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Preface

Tea is well-loved all over the world. Flavor is a leading factor influencing consumer behavior,

preferences, and choices of tea. Health-beneficial function is another important reason for its

popularity. Nowadays, brewing is not the only way to consume tea. Tea and its extracts are added to

foods, beverages, and nutraceuticals.

A great number of secondary metabolites, including flavan-3-ols, phenolic acids, purine

alkaloids, tannins, saponins, flavonols and their glycosides, tannins, and saponins, contribute to

the flavor and functions of tea. The chemical composition of tea is affected by the origin, variety,

postharvest treatment, processing method, storage, and so on. Currently, scientists pay attention to

the improvement of tea and tea products with high quality, low cost, and a long shelf life. They also

focus on strategies to increase the bioactivity and bioaccessibility of tea because some components in

tea are vulnerable and easily degrade after intake.

Thus, we launched the Special Issue “Advances in Tea Chemistry” and invited researchers

to contribute original research articles as well review articles. Until now, the Special Issue has

collected 13 papers (10 articles, 2 reviews, and 1 editorial) from different universities and research

institutes around China and the research fields involved in food science, analytical chemistry,

tea processing, flavor chemistry, extraction technology, food functions, risk assessment, and

encapsulation technology, etc. Here, we highly appreciate the efforts these contributors have made

for the high-quality research on tea chemistry.

Yongquan Xu, Ying Gao, and Qingqing Cao

Collection Editors
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Advances in Tea Chemistry

Qing-Qing Cao, Ying Gao * and Yong-Quan Xu *

Tea Research Institute, Chinese Academy of Agricultural Sciences, Key Laboratory of Biology, Genetics and
Breeding of Special Economic Animals and Plants, Ministry of Agriculture and Rural Affairs, 9 South Meiling
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The origins of tea, a traditional beverage in China, can be traced back to the Shennong
period, about 2737 years before the birth of Christ [1]. Nowadays, with more than 2 billion
cups consumed daily, tea is recognized as the most popular of the top three non-alcoholic
beverages (i.e., tea, coffee, and cocoa), coming second only to water. The tea plant (Camellia
sinensis) is now grown commercially in more than 60 countries, where it has made great
contributions to local economies [2]. According to the statistical data from the UN Food
and Agriculture Organization (FAO), the total global production of tea in 2020 was more
than 7 million tons, with China, the largest producer, accounting for 42% of that figure [3].

Tea’s long history and widespread popularity can be attributed to its unique and
gratifying flavor, along with numerous health benefits such as its anti-oxidant, anti-obesity,
and anti-microbial properties [4]. An in-depth look reveals that tea contains abundant
components with both flavor- and health-enhancing attributes, as well as the already well-
known polyphenols, caffeine, and amino acids. These naturally occurring ingredients in tea
plants undergo a series of complicated biochemical or physicochemical reactions during
tea processing, converting them into new substances that work together to contribute to
the final quality of tea-based beverages.

There are six categories of traditional tea in China, popularly known as green tea,
yellow tea, white tea, oolong tea, black tea, and dark tea. Due to each one having its own
specific manufacturing process, in which the degree of fermentation is a decisive factor, they
are very different from one another in terms of their sensory appeal and physicochemical
properties. For example, green tea, an unfermented tea variety, usually appears green in
color both in terms of its leaves and the final infusion, as well as smelling refreshing and
having an umami-dominated flavor. Meanwhile, black tea, with its reddish appearance
and caramelized flavor, is made by applying full fermentation. Apart from the traditional
teas mentioned above, since 2015 a range of “new tea drinks” have been setting off a burst
of enthusiasm among young people around China, even becoming an emerging industry in
their own right [5]. New tea drinks are an innovative field of beverage manufacture—with
labels invoking fashion, health, and nature—taking traditional tea as their starting point
and combining other food ingredients including, but are not limited to, milk, cream, fresh
fruits, flowers, and so forth. The new tea industry is burgeoning, yet it has not received the
attention it is due from researchers, encompassing topics such as how to successfully blend
diverse materials so as to harmoniously shape divergent flavors and functions.

A plethora of studies have been conducted to explore associations between tea’s sen-
sory qualities, particularly its flavor, with the chemicals that emerge during tea processing.
We have so far detected about 600 volatile components in tea leaves and tea drinks, each of
them with different scents, like grassy, woody, floral, etc. [6]. These aromatic compounds
gather in different ratios for different teas, then combine to form characteristic aromas.
Similarly, the taste of tea or its mouthfeel is induced by non-volatile extracted chemicals
in the tea infusion—e.g., the catechins responsible for bitterness and astringency or the
theanine that creates an umami taste [4]. The flavor of tea is determined by multiple factors,

Foods 2023, 12, 3944. https://doi.org/10.3390/foods12213944 https://www.mdpi.com/journal/foods1
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including aroma and taste or mouthfeel, but we know little about how these things work
together. Indeed, the interaction between aroma and taste has been a research challenge
even beyond tea.

The healthcare functions of tea come from its rich bioactive ingredients, especially
flavonoids. The exploration of tea’s functional components has always attracted a great
deal of research interest. The therapeutic potentials of quite a few of tea’s components
have been confirmed repeatedly, and the mechanisms involved, such as EGCG, have also
been deeply studied. At the same time, however, the limits of these potentials have also
been realized; like the low stability and bioavailability of these components, which limit
their utilizability. Moreover, figuring out how to extract, separate, and concentrate those
bioactive components in an environmentally friendly, low-cost, and high-performance
manner is also worthy of focus.

We launched this Special Issue of Foods, entitled “Advances in Tea Chemistry”, with
the aim of publishing high-quality research on tea chemistry from a wide range of aspects,
including but not limited to the sensory/flavor qualities of tea, tea processing and storage,
the extraction, bioactivity, and utilization of functional components from tea, as well as new
tea-based beverages or foods. This series will be useful for expanding our understanding
of the associations between tea chemistry, flavor, and bioactivity.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wambulwa, M.C.; Meegahakumbura, M.K.; Kamunya, S.; Wachira, F.N. From the wild to the cup: Tracking footprints of the tea
species in time and space. Front. Nutr. 2021, 8, 706770. [CrossRef] [PubMed]

2. Drew, L. Making tea. Nature 2019, 566, S2–S4. [CrossRef] [PubMed]
3. Zhai, X.; Zhang, L.; Granvogl, M.; Ho, C.-T.; Wan, X. Flavor of tea (Camellia sinensis): A review on odorants and analytical

techniques. Compr. Rev. Food Sci. Food Saf. 2022, 21, 3867–3909. [CrossRef]
4. Zhang, L.; Cao, Q.-Q.; Granato, D.; Xu, Y.-Q.; Ho, C.-T. Association between chemistry and taste of tea: A review. Trends Food Sci.

Technol. 2020, 101, 139–149. [CrossRef]
5. Lu, D. Analyze the Marketing Strategies of New-tea Drinks Industry by the SWOT and PEST Tools-Take Nayuki as an Example.

In Proceedings of the 2022 7th International Conference on Social Sciences and Economic Development (ICSSED 2022), Wuhan,
China, 25–27 March 2022.

6. Zhou, Y.; He, Y.; Zhu, Z. Understanding of formation and change of chiral aroma compounds from tea leaf to tea cup provides
essential information for tea quality improvement. Food Res. Int. 2023, 167, 112703. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

2



Citation: Chen, Y.; Lai, L.; You, Y.;

Gao, R.; Xiang, J.; Wang, G.; Yu, W.

Quantitative Analysis of Bioactive

Compounds in Commercial Teas:

Profiling Catechin Alkaloids,

Phenolic Acids, and Flavonols Using

Targeted Statistical Approaches.

Foods 2023, 12, 3098. https://

doi.org/10.3390/foods12163098

Academic Editors: Cornelia Witthöft,

Yongquan Xu, Ying Gao and Qin Li

Received: 6 June 2023

Revised: 10 August 2023

Accepted: 16 August 2023

Published: 17 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Quantitative Analysis of Bioactive Compounds in Commercial
Teas: Profiling Catechin Alkaloids, Phenolic Acids, and
Flavonols Using Targeted Statistical Approaches

Yuan Chen 1, Lingling Lai 2, Youli You 3, Ruizhen Gao 1,4, Jiaxin Xiang 1,4, Guojun Wang 5 and Wenquan Yu 1,*
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Abstract: Tea, an extensively consumed and globally popular beverage, has diverse chemical compo-
sitions that ascertain its quality and categorization. In this investigation, we formulated an analytical
and quantification approach employing reversed-phase ultra-high-performance liquid chromatog-
raphy (UHPLC) methodology coupled with diode-array detection (DAD) to precisely quantify
20 principal constituents within 121 tea samples spanning 6 distinct variants. The constituents
include alkaloids, catechins, flavonols, and phenolic acids. Our findings delineate that the variances
in chemical constitution across dissimilar tea types predominantly hinge upon the intricacies of their
processing protocols. Notably, green and yellow teas evinced elevated concentrations of total chemi-
cal moieties vis à vis other tea classifications. Remarkably divergent levels of alkaloids, catechins,
flavonols, and phenolic acids were ascertained among the disparate tea classifications. By leveraging
random forest analysis, we ascertained gallocatechin, epigallocatechin gallate, and epicatechin gallate
as pivotal biomarkers for effective tea classification within the principal cadre of tea catechins. Our
outcomes distinctly underscore substantial dissimilarities in the specific compounds inherent to
varying tea categories, as ascertained via the devised and duly validated approach. The implications
of this compositional elucidation serve as a pertinent benchmark for the comprehensive assessment
and classification of tea specimens.

Keywords: alkaloids; biomarker; catechins; flavonols; tea classification

1. Introduction

Tea, obtained from the freshly plucked leaves of Camellia sinensis, represents a univer-
sally consumed potable [1]. In China, the postharvest processing of Camellia sinensis leaves
involves a series of six distinct techniques, leading to the production of six types of teas:
black tea, green tea, yellow tea, white tea, oolong tea, and dark tea [2,3]. These process-
ing methods have evolved over thousands of years across various regions of China and
are generally classified into five categories based on the extent of endogenous enzymatic
reactions: (1) non-fermented tea, such as green tea; (2) lightly fermented tea, including
yellow tea and white tea; (3) partially fermented tea, represented by oolong tea; (4) fully
fermented tea, exemplified by black tea; and (5) post-fermented tea, wherein exogenous
microbial fermentation plays a crucial role in the processing. Figure S1 illustrates the
distribution of tea types across China. Despite the extensive research conducted on tea and
its chemical composition, flavor profiles, and health benefits, there is still much to explore
and understand, particularly in relation to the unique chemical profiles of each tea type

Foods 2023, 12, 3098. https://doi.org/10.3390/foods12163098 https://www.mdpi.com/journal/foods3



Foods 2023, 12, 3098

and their potential implications for human health. The variations in processing techniques
and the involvement of different enzymatic reactions and microbial fermentation in tea
production contribute to the unique characteristics and properties of each tea variety. There-
fore, a comprehensive investigation into the chemical constituents and sensory attributes
of these teas is crucial for establishing a deeper understanding of their distinct qualities
and potential health implications.

Tea is replete with an array of chemical constituents, prominently inclusive of cate-
chins, phenolic acids, flavonols, and alkaloids, all of which collectively constitute major
bioactive constituents [4,5]. These components confer palatability and concurrently confer
bioactivities such as antioxidation and antibacterial effects. Fermentation, primarily man-
ifesting as enzymatic oxidation, orchestrates the conversion of tea polyphenols into the
corresponding oxidation byproducts, which are eventually activated upon the exposure
of tea leaves to ambient humidity and oxygen. The diverse chemical constituents and
polyphenol oxidases evident within the six tea types stem from the varying extents of
fermentation. Hence, a systematic and exhaustive evaluation of the constituents within the
six tea varieties is of paramount significance. Noteworthy endeavors have been directed
towards investigating functional constituents, notably catechins, purine alkaloids, and
flavonol glycosides, within select Chinese tea variants [6–8]. Notably, tea polyphenols,
particularly catechins, undergo oxidative transformations during manufacturing processes,
instigated by either moist heat or intrinsic polyphenol oxidases alongside microbial oxi-
dases [9]. Consequently, non-fermented green tea characteristically boasts elevated levels
of catechins, with epigallocatechin-3-gallate (EGCG) assuming particular prominence.
Modestly fermented white and yellow teas exhibit slightly diminished catechin levels in
relation to green tea, thereby facilitating the emergence of theaflavins and thearubigins [10].
Within semi-fermented oolong tea, catechin oxidation transpires solely at the leaf periphery,
thereby positioning itself as intermediate to green tea and black tea. Catechin oxidation
in dark tea is mediated by microorganisms, ultimately culminating in the generation of
theabrownine. Notwithstanding, a comprehensive chemical profiling of Chinese tea re-
mains an outstanding pursuit. A comprehensive and methodical inquiry underpinned by
extensive data analysis is pivotal to obviating ambiguities pertaining to the functional con-
stituents of Chinese teas. The standardization of tea quality holds profound ramifications
for both tea enterprises and regulatory oversight.

The classification method based on sensory evaluation has a drawback as it lacks quan-
titative assessment indicators, which leads to difficulties in tea authentication. In contrast,
international standards concentrate more on the physical and chemical attributes of tea.
The absence of quantitative indicators poses challenges to tea quality control for producers,
consumers, and regulatory agencies. In recent years, various analytical techniques, includ-
ing thin-layer chromatography [11,12], high-performance liquid chromatography [13,14],
and ultra-performance liquid chromatography-tandem mass spectrometry [15,16], have
been utilized to determine the chemical composition of tea. However, most of these stud-
ies have focused on only a few chemical markers from a small number of teas. Thus, a
comprehensive analysis of tea using a single analytical method is still missing [17]. To
meet international standards, there is an urgent need for analyzing the major chemical
constituents of different types of processed teas. In this research, we established an efficient
and rapid UHPLC-DAD method for the determination of 20 components, including cate-
chins, alkaloids, phenolic acids, and flavonols, in 121 tea samples from six distinct types
of tea. Furthermore, we identified the potential essential chemical components critical
for classifying tea types. By performing a principal component analysis on the chemical
composition of the six different types of tea leaves, we conducted a classification analysis
of the tea sample characteristics.
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2. Materials and Methods

2.1. Reagents and Materials

Gallic acid (GA), (−)-gallocatechin (GC), caffeine (CAF), theophylline (THEO), (−)-
epigallocatechin (EGC), (+)-catechin (C), chlorogenic acid (CHL), theobromine (TB), caffeic
acid (CAA), (−)-epicatechin (EC), (−)-epigallocatechin gallate (EGCG), ρ-coumaric acid
(COU), (−)-gallocatechin gallate (GCG), ferulic acid (FER), sinapic acid (SIN), epicatechin
gallate (ECG), rutin (RUT), myricetin (MYR), quercetin (QUE), and kaempferol (KAE) were
purchased from Sigma (St. Louis, MO, USA), and the purity of the reagents was above 95%.
The acetonitrile (HPLC grade) was purchased from Merck KgaA (Darmstadt, Germany),
and all other reagents including methanol and formic acid were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure water was obtained from a
Milli-Q water system (Millipore, Bedford, MA, USA). A total of 121 samples covering six
different types of teas, including black tea (BT, n = 17), green tea (GT, n = 29), yellow tea
(YT, n = 7), white tea (WT, n = 12), oolong tea (OT, n = 42), and dark tea (DT, n = 14), were
purchased from local supermarkets in Beijing and Fuzhou, China, and kept in boxes sealed
by tin foil at 4 ◦C.

2.2. Tea Sample Extraction

The sample extraction method was optimized to enhance the efficiency of extracting
key constituents in tea. Tea samples underwent initial drying at 35 ◦C for 2 h, followed
by crushing into powders and passage through a 40 mesh screen (304 stainless steel
sieve, Yongkang Jielong Industrial and Trade Co., Ltd., Jinhua, China). The selection of
this specific mesh screen aimed to optimize the extraction procedure, achieving elevated
dissolution rates while minimizing material loss. An aliquot of 0.5 g sample powder
was weighed into an Erlenmeyer flask and 10 mL of the methanol-dimethyl sulfoxide
mixture (50:50, v/v) was added. The mixture was shaken for 15 min at room temperature
and centrifuged at 8000 rpm for 15 min at 4 ◦C. This extraction process was repeated
once. The supernatants from the two extracts were combined, diluted to 50 mL with the
methanol-dimethyl sulfoxide mixture (50:50, v/v), and stored at −20 ◦C until analysis.

2.3. Development of UHPLC-DAD Analytical Method

In this study, a UHPLC-DAD system was employed for the analysis. The instrument
used for this analysis was the Ultimate 3000 UHPLC (Thermo Fisher Scientific, Milan,
Italy). Prior to UHPLC analysis, the extract was filtered through a 0.22 μm microporous
membrane, and 1 μL of the filtered extract was injected into the UHPLC system. Chromato-
graphic separation was performed using a reverse phase column (Merck Lichrospher RP-18,
100 mm × 2.1 mm, 2 μm, Hessian, Germany). Mobile phases A and B were 0.1% formic
acid and acetonitrile, respectively [18]. The gradient elution procedure was: 0 min, 93% A;
12 min, 80% A; 16 min, 50% A; 20 min, 93% A. The analysis duration for each specimen
was 20 min, inclusive of a 4 min column equilibration period. The column temperature
and flow rate were maintained at 30 ◦C and 0.3 mL min−1, respectively. For detection,
two wavelengths, 280 and 340 nm, were compared in this study using the DAD integrated
into the UHPLC system. The developed UHPLC method was validated according to ICH
guidelines [18] to ensure fulfillment of current regulatory standards.

2.4. Statistical Analysis

Data were presented as mean ± standard deviation and range (min-max). The dif-
ferences among different groups (>2 groups) were evaluated using ANOVA adjusted by
Tukey post hoc test in SPSS software (SPSS for Windows, Release 19.0, SPSS Inc., Chicago,
IL, USA). Different lower cases indicate significant differences (p < 0.05). To identify
potential chemical biomarkers for the classification of teas, a random forest (RF) algo-
rithm was implemented in the “Random Forest” package [19] under R software (Version
3.5.3, https://www.r-project.org/, accessed on 6 July 2021). RF achieves classification by
constructing a series of decision trees. It optimizes the classification by aggregating the
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inputs across all trees. Although this method cannot be compared to traditional chemomet-
rics, which has a solid statistical foundation, RF possesses several advantages, including
excellent predictive capabilities and the ability to balance all variables even in cases of
overfitting [20,21]. Principal component analysis (PCA) was used to examine patterns in
composition data and to highlight similarities and dissimilarities in the phytochemical
contents of the tea products.

3. Results

3.1. Development and Validation of a UHPLC-DAD Analytical Method

The structures of the 20 compounds are displayed in Figure S2. For enhanced precision,
we compared the absorption peaks of these compounds at two wavelengths of 280 and
340 nm (Figure 1B). It came to our attention that all components exhibited enhanced
sensitivity and reduced interference at 280 nm, signifying their suitability for concurrent
determination of the chosen compounds. We then proceeded to verify the reliability of this
analysis method. Table 1 illustrated the favorable linearity of all analytes with R2 > 0.999.
The relative standard deviations (RSD) were within the range of 0.01–0.31% for intraday
assays and 0.42–3.31% for interday assays. Table 1 shows that the limit of detection (LOD)
of the analytes was between 0.03 and 2.73 mg/L, alongside the average recovery rate,
which ranged from 93.61% to 106.25%. These results indicate that the proposed analysis
method was sensitive, precise, and accurate. An analysis of the main chemical components
in six different types of teas revealed that green tea contained the highest levels of chemical
components (Figure S3).

Table 1. Validation parameters for the UHPLC-DAD method proposed in this study (n = 6).

Standard Calibration Equation R a LR b intraRSD c interRSD d LOD e REC f

GAI y = 19681x + 5061.6 0.9998 0.17–100 0.16 1.57 0.05 99.26
GAL y = 17021x − 5572.6 0.9998 0.10–100 0.26 0.67 0.03 100.80
CAF y = 15953x − 948.43 0.9999 0.63–100 0.21 2.37 0.19 97.44
THE y = 1054.4x + 930.46 0.9991 0.33–100 0.31 0.52 0.10 106.25
EPI y = 3799.5x + 759.99 0.9999 1.17–100 0.15 0.83 0.35 101.73
CAT y = 8791.6x − 2528.8 0.9999 0.60–100 0.13 0.17 0.18 99.20
CHL y = 14512x − 426.08 0.9999 0.50–100 0.13 0.42 0.15 95.92
THO y = 20872x + 4110 0.9999 0.33–100 0.13 1.28 0.10 98.01
CAA y = 12547x + 1496 0.9997 0.43–100 0.13 1.29 0.13 99.71
EPC y = 4710.3x + 831.01 0.9998 1.07–100 0.10 0.86 0.32 101.12
EPG y = 7230.3x − 3827.3 0.9998 0.87–100 0.15 0.47 0.26 100.01
COU y = 16970x + 121844 0.9994 0.63–100 0.17 0.32 0.19 93.61
GAO y = 7167.4x − 1372.7 0.9995 0.43–100 0.15 0.68 0.13 94.48
FER y = 17762x + 4688.7 0.9999 1.00–100 0.08 0.44 0.30 102.63
SIN y = 6074.3x + 1169.5 0.9999 0.37–100 0.06 1.06 0.11 95.24
EPA y = 10336x − 2607 0.9999 1.40–100 0.06 0.68 0.42 105.92
RUT y = 2781.4x − 1781.5 0.9992 0.40–100 0.08 3.31 0.12 100.17
MYR y = 4158.4x − 3148.4 0.9993 0.80–100 0.01 2.53 0.24 96.74
QUE y = 4763.1x − 2477.3 0.9997 9.10–100 0.01 3.71 2.73 96.22
KAE y = 7795.4x + 5093.3 0.9994 2.17–100 0.01 2.87 0.65 100.95

a correlation coefficient; b linear range (mg/L); c relative standard deviation based on intraday assays (%);
d relative standard deviation based on inter-day assays (%); e limit of detection (mg/L); f recovery (%). The data
presented in mg/L refers to the detection limit of the extraction solution.
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Figure 1. UHPLC-DAD chromatograms of 20 chemical components in tea detected at 280 and 340 nm.
(A,B) A chromatogram of the standard at 280 and 340 nm. (C,D) A representative chromatogram of
the sample at 280 and 340 nm. Component: 1, gallic acid; 2, gallocatechin; 3, caffeine; 4, theophylline;
5, epgallocatechin; 6, catechin; 7, chlorogenic acid; 8, theobromine; 9, caffeic acid; 10, epicatechin; 11,
epigallocatechin gallate; 12, coumaric acid; 13, gallocatechin gallate; 14, ferulic acid; 15 sinapic acid;
16, epicatechin gallate; 17, rutin; 18, myricetin; 19, quercetin; 20, kaempferol.

3.2. Comparison of Alkaloids Levels in Six Different Types of Chinese Teas

Our developed method successfully detected three types of alkaloids, namely theo-
phylline (THEO), theobromine (TB), and caffeine (CAF). Remarkably, CAF was the pre-
dominant alkaloid in all six types of teas, followed by TB and THEO, indicating that
tea processing methods might have had little impact on the alkaloid composition ratio.
Nevertheless, our results indicated that different tea types possessed different alkaloid
contents. For instance, YT and OT exhibited the highest and lowest TB levels, respec-
tively, while DT showed significantly higher levels of THEO than other tea types (p < 0.05,
Table 2). Moreover, GT displayed significantly higher levels of CAF compared to OT and
WT, and YT exhibited markedly higher TB levels than the other tea types (p < 0.05, Table 2).
These observations suggested that processing methods may have differentially affected the
composition of tea alkaloids, which are known to possess various health-promoting effects.
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Table 2. Comparative analysis of alkaloid levels in six different types of teas (n = 121), including
caffeine (CAF), theophylline (THEO), and theobromine (TB).

Alkaloid GT (n = 29) YT (n = 7) DT (n = 14) WT (n = 12) OT (n = 42) BT (n = 17) F Value p Value

Caffine 53.45 ± 22.07
(0–129.8)

39.40 ± 14.49
(13.90–58.66)

35.94 ± 25.26
(0–103.07)

27.85 ± 23.14
(0.01–63.95) a

25.98 ± 23.49
(0–147.47) a

43.43 ± 29.42
(0–143.89) 3.462 0.006

Percentage of
total alkaloids 97.30% 93.84% 95.45% 96.01% 98.03% 97.21%

Theophylline 0.05 ± 0.05
(0–0.17)

0.07 ± 0.15
(0–0.40)

0.43 ± 0.60
(0–1.63) a, b

0.07 ± 0.10
(0–0.34) c

0.10 ± 0.22
(0–1.25) c

0.06 ± 0.11
(0–0.35) c 5.088 0.000

Percentage of
total alkaloids 0.10% 0.17% 1.15% 0.23% 0.29% 0.14%

Theobromine 1.43 ± 0.69
(0.01–2.50)

2.52 ± 1.67
(0.22–4.75) a

1.28 ± 0.69
(0.25–2.28) b

1.09 ± 0.91
(0.46–3.08) b

0.57 ± 0.46
(0.09–2.36) a, b, c

1.19 ± 0.80
(0.32–2.79) b 10.67 0.000

Percentage of
total alkaloids 2.60% 6.00% 3.40% 3.77% 1.68% 2.66%

Tea type: OT, oolong tea; GT, green tea; WT, white tea; DT, dark tea; YT, yellow tea. Note: Data expressed as
mean ± standard deviation and range (min-max). a, b, c Values with different letters indicate significant differences
(p < 0.05) compared to GT, YT, and DT samples using ANOVA and Tukey post hoc test. The results were reported
in mg/g to indicate the concentration of compounds in 1 g of tea leaves after conversion.

3.3. Dynamic Changes in Catechins in Six Different Types of Tea

Table 3 illustrates the remarkable effect of tea processing methods on the composition
ratio of tea catechins. Our data revealed that GC levels were markedly higher in OT and GT
compared to other tea varieties (p < 0.05, Table 3). Lower EGC levels were detected in DT
and BT, while C levels were relatively higher in WT and GT (p < 0.05). Notably, WT exhibited
significantly higher EC levels than others (p < 0.05). The EGCG content was higher in the
GT and YT groups, while it was lower in the DT group (p < 0.05). Furthermore, the GCG
levels in the GT group were significantly higher compared to the WT, DT, and BT groups,
and the ECG levels of the GT tea variety were also the highest (p < 0.05). Investigating tea
catechin changes can aid in regulating tea quality during thermal processing.

