 8-16 min, 90% B; 16-18 min, 90% B; 18-19 min, 6%
at a flow rate of 0.4 mL/min. The injection volume was 1 uL. The column compartment was
set at ambient temperature. The MS/MS system was operated with the IonDrive™ Turbo
V ion source (ESI) in positive and negative ion modes (Sciex, MA, USA). The ESI source
operation parameters were as follows: source temperature, 450 °C; ion spray voltage, 5500
and —4500 V; ion source gas 1, ion source gas 2 and curtain gas, 50, 50 and 25 psi, respectively;
collision gas (CAD), medium. The MS/MS system was operated in the multiple reaction
monitoring (MRM) mode with the optimized collision. The ionization energy, MRM
transition ions (molecular and product ions), collision energy (CE), declustering potential
(DP), entrance potential (EP) and collision cell exit potential (CXP) were optimized by a
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Sciex Analyst software package (Table S1, Supplementary material). Analytical data were
processed using Analyst 1.6.3 software platform (Sciex, MA, USA).

2.4. Analysis of Carotenoids

Carotenoids in tea were extracted following the method previously described by
Dautermann and Lohr (2017) [17]. Approximately 150 mg of each ground tea sample were
weighed into a 2 mL Eppendorf tube. Two stainless steel beads (4.8 mm in diameter) and
250 uL of acetone were added. The mixture was homogenized for 10 min at 20 Hz using the
TissueLyzer II, then centrifuged for 5 min at 16,000x g. The supernatant was transferred
into an LC vial prior injection into an ultra-performance liquid chromatograph (UPLC). All
the sample preparation steps were performed under yellow light to protect carotenoids
from UV degradation.

Carotenoids in tea samples were analyzed using an Agilent 1290 Infinity II UPLC sys-
tem coupled with a 1290 Infinity II diode array detector (DAD). The system was equipped
with an Acclaim C30 reverse-phase column (150 mm x 2.1 mm; 3 um particle size). The
mobile phases consisted of (A) acetonitrile/methanol (2:1, v/v) and (B) methanol/ethyl
acetate (1:1, v/v). The gradient conditions were as follows: 0-2 min, 100%A; 8 min, 95%A
and 5%B; 10-14 min, 85%A and 15%B; 14.5 min, 95%A and 5%B; 20 min, 100%A. The flow
rate was 0.3 mL/min and column temperature was set at 30 °C. Detection was set at 440
and 450 nm. The injection volumes for carotenoid standards and tea extracts were 2 and
1 pL, respectively. The processing of chromatographic data was performed using OpenLab
ChembStation software platform (Agilent Technologies, CA, USA).

2.5. Analysis of Saccharides

Extraction of saccharides in ground tea samples was conducted in the same way as
that of phenolics. The supernatant was evaporated until dry using a SpeedVac vacuum
concentrator (ThermoFisher Scientific, CA, USA). The pellet was resuspended in 200 pL
of Milli-Q water. The mixture was shaken for 5 min and centrifuged at 21,120x g for
5 min. The soluble saccharides were analyzed using a 1260 Infinity ELSD (evaporative
light scattering detector) coupled with an Agilent 1290 Infinity II UPLC system equipped
with a Shodex Sugar SP0810 (300 mm X 8.0 mm ID) column. A supply of oil-free clean
nitrogen was used to operate the detector. The mobile phase was 10% acetonitrile. Flow
rate was set at 0.4 mL/min and column temperature was 80 °C. Total runtime was 35 min.
The data processing was performed using OpenLab ChemStation software platform.

2.6. Statistical Analyses

All the experiments were conducted in triplicate. The results were shown as mean
&+ standard error. The quantitative data generated were analyzed using one-way analysis
of variance (ANOVA) to determine variations in chemical composition between the tea
products. Comparisons of means were drawn using XLSTAT software (XLSTAT Premium
19.5, Addinsoft, Paris, France). The Tukey’s Studentized Range HSD test was used to
determine multiple comparisons at a significant level of p < 0.05.

Principal component analysis (PCA) was used to examine patterns in composition
data and to highlight similarities and dissimilarities in phytochemical contents of the
tea products. Partial least squares discriminant analysis (PLS-DA) was a suitable tool
for diagnosing differences in tea phenolic compositions obtained between two extraction
methods (methanol vs. water). Heatmap was used to graphically present tea chemical data.
The PCA, PLS-DA and heatmap were implemented using MetaboAnalyst 4.0, a web-based
metabolomics and statistical software platform [18].