Table 3. Comparative analysis of catechin levels in six different types of teas (n = 121), including
gallocatechin (GC), epicatechin gallate (EGC), epicatechin (EC), epigallocatechin gallate (EGCG),
gallocatechin gallate (GCG), epicatechin gallate (ECG), and catechin (C).

Catechin GT (n = 29) YT (n = 7) DT (n = 14) WT (n = 12) OT (n = 42) BT (n = 17) F Value p Value

Gallocatechin 1.55 ± 1.10
(0–4.26)

0.61 ± 0.68
(0–2.00)

0.59 ± 0.29
(0–1.22) a

0.42 ± 0.33
(0–0.98) a

2.31 ± 1.17
(0–4.95) a, b, c, d

0.14 ± 0.21
(0–0.64) a, e 20.70 0.000

Percentage of
total catechins 1.10% 0.48% 6.62% 0.39% 2.76% 0.47%

Epicatechin
gallate

22.01 ± 18.94
(0.84–79.73)

14.08 ± 10.57
(4.16–30.84)

1.36 ± 1.20
(0–4.26) a

26.36 ± 32.27
(0.37–95.89) c

20.07 ± 14.00
(0–50.19) c

2.50 ± 2.73
(0–8.7) a, d, e 6.458 0.000

Percentage of
total catechins 15.53% 10.98% 15.20% 24.66% 23.95% 8.18%

Epicatechin 4.50 ± 2.97
(0.67–14.36)

7.02 ± 3.99
(1.14–13.04)

1.14 ± 0.79
(0–2.37)

26.54 ± 36.68
(0.28–84.48) a, b, c

2.62 ± 1.49
(0–6.95) d

0.68 ± 0.89
(0.06–3.40) d 9.478 0.000

Percentage of
total catechins 3.18% 5.47% 12.73% 24.82% 3.13% 2.22%

Epigallocatechin
gallate

83.90 ± 31.65
(46.11–158.61)

82.38 ± 14.08
(65.42–107.9)

3.57 ± 5.04
(0.11–18.87) a, b

29.33 ± 30.13
(0.13–78.83) a, b

46.43 ± 19.33
(1.87–86.42) a, b, c

23.85 ± 45.66
(0.05–153.58) a, b 23.42 0.000

Percentage of
total catechins 59.21% 64.21% 39.88% 27.43% 55.41% 78.10%

Gallocatechin
gallate

1.16 ± 0.77
(0.14–2.96)

1.15 ± 0.75
(0.32–2.56)

0.32 ± 0.27
(0.03–1.04) a

0.25 ± 0.21
(0–0.55) a

0.89 ± 0.94
(0–3.50)

0.10 ± 0.13
(0.01–0.58) a, b, e 7.591 0.000

Percentage of
total catechins 0.82% 0.90% 3.62% 0.23% 1.06% 0.33%

Epicatechin
gallate

24.94 ± 8.42
(11.89–41.84)

20.66 ± 4.02
(15.25–27.86)

1.40 ± 1.12
(0.04–3.55) a, b

18.29 ± 11.45
(3.07–38.27) c

10.09 ± 7.44
(0.44–46.60) a, b, c, d

2.30 ± 1.54
(0.34–4.84) a, b, d, e 34.83 0.000

Percentage of
total catechins 17.60% 16.10% 15.64% 17.11% 12.04% 7.53%

Catechin 3.65 ± 5.83
(0–22.11)

2.39 ± 1.16
(0.78–3.95)

0.57 ± 0.53
(0–1.41)

5.72 ± 15.15
(0.07–53.33)

1.37 ± 2.46
(0–15.31)

0.97 ± 1.19
(0–3.22) 1.809 0.117

Percentage of
total catechins 2.57% 1.86% 6.32% 5.35% 1.64% 3.16%

Tea type: OT, oolong tea; GT, green tea; WT, white tea; DT, dark tea; YT, yellow tea. Note: Data expressed
as mean ± standard deviation and range (min-max). a, b, c, d, e Values with different letters indicate significant
differences (p < 0.05) compared to GT, YT, DT, WT, and OT samples using ANOVA and Tukey post hoc test. The
results were reported in mg/g to indicate the concentration of compounds in 1 g of tea leaves after conversion.
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3.4. Dynamics Changes in Flavonols in Six Different Types of Teas

The tea processing procedures have resulted in a shift in the composition ratio of
tea flavonols. As shown in Table 4, OT and WT exhibited a relatively lower proportion
of RUT than other tea varieties. WT also contained the lowest level of KAE among all
tea types. While BT, GT, and DT demonstrated a higher proportion of QUE, YT had the
lowest concentration of QUE. The differences in flavonol levels among the six different tea
varieties were not statistically significant (Table 4).

Table 4. Comparative analysis of flavonol levels in six different types of teas (n = 121), including rutin
(RUT), myricetin (MYR), quercetin (QUE), and kaempferol (KAE).

Flavonol GT (n = 29) YT (n = 7) DT (n = 14) WT (n = 12) OT (n = 42) BT (n = 17) F Value p Value

Rutin 2.82 ± 1.49
(0.12–6.91)

1.31 ± 1
(0.28–3.00)

1.52 ± 1.21
(0.18–3.49)

2.29 ± 1.89
(0.38–5.62)

1.86 ± 2.43
(0.15–15.25)

2.34 ± 1.25
(0.31–4.00) 1.586 0.169

Percentage of total
flavonols 75.14% 79.54% 77.98% 59.99% 57.68% 74.91%

Myricetin 0.67 ± 0.78
(0.01–3.74)

0.29 ± 0.24
(0.01–0.66)

0.24 ± 0.25
(0–0.68)

1.46 ± 1.67
(0.04–4.76)

1.22 ± 3.15
(0–14.95)

0.59 ± 0.64
(0.05–2.22) 0.958 0.446

Percentage of total
flavonols 17.99% 17.30% 12.30% 38.24% 37.98% 18.76%

Quercetrin 0.19 ± 0.86
(0–4.66)

0.02 ± 0.01
(0–0.03)

0.13 ± 0.19
(0.01–0.55)

0.06 ± 0.03
(0–0.10)

0.06 ± 0.10
(0–0.66)

0.11 ± 0.12
(0.01–0.50) 0.372 0.866

Percentage of total
flavonols 5.00% 1.12% 6.78% 1.45% 2.00% 3.47%

Kampferol 0.07 ± 0.08
(0–0.25)

0.03 ± 0.03
(0.01–0.07)

0.06 ± 0.11
(0–0.40)

0.01 ± 0.01
(0–0.03)

0.08 ± 0.08
(0–0.34)

0.09 ± 0.12
(0.01–0.39) 1.631 0.157

Percentage of total
flavonols 1.87% 2.04% 2.94% 0.31% 2.34% 2.86%

Tea type: OT, oolong tea; GT, green tea; WT, white tea; DT, dark tea; YT, yellow tea. Note: Data expressed as
mean ± standard deviation and range (min-max). ANOVA and Tukey post hoc tests were used to detect no
significant differences in the levels of the four flavonols among the six types of tea. The results were reported in
mg/g to indicate the concentration of compounds in 1 g of tea leaves after conversion.

3.5. Dynamics Changes in Phenolic Acids in Six Different Types of Tea

In this study, six phenolic acids, namely gallic acid (GA), coumaric acid (COU), chloro-
genic acid (CHL), ferulic acid (FER), sinapic acid (SIN), and caffeic acid (CAA) were
identified and analyzed. As presented in Table 5, the composition ratio of these compo-
nents was significantly influenced by tea processing procedures, which classified teas into
distinct chemo-types. It is worth noting that CAA was not detected (as nd). DT, BT, WT,
and OT exhibited dormancy with GA, while YT displayed dormancy with CHL. OT and
GT contained two major phenolic acids.

Table 5. Comparative analysis of phenolic acids levels in six different types of teas (n = 121), including
gallic acid (GA), chlorogenic acid (CHL), ρ-coumaric acid (COU), ferulic acid (FER), sinapic acid
(SIN), and caffeic acid (CAA).

Phenolic Acids GT (n = 29) YT (n = 7) DT (n = 14) WT (n = 12) OT (n = 42) BT (n = 17) F Value p Value

Gallic acid 0.99 ± 0.52
(0.28–2.51)

1.20 ± 0.66
(0.39–2.03)

4.12 ± 2.89
(1.03–11.57) a, b

2.24 ± 0.87
(0.9–3.61) a, c

1.12 ± 0.94
(0.07–3.71) c

2.54 ± 0.91
(1.23–5.04) a, c, e 16.62 0.000

Percentage of total
phenolic acids 24.59% 21.95% 92.72% 10.12% 46.18% 38.70%

Chlorogenic acid 1.50 ± 4.60
(0–22.83)

3.28 ± 2.61
(0.1–7.88)

0.01 ± 0.03
(0–0.09)

19.25 ± 34.50
(0–80.76)

0.15 ± 0.24
(0–1.29) d

2.79 ± 11.19
(0–46.2) 5.352 0.000

Percentage of total
phenolic acids 37.10% 59.93% 0.29% 86.79% 6.26% 42.42%

ρ-coumaric acid 0.15 ± 0.13
(0–0.46)

0.09 ± 0.11
(0.01–0.32)

0.08 ± 0.18
(0–0.66)

0.12 ± 0.18
(0–0.63)

0.14 ± 0.32
(0–1.64)

0.80 ± 1.64
(0.03–4.97) 3.179 0.010

Percentage of total
flavonols 3.82% 1.55% 1.70% 0.54% 5.63% 12.23%

Ferulic acid 1.05 ± 2.93
(0–15.05)

0.24 ± 0.35
(0.02–1.02)

0.06 ± 0.05
(0.01–0.18)

0.33 ± 0.34
(0.02–0.96)

0.64 ± 0.52
(0–1.62)

0.13 ± 0.13
(0–0.39) 1.358 0.245

Percentage of total
phenolic acids 26.16% 4.45% 1.32% 1.47% 26.41% 1.93%

Sinapic acid 0.34 ± 0.31
(0.03–1.34)

0.66 ± 0.83
(0.2–2.5)

0.18 ± 0.11
(0.04–0.4)

0.24 ± 0.28
(0–0.88)

0.37 ± 0.36
(0–1.32)

0.31 ± 0.46
(0.02–1.88) 1.741 0.131
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Table 5. Cont.

Phenolic Acids GT (n = 29) YT (n = 7) DT (n = 14) WT (n = 12) OT (n = 42) BT (n = 17) F Value p Value

Percentage of total
phenolic acids 8.34% 12.12% 3.96% 1.08% 15.52% 4.72%

Caffeic acid nd nd nd nd nd nd

Tea type: OT, oolong tea; GT, green tea; WT, white tea; DT, dark tea; YT, yellow tea. Note: Data expressed as mean
± standard deviation and range (min-max). a, b, c, d, e Values with different letters indicate significant differences
(p < 0.05) compared to GT, YT, DT, WT, and OT samples using ANOVA and Tukey post hoc test. The results were
reported in mg/g to indicate the concentration of compounds in 1 g of tea leaves after conversion.

DT contained a notable quantity of GA, accounting for over 90% of the total phenolic
acids, which was significantly higher compared to other tea types (p < 0.05, Table 5). A
substantial proportion of FER, almost a quarter of the total phenolic acids, was identified
in OT and GT (Table 5). Furthermore, the proportion of CHL in GT and YT exceeded that
found in other tea types.

3.6. Identification of Potential Biomarkers for Tea Classification Using Random Forests

In this study, the random forests (RF) classifier was employed to distinguish different
types of tea and identify possible biomarkers based on 19 detected chemical components
(Figure 2A). The results showed that the proposed RF classifier achieved accuracies of
78.57% for BT, 86.21% for GT, 85.71% for OT, 82.35% for BT, 50.00% for WT, and 57.14% for
YT (Figure 2B). The overall accuracy of the classifier was 79.34% using 19 identified chemical
components. Although the accuracy of the present classifier was still low, especially for
WT and YT, the performance could be improved by increasing the number of samples. In
addition, GC, EGCG, and ECG, as the main components of tea catechins, were identified
as important biomarkers for tea classification (Figure 2C). Moreover, tea catechins had
different responses under thermal processing.

Figure 2. Tea classification based on 19 chemical components using random forests. (A) Random
forest classification; (B) accuracy of random forest classification; (C) potential biomarkers identified
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by random forests. Component: CAF, caffeine; THEO, theophylline; TB, theobromine; GC,
(−)-gallocatechin; EGC, (−)-epigallocatechin; C, (+)-catechin; EC, (−)-epicatechin; EGCG, (−)-
epigallocatechin gallate; GCG, (−)-gallocatechin gallate; ECG, epicatechin gallate; RUT, rutin; MYR,
myricetin; QUE, quercetin; KAE, kaempferol; GA, gallic acid; COU, coumaric acid; CHL, chlorogenic
acid; FER, ferulic acid; SIN, sinapic acid. Tea type: BT, black tea; OT, oolong tea; GT, green tea; WT,
white tea; DT, dark tea; YT, yellow tea. (D) Principal component analysis (PCA) of 6 types of teas.
Black: DT, Red: BT, Green: GT, Yellow: YT, Browm: OT, Gray: WT.

3.7. Principal Component Analysis

Principal component analysis (PCA) was performed on the data obtained from the
sample processing of a particular type of tea (Figure 2D). The first principal component
(PC1) explained 42.59% of the total variance, while the second principal component (PC2)
explained 19.14% of the total variance, and the third principal component (PC3) explained
13.82% of the total variance. Together, PC1, PC2, and PC3 explained a cumulative variance
of 75.54%. The results show that the tea samples of six varieties could be classified into three
categories based on their fermentation levels. Green tea and yellow tea (non-fermented tea)
were categorized together. Oolong tea (semi-fermented tea) was classified separately. Black
tea and dark tea (post-fermented tea and fully fermented tea) were grouped together.

4. Discussion

Currently, there is a lack of quantitative methods for classifying tea categories in
accordance with tea standards. This study aimed to introduce a quantitative and objective
approach to identifying tea categories, thereby establishing a scientific foundation for the
development of chemical classification methods for tea. Previous research has demon-
strated the efficacy of HPLC-DAD in identifying the distinctive constituents of Laoshan
green tea (GT) harvested during both summer and autumn, providing accurate determina-
tions of tea leaves across both seasons [22]. Expanding on this foundation, our objective
was to formulate and validate a UHPLC-DAD methodology to concurrently quantify 19 key
components, encompassing alkaloids, catechins, flavonols, and phenolic acids, within six
differently processed teas. Additionally, we endeavored to pinpoint significant biomarkers
for tea classification.

Tea, as a globally consumed beverage, can be classified into six main groups based
on the degree of fermentation: green tea (GT), yellow tea (YT), white tea (WT), oolong
tea (OT), black tea (BT), and dark tea (DT), in the increasing order of fermentation. The
results obtained from our analysis revealed distinct differences in both tea categories
and specific compounds as fermentation levels changed. PCA analysis based on these
specific compounds also showed good classification results for tea classes with different
fermentation levels. These insights contribute to the broader knowledge base surrounding
tea, its fermentation process, and its potential implications for health and flavor profiles.

In the present investigation, caffeine was observed to comprise the largest proportion
among the six tea types, especially in green tea (GT), which is in accordance with the
findings of Boros et al., who extracted caffeine from a variety of teas and reported similar
results [23,24]. Interestingly, our results indicated that the processing method for tea leaves
had minimal influence on the proportion of alkaloid composition. However, it is worth
noting that different alkaloids may react differently to the processing method due to the
effects of steeping time, temperature, pH value, and picking time, which all contribute to
the chemical composition of tea leaves [25–28].

Catechins are a standard type of flavonoid found in green tea (GT), and it has been
observed that green tea contains more catechins than black or oolong teas [29]. The current
study also found that green tea has the highest amount of catechins compared to other
tea varieties. Previous studies have indicated that unfermented green tea has EGCG as
its main component [29,30], while fermented green tea has GC as its main component
with less EGCG [2,5]. Our study confirms that green tea has the highest amount of EGCG,
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with significantly higher levels than other tea types except for yellow tea. Interestingly,
our findings show that DT has the lowest amount of EGCG, which may be attributed
to the conversion of catechins to theaflavins or theobromine during the fermentation
process in black tea, leading to a significant reduction in total catechins (EGCG, ECG, and
EGC) [31–33]. Furthermore, different processing methods have been found to affect the
ratio of catechin composition in tea leaves, possibly due to the gradual decrease in catechin
content and increase in gallic acid content during tea fermentation [5,34]. Another study
reported that thermal processing affects the eight catechins in tea differently [35].

Tea flavonols are potent antioxidants that have been shown to protect against cancer
and cardiovascular disease [36–38], it is of interest to understand the levels of flavonols in
different teas and how processing methods impact flavonol composition. We identified
RUT, MYR, QUE, and KAE as the major flavonols in tea leaves, in particular RUT and
MYR. Our study found that black tea (BT) had lower total flavonol content compared to
other teas, which is consistent with the findings of Selim et al. [39,40]. We also found that
the gallic acid (GA) content was the highest in black tea (BT) among the 121 tea samples,
previous reports indicated that the increase in gallic acid content coupled with deepening
fermentation [41,42].

Previous studies classified black, green, white, yellow, dark, and oolong teas by UV
spectroscopy [43]; Ding et al., classified tea quality levels based on CLPSO-SVM using
near-infrared spectrum [44]. To further explore the potential biomarkers for tea classifi-
cation, we identified GC, EGCG, and ECG as important biomarkers for tea classification
using UHPLC-DAD quantification combined with RF calculations. Previously, Wang et al.,
identified the physicochemical components such as catechin and caffeine in yellow tea (YT)
using quantitative descriptive analysis (QDA) and partial least squares regression (PLSR).
RF, although lacking a comprehensive theoretical foundation comparable to traditional
chemometrics, offers advantages such as strong predictive capabilities and balanced han-
dling of all variables even in cases of overfitting [20,21]. Additionally, RF’s ability to handle
data dimensions without limitations made it a valuable tool for predicting the types of tea
accurately. Previous studies have also demonstrated RF’s predictive prowess in tea sample
analysis. For example, Zheng et al. [45] demonstrated the superior predictive performance
of RF compared to other machine learning methods, such as PCA and SVM, in predicting
unknown tea samples. Similarly, Xu et al. [46] used RF based on fused signals to achieve
the best performance in predicting the concentrations of chemical components in tea. Our
study builds upon this knowledge and showcases the potential of RF in further advancing
tea classification methodologies.

In conclusion, we have developed a UHPLC-DAD analytical method to simultaneously
determine a total of 19 major components in tea, including alkaloids, catechins, flavonols,
and phenolic acids. The method has undergone methodological validation, demonstrating
sensitivity, stability, and good repeatability in content determination. Significant differences
in these components have been observed among the six types of tea studied, with green tea
(GT) and yellow tea (YT) exhibiting higher total chemical content compared to the other
teas. These observations suggest that the varying degrees of fermentation in the six major
tea categories may influence the composition of alkaloids, catechins, flavanols, and phenolic
acids in tea leaves. Furthermore, GC, EGCG, and ECG, serving as the principal constituents
of catechins in tea, have been identified as important biomarkers for tea classification.
The results of PCA analysis reveal the possibility of categorizing these six tea types into
three groups based on their fermentation levels. In future work, we plan to establish a tea
composition database and develop a standard analytical method for the evaluation and
classification of teas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12163098/s1, Figure S1: Map of China showing the location of
all tea sample collection sites; Figure S2: Chemical structures of phenolic acids, alkaloids, flavonol
and flavonol glycosides in oolong tea; Figure S3: Changes of major chemical components in six
different types of teas.
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Abstract: Polyphenols are key free radical scavengers in tea. This study screened the antioxidant
active groups of catechins and dimers and analyzed the effects of the degree of oxidative poly-
merization and oxidative dimerization reaction on their antioxidant activities. ABTS+· free radical
scavenging activity, DPPH free radical scavenging activity, and total antioxidant capacity of catechins
and polymers were systematically analyzed and compared in this study. Results manifested antioxi-
dant activities of catechins were dominated by B-ring pyrogallol and 3-galloyl, but were not decided
by geometrical isomerism. 3-galloyl had a stronger antioxidant activity than B-ring pyrogallol in
catechins. The number, not the position, of the galloyl group was positively correlated with the
antioxidant activities of theaflavins. Theasinensin A has more active groups than (−)-epigallocatechin
gallate and theaflavin-3,3′-digallate, so it had a stronger antioxidant activity. Additionally, the higher
the degree of oxidation polymerization, the weaker the antioxidant activities of the samples. The
oxidative dimerization reaction hindered the antioxidant activities of the substrate–catechin mixture
by reducing the number of active groups of the substrate and increasing the molecular structure size
of the product. Overall, pyrogallol and galloyl groups were antioxidant active groups. The degree of
oxidative polymerization and the oxidative dimerization reaction weakened the antioxidant activity.

Keywords: antioxidant activity; structure; oxidative dimerization; catechins; polymers

1. Introduction

Antioxidation refers to resisting the peroxide state of living tissues induced by internal
cellular metabolism or external stimuli. In the peroxide state, a balance between generating
and eliminating reactive oxygen species (ROS) was broken. ROS content exceeding the
scavenging capacity of the defense system will result in oxidative stress damage, such
as DNA chain breakage, protein cross-linking, and lipid peroxidation, followed by the
imbalance of intracellular metabolism.

One of the mechanisms leading to food spoilage, human diseases, and aging is the
imbalance of intracellular metabolism [1,2]. Therefore, there is an urgent need for people to
fight against oxidation, which made the search for auxiliary exogenous antioxidants recently
become a research hotspot in biochemistry and medicine. As chemical antioxidants, such as
butylated hydroxyanisole, may have potential carcinogenic risks in animal experiments [3],
the following work is entrusted with a mission to focus on finding green and effective
natural substances which have antioxidant properties that can act as substitutes for chemical
synthetic antioxidants for safe, sustainable, and healthy development.

Owing to its potential health benefits, tea has long attracted much interest from re-
searchers [4]. Its excellent antioxidant activity has been widely identified [5,6]. Fermentation
is the key processing procedure to make black tea, in which the oxidative polymerization of
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catechins is very active. Oxidative polymerization of catechins is a crucial biochemical reaction
to form the characteristics of black tea. When fresh tea leaves are fermented with polyphenol ox-
idase and peroxidase, catechins will be co-oxidated to form oxidized dimers (such as theaflavins
(TFs) and theasinensins (TSs)) and polymers (such as thearubigins (TRs) and theabrownins
(TBs)). It is reported that with the increased total phenolic content, the antioxidant activity of
black tea is also enhanced [7]. Phenolic compounds were key free radical scavengers [8], such as
catechins, TFs, TRs, and TBs [9,10]. In our previous experiments about the antioxidant activity
of black tea processing samples, the decreased activity was found to accompany the progression
of black tea fermentation. Meanwhile, the catechins content decreased gradually, the dimers’
content increased first and decreased later, and the polymer content increased gradually during
the fermentation process [11]. Is the reduced antioxidant activity during black tea fermentation
due to the lower activity of polymers compared to catechins and dimers or does the oxidative
polymerization process reduce it? Additionally, different antioxidant activities of the samples
could be found in different antioxidant methods (methods or conditions adopted in each pro-
tocol) [12]. It is difficult to generalize conclusions in some cases. Therefore, the antioxidant
activities of catechins and their oxidized polymers were systematically studied using the same
method in this research to investigate the effects of the degree of oxidation polymerization and
the oxidative dimerization reaction on antioxidant activities.

The antioxidant activities of catechins are closely related to their structure, including hy-
droxyl groups at positions 5 and 7 of the A-ring, an ortho-3′4′-dihydroxyl group (catechol) or
3′4′5′-trihydroxyl group (pyrogallol) in the B-ring, and a gallate group located at position 3 of
the C-ring (Figure 1) [13]. Structure (quantity and location) could also influence the activity
of dimers. Catechins and dimers have regular differences in structure and are natural mate-
rials for studying structure–activity relationships. The effective antioxidant active groups in
catechins and dimers can be screened through a clever comparison. Catechins are mainly com-
posed of (−)-epigallocatechin gallate (EGCG), (−)-gallocatechin gallate (GCG), (−)-epicatechin
gallate (ECG), (−)-catechin gallate (CG), (−)-epigallocatechin (EGC), (−)-gallocatechin (GC),
(−)-epicatechin (EC), and (±)-catechin (C) [12]. Catechin was mainly dimerized through benzo-
quinone and a disproportionation reaction. Among them, the benzoquinone pathway refers to
the oxidative polymerization of pyrogallol-type and catechol-type catechins to form TFs [14].
The disproportionation pathway refers to coupling oxidation between pyrogallol-type catechins
to form TSs (Figure 2). Four main compounds of TFs are theaflavin (TF), theaflavin-3-gallate
(TF-3-G), theaflavin-3′-gallate (TF-3′-G), and Theaflavin-3,3′-digallate (TFDG) [15]. There are
many studies about the antioxidant activity of TFs, while that of theasinensin A (TSA) is little,
especially in the comparison between TSA and TFs. Due to TSs and TFs being formed com-
petitively during tea processing, it is worth studying which catechin dimer (TSA or TFs) has a
stronger antioxidant activity and what their structure–activity relationship is. This is conducive
to the targeted regulation of tea processing conditions as it enables us to obtain more dimers
with strong antioxidant activities during production.

Figure 1. Chemical structure of eight catechins. EC, (−)-epicatechin; ECG, (−)-epicatechin gallate;
EGC, (−)-epigallocatechin; EGCG, (−)-epigallocatechin gallate; C, (±)-catechin; CG, (−)-catechin
gallate; GC, (−)-gallocatechin; GCG, (−)-gallocatechin gallate.
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Figure 2. Oxidative dimerization reaction of catechins. TF, theaflavin; TF3G, theaflavin-3-gallate;
TF3′G, theaflavin-3′-gallate; TFDG, Theaflavin-3,3′-digallate; TSA, theasinensin A.