3. Results and Discussion
3.1. Phenolic Contents in the Teas and Herbal Teas

In total, 30 phenolics, including phenolic acids, flavonoids, chalconoids and stilbenoids,
were screened. The results of molecular ions, product ions and optimized ionization pa-
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rameters of the screened phenolics are summarized in Table S1 (Supplementary material).
All these compounds produced symmetric chromatographic peaks with widths less than
0.2 min. Gallic acid was the first phenolic compound to be detected (at 1.69 min) while
acacetin eluted at as late as 13.60 min (Table S2, Supplementary material). The linear re-
gression was successfully used to fit every calibration dataset over the concentration range,
and all the constructed calibration equations had correlation coefficients (R?) greater than
0.9980. Estimation of limit of detection (LOD) and limit of quantification (LOQ) was based
on signal-to-noise ratios of three and ten, respectively. The LOD and LOQ values ranged
from 0.01 to 0.75 and from 0.03 to 2.47 ug/L, respectively. The data about calibration,
sensitivity and repeatability are shown in Table S2 (Supplementary material). The results
showed that the LC-MS/MS method used in this study offered sensitivity and selectivity
needed for rapid and accurate quantification of phenolics in organic-rich matrices.

The results from the methanol extraction yielded evidence that 27 phenolics were
present in the studied samples. The identification of these compounds was performed by
comparing their retention times, MS and MS? mass spectral data with those of the authentic
analytical standards. The phenolic acid and flavonoid contents in the tea and herbal tea
samples are shown in Tables 2 and 3. Among the compounds detected, fifteen were found
to be present in all the tea and herbal tea samples. Quercetin glycosides (i.e., quercetin
glucoside, quercetin galactoside and rutin), catechin, epicatechin, chlorogenic acid and
gallic acid predominated over the others. The green teas and jasmine teas were the groups
of products that contained high levels of these compounds.

3.2. Flavonoids

Reportedly, catechin, epicatechin and procyanidins were commonly found as major
tea constituents [19]. The mean concentrations of catechin (364.68-636.58 ug/g) and epi-
catechin (319.09-546.77 pg/g) in the jasmine teas were higher compared to the other teas.
Along with the jasmine teas, the green tea samples were found to contain significantly
higher levels of catechins than the studied black tea and the herbal teas (i.e., AT and RT).
As shown in Table 2, the concentrations of catechins in the green teas are approximately
4-15 times as high as those in the black tea, respectively. This could be due to extensive
enzymatic oxidation during production explaining the low amount of catechins in the
black tea. The enzymatic process could also be responsible for the lower levels of cate-
chins in the examined oolong tea compared to the jasmine and green teas. Indeed, in a
review commenting on the health benefits of tea, Muhammad and Dickinson (2019) stated
that catechins were relatively unstable and susceptible to oxidation, explaining a higher
abundance of these constituents in green tea compared to oolong and black teas [20]. The
amounts of catechins in the jasmine, green and oolong teas determined in the present study
are comparable to those reported in prior research [21,22]. These studies have similarly
shown that the order for catechin levels in tea samples is as follows: jasmine/green teas
> oolong tea > black tea. This has also been demonstrated by a recent investigation into
Chinese tea infusions by Pinto et al. (2020) [23]. Procyanidin B2, which is one of the impor-
tant dimeric catechins in tea, was detected in all the samples, except for the artichoke tea,
while procyanidin A2 was found in only GT3. The levels of procyanidin B2 were highest
in the jasmine/green teas and lowest in the black tea (Table 2). Prior research revealed
that this compound had much lower contents in black tea compared to those in green
tea [24] and this was likely due to its breakdown during the withering and fermentation
processes. A comparison among the green teas indicates that GT1 and GT2 derived from
Vietnam-grown tea leaves contained higher amounts of catechins and catechin derivatives
than GT3 produced from China-grown tea leaves.
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Table 2. Flavonoids (ug/g) in the studied teas.

Acacetin * Apigenin * Catechin Epicatechin Genistein * Hesperetin * Kaempferol Luteolin Naringenin *
JT1 3.32+0.83b 56.12+1.59b 636.58 £ 4.95 a 546.77 £57.33 a nd 9.46+1.39b 7.77 £ 0.56 bc 0.70+0.16 b 75.68 £ 5.77 abc
JT2 nd 90.93 £ 5.55b 462.73 = 85.26 ab  345.23 £ 53.66 ab nd 585+ 044D 492 +1.51bc 3.06 £1.22b 104.07 £ 31.96 ab
JT3 nd 71.66 £ 9.61 b 364.68 £22.09bc  369.06 £ 56.92 ab nd 9.16 £2.28b 5.66 £ 0.51 bc 1.88+£0.38b 54.84 £ 2.64 bc
GT1 nd 56.01 +8.74b 419.17 £ 62.65Db 316.11 £ 68.23 bc nd 5.69+022b 4.73 4+ 0.36 bc 1.02 £0.08b 78.56 £ 5.13 abc
GT2 nd 90.60 & 8.53 b 358.66 £24.77bc  319.09 & 26.93 bc nd 547 +0.03b 8.39 £ 2.54 bc 2.33£0.27b 81.94 + 1.44 abc
GT3 483+029b 65.70 £6.06 b 12244 +£6.29d 115.78 £3.23 ¢ nd nd 20.96 £3.47 a 0.99 £0.16 b 83.69 £ 7.20 abc
oT nd 80.18 £14.07b  201.88 £21.23cd  258.03 £ 55.89 bc nd 598+ 021b 10.86 +2.31b 148 £0.28b 126.21 £13.69 a
BT 8.80+£0.76 a 51.57 £041b 797 £0.08 e 2524 £0.64d nd 174.67 £ 1354 a 5.39 £ 0.83 bc 0.63 +0.08 b 117.94 = 4.63 a
AT nd 290.13 £ 27.06 a nd 0.77 £ 0.68 e 52.23 £ 11.09 nd 074 £0.11c 7547 £ 6.09 a 67.74 £ 3.59 abc
RT nd 64.47 +3.58 b 020+0.15e 112+£0.76e 53.06 & 20.35 nd 12.21 £2.57 ab 253+049b 30.17 £ 6.36 ¢
Naringenin  Procyanidin  Procyanidin  pyjoregin » Quercetn Quercein  Quemetin  Resveratrol Rutin
JT1 591+ 0.84 bc nd 360.90 +41.85a 2.46 +1.30 ab 515.02 £ 28.43 ab 180.70 £ 15.63 b 1255+ 1.25b nd 760.01 £ 92.83 b
JT2 1248 +291 a nd 466.31 £18.56 a 0.85+0.20b 501.26 + 66.93 ab 11592 + 7.74 cd 1117+ 0.85b nd 334.92 £ 61.73 cde
JT3 747 £0.61 ab nd 377.65 £ 36.56 a 0.88 = 0.08 b 585.21 £54.48 a 136.07 & 2.05 bc 7.53 £0.66 b nd 523.51 + 47.78 bc
GT1 5.45 4 0.61 bc nd 241.10 £29.20b 1.96 £0.82 ab 338.28 £ 17.43 bc 75.60 £ 13.68 ed 6.69 £ 1.80b 4.06+051a 408.94 £ 15.27 cde
GT2 11.14 + 1.72 ab nd 367.69 £17.36 a 0.94+£0.20b 519.83 £68.69ab  119.96 £ 10.45 cd 9.24+099b nd 506.41 £ 58.00 cd
GT3 nd 1.11+0.21 14427 £17.82b 483+ 046a 136.99 + 15.86 de 80.47 £ 740 ed 2237 £244b 452+0.28a 388.16 & 22.97 cde
oT 1271 +£335a nd 164.11 +20.17 b 153 +040b 20193 £3246cd  241.08+1595a 1495+ 0.24b nd 195.93 +26.08 e
BT nd nd 7.99 £1.68 c 0.34 £0.04b 107.27 +£17.17 de 53.70 £2.53 e 797 £0.37b nd 269.24 + 43.08 de
AT nd nd nd nd 0.74 £0.04 1.99 £0.39 f 1.00 £ 0.12¢ nd 18.37 £ 247 f
RT nd nd 0.34+023¢ 0.48 +0.03b 113.84 £ 10.82 de 0.05+0.02 f 22743 £35.02a 1.87 £0.28b 261713 £41.85a