Based on these, this study systematically compared and analyzed the antioxidant activ-
ities of catechins and their polymers (CTOPs) through three antioxidant methods, exposed
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the relationship between the degree of oxidative polymerization and antioxidant activity,
explored the antioxidant structure–activity relationship by using catechins and dimers
with regular differences in structure, and disclosed the effects of the oxidative dimerization
reaction on antioxidant activities of a substrate–catechin mixture. Our aim is to find the
antioxidant active groups and analyze the effects of the degree of oxidative polymerization
and oxidative dimerization reaction on the activity of catechins and polymers to enrich the
cognition of the antioxidant activity of tea.

2. Materials and Methods

2.1. Chemicals and Reagents

A total antioxidant capacity assay kit with a ferric-reducing ability of plasma (FRAP)
method (S0116) was purchased from Beyotime (Shanghai, China). 2,2′-Azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was purchased from Meryer (Shanghai,
China). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was purchased from Hefei Bomei Biotech-
nology Co., Ltd. (Hefei, China). Potassium persulfate was purchased from Macklin
(Shanghai, China). Methanol was purchased from Merck KGaA (Darmstadt, Germany).
6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), C (HPLC ≥ 98%), GC
(HPLC ≥ 98%), CG (HPLC ≥ 98%), GCG (HPLC ≥ 98%), EC (HPLC ≥ 98%), EGC (HPLC
≥ 98%), ECG (HPLC ≥ 98%), EGCG (HPLC ≥ 98%), TF (HPLC ≥ 95%), TF-3-G (HPLC
≥ 98%), TF-3′-G (HPLC ≥ 98%), and TFDG (HPLC ≥ 98%) were purchased from Yuanye
(Shanghai, China). TSA (HPLC = 91.4%), TRs SII, and TBs were separated and prepared
by us.

2.2. Comparison of Antioxidant Activities of CTOPs

A series of mass concentrations were prepared to compare the activities of samples
with different degrees of oxidative polymerization. Samples, prepared before use, were
dissolved in purified water and diluted to the required concentration.

2.2.1. ABTS+· Free Radical Scavenging Assay

This assay was carried out in line with the procedure as described previously [6], with
mild adjustments. ABTS (7 mM) reacted with potassium persulfate (2.45 mM) in equal
volumes for 12–16 h in the dark to prepare the ABTS+· stock solution. ABTS+· stock solution
was then diluted with methanol to an absorbance of 0.70 (±0.02) at 734 nm, which was called
the ABTS+· reaction solution. The compounds were diluted to five different concentrations
in 6.25 μg/mL~200 μg/mL. The ABTS+· reaction solution (4 mL) was added to 100 μL
of the compounds, and the blends were left for 10 min at room temperature in the dark.
The absorbance was detected at 734 nm using a spectrophotometer (UV 3600, Shimadzu
Corporation, Kyoto, Japan). Trolox and water, respectively, were served as the positive
and negative controls. Taking ABTS+· free radical scavenging activity (%, Equation (1))
as the ordinate and the mass concentration of the compounds as the abscissa, a linear
regression equation was obtained, and the half maximal inhibitory concentration (IC50) of
each compound was calculated.

ABTS+· free radical scavenging activity (%) = (1 − ODsample/ODNCK) × 100 (1)

where ODNCK and ODsample are the absorbance of ultra-pure water and sample, respectively.

2.2.2. DPPH Free Radical Scavenging Assay

This assay was carried out following the procedure reported previously [16], with
slight modifications. In brief, 7 mg DPPH was dissolved in 100 mL of methanol to make a
DPPH stock solution, and the compounds were diluted to five different concentrations in
50 μg/mL~800 μg/mL. The compound (10 μL) was reacted with 200 μL of a DPPH stock
solution for 1 h at room temperature in the dark. The absorbance was detected at 515 nm
using a Synergy H1 microplate reader (BioTek Instruments Inc., Winooski, VT, USA). Trolox
and water were used as the positive and negative controls, respectively. Taking DPPH free
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radical scavenging activity (%, Equation (2)) as the ordinate and the mass concentration of
the compounds as the abscissa, a linear regression equation was obtained, and the IC50 of
each compound was calculated.

DPPH free radical scavenging activity (%) = (1 − ODsample/ODNCK) × 100 (2)

2.2.3. Total Antioxidant Capacity Assay

Referring to the instructions, 180 μL FRAP reagent was reacted with 5 μL compound at
37 °C for 5 min, and the absorbance was detected at 593 nm using a Synergy H1 microplate
reader. The mass concentrations of each sample were 1, 0.5, and 0.25 mg/mL. Blank control
was water, while positive control was Trolox. The calibration curve was prepared using a
FeSO4 standard solution (0.125 mM–4 mM). The ability to reduce iron ions was expressed
as mM FeSO4 equivalent antioxidant capacity.

2.3. Structure–Activity Relationship of Catechins and Their Dimers in Antioxidant Activity

Catechins and dimers are natural materials for studying the structure–activity rela-
tionship due to their regular differences in structure. Effects of the structure of catechins
and dimers on antioxidant activity were studied.

This part mainly explored the effects of geometrical isomerism, B-ring structure, and
the number of galloyl groups on the antioxidant activities of catechins. Meanwhile, the
number and position of the galloyl group on the antioxidant activities of TFs were also
studied. The antioxidant activity of TSA was compared with EGCG and TFDG. The
molarities of each compound used in ABTS+· free radical scavenging assay, DPPH free
radical scavenging assay, and total antioxidant capacity assay were 100, 400, and 250 μM,
respectively. The structural information of compounds is displayed in Table S1. The
detection methods of antioxidant activity were similar to those in Section 2.2.

2.4. Influence of Oxidative Dimerization Reaction on the Antioxidant Activity of Catechins
and Dimers

This study was carried out following our previous procedure [17]. Catechin dimeric
oxidation products (product) are generated with the oxidative dimerization reaction of
catechins (substrates). The antioxidant activity between dimers and related substrate
monomers or substrate–catechin mixtures was compared next. It could help to learn
whether the dimer or substrate–catechin held stronger antioxidant activity and explain the
influence of the oxidative dimerization reaction on the antioxidant activity of substrate–
catechin mixtures. The substrate–catechins corresponding to each dimer are shown in
Figure 2.

The molarities of each compound used in ABTS+· free radical scavenging assay, DPPH
free radical scavenging assay, and total antioxidant capacity assay were 100, 100, and
250 μM, respectively. The detection methods of antioxidant activity were similar to those in
Section 2.2.

2.5. Statistical Analysis

All results were recorded as means ± standard deviations of at least three replicates.
Comparisons between the two groups were performed with Student’s t test, and one-way
analysis of variance with Duncan’s post hoc test was performed to measure the significant
differences among multiple comparisons between compound effects. p < 0.05 and p < 0.01
were considered statistically significant.

3. Results

3.1. Comparison of Antioxidant Activities of CTOPs

This section systematically compared the antioxidant activity of CTOPs with three
methods. Considering that the molecular weights of TRs, SII, and TBs were difficult to
calculate, the activities of CTOPs were compared at a series of mass concentrations rather
than molarities.
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3.1.1. ABTS+· Free Radical Scavenging Activity

ROS are highly chemically reactive because they contain unpaired electrons. Free
radical scavengers or antioxidants can provide electrons and inhibit oxidation. The ABTS+·
free radical scavenging assay and DPPH free radical scavenging assay indirectly reflect
the antioxidant activity of compounds by detecting the ability of compounds to scavenge
free radicals. Among them, the ABTS+· free radical scavenging assay is fit for assessing
the ability of compounds as hydrogen/electron donors, and for evaluating the antioxidant
activity of compounds [18].

Every sample dose-dependently scavenged the ABTS+· free radical (Figure S1A—
Supplementary Materials). IC50 of CTOPs were compared in Figure 3A. The ABTS+·
free radical scavenging activity of each sample was significantly stronger than Trolox
(115 ± 1 μg/mL) except for TBs (186 ± 1 μg/mL), which showed that most of these samples
obtained remarkable antioxidant potential. Tested samples could be classified into three
categories according to their ABTS+· free radical scavenging activity (p < 0.05): catechins,
dimers, and polymers. From this view, the ABTS+· free radical scavenging activity was
negatively correlated with the degree of oxidative polymerization. At the same time, the
ABTS+· free radical scavenging activities of TFs (70 ± 1 μg/mL), TRs SII (90 ± 0 μg/mL)
and TBs components isolated from a tea sample also manifested a higher degree of oxidative
polymerization, the weaker the ABTS+· free radical scavenging activity of these samples.

Figure 3. Antioxidant activities of catechins and their polymers (CTOPs) at mass concentrations.
(A) ABTS+· free radical scavenging activity of CTOPs; (B) DPPH free radical scavenging activity of
CTOPs; (C) total antioxidant capacity of CTOPs. The concentration of samples used in total antioxi-
dant capacity assay was 1 mg/mL. Theaflavins (TFs), thearubigins SII(TRs SII), and theabrownins
(TBs) were components isolated from a tea sample using solvent extraction. a–k Different letters above
the column indicate significant differences (p < 0.05).
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3.1.2. DPPH Free Radical Scavenging Activity

DPPH free radical is a neutral free radical with a single electron. When antioxidants
are present, the DPPH free radical is eliminated. The scavenging mechanism of DPPH free
radicals is mainly hydrogen atom transfer [19].

Similar to the results in the ABTS+· free radical scavenging assay, every sample likewise
scavenged the DPPH free radical in a dose-dependent manner (Figure S1B—Supplementary
Materials). As shown in Figure 3B, the DPPH free radical scavenging activity of each sample
was significantly stronger than Trolox (289 ± 11 μg/mL) except for TF (249 ± 40 μg/mL),
TFs (295 ± 24 μg/mL), TRs SII (556 ± 41 μg/mL), and TBs (1505 ± 88 μg/mL). The DPPH
free radical scavenging activities of catechins were stronger than those of dimers, followed
by polymers. While that of TFs were significantly stronger than TRs SII, followed by TBs.
These results signaled the capacity of CTOPs to clear away DPPH free radicals that were
negatively related to the degree of oxidative polymerization.

3.1.3. Total Antioxidant Capacity

In the total antioxidant capacity assay with the FRAP method, ferric lessening ability
was used to represent the total antioxidant capacity. Every sample reduced Fe3+-TPTZ in a
dose-dependent manner (Figure S1C—Supplementary Materials). At the same concentra-
tion, the total antioxidant capacity of different samples was compared (Figure 3C).

At the concentration of 1 mg/mL, the total antioxidant capacity of ECG (8.41 ± 0.17 mM
FeSO4 equivalents) was significantly stronger than Trolox (7.48 ± 0.03 mM FeSO4 equiv-
alents). No significant difference was discovered among GCG (7.59 ± 0.03 mM FeSO4
equivalents), EGCG (7.61 ± 0.1 mM FeSO4 equivalents), CG (7.61 ± 0.21 mM FeSO4 equiv-
alents), C (7.62 ± 0.1 mM FeSO4 equivalents), and Trolox, while the total antioxidant
capacities of other samples were significantly weaker than Trolox. Compared with the
above two antioxidant indexes, the total antioxidant capacities of CTOPs were relatively
lower (number of samples that obtained a stronger antioxidant activity than Trolox). The
total antioxidant capacities of catechins were significantly stronger than those of dimers,
followed by polymers. The total antioxidant capacities of TFs (3.37 ± 0.07 mM FeSO4 equiv-
alents) were also significantly stronger than TRs SII (2.6 ± 0.09 mM FeSO4 equivalents),
followed by TBs (0.72 ± 0.02 mM FeSO4 equivalents). These results implied the higher
the degree of oxidative polymerization, the weaker the total antioxidant capacity of the
samples. At a concentration of 0.5 mg/mL and 0.25 mg/mL (Figure S2—Supplymentary
Materials), the total antioxidant capacities of dimers and polymers were also significantly
weaker than Trolox, while most of the catechins did not obtain values significantly lower
than Trolox. The total antioxidant capacities of catechins were significantly stronger than
dimers, followed by polymers. The total antioxidant capacities of TFs were significantly
stronger than TRs SII, followed by TBs. All these results were consistent with that at
1 mg/mL.

In conclusion, compared with Trolox, a commonly used positive control in the antioxi-
dant assay, CTOPs showed stronger ABTS+· free radical scavenging activities except for
TBs as well as DPPH free radical scavenging activities except for TF, TFs, TRs SII, and TBs
at mass concentration. The total antioxidant capacities of dimers and polymers were signifi-
cantly weaker than Trolox, but most of the catechins were did not obtain values significantly
lower than Trolox. Therefore, CTOPs possessed outstanding antioxidant activities to some
extent. Studies have demonstrated that polyphenols are the main constituents of antiox-
idant activities in tea. The higher content of polyphenolic compounds existing in green
teas made green tea extract show a more effective antioxidant activity [20]. Catechins have
outstanding antioxidant activities [5] and the contents of catechins positively correlates
with antioxidant activities [21]. Additionally, Chen et al. [8] found that catechin-oxidized
polymers also have strong free radical scavenging activities, which was not much different
from substrate–catechins.

The results of different antioxidant methods were contradictory, mainly involving the
comparison of different catechins or TFs. For example, the ABTS+· free radical scavenging
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activity of TFDG was significantly weaker than TF-3′-G, while the total antioxidant capacity
of TFDG was significantly stronger than TF-3′-G. There was no significant difference in
the DPPH· free radical scavenging activity between TFDG and TF-3′-G. ABTS+· is a free
radical with a positive charge. The ABTS+· free radical scavenging assay detects the power
of the ABTS+· to abstract an electron or a hydrogen atom from the compound [5]. DPPH
is a neutral free radical that could take in an electron of hydrogen radical to turn into
a diamagnetic molecule [19]. Total antioxidant capacity assay with the FRAP method
reflects the ferric-reducing ability of the sample, which mainly reflects the ability of electron
transfer, one of the mechanisms of free radical scavenging. Therefore, the differences in the
above results are derived from the diverse principles of these antioxidant methods. DPPH
and ABTS+· free radicals are chemical free radicals that are not naturally present in food
or the human body and are far from the biological environment. Therefore, in addition
to testing the ABTS+·free radical scavenging ability, DPPH free radical scavenging ability,
and iron chelating ability of active ingredients, in future studies, we will also detect the
antioxidant enzyme activity, ROS content, and oxidation product content in the body to
verify the main conclusions obtained in this experiment.

Notably, although some small diversities in the results of three antioxidant methods
were presented, a general trend in antioxidant activities could be concluded, i.e., when
comparing the antioxidant activities of CTOPs at mass concentrations, the higher the
degree of oxidative polymerization, the weaker the ABTS+· free radical scavenging activ-
ity, DPPH free radical scavenging activity, and total antioxidant capacity of the samples.
This was consistent with the results of Wang et al. [11] detected with the FRAP method.
This study compared the antioxidant activity of catechins, dimers, and polymers at mass
concentrations, which could help explain the antioxidant activities among different teas,
such as green tea and black tea. The comparison among tea extracts (a mixture of many
components) are usually carried out at the mass concentrations. Carloni et al. [5] tested
the antioxidant activities of green, white, and black teas made of the same tea cultivar, and
they found that the antioxidant activity of green tea was significantly stronger than black
tea in the ABTS, ORAC, and LDL assays. As is widely known, green tea has more catechins
than black tea because fermentation lessens catechin levels in the latter tea as catechins
are converted to TFs and TRs. Therefore, the conclusion of Carloni et al. [5] was further
demonstrated from the compound aspect in our results. Another study marked that at the
same mass concentration, TFs isolated from black tea exhibited more antioxidant activities
compared to TRs [22], which was also consistent with our results. Based on the above
results and discussion, the decline of the antioxidant activity during black tea fermentation
was at least partly due to the antioxidant activity of polymers being weaker than dimers,
while that of dimers was weaker than catechins at mass concentrations (Figure S4).

In addition, the antioxidant activity seemed not to be simply influenced by the molarity
of the sample. The molecular weight of EGCG is 458 g/mol, which is larger than EC
(290 g/mol). At the same mass concentration, the molarity of EGCG is less than EC,
but the antioxidant activity of EGCG was stronger than EC in every assay. Therefore,
the higher antioxidant activity of EGCG could be caused by other reasons, such as the
number and position of active groups. The same phenomenon was found in dimers. The
antioxidant activity of TSA (914 g/mol), a compound with the highest molecular weight
within the tested dimers, was significantly stronger than TF (565 g/mol) except for the total
antioxidant capacity at 0.5 mg/mL. The influence of structure on the antioxidation activity
of catechins and dimers will be studied in the following experiments.

3.2. Structure–Activity Relationship of Catechins in Antioxidant Activity

Catechins with a 2-phenyl benzo-pyran structure, belonging to flavanols, consist of
three basic rings: A, B, and C [14]. The structural diversities of the 8 common catechins
mainly exist in the B ring and C ring as shown in Figure 1. A pairwise comparison of
catechins facilitated the discovery of the effects of structure on antioxidant activity.
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3.2.1. Screening of Antioxidant Active Group

The antioxidant activities between C and GCG or EC and EGCG were compared
(Figure 4A); this was the comparison between catechins comprising a B-ring catechol but no
3-galloy and catechins simultaneously having a B-ring pyrogallol and 3-galloyl (Table S1).
Results of the three antioxidant methods showed that the activity of GCG was significantly
stronger than C, while that of EGCG was significantly stronger than EC, which proved that
pyrogallol in the B-ring and 3-galloyl were possible antioxidant active groups of catechins.

Figure 4. Structure–activity relationship of catechins with regard to antioxidant activities. (A) Screen-
ing of antioxidant active group. Effect of geometrical isomerism (B), B ring structure (C), and 3-galloyl
groups (D) on antioxidant activities of catechins. (E) The dominant active group of catechins in
antioxidant activity. ** p < 0.01. * p < 0.05.

3.2.2. Influence of Geometrical Isomerism on Catechins’ Antioxidant Activity

Cis-catechins were compared with their corresponding trans-catechins to probe into
the influence of geometrical isomerism on the activity of catechins (Figure 4B). In terms of
the scavenging ABTS+· free radical, C, EGC, and ECG were significantly stronger than EC,
GC, and CG, respectively. There was no significant difference between GCG and EGCG.
With regard to the scavenging DPPH free radicals, EC, EGC, and ECG were significantly
stronger than C, GC, and CG, respectively. No significant differences was discovered
between GCG and EGCG. The total antioxidant capacity of EC, ECG, and GCG was sig-
nificantly stronger than C, CG, and EGCG, respectively. Moreover, GC and EGC had no
significant differences between each other. To sum up, the comparison of antioxidant
activities between cis-catechin and its corresponding trans-catechin had no accordant rule
in different indexes. Therefore, geometrical isomerism was regarded as not an indepen-
dent and critical factor affecting the antioxidant activities of catechins. Our results were
confirmed by a previous report to a certain extent. Xu et al. [23] compared the antioxidant
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activity of tea epicatechins with their epimers through LDL oxidation, DPPH free radical
assays, and a FRAP assay. They found that the majority of the noted diversities between
epi-catechins and their corresponding epimers were tiny, even though they were occa-
sionally statistically significant. Nevertheless, some studies offered different conclusions.
Cis-catechins were more efficient in clearing away free radicals at high concentrations,
while trans-catechins displayed stronger scavenging activities for macromolecular free
radicals than cis-catechins at low concentrations [24–26]. Whether the above variant re-
sults are caused by discrepant sample concentrations and antioxidant models needs to be
further verified.

3.2.3. Influence of B Ring Structure on Catechins’ Antioxidant Activity

The phenolic hydroxyl group has a strong hydrogen-donating property, which can
capture free radicals in the reaction system to achieve an antioxidant effect [27]. Both
catechol and pyrogallol were disclosed as crucial substructures in heightening the antioxi-
dant capacities of phenolic compounds [8]. Catechol and pyrogallol, which were stronger
antioxidant substructures, will be studied in this experiment (Figure 4C).

In three indicators, the activity of GCG was significantly stronger than CG. The
ABTS+· free radical scavenging activity and total antioxidant capacity of GC and EGC were
significantly stronger than C and EC, respectively. The ABTS+· free radical scavenging
activity of EGCG was significantly stronger than ECG, but the total antioxidant capacity of
ECG was significantly stronger than EGCG. There were no significant differences between
GC and C or EGC and EC or EGCG and ECG on the DPPH free radical scavenging activity.
The above results hinted that pyrogallol was the stronger antioxidant substructure in the
B-ring of catechins compared with catechol (except for the total antioxidant capacity of
ECG and EGCG). This corresponded with the report of No et al. [28], which clearly showed
that the pyrogallol in the catechin B-ring is the key structure for cleaning free radicals.

3.2.4. Influence of 3-Galloyl Group on Catechins’ Antioxidant Activity

Catechins with a 3-galloyl group were compared with catechins without this group to
confirm the antioxidant effect of 3-galloyl in catechins (Figure 4D).

In three indicators, the antioxidant activities of CG, ECG, GCG, and EGCG were
significantly stronger than C, EC, GC, and EGC, respectively. These clear and coincident
results adequately displayed that the 3-galloyl group heightened the antioxidant activity of
catechins. This was consistent with a previous report, which indicated that the 3-galloyl
group of ECG and GCG is the most vital structure for scavenging free radicals [28].

Based on the results of Sections 3.2.2–3.2.4, compared with other catechins, EGCG and
GCG containing B-ring pyrogallol and 3-galloyl at the same time possessed stronger antiox-
idant activities at molarity, which corresponds in with the results in the literature [13,29].

3.2.5. The Dominant Active Group of Catechins in Antioxidant Activity

As exposed in Sections 3.2.3 and 3.2.4, B-ring pyrogallol and 3-galloyl were key
antioxidant groups in catechins. An interesting question was whether B-ring pyrogallol or
3-galloyl had stronger antioxidant activities. To answer this question, ECG was compared
with EGC, and CG was compared with GC (Figure 4E).

Results of the three antioxidant methods displayed that ECG had a significantly
stronger activity than EGC. Additionally, the DPPH free radical scavenging activity and
total antioxidant capacity of CG were significantly stronger than GC. No significant differ-
ences in ABTS+· free radical scavenging activities were presented between CG and GC. The
conclusion based on the above results was that 3-galloyl was a stronger antioxidant group
in catechins than B-ring pyrogallol. Almajano et al. [29] reported that in the ABTS+· radical
scavenging assay, ORAC assay, and FRAP assay, the antioxidant activity of catechins was in
the following order: ECG ≈ EGCG > EGC > EC (0.5 mM). The stronger antioxidant activity
of ECG compared with EGC was consistent with our results.
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3.3. Structure–Activity Relationship of Dimers in Antioxidant Activity

The structure–activity relationship obtained from catechin results was further verified
by studying the influence of chemical structure on the activity of dimers. As dimers
of catechins, TFs have a benzotropolone skeleton structure, while TSs possess a double
flavanol skeleton structure. TFs and TSs contain different amounts of phenolic hydroxyl
groups. In TFs, in addition to the original two phenolic hydroxyl groups on the A ring of
each substrate–catechin, the structure formed by the B rings of two substrate–catechins
through the benzoquinone pathway contains three hydroxyl groups. In TSs, in addition to
the original two phenolic hydroxyl groups on the A ring of each substrate–catechin, the
structure formed by the B rings of two substrate–catechins through the disproportionation
pathway contains six phenolic hydroxyl groups [30]. The chemical structures of TFs and
TSA are shown in Figure 2.

3.3.1. Influence of Number and Position of Galloyl Group on Antioxidant Activities of TFs

The influence of the number and position of the galloyl group on the antioxidant
activities of TFs was studied (Figure 5A). In terms of scavenging ABTS+· and DPPH free
radicals, TFDG showed a significantly stronger activity than TF-3′-G and TF-3-G, followed
by TF. In terms of the ferric-reducing ability, TFDG had a significantly stronger activity than
TF-3′-G and TF, while there were no significant differences between TFDG and TF-3-G or
TF-3′-G and TF-3-G or TF-3′-G and TF. These results agreed with the results of the catechins
in Section 3.2.4: the galloyl group was the vital antioxidant group and its number was
positively correlated to this activity. Similar results have been reported in relation to the
antioxidant activities of TFs (TF, TF-3-G, TF-3′-G, TFDG) strengthening when increasing
the amount of gallate groups [19,31,32].

Figure 5. Structure–activity relationship of TFs and TSA with regard to antioxidant activities.
(A) Antioxidant activities of TFs being influenced by the number but not the position of galloyl
group; (B) antioxidant activity of TSA. a,b,c Different letters above the column indicate significant
differences (p < 0.05).

Leung et al. [31] reported that there is no difference in the inhibitory activity of
Cu2+-mediated LDL oxidation between TF-3-G and TF-3’-G. Also, the position of the
galloyl group did not affect the ABTS+· free radical scavenging activity, DPPH free radical
scavenging activity, and total antioxidant capacity in our results. Wu et al. [32] found that
a superoxide radical, singlet oxygen (1O2), and H2O2 scavenging activity of TF-3′-G was
stronger than that of TF-3-G, suggesting that the 3′-position gallate group in TFs may play
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a vital role in heightening their antioxidant activities. The reason for these differences in
the above reports is unclear at present. One thing is for sure, TFDG, which simultaneously
possesses 3- and 3′-galloyl groups, exhibited the strongest antioxidant activity in TFs.

3.3.2. Antioxidant Activity of TSA Compared with EGCG and TFDG

TSA is the star compound of catechin dimers and has received widespread attention
from researchers since its discovery.

When compared at molarity, EGCG and TFDG were the representatives with the
strongest antioxidant activity in catechins and TFs, respectively. It was shown that in
three antioxidant methods, the activity of TSA was significantly stronger than TFDG and
EGCG (Figure 5B). When considering the theory of structure, TSA possesses two galloyl
groups and two pyrogallol groups (EGCG has one galloyl group and one pyrogallol group,
while TFDG has two galloyl groups and no pyrogallol group), and the number of phenolic
hydroxyl groups (16/molecule) is bigger than that of EGCG (8/molecule) and TFDG
(13/molecule), which may result in a more prominent activity of TSA than EGCG and
TFDG. Yoshino et al. [33] confirmed that TSs could chelate Fe2+ much stronger than EGCG,
while O2

−-scavenging activities of TSs were also better or nearly similar to that of EGCG.
The results of the lipid peroxidation evaluation system showed that TSs had an excellent
ability to inhibit lipid peroxidation compared with other polyphenols, and the effect was
not much different from that of EGCG [34]. It is worth noting that the antioxidant activity
of TSA was firstly compared with eight catechins and four TFs in this study, and TSA had
the strongest antioxidant activity in all compounds (Figure S3—Supplementary Materials).

3.4. Influence of Oxidative Dimerization on the Antioxidant Activity of the Substrate Mixture

Firstly, the antioxidant activity between the product and related substrate monomer
was compared (Figure 6). The ABTS+· free radical scavenging activity of TF between EC
and EGC was significantly different. There was no significant difference among TF, EC,
and EGC in the DPPH free radical scavenging activity. The total antioxidant capacity
of TF was significantly stronger than EC and EGC. The ABTS+· free radical scavenging
activity of TF-3-G was significantly stronger than EC and EGCG. The DPPH free radical
scavenging activity of TF-3-G was significantly stronger than EC and was not significant
difference in relation to EGCG. The total antioxidant capacity of TF-3-G between EC and
EGCG was significantly different. The ABTS+· and DPPH free radical scavenging activity
of TF-3′-G was significantly stronger than EGC and ECG. The total antioxidant capacity
of TF-3′-G between EGC and ECG was significantly different. The ABTS+· and DPPH
free radical scavenging activity of TFDG was significantly stronger than ECG and EGCG.
However, the total antioxidant capacity of TFDG was significantly weaker than ECG and
EGCG. The antioxidant activities of TSA in the three methods were significantly stronger
than EGCG. The comparison of the antioxidant activity between product and substrate
monomers varied in different indexes, but, mostly, the activity of dimers was not less
than that of catechins. Jovanovic et al. [35] found that TF scavenged superoxide radicals
at a higher rate than EGCG. Leung et al. [31] used Cu2+-mediated oxidation of human
LDL as a model and confirmed that TFs have at least the same antioxidant capacities as
catechins. Electroanalytical data revealed that TF had a stronger antioxidant potential
and was a better copper chelator than EGCG after an interaction with copper [36]. There
are also studies showing that EGCG has a stronger antioxidant capacity than TFs [37,38].
Hydrogen peroxide, hydroxyl radicals, peroxide anions, and superoxide anions are well-
known reactive oxygen species (ROS). Lin et al. [37] reported that the superoxide scavenging
abilities of theaflavins and EGCG are as follows: EGCG > TF-3-G > TF > TF-3,3′-G. However,
in the same study, the restraint ability of xanthine oxidase activity was as follows: TF-3,3′-G
> TF-3-G > EGCG > TF. Moreover, the order of H2O2 scavenging ability was TF-3-G >
TF-3,3′-G > TF > EGCG, i.e., the antioxidant activity of dimers was not less than that of their
individual substrate–catechin mixture. Leung et al. [31] also reported that in protecting
human LDL from oxidation on the molar basis they gained the following ability: TF = EC
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> EGC, TF-3-G = EGCG > EC, ECG > TF-3′-G > EGC, TFDG > ECG, and TFDG > EGCG.
Therefore, although the antioxidant activity of dimers was not more than any catechin, a
stronger activity was found in dimers compared with their individual substrate–catechin
mixture in the vast majority of experiments, which was consistent with our conclusion.

Figure 6. Effects of the oxidative dimerization reaction on the antioxidant activity of substrate–
catechin mixture. The molarities of each compound used in ABTS+· free radical scavenging assay (A),
DPPH free radical scavenging assay (B), and total antioxidant capacity assay (C) were 100, 100, and
250 μM, respectively. a,b,c,d Different letters above the violin indicate significant differences (p < 0.05).

The antioxidant activity between the product and substrate mixture was then com-
pared (Figure 6). It is interesting to note that the substrate mixture had a significantly
stronger antioxidant activity than the product in all results. For example, the antioxidant
activities of ECG + EGCG were significantly stronger than those of TFDG in three methods.
Under the premise that the activity of dimer was not weaker than that of the related sub-
strate monomer (in most cases), this result disclosed that the oxidative dimerization reaction
hindered the antioxidant activity of the substrate–catechin mixture, which was another
reason why the antioxidant activity during black tea fermentation declined (Figure S4).

Due to the presence of multiple hydroxyl groups in the structure of the galloyl group
and pyrogallol, the number of galloyl groups, pyrogallols, and hydroxyl groups could
be used to explain the differences between the activity of dimers and their substrates
as well as the effects of the oxidative dimerization reaction on the antioxidant activity
of catechins. TSA has twice as many galloyl groups, pyrogallols, and hydroxyl groups
as its substrate EGCG; thus, TSA was significantly more active than EGCG at the same
molarity. However, the activity of the one-molecule TSA was significantly weaker than
that of the two-molecule EGCG. Hence, the antioxidant activity of the compound was not
only affected by the number of its antioxidant active groups but could also be affected by
the size of its molecular structure and the spatial location of its active groups. In addition,
by analyzing the structure of TFs and their substrates, it was discovered that the number
of galloyl groups in TFs is the sum of the two substrates, pyrogallol does not exist in TFs
but lies in pyrogallol-type catechins which are the substrate of TFs, and the number of
hydroxyl groups in TFs is greater than that of the substrate monomers but less than the sum
of the two substrates. In short, the oxidative dimerization reaction weakens the antioxidant
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activity of the substrate–catechin mixture by reducing the number of active groups of the
substrate and increasing the molecular structure size of the product.

4. Conclusions

The effects of structures on the antioxidant activities of catechins and dimers was re-
vealed, and the antioxidant active groups were screened in this study. Antioxidant activities
of catechins were dominated by B-ring pyrogallol and 3-galloyl, but were not decided by
geometrical isomerism. 3-galloyl was a stronger antioxidant group than B-ring pyrogallol in
catechins. The number, not the position, of the galloyl group was positively correlated with the
antioxidant activities of TFs. TSA has more antioxidant active groups (galloyl groups, pyrogal-
lol groups, and phenolic hydroxyl groups) than EGCG and TFDG; thus, TSA had a stronger
antioxidant activity. Additionally, this study found that the higher the degree of oxidation
polymerization, the weaker the ABTS+· free radical scavenging activity, DPPH free radical
scavenging activity, and total antioxidant capacity of the samples. Under the premise that the
antioxidant activities of dimers were greater than or equal to that of their substrate–catechin
monomers (most of the time), the oxidative dimerization process significantly impaired the
antioxidant activities of the substrate–catechin mixture (Table 1). Therefore, the degree of
oxidative polymerization and oxidative dimerization reaction are not conducive to the an-
tioxidant activity, which could reveal the mechanism of the descending antioxidant activity
during the fermentation of black tea (Figure S4). Furthermore, the oxidative dimerization
reaction weakened the antioxidant activity of the substrate–catechin mixture by reducing the
number of active groups of the substrate and increasing the molecular structure size of the
product. To sum up, the antioxidant active groups of catechins and dimers were screened and
the effects of the degree of oxidative polymerization and oxidative dimerization reaction on
their antioxidant activities was analyzed in this study, which could enrich the knowledge of
the antioxidant activities of catechins and polymers.

Table 1. Effects of structure and oxidative polymerization on antioxidant activities of catechins,
dimers, and polymers.

Indexes
Antioxidant Activity (DPPH, ABTS+· and Total Antioxidant Capacity

Assay in Non-Cellular System)

Structure–activity
relationship of

catechins

Geometrical isomerism Not an independent interfering factor
Catechol or pyrogallol in B-ring Pyrogallol stronger than catechol

3-galloyl group 3-Galloyl group stronger than the no-galloyl group
Dominant active group 3-Galloyl group

Structure–activity
relationship of

dimers

Number of galloyl groups in TFs Positively correlated with activities
Position of galloyl groups in TFs No influence

Structure of TSA Possessing strong activity at molarity due to having rich active groups

Oxidative
polymerization

Dimers vs. substrate monomer Dimers greater than or equal to the substrate monomer (in most cases)
Dimers vs. substrate mixture Dimers weaker than the substrate mixture (p < 0.05)

Degree of oxidation polymerization
(mass concentration) Not positively correlated with the activity

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12234207/s1, Table S1: Catechins and TFs used in structure–
activity relationship assay. Figure S1: Dose–effect relationship of antioxidant activities of catechins
and their oxidized polymers (CTOPs); Figure S2: Total antioxidant capacity assay with FRAP method
at 0.5 mg/mL and 0.25 mg/mL; Figure S3: Comparison of antioxidant activities of catechins and
their dimers at molarity; Figure S4: Declining mechanism of antioxidant activity during black
tea fermentation.
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Abstract: Huangqin tea (HQT), a Non-Camellia Tea derived from the aerial parts of Scutellaria baicalensis,
is widely used in the north of China. The intervention effects of HQT on intestinal inflammation and
tumors have been found recently, but the active ingredient and mechanism of action remain unclear. This
study aimed to investigate the interactions between the potential flavonoid active components and gut
microbiota through culture experiments in vitro combined with HPLC-UV, UPLC-QTOF-MS, and 16S
rDNA sequencing technology. The results showed that the HQT total flavonoids were mainly composed
of isocarthamidin-7-O-β-D-glucuronide, carthamidin-7-O-β-D-glucuronide, scutellarin, and others,
which interact closely with gut microbiota. After 48 h, the primary flavonoid glycosides transformed
into corresponding aglycones with varying degrees of deglycosylation. The composition of the intestinal
microbiota was changed significantly. The beneficial bacteria, such as Enterococcus and Parabacteroides,
were promoted, while the harmful bacteria, such as Shigella, were inhibited. The functional prediction
results have indicated notable regulatory effects exerted by total flavonoids and scutellarin on various
pathways, including purine metabolism and aminoacyl-tRNA biosynthesis, among others, to play a
role in the intervention of inflammation and tumor-related diseases. These findings provided valuable
insights for further in-depth research and investigation of the active ingredients, metabolic processes,
and mechanisms of HQT.

Keywords: Huangqin tea; gut microbiota; metabolic transformation; the total flavonoids; interaction

1. Introduction

The gut microbiota is a complex ecosystem consisting of various microflora that reside
in the human gut, which plays a crucial role in digesting food, synthesizing essential
vitamins, and regulating the function of the immune system [1]. The composition of the in-
testinal flora can be influenced by various factors, and diet is widely recognized as the most
significant driver in shaping the gut microbiota. In the long term, dietary adjustments were
the most effective and healthy approach to modulating and intervening in the intestinal
flora [2]. Most Chinese herbal medicines are commonly administered orally, particularly
those that can be consumed as tea. The interaction between drugs and the gut microbiota is
of significant importance in the processes of digestion, absorption, and metabolism [3,4].
Recently, there has been attention given to the interaction between medicinal substances
in traditional Chinese medicine (TCM) and the gut microbiota. However, the specific
mechanism by which different types of TCM teas interact with intestinal microorganisms
has yet to be revealed [5].

Huangqin tea (HQT) is primarily derived from the stem and leaves of Scutellaria
baicalensis. As a common Non-Camellia Tea, it has been traditionally used in northern and
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southwest China and possesses distinct properties. The aboveground parts of S. baicalensis
have heat-clearing, dampness-reducing, fire-reducing, and detoxifying effects. Research
indicates that the aerial parts of S. baicalensis mainly contain flavonoids and volatile compo-
nents [6]. Modern studies demonstrated it had various bioactive properties, such as anti-
inflammatory, anti-tumor, analgesic, and antipyretic, as well as anti-resistant pathogenic
microorganisms [7–11]. Previous studies have reported that baicalin, a compound found in
S. baicalensis, can be metabolized to baicalein through the intestinal microflora to exert the
chemical prevention of colorectal cancer in vivo [12]. Our group’s previous study found
that HQT had an obvious intervention effect in the colorectal precancerous lesions induced
by azoxymethane (AMO) in rats. It can modulate the intestinal microflora structure in
diseased rats and improve the host’s metabolic disturbance. Therefore, it can be seen
that the efficacy of HQT is closely related to the gut microbes, and the primary active
constituents of HQT are likely to be flavonoids [13]. However, the specific interaction and
underlying mechanism of HQT with intestinal microbes have yet to be fully elucidated.
Further research is required to investigate and understand the intricate relationship be-
tween HQT and the intestinal microbiota. Clarifying this interaction and mechanism would
provide valuable insights into the therapeutic effects of HQT and its potential applications
in promoting gut health.

In this study, high-performance liquid chromatography (HPLC), ultra-performance liquid
chromatography–quadrupole time-of-flight–mass spectrometry (UPLC-Q-TOF-MS), and 16S
rDNA sequencing technology were used to investigate the pharmacodynamic ingredients of
HQT and the interaction between normal mouse gut microbes and the total flavonoids. From
the perspective of prevention, this study aims to elucidate the material basis of HQT and its
significant potential value to prevent colorectal cancer and provide a scientific foundation for
the development of functional food based on total flavonoids of HQT.

2. Materials and Methods

2.1. Plant Materials, Chemicals, and Reagents

The S. baicalensis stem and leaf were collected from the Institute of Medicinal Plants,
Chinese Academy of Medical Sciences in September 2021. The voucher specimens were
identified and verified by Professor Chunnian He from the Institute of Medicinal Plant
Development (IMPLAD) and then deposited in Pharmacophylogeny Centre of IMPALD
in Beijing, China. Scutellarin, apigetrin, baicalin, and isoscutellarein 8-O-β-D-glucuronide
were purchased from National Institutes for Food and Drug Control. Isocarthamidin-7-O-
β-D-glucuronide and carthamidin-7-O-β-D-glucuronide were isolated from S. baicalensis
in our laboratory and achieved a purity >95% after UV, IR, and NMR detection [6]. For
UPLC-Q-TOF-MS and HPLC-UV analysis, chromatographic-grade methanol, acetonitrile,
and formic acid were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All
solutions were prepared with ultrapure water (Milli-Q, Millipore Company, Billerica, MA,
USA). AB—8 macroporous resin was purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). GAM anaerobic culture medium, anaerobic culture bag, anaerobic
gas production package, and anaerobic indicator were purchased from Qingdao Hi-tech
Industrial Park Hope Bio-technology Co., Ltd. (Qingdao, China). A total of 10 male
Kunming mice (8 weeks) were purchased from Sibeifu Biotechnology Co., Ltd. (Beijing,
China). The experimental animals were provided free access to food and water at a constant
temperature (25 ± 2 ◦C) and humidity (55 ± 10%) on a 12 h light/dark cycle for 3 weeks.

2.2. The HQT Total Flavonoids Preparation

The stems and leaves of S. baicalensis were cut into 1–2 cm and dried. Plant samples
(1 kg) were soaked in 1200 mL of deionized water for 30 min, heated and refluxed for
60 min, and filtered. Then, they were extracted twice with 1000 mL and 800 mL of deionized
water, combined with filtrate, vacuum-concentrated to 0.42 g·mL−1 (SP Genevac Rocket
Synergy, Genevac, UK), and concentrated hydrochloric acid was added to adjust the pH to
2–3. The AB-8 macroporous resin was used to purify the solution after loading the liquid.
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After adding, the liquid absorbed for 2 h. Sugars and other impurities were removed
using deionized water (9 L), followed by elution with 70% ethanol (15 L). The eluent was
collected, and the ethanol was recovered under reduced pressure. The samples were frozen
in −20 ◦C refrigerator overnight for 24 h, then freeze-drying (Lyovapor L-300, BUCHI,
Flawil, Switzerland) to obtain the HQT total flavonoids (125.0 g, yield 12.50%).

2.3. Determination Content of HQT Total Flavonoids

The major chemical components of HQT total flavonoids were analyzed using HPLC
(Thermo U3000, Waltham, MA, USA) [6], as well as the content of six major flavonoids—
isocarthamidin-7-O-β-D-glucuronide, carthamidin-7-O-β-D-glucuronide, scutellarin, apigetrin,
baicalin, and isoscutellarein 8-O-β-D-glucuronide—in the HQT total flavonoids.

2.4. The Metabolic Transformation of Gut Microbiota In Vitro

The total flavonoids solution, 2.5 mg/mL, was prepared using sterile water. Scutellarin
was prepared using DMSO and subsequently diluted to 0.25 mg/mL with sterile water.
To ensure sterility, the GAM anaerobic culture medium and other experimental materials
underwent sterilization in autoclave sterilizer (MLS 375, Panasonic, Osaka, Japan) at 121 ◦C
and 0.120 MPa for 15 min. The fresh feces from healthy mice were collected and mixed with
sterile saline at 1:4 (w/v) and centrifuged at 4000 r/min (TG 16 G, Tianjin, China) for 10 min
(4 ◦C). After centrifugation, the supernatant was removed, mixed with culture medium
(1:9, v/v), and incubated in an incubator (SPX-50B, Shanghai Lichen Technology Co., Ltd.,
Shanghai, China) for 48 h (37 ◦C) to obtain the blank incubation solution. Additionally, the
blank culture solution was prepared using normal saline according to the same method
described above. The HQT total flavonoids solution was mixed with the incubation solution
(1:8, v/v), then further cultured as the total flavonoids conversion group (Group 1). Other
groups were prepared in the same proportion. The scutellarin control group (Group 2)
combined the scutellarin control solution with the gut microbiota incubation solution. The
blank control group (Group 3) consisted of sterile water mixed with the intestinal incubation
solution. The sterile total flavonoids control group (Group 4) was created by combining
the total flavonoids solution with the blank medium. The blank sterile group (Group 5)
was formed by mixing sterile water with the blank medium. Lastly, the drug group (Group
6) was prepared by combining the total flavonoids solution with sterile water. For each
group, three samples were prepared in parallel. The groups were placed in anaerobic bags
and incubated at 37 ◦C. Samples were collected at various time points: 0 h, 4 h, 24 h, 36 h,
48 h, and 72 h. For each time point, 750 μL gut microbiota samples were taken and mixed
with an equal volume of ice methanol. The mixture was centrifuged at 13,000 r/min for
10 min (4 ◦C), and the resulting supernatant was collected for analysis using HPLC under
the same chromatographic conditions described in Section 2.3. Additionally, groups 1, 2,
and 3 were also analyzed using UPLC-Q-TOF-MS [14]. After sampling, the samples were
separated and stored at −80 ◦C.

2.5. 16S rDNA Sequencing Technology

16S rRNA amplicon sequencing was performed for three parallel 0 h and 48 h samples
of the total flavonoids conversion group (Group 1), the scutellarin control group (Group 2),
and the blank control group (Group 3) under item “2.4”. Total DNA was extracted from
the samples, and the full length of 16S rDNA was amplified using specific primers. After
purifying and quantifying the amplified products, the full-length sequences were selected
for sequencing using the universal primer 27F(AG RGTTTGA TYNTGGCTCAG and 1492R
(TASGGHTACCTTGTTASGACTT) [15]. The PCR amplification was performed using the
New England Biolabs Phusion® High-Fidelity PCR Master Mix with GC Buffer and the
efficient fidelity enzyme. After amplification, library construction was carried out. The
library was then subjected to quality detection using Qubit, and the insert size was assessed
using the Agilent 2100 system, followed by sequencing using the PacBio platform. After
sequencing the data using the PacBio platform, the DADA2 method was employed for
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data processing. This involved removing, correcting, reducing noise, and eliminating
chimeras to obtain the ASV (amplicon sequence variant) sequences and their corresponding
abundance information. To ensure the accuracy and reliability of the information analysis
results, the original data underwent assembly and filtering to obtain valid data.

2.6. Statistical Analysis

The data were presented as the mean ± standard deviation (SD). Statistical analysis
was conducted using IBM SPSS 23 software (IBM Software, New York, NY, USA), and the
graphs were generated using GraphPad Prism 9 software (GraphPad Software, San Diego,
CA, USA). The statistical significance of the data was assessed using one-way ANOVA
followed by Duncan’s test. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. The Content Determination of the Total Flavonoids Sites of HQT

The contents of six major flavonoids in the total flavonoids sites of HQT were determined
by HPLC. Table 1 and Figure 1 showed the content determination results of isocarthamidin-7-
O-β-D-glucuronide, carthamidin-7-O-β-D-glucuronide, scutellarin, apigetrin, baicalin, and
isoscutellarein 8-O-β-D-glucuronide. As can be seen in Table 1, the content of total flavonoids
in HQT exceeded 54.51%.

Table 1. The contents of six major flavonoids in the total flavonoid sites of HQT.

NO. Compound Content (mg/g)

1 Isocarthamidin-7-O-β-D-glucuronide 242.99 ± 9.16
2 Carthamidin-7-O-β-D-glucuronide 161.23 ± 15.75
3 Scutellarin 91.50 ± 3.30
4 Apigetrin 9.79 ± 1.57
5 Baicalin 7.48 ± 0.65
6 Isoscutellarein 8-O-β-D-glucuronide 32.08 ± 3.71

Figure 1. The HPLC chromatogram of of six major flavonoids in the total flavonoid sites of
HQT. (1: isocarthamidin-7-O-β-D-glucuronide, 2: carthamidin-7-O-β-D-glucuronide, 3: scutellarin,
4: apigetrin, 5: baicalin, 6: isoscutellarein 8-O-β-D-glucuronide).

3.2. The Metabolic Transformation of the Mouse Gut Microbiota In Vitro

In this study, the anaerobic temperature incubation system of mouse gut microbiota
was established successfully in vitro. The results presented in Table 2 demonstrate a
decrease in the concentration of total flavonoids and scutellarin in the incubation solution
after 72 h in the total flavonoids conversion group (Group 1) and the scutellarin control
group (Group 2). However, the concentration of total flavonoids in the blank culture
medium remained relatively stable during the same period. Additionally, it can be seen
that the peaks of isocarthamidin-7-O-β-D-glucuronide, carthamidin-7-O-β-D-glucuronide,
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and scutellarin were significantly decreased with time in Figure 2a. This decrease was
accompanied by the gradual emergence of peaks D, E, and F, which exhibited a substantial
increase in content. Furthermore, Figure 2b shows that the content of scutellarin in Group
2 gradually decreased, and the new peak gradually increased.

Table 2. The transformation concentration of total flavonoids and scutellarin in the mouse intestinal
microflora incubation solution for 72 h. (Group 1: the total flavonoids conversion group, Group 2:
the scutellarin control group, and Group 4: the sterile total flavonoids control group).

Time (h)
Concentrations (μg/mL)

Group 1 Group 2 Group 4

0 140.67 14.07 140.67
4 124.08 11.81 139.22
24 91.60 4.71 139.57
36 67.54 1.61 139.88
48 51.69 0 139.95
72 23.47 0 139.51

Figure 2. The HPLC plot of the total flavonoids conversion group and the scutellarin control group at
different time points. (a) The HPLC plot of the total flavonoids conversion group; (b) The HPLC plot
of the scutellarin control group. (Peak A: isocarthamidin-7-O-β-D-glucuronide. Peak B: carthamidin-
7-O-β-D-glucuronide. Peak C: scutellarin. Peak D, E and F: These were the newly generated peaks
during the transformation process).

According to the determination results presented in Section 3.1, isocarthamidin-7-O-β-
D-glucuronide, carthamidin-7-O-β-D-glucuronide, and scutellarin accounted for 91.1% of
the total flavonoids of HQT. Therefore, to better monitor the changes in the total flavonoids
content, these three compounds were selected as the key components to calculate the
conversion rate of total flavonoids in the gut microbiota incubation solution and draw
the time–conversion rate curve in the study. Figure 3a illustrates that the conversion rate
curve of these three flavonoid components exhibited an increasing trend. Notably, the
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conversion rate of scutellarin was higher than that of the other two components in the
total flavonoids, reaching over 80% after 48 h of incubation, while the conversion rate of
isocarthamidin-7-O-β-D-glucuronide was the lowest. In Figure 3b, the initial content of
scutellarin at 0 h was set as 100%; almost all of the scutellarin had been converted into its
microbiota metabolites after 48 h.

Figure 3. The conversion rate curve of drugs in the gut microbiota incubation solution. (a) The
conversion rate curve of the three major flavonoid components of the total flavonoids conversion
group; (b) The conversion rate curve of scutellarin in the scutellarin control group.

3.3. Metabolite Identification of Intestinal Microbiota Based on UPLC-Q-TOF-MS

To investigate the metabolites of total flavonoids in the gut microbiota, we conducted
UPLC-Q-TOF-MS analysis and generated a base peak ion (BPI) plot of the sample, which is
presented in Figure 4. Figure S1 shows the BPI plots of the blank control group. Table 3 pro-
vides detailed information on the formula, retention time, molecular weight, and secondary
fragmentation of the compounds. Upon identification and analysis, the main flavonoids
were transformed into their respective components. Figure 4a demonstrates that during
the initial stage, four components were detectable: isocarthamidin-7-O-β-D-glucuronide,
carthamidin-7-O-β-D-glucuronide scutellarin, and isoscutellarein 8-O-β-D-glucuronide.
Their numbers were given as I, II, III, and IV, respectively. Most flavonoid components
are commonly found in the form of glycosides. Previous studies have demonstrated that
deglycosylation of glucoside flavonoids mainly occurs in the gut [16]. Figure 4b and Table 3
shows that four flavonoid components lose one part of glucuronide, transformed into its
corresponding glycoside, isocarthamidin, carthamidin, scutellarein, and isoscutellarein.

Figure 4. The BPI plots of the total flavonoids conversion group (Group 1) at 0 h and 72 h. (a) The
BPI plot of Group 1 at 0 h; (b) The BPI plot of Group 1 at 72 h. (The numbers of peaks in figure is the
same as in Table 3).
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Table 3. The fragmentation of the compounds of the total flavonoids conversion group at 0 h and 72 h.

No. Compound Formula
Retention

Time (min)
m/z [M-H]-

Fragmentation
Ions

Intensity
0 h/72 h

I Isocarthamidin-7-O-β-D-
glucuronide C21H20O12 4.810 464.1070 463.1063 287.0677 523,873/2604

II Carthamidin-7-O-β-D-
glucuronide C21H20O12 5.160 464.1070 463.1063 287.0711,

202.1172 513,752/2442

III Scutellarin C21H18O12 5.438 462.0935 461.0949 285.0557 182,889/1087
IV Isoscutellarein-8-β-glucuronide C21H18O12 7.166 462.0935 461.0905 285.0552 266,004/721

V Isocarthamidin C15H12O6 5.945 288.0745 287.0746 - 3060/238,199
VI Carthamidin C15H12O6 6.324 288.0745 287.0746 - 3964/449,457
VII Scutellarein C15H12O6 7.116 286.0625 285.0591 - 6206/367,239
VIII Isoscutellarein C15H12O6 7.187 286.0591 285.0591 253.064 18,127/15,2855

3.4. The Analysis of Gut Microbiotaoperational Taxonomic Units (OTUs)

To analyze the effect of the total flavonoids and scutellarin on the intestinal micro-
biota of mice, the characteristics and common taxa of the different treatment groups are
represented in Venn diagrams, as shown in Figure 5. After 48 h, the OTUs decreased from
330 to 322 in the blank control group. This suggested that a few intestinal microbiota
may be inhibited upon separation from the intestinal environment. The OTUs in both
the total flavonoids conversion group and the scutellarin control group decreased further
after incubation, with an 18% decrease in the former and a 17% decrease in the latter. This
observation suggested that total flavonoids and scutellarin may exert antibacterial effects
on certain intestinal microbiota in vitro.