*: ug/100 g; nd: not detected. Different letters for the same flavonoids show statistically significant differences among the extracts (p < 0.05).
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Table 3. Phenolic acids (ug/g) in the studied teas.
Caffeic Acid Chlorogenic Acid  Cinnamic Acid * P -Cjo;gr(;arlc Ferulic Acid * Gallic Acid PI‘OtO;iii:ZChUIC Syringic Acid Vanillic Acid *
JT1 151+ 0.11b 56.89 4+ 1.98 c¢d 52.69 + 3.56 4.17 £+ 0.26 abc 60.56 £7.11b 138.58 £9.42b 63.82 +4.46 a nd nd
JT2 1.28 £0.30b 307.30 + 86.99 ab 13.22 4+ 1.81 3.02 + 0.41 bc nd 150.26 + 28.41 ab 7.69 + 0.83 de nd nd
JT3 1.57 £ 0.06 b 147.76 £ 10.17 ¢ 43.51 £9.06 5.95 + 0.69 ab 3623 £222¢ 199.93 £ 14.78 a 15.29 £+ 1.62 cde nd nd
GT1 114+ 022b 219.49 4+ 4.90 bc 30.98 + 5.60 3.16 £ 0.63 bc nd ** 176.23 £22.34 a 8.00 £ 2.13 de nd nd
GT2 1.79 £0.17b 250.41 + 63.17 ab 35.06 + 2.60 5.20 + 0.40 abc 32.48 +2.00 ¢ 210.91 + 25.50 a 17.39 4+ 1.97 cde nd nd
GT3 1.19£0.15b 8.63 +0.59 e 24.86 + 1.50 4.96 + 0.40 abc 62.95+3.52b 201.03 £ 17.78 a 2475+ 3.55 ¢ 0.31+0.01b 1.25+0.13b
oT 1.30 £ 0.38b 30.37 £ 8.16 d 49.70 4+ 10.19 735+ 1.85a 76.71 £7.68b 184.70 + 66.41 a 21.97 £0.93 cd nd nd
BT 0.69 +0.13b 7.08 £ 1.64¢ 27.85 + 3.62 3.82 +0.49 abc 73.28 +4.96b 288.11 +44.43 a 11.66 + 2.32 cde 0.28 +0.02b 0.19 +0.02b
AT 20.12+3.11a 341.88 + 34.32a 52.01 + 4.28 2.66 + 0.34 be 13049 £ 7.65a 1.33+024c¢ 47.06 £ 4.62b 12114+ 0.84a 1271 £123a
RT 117 £ 098Db 144+ 052e 50.31 4+ 20.08 1.96 + 097 ¢ nd 4.03+19%c 20.44 + 3.07 cde nd 1.70 £ 0.32b

*: ug/100 g; nd: not detected. Different letters for the same phenolic acids show statistically significant differences among the extracts (p < 0.05).
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Along with catechins, quercetin glycosides are mostly reported to be present in tea.
The levels of quercetin glucoside and rutin were found higher in the jasmine and green
teas than in the black tea while that of quercetin galactoside was the greatest in the oolong
tea. Similar to catechins discussed above, quercetin glycosides had higher concentrations
in GT1 and GT2 than GT3.

It is noted that there has been disagreement among the previous reports on concen-
trations of quercetin glycosides in tea. For example, Wu et al. (2012) and Jeszka-Skowron
et al. (2018) revealed higher abundances of rutin and quercetin galactoside in Chinese
green tea while Jiang et al. (2015) documented greater levels of these glycosides in Chinese
black tea [21,25,26]. These remarkable variations could be due to harvesting, postharvest
handling practices and tea processing [27,28]. In addition to catechins and quercetin gly-
cosides, ten other flavonoids were detected and quantified in the present study (Table 2).
These compounds were found as minor phenolics in the studied teas. Of these, apigenin,
kaempferol, luteolin, naringenin and quercetin were present in all the samples. Previously,
these flavonoids were also reported to be detected in tea at very low levels [29-31].