Figure 5. The OTUs Venn diagram for each group. (KB-a: the blank control group at 0 h, KB-e: the
blank control group at 48 h, ZHT-e: the total flavonoids conversion group at 48 h, YHQG-e: the
scutellarin control group at 48 h).

3.5. The Intestinal Microbiota α Diversity and β Diversity Analysis

Alpha diversity analysis was conducted to assess the sequencing volume’s adequacy
in capturing all taxa and indirectly measuring species richness in the sample. In Figure 6a,
the dilution curve’s slope approached 0, indicating that the sequencing depth effectively
accounted for all species in the sample. Subsequently, the α diversity index was analyzed
by using the Tukey test and the Kruskal–Wallis rank-sum test. The results are shown in
Figure 6b,c as well as Table S1.

The pielou and Shannon indexes of the three groups were increased after 48 h of
culture. Specifically, the indexes in ZHT-e presented significance (p < 0.05). These findings
suggested that the total flavonoids in HQT may have the potential to enhance the uniformity
of species distribution and the overall community diversity of the intestinal microbiota in
normal mice.
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(a) (b) (c) 

Figure 6. The gut microbial α diversity analysis. (a) The dilution curve of Simpson index; (b) The box
plots of Pielou index in different groups; (c) The box plots of Shannon index in different groups. (KB-a:
the blank control group at 0 h, KB-e: the blank control group at 48 h, ZHT-a: the total flavonoids
conversion group at 0 h, ZHT-e: the total flavonoids conversion group at 48 h, YHQG-a: the scutellarin
control group at 0 h, and YHQG-e: the scutellarin control group at 48 h).

Beta diversity analysis can assess the variation in microbial composition among dif-
ferent samples. In this study, we analyzed the composition of mouse intestinal microbiota
using principal coordinate analysis (PCoA). As shown in Figure 7, each group formed
clusters at 0 h, suggesting that the initial structural composition of each group was relatively
similar during the early stage of transformation. After 48 h of anaerobic culture, the blank
control group, the total flavonoids conversion group, and the scutellarin control group
exhibited distinct clusters in comparison to the three groups at 0 h. This suggested that the
bacterial composition of each group underwent changes during the culture period, and
there were significant differences between the groups. This finding further supported that
the composition of gut microbes underwent significant changes following treatment with
total flavonoids and scutellarin compared to the blank control group.

Figure 7. The PCoA analysis of the gut microbiota based on the species abundance (n = 3). (KB-a:
the blank control group at 0 h, KB-e: the blank control group at 48 h, ZHT-a: the total flavonoids
conversion group at 0 h, ZHT-e: the total flavonoids conversion group at 48 h, YHQG-e: the scutellarin
control group at 0 h, and YHQG-e: the scutellarin control group at 48 h).

3.6. Analysis of the Microbiota Community Composition

The analysis of the species distribution of mouse gut microbiota showed that the
distribution of the top 10 species in relative abundance at the phylum level and genus level
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varied after 48 h of incubation. Hence, the discrepancies in the gut microbiota among the
various groups were visualized.

In Figure 8a, at the taxonomic phylum level, Firmicutes and Proteobacteria in the total
flavonoids conversion group and scutellarin control group changed significantly compared
to the blank control group. In addition, at the taxonomic genus level, Enterococcus was
the most abundant genus in each group in Figure 8b. Enterococcus in the blank control
group and the total flavonoids conversion group significantly reduced after 48 h (p < 0.01)
compared with the blank control group at 0 h in Figure 8d. Interestingly, in the scutel-
larin control group, the abundance of Enterococcus remained relatively stable throughout
the period. In Figure 8d, after the culture, the levels of Enterococcus were found to be
highest in the YHQG-e group, followed by the ZHT-e group, and finally, the KB-e group.
These findings suggested that scutellarin can help to keep the abundance of Enterococcus
within the gut microbiota. Apart from its probiotic potential, studies have shown that
Enterococcus can synthesize exopolysaccharides with various bioactive properties, which
possess antioxidant, antibacterial, anti-biofilm, antitumor, immunological, and anti-diabetic
activities [17]. This indicated that Enterococcus has a wide range of potential health benefits
and therapeutic applications. Notably, the levels of Shigella were significantly reduced
in the total flavonoids conversion group and scutellarin control group. The finding sug-
gested that total flavonoids and scutellarin have inhibitory effects on Shigella. According
to Figure 8d, it is also found that the abundance of Parabacteroides, Butyricimonas, and
Phocaeicola increased following intervention with total flavonoids compared to the other
groups. Additionally, the intervention of scutellarin led to an increase in the abundance of
Bacteroides, Ligilactobacillus, Enterococcus, and Muribaculum.

Figure 8. The analysis of relative abundance of gut microbiota species in three groups at phylum and
genus levels. (a) The species stacking map of the relative abundance at the phylum level. (b) The
species stacking map of the relative abundance at the genus level. (c) The heatmap of differential gut
bacterial taxa at phylum level. (d) The heatmap of differential gut bacterial taxa at genus level. (KB-a:
the blank control group at 0 h, KB-e: the blank control group at 48 h, ZHT-e: the total flavonoids
conversion group at 48 h, and YHQG-e: the scutellarin control group at 48 h).
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3.7. The Differential Bacterial Screening Results

The linear discriminant analysis (LEfSe, linear discriminant analysis effect size) combin-
ing the rank sum test and discriminant analysis was used to identify significantly changing
microbial taxa. The cladogram illustrated the taxonomic distribution of labeled species in each
group, with larger circles indicating a higher degree of enrichment. The threshold for linear
discriminant analysis (LDA) was set at a value greater than 4, with p < 0.05.

In this study, 59 distinct bacterial taxa were selected, which encompassed 3 phyla,
7 classes, 7 orders, 12 families, 12 genera, and 18 species (refer to Figure 9). The length
of each bar in the chart indicates the effect size of the corresponding taxa. Prior to the
transformation, Enterococcaceae, Sutterellaceae, Lachnospiraceae, and Morganellaceae were pre-
dominantly enriched. After 48 h, the blank control group exhibited the highest abundance
of Lactobacillaceae and Bifidobacteriaceae. Meanwhile, the total flavonoids conversion group
was predominantly enriched with Muribaculaceae, Bacteroidaceae, Rikenellaceae, Prevotellaceae,
and Erysipelotrichaceae. The scutellarin control group primarily influenced Prevotellamassilia.

Figure 9. The LEfSe analysis bar chart (left) and evolutionary clade chart (right) (LDA > 2 and
p < 0.05). In the evolutionary clade gram, circles radiating from inside to outside represent the
taxonomic level from phylum to genus (or species). Each small circle at different taxonomic level rep-
resents a classification at the level; the small circle diameter is proportional to the relative abundance
size. Red nodes represent differential species biomarkers that played an important role in the red
group (KB-a: the blank control group at 0 h), green nodes represent differential species biomarkers
that played an important role in the green group (KB-e: the blank control group at 48 h), blue nodes
represent differential species biomarkers that played an important role in the blue group (YHQG-e:
the scutellarin control group at 48 h), and purple nodes represent differential species biomarkers that
played an important role in the purple group (ZHT-e: the total flavonoids conversion group at 48 h).

3.8. The Prediction Results of Gut Microbial Function

Tax4Fun [18] was a functional prediction tool based on the SILVA [19] database. It
primarily focuses on the functional annotation of sequenced and annotated prokaryotic
genomes in the KEGG database for functional prediction for the OTUs information. The
SILVA database, which is rapidly updated, offers a significant advantage in terms of
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the accuracy of functional prediction results. Consequently, it enables us to gain more
comprehensive insights into the gut microbiota community.

In KEGG pathway analysis, the functions of lever 1 mainly included metabolism, cel-
lular processes, and human diseases. Level 2 involved membrane transport, carbohydrate
metabolism, and amino acid metabolism. Level 3 were transporters, ABC transporters, and
ribosomes. In Figure S2, we identified six primary differential pathways according to the
KEGG database. Additionally, we found 36 secondary differential pathways and 259 tertiary
differential pathways within the same database. According to Figure S2, compared with
the blank control group, the scutellarin control group exhibited significant up-regulation in
several metabolic pathways, including Purine metabolism, Aminoacyl-tRNA biosynthesis,
Pyrimidine metabolism, two-component system, starch and sucrose metabolism, and ri-
bosome. In the total flavonoids conversion group, several metabolic pathways, including
Aminoacyl-tRNA biosynthesis, Nicotinate and nicotinamide metabolism, homologous re-
combination, Histidine metabolism, and DNA replication, exhibited significant differences
compared with the blank control group.

4. Discussion

HQT derived from the aerial parts part of Scutellaria baicalensis, which had significant
application potential. It has a longstanding tradition of being consumed as a tea in the
northern and southwestern regions of China. Our previous experiments found that HQT
had an obvious intervention effect in the colorectal precancerous lesions induced by AMO
in rats. Additionally, the inhibitory effect on aberrant crypt foci (ACF) formation was
primarily attributed to the influence of HQT on the intestinal microflora [13]. Therefore, we
explored the interaction of total flavonoids and normal mouse intestinal microflora based
on the in vitro transformation system in this study.

The predominant components of the total flavonoids in HQT were isocarthamidin-7-O-
β-D-glucuronide, carthamidin-7-O-β-D-glucuronide, and scutellarin. We investigated the
transformation of total flavonoids by the intestinal microflora of normal mice through anaer-
obic culture in vitro. According to the conversion curve, the conversion rate of scutellarin
consistently exceeded that of isocarthamidin-7-O-β-D-glucuronide and carthamidin-7-O-β-
D-glucuronide in the total flavonoids conversion group. Furthermore, after 72 h, scutellarin
in the total flavonoids was nearly completely transformed into its metabolites. Further, the
UPLC-Q-TOF-MS analysis of the total flavonoids conversion group revealed a conversion
of the primary flavonoid glycosides in the total flavonoids into their respective glycosides
within the bacterial culture system. Current findings indicated that the metabolic processes
conducted by intestinal microflora typically involve deglycosylation, demethylation, reduc-
tion, and cyclic fission reactions [20,21]. The biotransformation of flavonoids in vivo was a
highly complex process that encompassed the involvement of multiple organs and diverse
enzymes. According to recent investigations, upon entering and being transported into
the liver, the drug underwent further coupling reactions, such as sulfation and methyla-
tion, resulting in the formation of many conjugates [16]. Most O-glycosides of flavonoids
underwent O-deglycosylation when acted upon by intestinal bacteria [22]. In this study,
isocarthamidin-7-O-β-D-glucuronide, carthamidin-7-O-β-D-glucuronide, scutellarin, and
isoscutellarein 8-O-β-D-glucuronide detected in 0 h group by UPLC-Q-TOF-MS were O-
glycosides. Through fragment ion identification, it was found that in the intestinal bacteria
culture system in this study, the O-glycoside compounds in HQT were converted into
corresponding glycoelements by deglycosylation, and this result was consistent with the
previous report. Most natural flavonoids predominantly existed as glycosides, rendering
them poorly absorbed in the small intestine. Consequently, they transited to the colon
in their glycoside form and hydrolyzed into aglycones by the intestinal microflora. Sub-
sequently, these compounds underwent further metabolism, leading to the formation of
various metabolites and phenolic acids, which could be more efficiently absorbed by the
human body [23]. Hence, the total flavonoids of HQT facilitated their absorption by the gut
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microbiota, obtaining better effects. This observation underscored the pivotal role played
by the intestinal flora in this process.

Based on the sequencing results, the total flavonoids and scutellarin led to slightly
lower OUTs compared to the blank control group. This observation suggested that total
flavonoids and scutellarin may exert a certain inhibitory effect on individual bacteria [24].
In the warm incubation system outside the body, the absence of regulatory mechanisms
for intestinal environment homeostasis led to slight inhibitory effects at the OUTs level.
The Pielou and Simpson indices of the total flavonoids conversion group revealed higher
values compared to those of the blank control group in Figure 6b,c after 48 h, suggesting
that the distribution of the mouse intestinal microbiota may be more uniform in that group.
According to the PCoA, the intestinal microbiota structure exhibited significant changes
following the intervention of total flavonoids and scutellarin. These findings suggested that
the intervention of total flavonoids can facilitate a more uniform distribution of microflora
and regulate the microflora structure. To gain deeper insights into the structure of the
microflora, we conducted an analysis of the microbial community composition.

At the phylum level, Firmicutes and Proteobacteria exhibited similar variation tendencies
in the total flavonoids conversion group and scutellarin control group. This observation
suggested that the effect of total flavonoids and scutellarin on the normal gut microbiota was
moderate. This finding further reflected that consuming HQT did not excessively disrupt
the balance of normal intestinal microbiota in the human body. At the genus level, total
flavonoids and scutellarin increased the abundance of Enterococcus while inhibiting the
growth of Shigella. Enterococcus is a naturally occurring component of the human microbiota
and is abundant in the intestine, where it plays a crucial role in the digestive system [25]. In
addition, Enterococcus species were commonly utilized as probiotic food additives or recom-
mended as supplements for the management of intestinal dysbiosis and other ailments [26].
Conversely, extensive research indicated that Shigella was a prevalent pathogen responsible
for bacterial dysentery in humans. It had the ability to evade immune defenses quickly and
induce hemorrhagic diarrhea and severe intestinal inflammation [27]. The total flavonoids
and scutellarin might promote the growth of beneficial bacteria, maintain the stability of the
intestinal environment, have a certain inhibitory effect on pathogenic bacteria, and reduce
the occurrence of digestive system diseases.

In Figure 8d, the abundance of Parabacteroides, Butyricimonas, and Phocaeicola was
upregulated under the intervention of total flavonoids. Parabacteroides are key members of
the human gut microbiota, which have the physiological characteristics of carbohydrate
metabolism and secretion of short-chain fatty acids (SCFAs). As a potential probiotic
bacterium, its species has potential therapeutic effects in metabolic, inflammatory, and
neoplastic diseases [28–31]. The upregulation of Butyricimonas abundance can enhance
the function of fatty acid biosynthesis, increase the production of SCFAs, and promote
the synthesis of butyrate [32]. Recent studies have found that Phocaeicola strains can help
maintain the epithelial barrier by regulating cytokine levels and the secretion of SCFAs,
thereby improving dextran sodium sulfate-induced colitis in mice [33]. And studies have
found that increasing the production of SCFAs contributes to the protective effects of pro-
biotics against intestinal and brain health [34]. The results of this study showed that the
total flavonoids may effectively increase the abundance of dominant bacteria, enable the
intestine to better secrete SCFAs, enhance the protective effect on the intestine, maintain
the integrity of the intestinal epithelial barrier, and promote the synthesis of butyrate and
provide energy for the intestine. In the previous experiments of our lab, we found that
the abundance of related bacteria producing both butyrate and SCFAs increased under
the intervention of HQT, which was similar to the results in this study [14]. After trans-
formation, the abundance of Bacteroides, Ligilactobacillus, Enterococcus, and Muribaculum
was upregulated in the scutellarin control group. Studies reported that Bacteroides played
a key role in regulating the human immune system, mainly in maintaining the stability
of the immune system, anti-inflammatory and anti-tumor systems, and other aspects [35].
As beneficial bacteria, many Ligilactobacillus strains exhibited functional properties with
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health benefits, such as antimicrobial activity, immune effects, and the ability to modulate
the gut microbiota [36]. Scutellarin may exert an anti-inflammatory function by promoting
the abundance of beneficial bacteria and regulating the immune system function, as well as
playing a certain preventive or therapeutic role in the premalignant stage.

The LEfSe analysis showed that Muribaculaceae, Bacteroidaceae, Rikenellaceae, and Pre-
votellaceae were the dominant bacteria in the total flavonoids conversion group, most of
which were beneficial bacteria. It has been reported that Muribaculaceae can exert beneficial
effects on intestinal ecology by regulating immunity and intestinal homeostasis, increasing
the output of intestinal beneficial metabolites, prolonging the life span of mice, and inhibit-
ing CD8 + T cell activation to tolerate immune stimulation, and is negatively correlated
with inflammatory response [37,38]. In addition, experiments have proved that Rikenellaceae
and Bacteroidaceae, as probiotics, had good anti-inflammatory effects, and Rikenellaceae can
also protect cells from oxidative stress by neutralizing cytotoxic reactive oxygen species
and enhancing the barrier function of intestinal epithelial cells [39–41]. Erysipelotrichaceae
was important in the immune response, which was highly immunogenic. The bacteria
can also produce SCFAs, such as butyric acid, through dietary fiber fermentation [42].
SCFAs induced protective immune responses by producing anti-inflammatory cytokines
TGF- β and IL-10 and enhancing epithelial barrier function [43,44]. The scutellarin control
group mainly included the dominant gut microbiota, such as Prevotellaceae and Clostridiales.
Animal experiments have demonstrated that Prevotellaceae can inhibit the development of
inflammatory arthritis in mice and regulate the host immune response [45]. Clostridiales,
on the other hand, are beneficial for overall health and exhibit an effective anti-tumor
response independent of anti-PD-1 immunotherapy by activating CD8 + T cells [46,47].
Therefore, scutellarin may potentially enhance its anti-inflammatory function by promoting
the growth of these dominant bacteria, thereby aiding in the regulation and activation of
the immune system.

The gut microbial function prediction results showed that the YHQG group was
significantly up-regulated in several metabolic pathways, including Purine metabolism,
Aminoacyl-tRNA biosynthesis, Pyrimidine metabolism, and starch and sucrose metabolism.
It has been demonstrated that Lactobacillus plays a key role in the Purine metabolism
pathway [48]. Based on the analysis of gut microbiota structure, it was observed that the
total flavonoids conversion group and scutellarin control group increased Lactobacillus
abundance after transformation. Hence, we speculated that the main component regulating
the Purine metabolism pathway in the total flavonoids group was scutellarin. Relative to
the KB group, the total flavonoids conversion group showed significant upregulation in
several pathways, including Aminoacyl-tRNA biosynthesis, Nicotinate and nicotinamide
metabolism, homologous recombination, Histidine metabolism, and DNA replication. Mul-
tiple studies have provided evidence that Aminoacyl-tRNA biosynthesis was a biosynthetic
pathway enriched with metabolites associated with CRC [49]. The involvement of relevant
synthetases in Aminoacyl-tRNA biosynthesis implies that HQT total flavonoids might
disrupt CRC development by influencing these synthetases within the Aminoacyl-tRNA
biosynthesis pathway.

5. Conclusions

In this study, the total flavonoids were obtained through a process involving water
frying and macroporous resin purification. The quantification of the main flavonoids was
performed using HPLC (yield 12.50%, content 54.51%). The present study investigated
the interaction between the HQT total flavonoids and the gut microbiota. Moreover, the
transformation analysis demonstrated that the cultured intestinal bacteria were capable
of metabolizing the total flavonoids and converting them into the corresponding aglu-
cons. According to the results of intestinal group sequencing, it was observed that the
total flavonoids have the ability to enhance the growth of dominant intestinal microflora.
Additionally, they significantly increased the abundance of beneficial bacteria such as
Enterococcus and Lactobacillus. This finding suggested that total flavonoids can poten-
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tially contribute to regulating the human immune response, exhibiting antimicrobial and
antioxidant properties, as well as demonstrating anti-tumor effects [50].

The functional prediction results revealed significant regulatory effects of total flavonoids
and scutellarin on various pathways, including Purine metabolism, Aminoacyl-tRNA biosyn-
thesis, Pyrimidine metabolism, Nicotinate and nicotinamide metabolism, homologous recom-
bination, and Histidine metabolism. These findings provided valuable insights for further
in-depth research and investigation. According to this study, it was found that the total
flavonoids of HQT could potentially serve as the primary active component responsible for
its intervention effect on the intestinal microbiota. This finding not only provides a new per-
spective to reveal the mechanism behind the prevention of inflammatory and tumor-related
diseases, particularly colorectal cancer (CRC), through interventions in the gut microbiota but
also offers a fresh perspective on this topic.
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Abstract: As the raw material for tea making, the quality of tea leaves directly affects the quality of
finished tea. The quality of fresh tea leaves is mainly assessed by manual judgment or physical and
chemical testing of the content of internal components. Physical and chemical methods are more
mature, and the test results are more accurate and objective, but traditional chemical methods for
measuring the biochemical indexes of tea leaves are time-consuming, labor-costly, complicated, and
destructive. With the rapid development of imaging and spectroscopic technology, spectroscopic
technology as an emerging technology has been widely used in rapid non-destructive testing of
the quality and safety of agricultural products. Due to the existence of spectral information with a
low signal-to-noise ratio, high information redundancy, and strong autocorrelation, scholars have
conducted a series of studies on spectral data preprocessing. The correlation between spectral data
and target data is improved by smoothing noise reduction, correction, extraction of feature bands,
and so on, to construct a stable, highly accurate estimation or discrimination model with strong
generalization ability. There have been more research papers published on spectroscopic techniques
to detect the quality of tea fresh leaves. This study summarizes the principles, analytical methods,
and applications of Hyperspectral imaging (HSI) in the nondestructive testing of the quality and
safety of fresh tea leaves for the purpose of tracking the latest research advances at home and abroad.
At the same time, the principles and applications of other spectroscopic techniques including Near-
infrared spectroscopy (NIRS), Mid-infrared spectroscopy (MIRS), Raman spectroscopy (RS), and
other spectroscopic techniques for non-destructive testing of quality and safety of fresh tea leaves
are also briefly introduced. Finally, in terms of technical obstacles and practical applications, the
challenges and development trends of spectral analysis technology in the nondestructive assessment
of tea leaf quality are examined.

Keywords: fresh tea leaves; hyperspectral imaging technology; spectroscopy; analytic method

1. Introduction

The tea tree belongs to the tea group of plants in the genus Camellias of the family
Camelliaceae. Tea tree is an important economic crop. Especially for the current stage of
China, the tea industry is an important treasure to promote China’s agricultural economic
development and rural revitalization. China has a long history of tea culture and is a large
country in terms of plantation production and consumption. According to the statistics
of the China Tea Circulation Association, from 2011 to 2022, the area of tea plantation, the
total annual output of dry gross tea, and the total annual output value of dry gross tea have
increased by 157.6%, 196.0%, and 404.2%, respectively [1]. There are more than 700 known
chemical components in tea. These include primary metabolites of proteins, sugars, fats,
and secondary metabolites in the tea tree—polyphenols, pigments, theanines, alkaloids,
aromatic substances, and saponins. They not only affect the formation of tea color, aroma,
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and flavor but also play an important role in the nutritional and health effects of tea [2].
Tea’s main uses include waking up, sleeping, relieving fever, aiding in digestion, decreasing
gas, expectoration, treating fistulas, facilitating urination, facilitating the large intestine,
decreasing miasma, clearing the head and eyes, helping with dysentery, facilitating the
small intestine, decreasing headaches, sores, stroke, and sunstroke, aiding in sobriety, and
so on [3]. Often used as an herbal remedy throughout history, tea has evolved into a popular
beverage that has tremendous economic, health, and cultural value in the marketplace.
With the spread and development of tea culture, consumers are demanding more and more
regarding the quality of tea. Nowadays, the quality of tea is mainly assessed by sensory
review, physical and chemical testing, and emerging technological testing [4].

The sensory quality of tea refers to the comprehensive effect of the many compounds
in tea, especially the substances that can be dissolved in tea broth, on the sensory stimu-
lation of the human body. It is mainly composed of appearance, color, aroma, taste, and
other factors. Shape and color are the external factors of tea quality, while aroma and
taste are the internal core quality factors of tea. The evaluation of tea quality through
the sensory review method requires the reviewer to undergo a long period of training
and a lot of experience. In addition, the review results are subject to a review of the envi-
ronment, individual sensory sensitivity differences, and other factors of interference and
influence, resulting in the review of the results possessing strong subjectivity. Physical
testing techniques mainly include the use of an electronic balance and oven to determine the
quality and moisture content of tea leaves. The observation and analysis of the phenotype
and structure of tea leaves have been carried out using a microscope [5,6]. Conventional
chemical detection techniques mainly include High-Performance Liquid Chromatography
(HPLC), Gas Chromatography (GC), Mass Spectrometry (MS), Gas Chromatography-Mass
Spectrometry (GC-MS), and the titrimetric method [7]. They are diagnostic analytical
methods to detect the content of compounds in tea at the molecular level. These are usually
used in combination with emerging techniques such as HSI, MIRS, RS, NIRS, and other
scientific techniques. Physicochemical testing techniques are more mature, with more
accurate and objective results, which are necessary for the quantitative evaluation of tea
quality. However, traditional chemical methods need to be coupled with chemical reagents
to titrate the reaction or need to be observed and analyzed with the aid of chromatographic
instruments to analyze tea broth preparation after extraction and separation [8]. This
method of measuring plant biochemical indicators is time-consuming, labor-costly, and
complicated to operate [9]. As a result, the realization and development of tea quality
monitoring has been severely constrained. In recent years, researchers have been exploring
fast and accurate techniques to monitor tea quality. RGB imaging, multispectral imaging,
HSI, nuclear magnetic resonance imaging (NMRI), NIRS, RS, electronic noses, electronic
tongues, etc. are often applied in emerging technologies to realize non-destructive and
rapid detection of tea quality.

As the raw material for tea production, the quality of tea leaves directly affects the
quality of finished tea. The ratios of polyphenols to amino acids, polysaccharides, and
caffeine content of tea leaves are one of the most important factors affecting the aroma,
nutrition, and color of finished tea, while the fiber content determines the tenderness of
tea leaves [10]. Non-destructive monitoring of the quality and material content of fresh tea
leaves in situ can not only accurately grasp the growth of the tea tree but also assist in the
decision-making process of tea-picking programs to ensure the quality of tea leaves [11].
Spectroscopic detection technology is widely used in rapid non-destructive testing of the
quality and safety of agricultural products due to its advantages of rapidity, accuracy,
and on-line real-time detection [12–14]. Spectral analysis is a qualitative and quantitative
analysis of the composition of a sample using the unique absorption or emission spectral
features of different substances in different spectral ranges. Due to its advantages of rapid,
non-destructive, multiple simultaneous testing, and portability, spectral analysis finds wide
applications in the quality testing of fresh tea leaves. At present, the most commonly used
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spectral analysis methods include HSI, NIRS, MIRS, Terahertz spectroscopy (THz), RS, and
Fluorescence spectroscopy (FS).

NIRS obtains information by measuring the absorption and reflection of Near-infrared
(NIR) light from a sample. NIR light is absorbed in the frequency band associated with
molecular vibrations and chemical bonding and, therefore, provides information about
the composition of the sample. MIRS focuses on the mid-infrared band and provides
information on molecular vibrations and the rotation of matter. Different molecules and the
bonds between them are uniquely characterized in the mid-infrared spectrum. The THz
band is located between the microwave and infrared bands, which is highly penetrating.
This is suitable for studying crystal structures, plant cell walls, moisture, and more. RS
provides information about molecular vibrations and rotations based on the frequency shift
of the light that is scattered from the sample. It has both high sensitivity and resolution. FS
is based on the fluorescence signal emitted by the sample when exposed to excited light
and is used to analyze fluorescently active substances. It is sensitive to biomolecules and
pigments. These spectroscopic techniques help in the study of the chemical structure of
fresh tea leaves’ moisture, aroma composition, and pigment composition determination.
Although these spectroscopic techniques have a wide range of applications in tea research,
HSI is able to provide both rich spectral information and high-resolution spatial informa-
tion. This grants HSI unique advantages in tea research in terms of quality assessment,
authenticity identification, and growth environment monitoring. In addition, hyperspectral
reflectance data, mid-infrared spectral data, Raman data, and terahertz data are all acquired
by spectral techniques, and generally speaking, the steps of their data processing all include
noise reduction, dimensionality reduction, feature extraction, and modeling. The data
analysis of HSI includes image information analysis in addition to spectral information
analysis. Therefore, in this paper, in order to keep readers abreast of the latest spectral tech-
nology at home and abroad in tea fresh leaves and the research and application progress,
through China’s knowledge network and the Web of Science literature database, this study
employs the key words tea fresh leaves and spectral collation to review the last ten years
of relevant literature. This study focuses on the principle of HSI technology, the analysis
method, and its application in the non-destructive evaluation of the quality and safety of
fresh tea leaves. At the same time, the principles and applications of other spectroscopic
techniques are briefly introduced, including the application of MIRS, NIRS, RS, and other
spectroscopic techniques in the nondestructive testing of the quality and safety of fresh
tea leaves. Finally, the challenges and development trends of spectral analysis techniques
in nondestructive testing of tea quality are discussed in terms of technical difficulties and
practical applications.

2. Spectral Technology

2.1. Hyperspectral Imaging Technology

HSI is a combination of spectral detection technology and image technology. The
difference between active and passive hyperspectral techniques is whether an active light
source is required. Depending on the hyperspectral imaging method, the active hyper-
spectral imaging system is divided into four categories, namely swing-sweep, push-sweep,
condensed acquisition, and snapshot [15]. The core devices of active hyperspectral imaging
systems are generally light sources, spectroscopic elements, detectors, and data acquisition
and processing systems [16]. Its working principle diagram is shown in Figure 1. The light
source is an important part of an active hyperspectral imaging spectroscopy system. The
three commonly used light sources are tungsten halogen lamps, quantum cascade lasers,
and light-emitting diodes. The spectroscopic elements are mainly diffraction gratings and
tunable filters. Detectors are key devices for converting optical signals into electrical signals
in hyperspectral imaging systems. Currently, there are two main types of detectors used in
hyperspectral imaging systems, namely line array detectors and surface array detectors.
Optical signals can be converted into analog current signals, which are amplified, and
the modulus to digital conversion of the current signals is used to acquire images. Data
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acquisition and processing systems are used to acquire spectral images collected from the
camera and process and analyze these images.

Figure 1. HSI working principle diagram.

While imaging the spatial features of the analyzed target, each spatial pixel is dispersed
into dozens or even hundreds of narrow bands to achieve continuous spectral coverage [17].
Spectroscopic detection techniques utilize a series of spectral bands in a narrow wavelength
range to capture spectral information reflected or emitted by an object. These bands
typically include wavelengths in the visible, infrared, and ultraviolet ranges. Each band
captures a different spectral signature of the object, thus providing detailed spectral data.
Hyperspectral images are acquired through the use of hyperspectral cameras or sensors.
These devices are capable of capturing images in a variety of wavelength ranges, often
including hundreds to thousands of spectral channels [18]. Due to its benefits of high-
spectrum resolution and the capacity to offer image and spectral information, HSI has
steadily become a research hotspot and has been employed in a wide range of applications,
including the quality inspection of fresh tea leaves. It mainly includes analyzing the
chemical composition of tea, identifying the type and origin of tea, and detecting impurities.

2.2. Other Spectroscopic Technologies

The NIRS and MIRS components mainly include an optical system, a detector, signal
acquisition, and a processing module [1]. The working principle of the infrared spec-
troscopy system is shown in Figure 2. NIRS is a technique used to determine which
functional groups are contained in a molecule based on the characteristic frequencies of the
infrared absorption spectra, thus identifying unknown classes of compounds for qualitative
analysis [19]. MIRS is composed of molecules with vibrational fundamental frequencies,
multiple and broad absorption bands, high absorption intensities, and significant absorp-
tion characteristics that provide more information about frequencies and intensities. Most
of the characteristic vibrational peaks of typical functional groups are distributed in the
mid-infrared region [2]. Compared with NIRS, it has the advantages of relatively easy mod-
eling and stable results. The in situ RS test system mainly consists of a Raman spectrometer,
a Raman optical system, and a sample detection chamber [3]. The working schematic of
the RS system is shown in Figure 3. RS and infrared spectroscopy are complementary to
each other. Infrared spectroscopy is suitable for studying the polar bonding vibrations of
different atoms, while RS is suitable for studying the non-polar bonding vibrations of the
same atom [20].

51



Foods 2024, 13, 25

Figure 2. Infrared spectrometer working principle diagram.

Figure 3. RS working principle diagram.

The THz system consists of a dual-laser-controlled intelligent electronic device,
two distributed feedback lasers, and two fast scanning modes [4]. Its working schematic is
shown in Figure 4. THz evaluates terahertz light using absorption, reflection, transmission,
and other properties of a substance, which can be used for qualitative analysis of com-
pounds [21]. The principle is to analyze the components of a mixture in the THz by using
the absorption and transmission properties of a substance based on its absorption spectrum,
refraction spectrum, dielectric coefficient, and other properties. The FS system consists of
an excitation light source and a spectrometer [7]. Its working schematic is shown in Figure 5.
FS is a method of quantitative and qualitative substance analysis based on the phenomenon
of photoluminescence of substances and the investigation of fluorescence characteristics
and intensity. [22]. Fluorescent compounds with different structures have unique excitation
and emission spectra. Therefore, the shapes and peak positions of the excitation and emis-
sion spectra of fluorescent substances can be compared with the spectrograms of standard
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solutions for qualitative analysis. At low concentrations, the fluorescence intensity of a
solution is proportional to the concentration of the fluorescent substance: F = Kc, where F
is the fluorescence intensity, c is the concentration of the fluorescent substance, and K is the
scale factor, which is the basis for the quantitative analysis of fluorescence spectra [23].

Figure 4. THz working principle diagram.

Figure 5. FS working principle diagram.

In Table 1, the advantages and disadvantages of several spectroscopic techniques are
compared. In the analysis of tea fresh leaves, these spectroscopic techniques can be applied
to study pigments, antioxidant substances, functional components, aroma substances, and
the molecular structure of tea.
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Table 1. Comparative analysis table of spectroscopic techniques.

Spectral
Technology

Wavelength (nm) Technical Principle Benefits Shortcomings

NIRS 780–2500

multiple- and
combined-frequency

absorption of vibrations of
hydrogen-containing groups

X-H (X = C, N, O) [24].

high penetration depth,
weak background signal
interference, high spatial,

and temporal resolution [25].

spectral data processing is
complex and susceptibleto
moisture interference [26].

MIRS 2500–25,000

absorption of functional
groups in molecules that

exhibit violent fundamental
frequency vibrations in the

mid-infrared band [27].

high absorption intensity,
high sensitivity, no sample

pretreatment required.

shallow penetration depth,
susceptible to moisture

interference.

THz 30,000–3,000,000
absorption of molecular

vibrations and rotations in
the terahertz band [28].

low photon energy, good
penetration, wide frequency

range, and high
characterization capability.

time-consuming and
expensive equipment [29].

RS /

molecular vibration
information is obtained by
utilizing the frequency shift

and intensity change of
scattered light when the
sample interacts with the

laser light source [30].

efficient, non-destructive and
moisture free.

susceptible to fluorescence,
high background signal

interference,
weak signal [31].

FS 200–800

characterization of
fluorescence and its intensity
based on the phenomenon of

photoluminescence of
a substance.

high sensitivity, selectivity
and ease of use [32].

not widely enough applied,
environmentally sensitive [33].

3. Hyperspectral Information Analysis Method for Tea Fresh Leaf Quality Testing

Hyperspectral information includes one-dimensional spectral information and
two-dimensional spatial (image) information [34]. Spectral information can reflect the
internal structure of the sample such as the molecular composition and can be applied for
the quantitative and qualitative analysis of tea fresh leaves. Image information can reflect
the external quality characteristics such as size, shape, and defects of the sample, which can
be made use of for a qualitative examination of tea fresh leaves. The fusion of spectral and
image technologies can not only study the internal composition content of the analyzed
object but also visualize and analyze its distribution, which can be employed to capture the
spectral information and spatial distribution of the target object.

3.1. Spectral Information Analysis

Raw spectral data usually need to undergo some pre-processing and analysis before
they can be used for specific research or applications. The main reason for this is that
its acquisition may be affected by a variety of interfering factors such as noise, baseline
drift, light scattering, etc. [35]. Therefore, the data need to be processed for noise reduction
as well as baseline correction. In addition, the raw data may contain a large amount
of redundant information or unnecessary details, and the key information needs to be
extracted using the feature band selection method. Furthermore, the analysis phase requires
modeling according to the research objectives in order to obtain the required information
or conclusions from the data. The steps of spectral data parsing include data preprocessing,
feature band extraction, modeling, and model evaluation.
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3.1.1. Spectral Data Preprocessing

Spectral data preprocessing is a key step before analyzing spectral data, aiming at
eliminating interference and improving data quality for subsequent analysis. Spectral data
preprocessing mainly includes normalization, baseline correction, and noise reduction.
The normalization method balances the distribution of variables and mean values by
scaling the components of the data to a relatively consistent scale, which can attenuate
the influence of factors such as light-range variation and sample sparsity on spectral
information [36]. The normalization methods are Max-Min Normalization (MMN) and
Vector Normalization (VN) [37,38]. MMN is a linear mapping of data to a specified range,
usually [0, 1]. This process involves two key values: minimum (min) and maximum (max).
By linearly transforming the data points, the min value is mapped to 0, the max value to 1,
and the values in between will be distributed equiprimordially over this range. VN, on the
other hand, distinguishes MMN, which, instead of mapping the data to a specific range,
normalizes the data by changing its magnitude and direction. Its goal is to map data points
to unit vectors.

Baseline correction is mainly used to correct the baseline shift problem in spectroscopy
due to measurement variations of spectroscopic instruments or changes in measurement
environment parameters [39]. Baseline correction methods include multiple scattering
correction (MSC), standard normal variation (SNV), detrending (DT), orthogonal signal
correction (OSC), and moving average (MA) [40–44]. The MSC method is used to correct
the baseline translation and offset phenomena of spectral data by ideal spectra, which can
effectively eliminate the scattering phenomena generated by uneven particle distribution
and particle size, thus enhancing the correlation between spectra and data [45]. Similar to
MSC, the SNV can also be used to correct the spectral errors caused by scattering between
samples, but the algorithms are different. SNV is the process of subtracting the spectral
value of each sample from the mean of the spectral value of that sample and dividing it
by the standard deviation of the spectral value of that sample. This makes the processed
spectral data conform to the standard normal distribution. It is mainly employed to
eliminate the effects of diffuse reflections due to solid particle size, surface scattering, and
variations in optical range [46]. Moreover, OSC is also used to eliminate errors arising from
the surface scattering and baseline drift of spectral signals [47]. OSC is used to remove the
information in the spectral matrix that is not related to the components to be measured
by orthogonal projection and then carry out multivariate correction calculation. After
achieving the purpose of simplifying the model, it then improves the predictive ability of
the model [48]. MA is used to take the average of the data in a certain time period and
use this average to represent the data in that time period, thus achieving the purpose of
smoothing the data [49]. Spectral data contain information about the sample, but there
may be some unrelated underlying trends in the data. These trends can be long-term
variations in the data, usually related to time. They can also be trends due to other factors,
such as temperature changes, instrument drift, etc. DT removes the trend or drift from the
data [50]. DT usually involves fitting a trend model. Examples include linear regression or
polynomial fitting, and then subtracting the estimates of this model from the raw data to
obtain corrected data [51].

Noise reduction processing is performed by using various signal processing techniques
and mathematical algorithms in order to remove or reduce the noise and retain the useful
signal. Some of the methods for noise reduction are Savitzky–Golay smoothing (SG), first-
order derivative (FD), second-order derivative (SD), Fourier Transform (FT), and Wavelet
Transform (WT) [52–54]. SG smoothing reduces noise by smoothing the signal using a
polynomial fit within a sliding window [55]. In addition, different window sizes and
numbers of polynomials can be selected to balance the smoothing and noise suppression
effects according to practical needs. The adaptability of SG smoothing methods to noise
suppression and smoothing operations has led to their widespread use in spectral analysis.
SG smoothing is often combined with FD and second-order derivatives for noise reduction
in raw spectral data. The FD is the rate of change of the original signal and represents
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the slope or gradient in the signal. By calculating the FD, rapid changes or edges in the
signal can be highlighted, thus helping to detect features and boundaries in the signal.
The FD can help reduce high-frequency noise in a signal. The SD is the rate of change of
the FD, which indicates the curvature in the signal. Calculating the SD helps to highlight
features in the signal more strongly, especially spikes or troughs in the signal. This helps
in identifying extreme points in the signal. SD can further reduce high-frequency noise
and provide clearer information about features. The FT converts a signal from the time
domain to the frequency domain, thereby breaking the signal into components of different
frequencies. High- or low-frequency components can be selectively filtered out to extract
the signal components of interest and reduce the effect of noise. Compared to FT, WT is
a more flexible tool for signal analysis, as it is capable of local and multi-scale analysis of
spectral data. The WT is used to effectively reduce noise and improve the signal-to-noise
ratio of spectral data by decomposing the signal into wavelet functions at different scales
and by analyzing and processing the different frequency components of the signal while
retaining useful feature information. This makes spectral data easier to interpret and utilize.
In Table 2, the characteristics and advantages and disadvantages of various pretreatment
methods are summarized.

Table 2. Comparison table of different pretreatment methods.

Preprocessing Methodologies Specificities Advantages Disadvantages

normalization
MMN linear scale simple calculation sensitivity to outliers

VN resizing vectors maintaining spectral features dependent on the selected
spectral range

baseline
correction

MSC
detection and correction of

multiple scattering signals in
spectra

eliminating the effect of
multiple scattering on

spectral data
computationally complex

SNV linear transformation data standardized and easily
interpretable

not applicable to non-normal
distributions

DT eliminating trend reducing the interference of
trends in analysis information loss

OSC orthogonal transform elimination of
cross-interference

higher real-time
requirements

MA calculation of the
average value

trend identification,
noise reduction produce lagged effect

noise reduction

SG polynomial fitting excellent fitting effect computationally complex

FD calculating the rate of change highlighting trends and
changes in data increased noise in the data

SD calculating curvature highlighting curvature and
variation in data enhanced noise sensitivity

FT frequency and time domain
transformation ability to handle cyclical data computationally complex

WT wavelet functions converted
to different scales

capable of handling
non-stationary and
non-linear signals

complexity of processing

3.1.2. Characteristic Band Screening

Since raw data may contain a lot of irrelevant information, feature band selection
can help identify and enhance task-relevant information [56]. This helps to improve the
interpretability of the data. Also, feature band selection can reduce the dimensionality of the
data, thus reducing the cost of data storage and processing. The selection of representative
feature bands can reduce the size of the dataset without losing important information. The
methods for feature band selection are stepwise discriminant analysis (SDA), the successive
projection algorithm (SPA), the competitive adaptive reweighting algorithm (CARS), the
genetic algorithm (GA), principal component analysis (PCA), random frog (RF), and Monte
Carlo-uninformative variable elimination (MC-UVE) [57–63].
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The goal of SDA is to improve classification accuracy by selecting the most relevant
variables while reducing unnecessary dimensions. This helps to reduce the risk of overfit-
ting and improve the generalization ability of the model. The SPA is a forward variable
selection algorithm that eliminates redundant information in the original spectral matrix
and minimizes the covariance of the variables in the spectrum [64]. CARS is a variable
selection algorithm based on PLS and the Darwinian evolutionary principle of “survival of
the fittest”, which filters the wavelengths by the size of absolute regression coefficients and
excludes the variable bands with small weights [65]. The GA is an optimization algorithm
that simulates the biological evolution process and is applied to solve complex optimization
problems. Through constant selection, crossover, and mutation operations, the GA can
search for combinations of feature bands with high adaptation, thus realizing the extraction
of feature bands of spectral data [66]. PCA is a commonly used dimensionality reduction
technique, which transforms the original data into a new set of orthogonal variables called
principal components by linear transformation [67]. In spectral data feature band extraction,
PCA can be employed to find the principal components that contribute most to the vari-
ability of the data and use them as feature bands. The key to the RF is continuous iteration,
where a subset of features is gradually improved through natural selection and randomness
operations to find the optimal combination of feature bands for classification, regression, or
other data analysis tasks. The MC-UVE method utilizes Monte Carlo sampling methods to
estimate the informativeness of individual bands in spectral data, which helps to identify
bands that are informative for a specific task, and then the uninformative variables are
eliminated to extract the final set of feature bands [68]. In Table 3, the characteristics and
advantages and disadvantages of each feature extraction method are listed.

Table 3. Comparison table of feature extraction methods.

Method Specificities Advantages Disadvantages

SDA stepwise selection and exclusion
of variables reduced data dimensions data sensitivity

SPA continuous-projection
iterative computation

elimination of
redundant information noise sensitivity

CARS dynamically adjusting
feature weights

enhances image contrast
and detail sensitivity to noise and artifacts

GA simulation of biological
evolutionary processes For high-dimensional data higher computational costs, results

dependent on parameterization
PCA linear transformation reduced data dimensions loss of partial detail information

RF
simulating a frog jumping

randomly to find an
optimal solution

reduced computational
complexity and risk

of overfitting
unstable results

MC-UVE simulation of Monte
Carlo Sampling

no a priori
information required noise sensitivity

3.1.3. Model Building

Spectral data modeling typically includes categorical modeling and regression mod-
eling. Both classification modeling and regression modeling use statistical and machine-
learning techniques to process spectral data for different purposes. Classification modeling
is used to classify data into different categories and can be applied in the qualitative analysis
of fresh tea leaf quality testing. Regression modeling is used to predict continuous output
values, which can be applied in the quantitative analysis of fresh tea leaf quality testing.
The methods for classification modeling are the Random Forest Classifier (RF), the K Near-
est Neighbor Classifier (KNN), the Linear Discriminant Classifier (LDC), Support Vector
Machines (SVMs), Extreme Learning Machines (ELMs), and the Naive Bayes Classifier
(NB) [69–73]. Methods for regression modeling are Partial Least Squares Regression (PLSR),
Multiple Linear Regression (MLR), Support Vector Regression (SVR), Extreme Learning
Machine Regression (ELMR), Gaussian Process Regression (GPR), Stochastic Gradient
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Boosting (SGB), Kernel-based Extreme Learning Machines (KELM)s, and Random Forest
Regression (RFR) [74–78].

The RF classifier is used to classify by integrating multiple decision tree models
by voting or averaging. The KNN classifier makes classification decisions based on the
neighbors of the data points. It is based on the assumption that the training samples
that are close to a particular data point have similar category labels. Therefore, the KNN
classifier decides the category of a new data point by summing the category labels of the K
nearest neighbors weighted according to the distance [79]. The main goal of the LDC is to
maximize the separation between different categories by maximizing the variance between
categories and minimizing the variance within categories [80]. This makes it perform well
in many classification problems, especially when the separation between categories is high.
However, a limitation of the LDC is that it assumes that the data follow a multivariate
normal distribution and are not applicable to nonlinear problems. For nonlinear problems,
it is often necessary to use other classification methods such as SVM. The basic idea of
SVM is to map the sample feature data into an n-dimensional space, where the size of n
depends on the kernel function and the number of sample feature dimensions, and then
construct the optimal classification hyperplane in the space [69]. A Naive Bayes Classifier
uses Bayes’ theorem to estimate the posterior probability of each category for a given
feature case and then selects the category with the highest posterior probability as the
final classification result [81,82]. ELM is a fast and simple machine learning algorithm that
achieves classification or regression tasks by randomly initializing the weights of hidden
layer neurons and then training a linear output layer.

PLSR is particularly suitable for high-dimensional datasets and situations where
multicollinearity problems exist. It reduces the dimensionality of the data by finding the
combination of independent variables that has the highest correlation with the depen-
dent variable, which better captures the structure of the data and builds the regression
model [74,83]. MLR is a statistical method widely employed to build regression models
to analyze and predict the relationship between the dependent variable and one or more
independent variables. SVMR maximizes the interval between the training samples and
the hyperplane by finding the optimal hyperplane in the feature space for the prediction of
continuous target variables [75,84]. ELMR achieves better performance with single training
by random initialization and fixing the input layer weights. KELM is an extension of
the traditional ELM that introduces the kernel trick, which enables the ELM to handle
nonlinear problems. GPR is a nonparametric model that utilizes a Gaussian process prior
to regression analysis of input data. SGB works by integrating multiple decision trees, each
trained based on a randomly selected subset of data and a subset of features, and finally
voting or averaging to obtain a combined result. RFR regresses by constructing multiple
decision trees and averaging them [78]. In Table 4, this paper organizes the characteristics
and advantages and disadvantages of each classification model and regression model.

3.1.4. Model Evaluation

The common evaluation criteria of model prediction performance are the prediction set
correlation coefficient (RP), the correction set correlation coefficient (RC), the coefficient of
determination (R2), prediction standard deviation (RMSEP), correction standard deviation
(RESEC), and residual prediction deviation (RPD). The RP is a measure of the correlation
between the model’s predictions on the prediction set and the actual observations. The
correlation coefficient can take values between −1 and 1, with closer to 1 indicating that the
model’s predictions are more correlated with the actual values. In some fields, a correlation
coefficient of 0.7 or higher may be considered good predictive performance. In practice,
it is usually desirable to be close to 1. The RC is a measure of the correlation between
the model’s predictions on the correction set and the actual observations. Again, closer
to 1 indicates better performance. However, an RC that is too high may show signs of
overfitting. In general, an RC in the range of 0.7 to 0.9 may be a more appropriate range [85].
The R2 is a measure of how well the model fits the observed data. It takes a value between
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0 and 1 and indicates the proportion of variance of the target variable that is explained by
the model. The closer the value is to 1, the better the model fits the observed data and is
able to explain more of the variance. In some fields, a value above 0.7 may be considered
a better fit. Higher values are required for applications where high precision is required.
RMSEP is a measure of how discrete the model’s prediction error is over the prediction set.
It is usually asserted that the smaller this value is, the better, indicating that the model’s
predictions are more stable. The RESEC is a measure of how discrete the model’s predic-
tion error is on the calibration set [86]. Again, it is desired that this value be as small as
possible. Residual prediction bias indicates how much the model’s predictions in the pre-
diction set deviate from the actual observations. A smaller bias indicates that the model is
more accurate.

Table 4. Comparison table between each classification model and regression model.

Types Method Specificities Advantages Disadvantages

classification
modeling

LD finding linear
decision boundaries

effective dimensionality
reduction and categorization

of data
sensitivity to outliers

KNN voting mechanism based on
neighboring samples

for multi-category and
non-linear problems noise sensitivity

RF integration based on
multiple decision trees

high accuracy and
overfitting resistance

high memory and
computing resource usage

SVM maximum margin criterion ideal for handling
high-dimensional data computationally complex

ELM single hidden layer
feed-forward neural network fast training speed handling nonlinear

problems poorly

NB based on bayes theorem simple and fast calculation

assumptions of
independence of

characteristics may not
be realistic

regression
Modeling

PLSR minimizing the covariance reducing dimensionality
and multicollinearity

easily overfitted and
sensitive to noise

MLR minimize the residual sum
of squares simple, highly interpretable easily influenced by

collinearity

SVMR maximum margin criterion suitable for handling
high-dimensional data computationally complex

ELM single hidden layer
feed-forward neural network fast training speeds handling nonlinear

problems poorly

KELM single-layer neural networks
combined with kernel tricks

efficient handling of
non-linear problems computationally complex

GPR
based on Bayesian theory

and statistical
learning theory

suitable for dealing with
high-dimensional data,

nonlinear problems
computationally complex

SGB Integration based on several
decision trees

efficient handling of
large-scale data noise sensitivity

RFR Integration based on
multiple decision trees high robustness noise sensitivity

3.2. Image Information Parsing

Hyperspectral image information-parsing methods include region of interest selection,
image correction, dimensionality reduction, and modeling. In the study of HSI features,
it is usually necessary to select the region of interest (ROI) on the leaves of fresh tea. The
selection of ROI can help to reduce the dimensionality of the data, reduce the amount
of computation, and focus on a specific region for detailed analysis. Black and white
correction of raw images is required to eliminate noise interference and other light source
interference in the camera [87]. HSI has high dimensionality and redundant data, resulting
in a time-consuming computational process. There is an urgent need for dimensionality
reduction processing of hyperspectral data. The methods of dimensionality reduction

59



Foods 2024, 13, 25

processing mainly include feature selection and feature extraction. Feature selection is
feature band selection [88]. In order to extract the spatial texture features of the image,
feature extraction of the hyperspectral image is also required. Texture feature extraction
methods include the Gray-Level Co-occurrence Matrix (GLCM), the Gray-Level Difference
Matrix (GLDM), the Autocorrelation Function (AF), the Local Binary Pattern (LBP), and the
Wavelet transform (WT) [85–87]. The GLCM is a statistical tool used to describe the texture
of an image. It calculates the gray-level symbiosis between pixels in an image, including
information such as the angle, the distance, and gray-level differences. The GLDM is
used to measure the differences between gray levels in an image. The AF measures the
correlation of gray values between pixels in an image. The LBP is a nonparametric method
used for the analysis of image texture. It encodes image texture features by comparing
the gray values of a pixel with its neighboring pixels and then LBP histograms or other
statistical information can be computed. The WT can be used to capture multi-scale texture
information in hyperspectral images. Image spatial texture feature extraction can capture
the detailed information in the image, which helps to identify and distinguish different
textures and improve the performance of image analysis and classification. After the image
dimensionality reduction process, it then needs to be modeled and analyzed. The modeling
method of image information is similar to Section 3.1.3 and will not be repeated here.