Among the studied teas, AT and RT demonstrated substantial differences in concentra-
tions of catechins and procyanidins in comparison with the other teas. The results indicated
considerably low levels of these compounds in RT (0.2-1.12 pug/g). Some compounds,
such as catechin and procyanidin B2, were even undetected in AT. By contrast, the level of
quercetin glucoside in RT (113.84 ng/g) was comparable to that of the black tea and green
tea (GT3). Notably, the levels of quercetin (227.43 pg/g) and rutin (2617.13 ug/g) in RT
were significantly higher than those of the other teas. As seen in Table 2, RT was composed
of 10-30 times as much of quercetin and 3-5 times as much of rutin as the jasmine and
green teas. Significantly higher amounts of apigenin and luteolin were found in AT while
quercetin and quercetin glycosides in this tea sample followed the opposite trend. Notably,
genistein is the flavonoid that was found only in AT and RT, but not detected in any of the
teas. These are known as herbal teas, implying they did not stem from Camellia sinensis.
AT, a popular drink in Vietnamese culture, is known as tra atiso, which is prepared from
leaves, stalk and root of artichoke (Cynara scolymus). According to the information about
ingredients printed on the package, RT is a refreshing tea made from 85% sicklepod (Senna
obtusifolia), 12% Chinese liquorice (Glycyrrhiza uralensis) and 0.3% flowers of pagoda tree
(Sophora japonica). Reportedly, these plants did not contain catechins [32,33]. Perhaps
because of this, the poor presence or absence of catechins in the studied herbal teas may
be quite understandable. However, Sophora japonica is a highly rich source of quercetin
and rutin [33], which is also confirmed here by the substantially high abundance of some
flavonoids, such as quercetin and rutin, in RT.

3.3. Phenolic Acids

In general, significant differences in the concentrations of phenolic acids in the tea
samples were noted (Table 3). As stated in the previous section, chlorogenic and gallic acids
were the two predominating acids quantified in the present study. The levels of chlorogenic
acid in the oolong tea (30.37 ng/g) and black tea (7.08 pg/g) were considerably lower
than those in the jasmine teas (56.89-307.30 nug/g) and green teas (219.49-250.41 ug/g),
with the exception of GT3. On the contrary, gallic acid exhibited an opposite trend: the
jasmine, green and oolong teas contained lower amounts of gallic acid compared to the
black tea (288.11 ng/g). The results are in agreement with what was reported by Jeszka-
Skowron et al. (2018) on comparisons between Chinese green tea and Sri Lankan/Iranian
black tea. In addition, the results revealed that the difference in gallic acid levels between
the black and green teas was about 30%, approximate to those reported by Bae et al.
(2015) [34]. However, Jeszka-Skowron et al. (2018) reported the level of gallic acid in black
teas was two times higher than in green teas. Among the phenolic acids quantified, ferulic,
syringic and vanillic acids were only present in a few of the samples. Furthermore, these
compounds were detected at very low concentrations. It is noted that chlorogenic acid
with the concentration of 341.88 ug/g was shown to abound in AT. Prior research showed
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Component 2 (20.7%)

that artichoke was rich in chlorogenic acid [32]. This could explain the higher level of this
compound in AT compared to the other teas (Table 3). Along with chlorogenic acid, caffeic,
ferulic, syringic and vanillic acids were found in AT at significantly higher levels compared
to the teas.

3.4. Comparison between Solvent Extraction Methods

In the present study, along with methanol, we also used boiling water for extracting
tea phenolics. This was to simulate how tea infusions were prepared from dry teas. The
results of phenolic profile in the aqueous extracts compared to the methanolic extracts were
displayed in Figure S1. The PLS-DA was used as a chemometric tool for identification of
marker phenolics presenting differences in the two groups (i.e., methanolic and aqueous
extracts). The scores plot (Figure 2A) shows a good group separation with 68.1% of the
explained variability for the Component 1/Component 2 plot. The variable importance
in projection (VIP) scores are the estimate of the importance of each variable in the PLS
model. Among the important phenolics that contributed to the separation are quercetin,
kaempferol, apigenin, naringenin, phloretin, luteolin, rutin, quercetin glucoside, protocate-
chuic acid and p-coumaric acid (Figure 2B). These compounds presented increased levels
in the methanolic extracts. Recent research has revealed that methanolic extracts of tea
are composed of higher phenolic contents compared to tea infusions [35,36]. Furthermore,
methanol can enhance the extraction of catechin derivatives and flavonoid glycosides in
green tea by at least 40% [36]. Despite more efficiency of methanol in extracting phenolics
in tea, the methanolic extracts have not exhibited superior free radical scavenging potential
to aqueous extracts. This corroborates that tea infusions not only provide a good source of
bioactive phenolics but also exert high antioxidant activities of importance to human health.

Component 1 (47.4%)
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Figure 2. PLS-DA results using the phenolic data of the methanolic and aqueous extracts. Scores plot (A) and VIP score plot (B).

3.5. Carotenoid Composition of the Teas

The results indicated that the teas differed significantly on the concentrations of four
carotenoids (antheraxanthin, lutein, violaxanthin and zeaxanthin), chlorophyll A and
chlorophyll B (Table 4). Lutein (3.50-103.68 pg/g) was found to be the most abundant
carotenoids in all the teas. The results also showed that most of the examined jasmine and
green teas contained significantly higher levels of lutein and violaxanthin compared to the
oolong and black teas. Previously, green tea samples were reported to contain about 10 g
of lutein/g [37]. It has been shown that carotenoid oxidative degradation occurs during tea
fermentation [38]. Because of this, it is understandable that oolong tea and black tea often
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comprise considerably lower amounts of carotenoids than green tea. Besides, there is much
evidence to indicate that zeaxanthin is less stable against the oxidation than lutein [8]. This
could in part contribute to the low zeaxanthin amounts measured for the oolong and black
teas as shown in Table 4. Antheraxanthin was detected only in some of the jasmine and
green teas but also at very low levels (0.06-0.1 pg/g). Chlorophylls A and B were found
in most of the Camellia sinensis samples, except for GT3. Only chlorophyll B was detected
in AT whereas the other examined carotenoids were not present in the two herbal teas.
Previously, 38 carotenoids in green tea leaves were documented, proving this group of
phytochemicals is abundant in tea [39].

Table 4. Carotenoid (nug/g) and saccharide contents (mg/g) in the teas and herbal teas.

Antheraxanthin Lutein Violaxanthin Zeaxanthin Chlorgphyll Chlorgphyll Sucrose Glucose Fructose
JT1 0.06 + 0.00 3533 +1.29d 1.24 +£0.23b 0.55 +£0.20 a 0.51 £0.11 0.26 +0.03b 17.25 + 2.45 abc 2.05 £ 0.26 1.35 + 0.34 be
JT2 0.1 £0.04 103.68 £ 0.14 a 253 +£0.08a nd 0.19 + 0.05 0.47 +0.06 b 10.74 4 4.42 bed n n
JT3 nd 432+021f 0.62 +0.10 ¢ 0.15 + 0.08 ab 1.01 +£0.51 0.45+0.06 b 13.17 £ 1.63 abed 3.63 +0.49 2.60 + 0.54
GT1 0.07 £ 0.00 56.53 + 0.69 b 0.39 + 0.08 cd nd 0.96 £ 0.54 279 +0.72a 9.23 =+ 3.25 bed nd nd
GT2 0.09 + 0.03 4375+ 146 ¢ 1.23 +0.04b 054+015a 0.21 +0.07 0.28 +£0.02b 13.04 + 0.88 abed 4.01+£0.21 1.50 4 0.28 bc
GT3 nd 3.50 £ 0.06 f 0.19 £ 0.00 cd 0.08 £0.02b nd 0.18 £0.02b 2595 + 1.67 a 453 +0.52 3.63 £ 0.68
oT nd 11.87 £ 0.74 e nd 046 +0.15a 0.65 + 0.24 370t 119a 22.04 +4.43 ab 3.24 +0.85 469+1.04a
BT nd 5.40 £ 0.03 f 0.08 +0.00 d 0.12 + 0.00 ab 0.04 + 0.00 0.16 +£0.00 b nd 294 +0.84 211+ 0.62
AT nd nd nd nd nd 0.31 £0.07b 517 +£2.75cd 470 +1.33 371+ 1.14
RT nd nd nd nd nd nd nd nd nd

nd: not detected. Different letters for the same carotenoids or saccharides show statistically significant differences among the extracts
(p <0.05).

In general, carotenoids are present in the teas at the levels comparable to those in
commonly consumed oil nuts (i.e., pistachios, hazelnut, cashew and walnut) [40]. These
constituents are well recognized micronutrients with bioactivities potentially important to
human health, such as antioxidant activity, cardioprotective effect and protection against
certain cancers [41]. A combined intake of these hydrophobic constituents and phenolics of
tea could contribute more efficiently to prevention of lifestyle-related diseases.