3.3. Information Analysis for Fusion of Image and Spectral

Fusion is the fitting of an image’s spatial and spectral reflectance features into a
single image. Thus, hyperspectral images integrate spectral and spatial texture features to
optimize predictive capabilities. Typically, the fusion process can be performed at different
levels, which can be categorized as signal level, pixel level, feature level, and decision
level. Among them, signal-level image fusion is a problem of optimal concentration or
distribution detection of signals and has the highest time and space requirements for
alignment. Pixel-level fusion needs to process a large amount of data, which takes a
relatively long time to process, is easily affected by noise, and cannot process data in real
time. Decision-level fusion is the involvement of feature extraction of image data and some
auxiliary information. This valuable information is combined to obtain a comprehensive
decision-making result to improve recognition and interpretation. Feature-level fusion is
used to extract the original information from the sensors, and then the feature information is
comprehensively analyzed and processed, which can retain more original information [89].
Constructing a model after fusing features is similar to Section 3.1.3.

4. Application of Spectroscopic Techniques in Tea Fresh Leaf Quality Testing

4.1. Application of Hyperspectral Reflectance Information in Fresh Tea Leaf Quality Testing
4.1.1. Quantitative Analysis Applications

Based on hyperspectral reflectance information, many researchers have quantified
the physicochemical constituents such as tea polyphenols, anthocyanins, carotenoids,
and catechins of tea fresh leaves to evaluate the quality of tea fresh leaves. Zhang et al.
selected SG, MA, and FTIR preprocessing methods for comparative analysis [75]. The
PCA method was used to extract the characteristic bands. The estimation model of the
relationship between spectral reflectance and tea polyphenol content of tea fresh leaves
was established using MLR, ALR, and OLS. Among them, the least squares model had the
highest accuracy, and the correlation coefficient of the prediction set was 0.99. It indicated
that the prediction value of the tea polyphenol content in the test samples had a small error
in the measured value, and it could be realized to estimate the tea polyphenol content of
tea fresh leaves on-line by using hyperspectral technology. Anthocyanins are important
chemical components of tea, which have a significant impact on the color, flavor, antioxidant
properties, and medicinal value of tea. Therefore, the detection of anthocyanin content
in tea fresh leaves is critical for assessing the quality and value of tea. Dai et al. applied
four different pre-processing methods to eliminate the effects of unfavorable factors [76].
PLS models were established using the processed data. For total anthocyanins, the PLS
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model with MSC-S-G-FD treatment had the best Rp and RPD values and the lowest
RMSEP, showing excellent predictive performance. Sonobe et al. and Wang et al. used
the PROSPECT-D model and 2-Der-PLSR inversion to estimate the carotenoid content in
tea fresh leaf blades, respectively [9,90]. The results showed that HSI combined with the
variable selection method can be used as a fast and accurate method to predict carotenoid
content. Kang et al. determined EC, EGC, ECG, and EGCG of catechins in green tea
new shoots using hyperspectral imaging [40]. The PLSR model was used, and with few
exceptions, hyperspectral reflectance explained more than 79% of each catechin in the new
shoots. The moisture content of tea is an important indicator for the quality testing of
fresh tea leaves and has a significant impact on both the quality and shelf life of tea. Dai
et al. utilized four different algorithms (SG, MSC, SNV, and OSC) to preprocess the raw
data, and used stepwise regression analysis to extract characteristic wavelengths from
the preprocessed data. MLR and PLSR were used to establish the quantitative analysis
model of the water content of tea fresh leaves [41]. The best prediction model was the
SG-OSC-SW-PLSR model, and the correlation coefficients of the model correction set, cross-
validation set, and prediction set were 0.8977, 0.8342, and 0.7749, respectively, and the
minimum root-mean-square errors were 0.0091, 0.0311, and 0.0371, respectively. Both Wang
et al. and Mao et al. used the SPA and competitive adaptive reweighted sampling selected
feature wavelengths to establish a water content regression model [42,43]. The coefficients
of determination of the models were all above 0.90, which can be used to evaluate the
freshness of tea leaves and provide a basis for acquisition and tea withering. Sun et al.
quantitatively assessed the water content of fresh tea leaves [91]. The most effective
wavelengths were first extracted using four feature selection algorithms, SPA, CARS, SPA-
sr, and CARS-sr. On this basis, a spectrum-based prediction model was established by using
MLR after processing 20 different combinations of algorithms. The prediction coefficient
of determination of the combined algorithms of SG-MSC and CARS-sr was 0.8631, and
the RMSEP = 0.0163. The visualized distribution map of the tea leaves was able to more
intuitively and comprehensively evaluate the water content of the tea leaves in each image
element, which provided a new method for plant irrigation evaluation. It provides a new
method for plant irrigation evaluation. It can be seen that hyperspectral technology can
effectively realize the detection of water content in tea fresh leaves.

In addition, HSI data are widely used for the determination of nitrogen content and
chlorophyll content of tea fresh leaves, which can provide a reference for the growth and
fine management of tea plants. Nitrogen plays a pivotal role in the operation of tea planta-
tions and has an important impact on the growth, productivity, and nutritional status of tea
trees. Cao et al. proposed a method for estimating nitrogen content in tea tree fields based
on the combination of a multispectral imaging system and hyperspectral data [92]. Firstly,
28 wavelengths were selected from hyperspectral data combined with 27 multispectral
indices as raw data through competitive adaptive reweighted sampling. Subsequently, five
variables were selected by variable combination. The results showed that the multispectral
and hyperspectral data combined with SVR could effectively monitor soil nitrogen levels
under field conditions, with R2 and RMSE of 0.9186 and 0.0560, respectively. Wang et al.
proposed the use of SNV to preprocess hyperspectral data of mature leaves of tea trees
with different nitrogen applications [52]. PLSR was utilized to predict the nitrogen con-
tent. The results showed that the diagnostic accuracy of the LS-SVM model for different
nitrogen applications and nitrogen status reached 82% and 92%, respectively, with a good
prediction effect. Wang et al. proposed to estimate the nitrogen content by using wavelet
coefficients extracted from the CWT technique with different decomposition layers of the
CWT. Finally, the CWT (lscale)-VCPA method established the best model performance, and
the R2 of the model was 0.95 [53]. The accuracy was improved by 11% compared with the
traditional spectral processing method. In situ determination of chlorophyll-b content as
a marker for evaluating light stress and response to environmental changes in tea trees
can be used to improve tea tree management. Sonobe et al. tested the performance of
four machine learning algorithms, RF, SVM, Deep Belief Networks, and KELM, in evaluat-
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ing tea data under different shade treatments [93]. The RMSE of KELM was 8.94 ± 3.05,
showing the best performance. These results suggest that combining hyperspectral re-
flectance and KELM has the potential to track changes in the chlorophyll content of shaded
tea leaves. Mao et al. determined the corresponding leaf physicochemical parameters and
pre-processed the raw hyperspectral data collected using MSC, FD, and S-G algorithms [54].
After that, UVE and SPA were used to screen the pre-processed hyperspectral data for
characteristic bands. Finally, CNN, SVM, and PLS were utilized to establish a quantitative
prediction model for SPAD content. The best prediction model had an R2 of 0.730.

The above study shows that for quantitative analysis of HSI reflectance data in fresh
tea leaves, the commonly used data preprocessing methods are FD, SD, and SG smoothing,
the feature selection is commonly used in CARS and SPA, and the models are PLSR and
SVM. However, when measuring different indexes, it is necessary to screen out specific data
preprocessing methods and estimation models in combination with the actual situation in
order to ensure that rapid detection is realized.

4.1.2. Qualitative Analysis Applications

Qualitative studies on tea fresh leaves based on hyperspectral reflectance information
have varietal classification and quality identification. Spectral information helps to capture
small differences between varieties, thus giving unique spectral fingerprints to different tea
varieties. Yan et al. used MSC and SNV for spectral preprocessing. The improved BP neural
network, traditional BP neural network, and SVM fresh tea variety identification models
were constructed. The results showed that the SVM model had the highest recognition
accuracy of 96% [94]. Since different degrees of withering lead to changes in chemical
composition and organizational structure in tea, these changes can be reflected in spectral
data. Therefore, spectral information can help to realize the recognition of the degree of
withering of tea leaves. Tu et al. collected hyperspectral data from the canopy of tea trees
and classified tea varieties according to the spectral characteristics of the tea canopy [95].
Using appropriate spectral preprocessing methods, the overall accuracy of support vector
machines for tea variety classification can reach more than 95%.

High-grade tea leaves have a high content of nutrients and low-grade tea leaves have
relatively low content. Spectral analysis can be used to assess the quality and grade of
tea by determining the content and proportion of chemical components in tea. Wang
et al. combined hyperspectral technology with MBKA-Net for overall quality identification
of tea leaves at different picking periods [17]. Firstly, the spectral information of six
different tea-picking periods was obtained. Secondly, the MBKA method was proposed to
realize the classification of tea leaves in different harvesting periods by effectively mining
spectral features through multi-scale adaptive extraction. Ultimately, MBKA-Net obtained
96.18% correctness, 97.14% precision, and 97.18% recall. The study shows that the use
of the variable screening method can effectively reduce the redundancy of hyperspectral
information, simplify the model, and improve the model discrimination precision.

4.2. Application of Image and Spectral Information Fusion for Tea Fresh Leaf Quality Detection

HSI can provide detailed information on the surface microstructure and texture char-
acteristics of tea leaves, but it has not been applied alone in the analysis of tea fresh leaf
quality. It is often combined with hyperspectral reflectance information, and by fusing these
two types of information, a more comprehensive and diverse set of tea leaf characteristics
can be obtained. It is often applied for the qualitative analysis of tea leaves, including
disease identification and variety classification.

Tea leaves usually have unique surface texture characteristics, and the change in
hyperspectral image information after disease can distinguish healthy tea leaves from
diseased ones and determine whether they are diseased or not. Lu et al. used hyperspectral
images to identify white star disease and anthracnose in tea [96]. Preprocessing was first
performed to select the best feature wavelengths for the spectral data using SPA. The
diseases were then classified for prediction using SVM and ELM. The results showed that

62



Foods 2024, 13, 25

the prediction accuracy of the ELM model was higher than SVM with different kernel
functions (RBF, Sigmod, and polynomial) in each disease category, and the recognition rate
reached 90%. Yuan et al. proposed a new method for detecting anthracnose in tea trees
based on hyperspectral imaging [97]. Two new disease indices, the tea anthracnose ratio
index and the tea anthracnose normalized index, were first established based on sensitive
bands. Based on the optimized spectral feature set, a disease scab detection strategy
combining unsupervised classification and adaptive two-dimensional thresholding was
proposed. The results showed that the overall accuracy of disease scab identification
was 98% at the leaf level and 94% at the pixel level. Zhao proposed a multi-step plant
adversity identification method based on HSI and CWT [98]. It was used to classify
tea green leafhopper, anthracnose, and sunburn for anomaly detection. The method
achieved an overall accuracy (OA) of 90.26~90.69%, with anthracnose having the highest
OA (94.12~94.28%), followed by tea green leafhopper (93.99~94.20%), and sunburn having
the lowest OA (82.50~83.91%).

Yan et al. used the fusion of image and spectral features as a tool for the recognition
of Longjing fresh tea varieties [94]. The improved BP network was used to show the
best performance, with a recognition accuracy of up to 100%, which was better than the
results of analyzing with spectral features or images alone. Ning et al. used the data
from the fusion of spectral and texture feature values as the input values of the LDA,
SVM, and ELM models to establish a shriveling degree discriminative model [99]. When
the fused data of combined spectral and textural eigenvalues were used as model inputs,
the model was better than the model built based on a single eigenvalue. The overall
discrimination rate reached 94.64%. The above studies have shown that the establishment
of a characterization model for the integration of information is an important tool for the
future use of hyperspectral “map-integrated” characterization.

4.3. Application of Other Spectroscopic Techniques in the Quality Testing of Fresh Tea Leaves

NIRS is widely used in quantitative and qualitative analyses of fresh tea leaves because
of its sophisticated data processing methods, high accuracy, and reliability. In recent years,
the effectiveness and accuracy of near-infrared spectroscopy have been fully verified in the
detection of water content, catechins, caffeine, and other chemicals in tea, as well as the
identification of tea varieties and the identification of tea quality. MIRS has a wide range of
applications in chemical analysis and materials research, but relatively few applications in
food and agriculture. Some studies have applied mid-infrared spectroscopy for the detec-
tion of dry matter, catechins, and caffeine content in tea, as well as the identification of tea
varieties and the geographical origin of tea. However, due to the shallow penetration depth
of the mid-infrared band, most of the studies on tea quality detection have been conducted
in the near-infrared band. Compared with infrared spectroscopy, RS has the advantages
of a wider determination range, convenient spectral analysis, favorable determination of
aqueous solution, and simple preparation and processing of specimens. It is used to detect
the carotenoid and chlorophyll content of fresh tea leaves. THz was characterized by low
photon energy and good penetrability, and thus was used to detect the presence of tea
stems, insects, and other foreign objects in tea. In recent years, FS has been widely used
in the fields of tea grade evaluation, species differentiation, and heavy metal detection.
Using FS at low concentrations, the fluorescence intensity of the solution is proportional
to the concentration of the fluorescent substance. Therefore, FS was often used to detect
the content of specific elements and important active ingredients in tea fresh leaves. This
section summarizes the qualitative and quantitative studies of NIRS, MIRS, THz, RS, and
FS in the quality detection of tea fresh leaves. It mainly includes variety identification,
quality grading, disease discrimination, and the detection of tea polyphenols and other
components’ content, as shown in Table 5.
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Table 5. Qualitative and quantitative studies of spectroscopic techniques in tea fresh leaf quality.

Spectroscopy Quantitative Analysis Qualitative Analysis

NIRS

moisture content [100,101], catechin,
caffeine [102,103], theanine [104], nitrogen

content [105], tea polyphenol [106],
flavonoids [107], EGCG [108], Heavy metals [109].

Tea varieties [110], Tea quality grade [111,112], Tea
maturity [113], Traceability of Tea Raw
Materials [114], diseases [115], Tea tree

growing environment [116].

MIRS Dry Matter of Tea [117],
Tea polyphenols, flavonoids [118] Tea varieties identification [106,119]

THz Tea tree cold injury detection [120].
Separation of tea leaves from foreign matter [121],

Determination of the degree of oxidation of
tea leaves [122].

RS Carotenoid measurement [123,124],
Chlorophyll measurement [125]

Quality Identification [126],
Anthracnose Identification [127]

FS Chlorophyll measurement [128] Pesticide Residue Determination [129],
Diagnosis of leaf spot disease [130].

5. Discussion

Based on the above literature, our discussion on the application of spectroscopic
techniques in tea leaves mainly includes the rapid determination and prediction of tea
leaf quality components such as tea polyphenols, carotenoids, and anthocyanins. We also
included the classification of tea tree varieties, quality grading and quality identification
of tea leaves, and the identification of tea tree pests and diseases. According to Table 6,
we can see that in spectral data preprocessing, scholars mostly use SG, MSC, and SNV
to smooth and correct spectral reflectance. In feature extraction, CARS and SPA are used
extensively to reduce the dimensionality of spectral data for selecting effective wavelengths.
Among the 21 papers listed in this paper applying hyperspectral analysis of fresh tea leaves,
SG appeared nine times, MSC appeared nine times, and SNV appeared nine times. For
feature extraction methods, CARS and SPA appeared six and seven times, respectively.
The regression model PLSR is the most applied with a total of 10 occurrences. SVM in the
classification model appeared a total of five times. Moreover, according to the final better
results, PLSR, MLR, and SVM models were often used in quantitative analyses to predict
the content of inbuilt components of tea fresh leaves, with the overall study showing that
PLSR usually had better performances. In qualitative analyses, SVM models were mostly
applied to classify and diagnose, which resulted in better discriminatory performance [76].
This may be due to the influence of light and the texture of the tea leaves themselves when
collecting hyperspectral data of tea leaves. The SG and SNV can correct and eliminate this
effect to some extent. Compared to spectral reflectance features, image features have not
attracted much interest in fresh tea leaf quality assessment. This may be due to the fact that
the information obtained when using only images to characterize the quality of tea leaves
is similar to that of RGB images, whereas the cost of obtaining spectral images is much
higher than that of obtaining RGB images. However, the information obtained from RGB
images is limited, and scholars often fuse images with spectral data to analyze the quality
of fresh tea leaves. The fused data show great feasibility in the quality assessment of tea
fresh leaf quality due to the acquisition of more features, which improves the accuracy of
quality assessment prediction. This is especially true for the assessment of the presence of
diseases in tea leaves. Spectral reflectance features characterize the internal information
of the material, which makes it possible to diagnose the disease in the early stages of the
disease in tea leaves. Images are used as supplementary information to provide additional
features for the pre-diagnosis of diseases, thus improving the disease diagnosis rate. After
obtaining the phenotypic texture and color characteristics of tea leaves using images, an
SVM or linear discriminant model was constructed to diagnose the disease by combining
spectral reflectance. Generally, spectra can better characterize the component properties
related to the quality of tea fresh leaves and characterize the internal properties of the
lesions. Combined with image characterization of visible features such as color, damage,
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and texture, spectral techniques show great potential in non-destructive testing of tea fresh
leaf quality.

Table 6. Application of HSI analysis in the study of the quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Best Result Reference

Estimation of tea
polyphenols

SG, FT, Polynomial
smoothing, Neighbor

average method,
FD, SD

PCA
LSR, MLR,
Polynomial
regression

Neighbor average
method-FD-PCA-LSR

Rc = 0.99
[75]

Detection of
anthocyanin content

MSC, SNV, SG, FD
CARS, VCPA,
VCPA-IRIV

PLSR, SVR
MSC-SG-FD-VCPA-SVR

Rc = 0.96
[76]

Prediction of
chlorophylls and

carotenoids content
MSC, SNV, FD

Second derivative
and regression

coefficient
PLSR

SNV-PLSR
Rp = 0.96, Rp = 0.93

[9]

Detection of
chlorophylls

Splice correction Vegetation index PROSPECT–D
Splice correction-Vegetation

index-PROSPECT–D
R2 = 0.83

[90]

Estimating the
catechin

concentrations
/ /

PLSR, Mutual
prediction

PLSR
R2 = 0.87

[40]

Estimation of water
content

SG, MSC, SNV SR MLR, PLSR
SG-OSC-SW-PLSR

Rc = 0.83
[41]

Prediction of tea
polyphenols,

SG, MSC, FD CARS, SPA, UVE SVM, PLSR, RF
MSC-FD-SG-CARS-PLSR

R2 = 0.91
[42]

Estimation of crude
fiber contents

/ SPA, CARS PLSR, MLR SPA-MLR, R2 = 0.84 [43]

Estimation of water
content

SG, MSC, OSC
SPA, CARS, SPA-SR,

CARS-SR
MLR

SG-MSC-CARS-SR-MLR
R2 = 0.86

[91]

Detection of nitrogen
content

SNV
Vegetation index,

VCPA, CARS
PLSR, SVM, RF

SNV-CARS-SVMR
R2 = 0.91

[92]

Prediction of
nitrogen content

MSC, SNV, FD, SD /
PLSR, PLS-DA,

LS-VM
SNV-PLSR
Rc = 0.92

[52]

Estimation of
nitrogen content

SG, Detrending, FD,
MSC, SNV, CWT

SPA, CARS, VCPA PLSR
CWT-VCPA-PLSR

R2 = 0.95
[53]

Detection of
chlorophyll content

FD /
RF, SVM, DBN,

KELM
KELM

RMSE = 8.94 ± 3.05
[93]

Detection of REC MSC, SG, FD SPA, UVE PLSR, SVMR, CNN
MSC-FD-SG-UVE-SVMR

R2 = 0.80
[54]

Longjing fresh tea
Variety identification

MSC, SNV,
MSC+SNV

vegetation index,
PCA

SVM, BP neural
network

MSC+SNV-PCA-BP neural
network

Recognition accuracy = 98%
[94]

Identification of tea
variety

MNF PCA, ICA
MLC, MDC, ANN,

SVM
MNF-SVM-PCA
accuracy = 95%

[95]

Identification of tea
quality

SNV, SG / MBKA-Net
SNV-MBKA-Net

accuracy = 96.18%
[11]

Identification of
white star disease

SG, SNV, SD,
Semantic

segmentation
SPA PLS-DA, SVM, ELM

SG-SPA-ELM
accuracy = 95.77%

[96]

Detection of
anthracnose

color image
extraction ROI

vegetation index
ISODATA,

2D thresholding
ISODATA

Kappa = 0.91
[97]

Detection of
anthracnose

extraction ROI,
Continuum removal

analysis, CWA
vegetation index SVM, FLDA, RF

CWA- vegetation index-
FLDA

accuracy = 94.28%
[98]

Discriminant of
withering quality

/ SPA, GLCM, PCA
LDA, SVM, ELM,

PLS
PCA-LDA

accuracy = 94.64%
[99]

Interestingly, based on this literature, we found that research scholars are not uniform
or do not follow a certain method for selecting the region of interest (ROI) to obtain it.
When doing quantitative analyses, some authors chose to use the whole leaf area as ROI,
while some researchers avoided the main leaf veins to select ROI [41,42,76]. Since the ROI
selection methods are different, the reflectance data obtained are different, which may also
lead to inconsistent performance and bias in the final regression model. Of course, when
performing qualitative analyses such as disease discrimination, scholars usually adopted
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semantic segmentation to separate the diseased region and used the diseased region as the
ROI [11,96,97]. Simultaneously, a healthy part was selected as the ROI in order to obtain the
reflectance data of the healthy and diseased regions. However, hyperspectral reflectance
data are being used for non-destructive testing precisely because of their ability to reflect
changes in the internal composition of tea leaves. The diseased area is segmented from
the image as ROI when the leaf has already undergone qualitative changes visible to the
naked eye, whereas the part of the leaf that is manually judged to be healthy may have
changed in its internal composition. Such a result of ROI selection may also be the reason
for inaccurate final classification results.

Tables 7–11 show the literature we have compiled on the application of NIRS, MIRS,
THz, RS, and FS in tea fresh leaves. It is not difficult to find that NIRS is more widely
used compared to several other spectrometers. This may be due to the fact that the
band of NIRS is in the range of 780–2500 because the characteristic bands for observing
and analyzing the intrinsic components of tea leaves such as tea polyphenols or caffeine
are in the range of this band according to the results of existing literature. For several
processing methods of spectral data, SNV in preprocessing was the most used with a total of
11 occurrences. PCA and PLSR were more frequently used for the screening and modeling
of the characteristic bands, and according to the better results obtained, there was no one
model that was universal. The preferred data processing methods chosen for different
component quantitative analyses were inconsistent.

Table 7. Application of NIRS analysis in the study of quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Beat Result Reference

Detection of Water
content

SNV, Noise
reduction,

Normalization

RF, PCA, Pearson
correlation analysis

SVR
RF-Pearson correlation

analysis-SVR
Rp = 0.99

[100]

Detection of catechin,
caffeine

SG, SNV, MSC CARS-SPA MLR, LDA
SG-CARS-SPA-MLR

Rp = 0.97
[102]

Determination of tea
polyphenols

SG, SNV, Baseline CARS, SPA, RF
PLS, MLR,
LS-SVM

SNV-SPA-LS-SVM
Rp = 0.98

[103]

Detection of nitrogen
content

FD, External
parameter

orthogonalization

SPA, Ordered
prediction selection,

VCPA-IRIV
PLSR

EPO-VCPA-IRIV-PLSR
Rp = 0.97

[105]

Estimation of total
polyphenols

SNV, MSC, FD, SD / PLSR
MSC-PLSR
R2 = 0.93

[106]

Monitoring of
flavonoid content

Remove noise and
baseline, MA, SG,

SNV, MSC, FD, SD
/ PLSR

SG-SD-PLSR
Rp = 0.95

[107]

Prediction of EGCG
SG, SNV, VN,

MSC, FD
CARS, RF PLSR, LS-SVR

CARS-LS-SVR
Rp = 0.98

[108]

Detection of heavy
metals

/
correlation-based
feature selection

PLS, RBFNN
CFS-PLS-RBFNN

Rp = 0.94
[109]

Identification of tea
varieties

MSC CARS, SWR GRNN, PNN
MSC-CARS-SWR-PNN

Accuracy = 100%
[110]

Prediction of tea
quality grade

SNV, SD, FD, SD,
MSC

si-PLS, GA, PCA BP-ANN
SNV-SD-si-PLS-GA-PCA-

BP-ANN
Rp = 0.99

[112]

Discrimination of tea
maturity

FD, SD, Mean
centering, SNV,

MSC, SG
PCA

BPNN, GS-SVM,
PSO-SVM

SG-PCA-PSO-SVM
Accuracy = 98.92%

[113]

Traceability of Tea
Raw Materials

Smoothing, MSC,
FD, SD

/ PLS
MSC-PLS
R2 = 0.82

[114]

Discrimination of
diseases

MSC, SNV, SG,
KND, FD, SD

/ DPLS, DA
MSC-FD-SG-DA
Accuracy = 100%

[115]

Identification of tea
growing environment

Norris filter, SG,
MSC, FD, Mean

/
SMLR, PCR,

Si-PLS
Mean-Si-PLS

Rc = 0.96
[116].
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Table 8. Application of MIRS analysis in the study of quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Beat Result Reference

Determination of
dry matter content

Smoothing, MSC,
SNV KPCA, WPT–SA LS-SVM, PLS SNV-WPT-LS-SVM

Rp = 0.96 [117]

Determination of
polyphenols and

flavonoids
/ PCA PLS PCA-PLS

R = 0.98 [118]

Detection of tea
stalk and insect
foreign bodies

/ / KNN KNN
Accuracy = 100% [119]

Table 9. Application of THz analysis in the study of the quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Beat Result Reference

Degrees of
oxidation / PCA Hierarchical

cluster analysis PCA-HCA [120]

Detection of tea
stalk and insect
foreign bodies

/ / KNN KNN
Accuracy = 100% [121]

Assessment of
cold injury / /

two-dimensional
correlation

spectroscopy-
PLSR, average
intensity-PLSR

2DCOS-PLSR
R = 0.91 [122]

Table 10. Application of RS analysis in the study of the quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Beat Result Reference

Detection of
carotenoid content

Smooting,
Normalization,

MSC, Baseling, WT
SPA PLSR WT-SPA-PLS

Rp = 0.87 [124]

Detection of
photosynthetic

pigments

MSC, WT, SNV,
RCF, airPLS CARS PLSR RCF-CARS-PLSR

Rp = 0.89 [125]

Identification of
tea Quality

Smooting,
Normalization PCA LDA

Smooting-Normalization-
PCA-LDA

Accuracy = 100%
[126]

Anthracnose
Identification Baseline correction PCA / Baseline correction-PCA

Accuracy = 95% [127]

Table 11. Application of FS analysis in the study of the quality of fresh tea leaves.