3.6. Saccharides in the Teas

As seen in Table 4, sucrose appeared to be the most abundant saccharide in the teas,
except for the black tea and refreshing tea. The levels of sucrose ranged between 5.17 and
25.95 mg/g. Glucose and fructose were found in all the samples, except for GT1, JT2 and
RT. It was shown that in all samples where glucose was not detected, neither was fructose.
Interestingly, RT did not comprise any of the examined saccharides although it tasted
sweet. This was likely due to glycyrrhizin, a main sweet-tasting constituent, in Glycyrrhiza
uralensis used as an ingredient of RT as stated earlier. The results in the present study
also showed that these saccharides were present at the concentrations similar to those of
green tea leaves reported by Shanmugavelan et al. (2013) [42]. The results of these tea
constituents would give a better understanding of the beneficial effects of tea consumption
on human health.

3.7. Compositional Variations of the Teas

Principal component analysis was employed to provide an overview of sample di-
versity. The PCA scores plot (Figure 3A) as an output of the analysis displays regional
relationships between the tea samples. As illustrated in the figure, principal component 1
(PC 1) explains 28.9% of the total variability and is mainly contributed by apigenin, genis-
tein, luteolin, catechins, procyanidin B2, quercetin glucoside, quercetin galactoside, caffeic,
syringic and vanillic acids. As discussed above, these compounds were found in AT with
concentrations significantly different from the other teas, particularly the jasmine, green
and oolong teas. This unravels the distant positioning of AT from the other samples in the
PCA scores plot. Principal component 2 explaining 16.7% is characterized by chlorogenic
acid and kaempferol. Figure 3A also highlights GT3, BT and RT clustering separately from
the others, and this can be explained by their considerably lower phenolic contents as
described above. Conversely, GT1, GT2, OT and the jasmine teas with substantially higher
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phenolic contents are located on the upper-left region of the plot (quadrant II). The PCA
scores plot shows 45.6% of the total variability in the dataset. Besides the PCA scores plot,
a blue-red color-coded heatmap was used to visualize intuitively the concentrations of all
the compounds determined in the study (Figure 3B). The red in the figure represents a
higher content while the blue displays the opposite.
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Figure 3. Principal component analysis (A) and heatmap (B) of phenolic, carotenoid and monosac-
charide data of the studied teas and herbal teas.
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4. Conclusions

This is the first report to show the presence of phenolics, carotenoids, chlorophylls
and saccharides in various Vietnamese teas. These constituents were successfully assessed
using LC-MS/MS, HPLC-DAD and HPLC-ELSD analytical methods. In total, 27 phenolics,
four carotenoids, two chlorophylls and three saccharides in ten Camellia sinensis teas and
herbal teas have been quantitatively determined. These teas differed significantly on the
levels of the examined compounds. Catechins and quercetin glycosides were identified
as the most abundant flavonoids in the teas. Chlorogenic and gallic acids were found at
the highest levels among the phenolic acids. In most cases, the levels of these compounds,
except for gallic acid, followed the order: jasmine/green teas > oolong tea > black tea.
Significantly, differences in phenolic contents between the Camellia sinensis teas and herbal
teas were observed. The highest concentrations of chlorogenic, caffeic, ferulic, syringic and
vanillic acids were determined in AT while that of rutin was found in RT. Genistein was
present only in the herbal teas. Lutein and sucrose were found to be the most abundant
carotenoid and saccharide in the teas, respectively.

The use of PLS-DA as a mathematical tool allowed differentiation of tea infusions
from methanolic extracts in respect to phenolic profile. PCA graphically presented the
differences between the teas and herbal teas. This plot also illustrated similarities and
dissimilarities among the jasmine, green, oolong and black teas.

The study shows that jasmine/green and oolong teas originating in Vietnam are rich
sources of phenolic acids, flavonoids and carotenoids. These constituents have aroused
considerable attention due to their bioactivities of potential importance to human health.
The study also indicates herbal teas are medicinally important products and this could
help promote the consumption of herbal teas as well as improve their reputation in the
world market. Future research should be focused on the aroma and taste as well as the
phytochemical profile of Vietnamese teas during processing.

Supplementary Materials: The following are available online, Table S1. MRM transitions of the phe-
nolics screened in the study, Table S2. Retention times, calibration equations, correlation coefficients,
sensitivity and repeatability of the monitored phenolics, Figure S1. Comparisons of phenolic profiles
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