Appliance Pre-Process Feature Extraction Modeling Beat Result Reference

Detection of
chlorophyll

content
SG SPA, UVE PLSR, BiPLS SG-SPA-BiPLS

Rp = 0.96 [128]

Determination of
Pesticide Residue

Black and white
correction PCA Spectral angle

mappe

Black and white
correction-PCA-

SAM
Accuracy = 100%

[129]

Diagnosis of leaf
spot disease SG PCA PLS-DA, SVM,

LDA
SG-PCA-LDA

Accuracy = 98.9% [130]

Comparing the application of HSI with NIRS, MIRS, THz, RS, and FS in tea leaves,
it can be found that although HSI can acquire reflectance information and spatial image
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information at the same time, the commonly used HSI band is often in the range of 400–
1100. However, HSI with a wider range of wavebands is particularly costly, which makes it
difficult to be widely used. Although water content and nitrogen can be screened out in
the 400–1100 band and some of the built-in components of tea leaves can also be screened
out in the band, similar to caffeine, gallic acid, etc., whose absorption peaks are in the
2000 band, they cannot be analyzed or the results of the analysis are poor [100,102,105].
In this regard, subsequent studies could move toward the simultaneous use of HSI and
other spectrometers to obtain more comprehensive spectral information on tea leaves,
and thus accurately analyze the quality of tea leaves. It is interesting to note that the
number of sample sets for quantitative or qualitative analyses of tea leaves is usually
between 100 and 300 [52,93]. Since spectral information is usually analyzed in conjunction
with physicochemical measurements, the workload involved in obtaining samples is very
high, which explains the small number of sample sets. However, due to this, it tends
to make the final model suffer from overfitting and poor generalization. When dealing
with spectral data, how to balance the spectral information signal-to-noise ratio is also
a key factor in the subsequent construction of a stable and accurate model when using
smoothing, correction, and other means. At the same time, when screening the feature band
dimensionality reduction, determining how to preserve the complete information as much
as possible and reduce the dimensionality of the operation is also particularly important.
Only after dealing with these steps can we construct a stable and accurate model for tea leaf
quality analysis.

6. Conclusions and Prospects

This review focuses on summarizing the principles of hyperspectral imaging technol-
ogy and the progress of analytical methods and applications in the quality testing of fresh
tea leaves. It also briefly introduces the principles and applications of infrared and Raman
spectroscopic techniques in tea quality testing. According to the previous research results
of scholars, hyperspectral imaging technology and infrared spectroscopic technology have
been proven to be effective tools for detecting the quality of fresh tea leaves. Compared
with traditional testing methods, they are fast, highly accurate, and non-destructive, and
do not require chemical reagents. The application of hyperspectral imaging technology,
infrared, and other spectroscopic techniques can be used to reliably and conveniently detect
the water content and quality material content components of tea leaves, thus promoting
the classification of tea raw materials and assisting in the harvesting of tea leaves. But, at
the same time, based on the discussion section, there are some challenges in the application
of spectroscopic technology for the quality detection of tea fresh leaves:

(1) First of all, due to the chromaticity and luminosity of the capture ability, field use of
spectroscopy to collect samples reflectance, by the light conditions, will affect the final test
results. At the same time, in determining how to detect the quality composition content of
tea fresh leaves in the tree, there are also challenges of how to select the region of interest,
obtain a more consistent reflectance of the sample, and then build a stable estimation model.

(2) Secondly, the visualization and prediction technique of hyperspectral imaging
provides great convenience for the detection of tea fresh leaves quality, but its high cost,
large amount of imaging data, and high redundancy usually require data preprocessing
by extracting the feature wavelengths through a variety of effective algorithms for dimen-
sionality reduction, as well as building a robust calibration model for extracting the depth
features. Spectral techniques such as infrared and other spectral techniques are unable to
obtain image phenotypic information, meaning some information is missing. It is especially
important to obtain multi-spectral images of the characteristic bands of tea leaf quality
substances and reduce the amount of data without losing the characteristic information of
tea leaf quality substances.

(3) Finally, after constructing the quality classification model of tea leaves and the
regression of component content detection, determining how to ensure the stability of
the model and the subsequent generalization performance and reduce the data run-
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ning memory are also important issues in spectral technology in the quality detection of
tea leaves.
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Abstract: Polyphenol oxidase (PPO) is an important metalloenzyme in the tea plant (Camellia sinensis).
However, there has recently been a lack of comprehensive reviews on Camellia sinensis PPO. In this
study, the methods for extracting PPO from Camellia sinensis, including acetone extraction, buffer
extraction, and surfactant extraction, are compared in detail. The main purification methods for
Camellia sinensis PPO, such as ammonium sulfate precipitation, three-phase partitioning, dialysis,
ultrafiltration, ion exchange chromatography, gel filtration chromatography, and affinity chromatog-
raphy, are summarized. PPOs from different sources of tea plants are characterized and systematically
compared in terms of optimal pH, optimal temperature, molecular weight, substrate specificity, and
activators and inhibitors. In addition, the applications of PPO in tea processing and the in vitro
synthesis of theaflavins are outlined. In this review, detailed research regarding the extraction, purifi-
cation, properties, and application of Camellia sinensis PPO is summarized to provide a reference for
further research on PPO.

Keywords: polyphenol oxidase; Camellia sinensis; extraction; purification; characterization; application

1. Introduction

Polyphenol oxidase (PPO) belongs to the category of oxidoreductases and is widely
present in plants [1], animals [2], and fungi [3]. According to the different numbers
of phenolic hydroxyl groups in the catalytic substrate, PPO can be divided into three
categories [4,5]: monophenol oxidase (tyrosinase, EC 1.14.18.1), bisphenol oxidase (catechol
oxidase, EC 1.10.3.1), and laccase (EC 1.10.3.2). PPO in plants mainly occurs in the form of
catechol oxidase, which can catalyze the generation of its corresponding quinones from
polyphenols under aerobic conditions [6,7].

PPO plays an important role in tea processing [8,9], and it determines the degree of tea
oxidation. According to the degree of oxidation, tea can be divided into six categories: green
tea [10] (non-oxidized), white tea [11] and yellow tea [12] (lightly oxidized), oolong tea [13]
(semi-oxidized), black tea [14] (fully oxidized), and dark tea [15] (post-fermented with
micro-organisms). By inhibiting or promoting the enzymatic oxidation of PPO, various
categories of teas with distinct flavors are produced. Under the catalysis of enzymes
such as PPO, the catechins in tea are oxidized to form catechin polymers [16], including
theasinensins, theaflavins, and thearubigins.

Tea plant PPO is encoded and expressed by nuclear genes [17], which have multi-
gene family characteristics [18]. Zeng et al. [19] obtained five coding genes of PPO from
the tea plant genome database with a total length of 597–1839 bp in the CDS region and
encoding 198–612 amino acids. Through real-time quantitative PCR, it was found that
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these genes exhibit different expression patterns among different tea plant varieties. Many
PPO isoenzymes with significant differences in their properties were isolated from fresh tea
leaves. PPO in fresh tea leaves mainly exists as low activity precursor enzymes, which bind
to organelle membranes such as chloroplasts in an insoluble form [20], which is known as
membrane-bound PPO (mPPO). In addition, there are small amounts of mature enzymes,
known as soluble PPOs (sPPOs), which have been removed from their transfer peptides
and are free in a soluble form within the cystic body. There are differences in the extraction
and purification of different types of PPO; this poses a challenge to tea plant PPO research.

Due to the enzymatic browning caused by PPO [21], researchers have focused on
studying how to inhibit PPO activity in other plants or fungi. However, the catalytic
activity of PPO needs to be utilized in the processing of tea (except for unfermented tea)
and the preparation of theaflavins. Therefore, it is necessary to elaborate in detail on the
tea plant PPO. In this study, detailed research on the extraction, purification, properties,
and application of Camellia sinensis PPO is summarized to provide a reference for further
research on PPO.

2. Extraction of PPO

The methods for extracting PPO from fresh tea leaves include acetone extraction, buffer
extraction, and surfactant extraction. The extraction solvents, as well as the advantages
and disadvantages of the above three methods, are listed in Table 1.

Table 1. Comparison of extraction methods for Camellia sinensis PPO.

Method Extract Solvent
Specific Enzyme
Activity (U/mg)

Advantage Disadvantage References

Acetone extraction Acetone 24,789 High enzyme activity,
stable and easy to store

Low extraction
rate of enzyme [22,23]

Buffer extraction Phosphate/citrate
buffer 192 Easy operation,

less impurity

Low enzyme
activity and

extraction rate
[24,25]

Surfactant extraction Triton X-100 20,544 High extraction rate
of enzyme

Surfactant needs to
be removed [26–28]

2.1. Acetone Extraction

The advantages of the acetone extraction method [29] are that it has high enzyme
activity and can be directly applied; moreover, the enzyme is stable and easy to store.
However, its disadvantage is that the enzyme extraction rate is too low, possibly due to
acetone causing irreversible protein denaturation. To reduce this enzyme denaturation,
acetone needs to be pre-cooled before use. Frozen tea leaves were homogenized in cold
acetone (−25 ◦C), and the slurry was subjected to repeated filtration and cold acetone
extraction to obtain a white crude enzyme powder [23]. The acetone extraction method
has been applied to analyze the changes in PPO activity of different varieties of tea leaves
during black tea processing [22]. In addition, this method has also been widely used
for PPO extraction in other plants, including apple [29], Physalis peruviana L. [30], and
Cistanche deserticola [31].

2.2. Buffer Extraction

The buffer extraction method is used to obtain PPO by mixing tea leaves with buffer
and homogenizing them, then filtering them out. This method has the advantages of
simple operation and low impurities in the enzyme solution. However, the PPO activity
extracted by this method is relatively low, and the extraction solution needs to be further
concentrated and purified before it can be applied. As shown in Table 1, the specific activity
of PPO extracted by buffer is 192 U/mg, which is significantly lower than that extracted
by acetone or surfactant. The types of buffers used in this method include phosphate
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buffer (pH 6.8) [24] and citric acid phosphate buffer (pH 5.6) [25]. In order to reduce the
content of tea polyphenols in the extraction solution, polyvinyl pyrrolidone (PVP) and
cross-linked polyvinylpyrrolidone (PVPP) are added to the buffer to adsorb polyphenols.
It was found that the activity of PPO obtained by adding PVP was higher than that of
PVPP, possibly due to the fact that PVP, with its good water solubility, can adsorb more
tea polyphenols [25]. The buffer extraction method is widely used for the extraction of
soluble PPO from different plants [32,33], but it cannot extract the membrane-bound PPO,
resulting in a lower extraction rate.

2.3. Surfactant Extraction

Non-ionic surfactants mainly rely on hydrophobic interactions to dissolve membrane
proteins, which are usually used for the extraction of membrane-bound PPO in plants [34–36].
The non-ionic surfactant used for extracting membrane-bound PPO from tea leaves is usually
Triton X-100. The surfactant is dissolved in a buffer at a certain concentration (usually 50 mM)
of salt ions, which contributes to stabilization of the enzyme protein. The fresh leaves of
three tea tree varieties (Ningzhou population, Ningzhou 2, and Dayelong) were homogenized
with phosphate buffer (pH 6.8) and centrifuged to obtain the supernatant containing soluble
PPO. Then, the precipitate was extracted with 0.25% Triton X-100 to obtain membrane-bound
PPO [26]. The surfactant extraction method can achieve a higher PPO extraction rate, but the
addition of surfactants may interfere with the determination of enzyme properties.

3. Purification of PPO

The crude enzyme solution extracted from tea leaves contains not only nucleic acids,
polyphenols, etc., but also other proteins in addition to PPO. As shown in Figure 1, the
purification of PPO is generally divided into two major steps: crude purification and fine
purification. The crude separation of PPO mainly includes ammonium sulfate precipi-
tation [37], three-phase partitioning [38], dialysis [39], and ultrafiltration [40]. The fine
purification of PPO is generally carried out via chromatography, including ion exchange
chromatography [41], gel filtration chromatography [42], affinity chromatography [43], etc.

Figure 1. The main purification steps for Camellia sinensis PPO.

3.1. Crude Purification
3.1.1. Ammonium Sulfate Precipitation

The principle behind the ammonium sulfate precipitation method [44] is that high con-
centrations of salt ions can compete with proteins for water molecules, thereby destroying
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the hydration film on the surface of proteins, reducing their solubility, and allowing them
to precipitate out of the solution. This method can remove a large amount of non-protein
impurities and also concentrate the target protein. After a crude enzyme solution extracted
from Camellia sinensis cv. Longjing 43 was precipitated with 80% ammonium sulfate, the
specific activity of PPO was found to increase by 3.73-fold [45].

Graded ammonium sulfate precipitation is commonly used to remove some impurity
proteins, and its principle is based on the difference in protein solubility in different
ammonium sulfate concentrations. PPO crude enzyme was added with 10%, 20%, 30%,
70%, 80%, and 90% of ammonium sulfate in sequence and then left to stand at 4 ◦C to
precipitate the proteins. While testing the enzymatic activities of the precipitated proteins
mentioned above, it was found that the enzymatic activity of PPO proteins precipitated
with 10–30% ammonium sulfate was very low (<3%), while that of proteins precipitated
with 30–90% ammonium sulfate reached 65.26% of the total enzyme activity [46]. Therefore,
it is important to select an appropriate concentration of ammonium sulfate to precipitate
proteins during the crude separation of PPO.

3.1.2. Three-Phase Partitioning

Three-phase partitioning (TPP) is a method of crude purification of target proteins,
which involves adding a certain proportion of salt and organic solvents to the crude
extraction solution to create clear layering of the mixed solution [47]. This method promotes
the aggregation of some of the proteins in the precipitation layer between the organic and
aqueous phases, the dissolution of low-molecular-weight pigments, membrane lipids, etc.,
in the organic layer, and the dissolution of sugars and some proteins in the water layer. The
sPPO and mPPO from tea leaves were purified via TPP, resulting in 2.80-fold and 2.32-fold
increases in specific enzyme activity, respectively [26]. The activity yields of TPP to sPPO
and mPPO were 73.8% and 79.8%, respectively. With its advantages of simple operation,
wide applicability, and high activity yield, TPP has been widely used in the extraction of
PPO from various plants, including Rosmarinus officinalis L. [47], Lepiota procera [48], and
Trachystemon orientalis L. [38]. The PPO from Trachystemon orientalis L. was purified 3.59-fold
with a 68.75% total recovery of activity using the TPP procedure twice in a row [38].

3.1.3. Dialysis

As a result of methods such as ammonium sulfate precipitation or three-phase par-
titioning, large amounts of salt ions are introduced into the enzyme solutions, requiring
dialysis to remove them. Dialysis is a method of separating proteins and small molecules
utilizing small molecules to penetrate through a semi-permeable membrane into a low salt
buffer while large molecules, such as proteins, remain trapped within the semi-permeable
membrane [49]. Usually, the sample is placed in a dialysis bag made of a semi-permeable
membrane, and the dialysis bag is immersed in a low salt buffer solution. Salt and small-
molecule substances are used to continuously diffuse and dialyze outside the bag, achieving
purification [50]. To achieve good purification results, the low salt buffer needs to be re-
placed multiple times. Following ammonium sulfate precipitation, the PPO from fresh tea
leaves was dialyzed in a cut-off with 8–12 kDa, and the purification factor was found to
increase by 2.42 times [51].

3.1.4. Ultrafiltration

Ultrafiltration can achieve high concentration multiples, making it easy to concentrate
and recover the target product from diluted and complex mixed samples [52]. It is necessary
to select ultrafiltration tubes, which retain molecular weight based on the molecular weight
of the target protein [53]. Rapidly reducing salt ions in samples can also be achieved
through ultrafiltration. Following TPP treatment, sPPO and mPPO in fresh tea leaves
were centrifuged through an ultrafiltration tube (molecular weight cut-off of 15 kDa) using
centrifugal force of 4500× g at 4 ◦C, and their purification times were found to increase by
9.58-fold and 9.05-fold, respectively [27].
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3.2. Chromatographic Purification

Chromatographic chromatography is generally used for fine purification of enzyme
proteins after crude purification [54]. As shown in Table 2, the chromatographic methods
used for PPO purification from tea sources mainly include ion chromatography, gel filtration
chromatography, and affinity chromatography. In order to achieve good purification results,
it is very important to choose the appropriate resin and elution buffer [55].

Table 2. Comparison of chromatographic chromatography for Camellia sinensis PPO.

Type of
Chromatography

Chromatographic Matrix Elution Buffer
Purification

Fold
References

Anion exchange DEAE-cellulose
A linear gradient of phosphate

buffer (pH 6.8) concentration from
10 to 200 mM

3.32 [23]

Anion exchange UNOsphere™ Q
A linear concentration gradient

(0–1.0 M) of NaCl in 20 mM
Tris-HCl (pH 9.0)

11.8 [56]

Gel filtration Sephadex G-75
0.02 M Tris–HCl buffer (pH 7.5)

containing 100 mL/L glycerol and
0.1 M NaCl

48.94 [51]

Affinity Ni-NTA Imidazole solution of 25–500 mM Unknown [57]

Affinity
Sepharose 4B-L-tyrosine-p-

aminobenzoic
acid

0.1 M Tris–HCl buffer (pH 8.5)
containing 1 M NaCl 19.77 [28]

3.2.1. Ion Exchange Chromatography

The principle behind ion exchange chromatography is that the charge carried by the
separated substance can combine with the opposite charge carried by the ion exchange
agent [58]. The binding effect between the charged molecule and the stationary phase
is reversible. When changing the pH or eluting with a buffer solution, which gradually
increases the ion strength, the substance bound by the ion exchange agent can exchange
with the ions in the eluent and be eluted into the solution [59]. Due to differences in the
charges of different proteins, their binding abilities to ion exchangers also vary, resulting
in different orders of elution into the solution [60]. The resins, which have been used for
ion exchange chromatography in the purification of PPO, are DEAE-cellulose [61] and
UNOsphere™ Q (BioRad, Hercules, CA, USA) [62]. The pH of the buffer solution for both
DEAE and Q ion exchange chromatography needs to be at least one unit higher than the pI
of the target protein to be bound, where the pH of the buffer solution for Q ion exchange
chromatography is higher than that of DEAE. Based on the amino acid sequence of PPO
published in the NCBI database, the pI of most tea tree PPOs is predicted to be about
pH 6.4. PPO was separated by linearly increasing the buffer solution from a low salt ion
concentration to a high salt ion concentration. The purification fold results of PPO purified
using DEAE and Q ion exchange chromatography were found to be 3.32 [23] and 11.8 [56],
respectively, which indicates that it is difficult to obtain high-purity PPO solely through ion
exchange chromatography.

3.2.2. Gel Filtration Chromatography

Gel filtration chromatography [63], also known as steric exclusion chromatography
and molecular sieves, is a method of separating the proteins based on their differences in
molecular weight or shape. In order to obtain a good purification effect, it is necessary to
select a chromatographic matrix with a pore size, which is suitable for the molecular weight
of the target protein [64]. Sephadex G-75 was used as a chromatographic substrate for
the purification of PPO from tea leaves, and a purification fold of 48.94 was achieved [51].
Therefore, the protein can be highly purified by gel filtration chromatography. Gel filtration
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chromatography is widely used for the purification of PPO from other sources, including
Coriandrum sativum [65], Musa acuminata [66], and sweet potato [42]. Two sPPO and one
mPPO from sweet potato peel [42] were purified by gel filtration chromatography with the
purification fold of 69.03, 31.59, and 124.01, respectively.

3.2.3. Affinity Chromatography

Affinity chromatography is a protein purification method, which is designed based
on the specific and reversible binding between proteins and matrices [43]. Nickel column
affinity chromatography is a widely used method for purifying recombinant proteins [67].
Due to the competitive binding of Ni2+ ions in nickel columns to imidazole or proteins
with His-Tag, increasing the concentration of imidazole in the elution buffer can elute the
target protein to achieve protein purification. Two PPO isoenzymes with His-Tag expressed
by Escherichia coli were purified via binding to an Ni IDA affinity chromatography column
and eluting with different concentrations of imidazole (25–500 mM) [57]. PPO from tea
leaf was purified 19.77-fold in one step using Sepharose 4B-L-tyrosine-p-aminobenzoic
acid affinity chromatography [28]. Compared to other chromatography methods, affinity
chromatography has the advantages of simplicity and speed. Sepharose 4B-L-tyrosine-p-
aminobenzoic acid and Sepharose-6B-L-tyrosine-p-aminobenzoic acid were applied to the
affinity chromatography of PPO from Persea americana [43], which obtained the purification
fold of 147.73 and 154.00, respectively.

4. Characterizations of PPO

The characterizations of PPO from different sources of tea plants were systematically
compared in terms of optimal pH, optimal temperature, molecular weight, substrate
specificity, and activators and inhibitors. As shown in Table 3, PPO characterizations vary
not only among different Camellia sinensis varieties but also among different isoenzymes
derived from the same tea leaves.

Table 3. Comparison of Camellia sinensis PPO characterizations.

Source pH
Temperature

(◦C)
Molecular

Weight (kDa)
References

Two PPO isozymes from
Camellia sinensis var.

Zhenghedabai
5.5 and 6.0 33 and 38 85 and 42 [51]

PPO from Camellia sinensis var.
Lapsang souchong 6.2 35 66 [56]

PPO from Turkish tea leaves 6.0 30 72 [23]

PPO from Turkish tea leaves 6.0 30 Unknown [68]

PPO from Indian tea leaves 5.0 Unknown 72 [69]

Two recombinant PPO
isozymes from Huangjinya tea 6.0 and 5.5 35 and 30 61.15 and 61.21 [57]

4.1. Optimal pH of PPO

In Table 3, the optimal pH values of PPO from different tea leaves are reported, varying
between 5.0 and 6.2. The reason for the difference in the optimal pH of PPO from different
tea plants may be its different structures, especially PPOs with large molecular weight
differences. The optimum pH of PPO from tea leaves in Turkey was found to be 6.0 [23,68].
Different PPO isoenzymes isolated from tea leaves show differences at the optimal pH.
Two PPO isozymes from Camellia sinensis var. Zhenghedabai were purified [51], with
one PPO isozyme having an optimal pH of 6.0 and the other PPO isozyme having an
optimal pH of 5.5. There are significant differences in the optimal pH of PPO from different
plant sources [70]. The PPO from tea leaves with similar optimal pH levels includes
Vaccinium corymbosum L. [71], Ataulfo mango [72], and Solanum lycocarpum [73].
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4.2. Optimal Temperature of PPO

The optimal temperature of PPO from different tea leaves is mostly in the range of
30–38 ◦C. The catalytic activity of PPO is highest at the optimal temperature, and it de-
creases above or below the optimal temperature [74]. The optimal temperature for PPO
varies among different tea varieties, as well as among the same variety of isoenzymes.
The optimal temperature for one type of PPO isoenzyme from Huangjinya tea was de-
termined to be 35 ◦C, while that for another type of PPO isoenzyme was 30 ◦C [57]. The
optimal temperature for PPO in tea leaves is similar to that for some other plants, such as
Dioscorea alata [75], Terfezia arenaria [76], and Salacca zalacca [77].

4.3. Molecular Weight of PPO

The molecular weight of PPO in tea leaves has been reported to range from 15 to
97 kDa [56,78]. Currently, there are 36 protein sequences of PPO from Camellia sinensis,
which can be retrieved from the NCBI database, most of which have 599 amino acids. Based
on the number of amino acids, it has been inferred that the molecular weight of most PPOs
from Camellia sinensis is approximately 66 kDa. The PPO from Camellia sinensis var. Lapsang
souchong was isolated from a black tea infusion, and its molecular weight was determined
to be 66 kDa [56]. Five ppo genes from five cultivars of Camellia sinensis were expressed in
E. coli BL21, and all of the five recombinant PPOs obtained exhibited molecular weights of
66 kDa [79].

Due to the presence of many PPO isoenzymes in tea plants, there are differences
in the molecular weight of PPO reported in different studies. Two PPO isozymes were
isolated from tea leaves [51], and their molecular weights were found to be 42 and 85 kDa,
respectively. There are also differences in the molecular weight of PPOs derived from
different plants. PPO in Pueraria lobata was purified [80], and its molecular weight was
determined to be 21 kDa via SDS-PAGE. The molecular weight of PPO from Huaniu
Apples [81] was determined to be 140 kDa using native-PAGE and SDS-PAGE, but on
the basis of urea-SDS-PAGE, it was found to be 61 kDa, which indicates that it may be a
dimer. The high abundance of the PPO homodimer suggests that it may be involved in
proanthocyanidins polymerization, which leads to the formation of the dark-red skin of
apples. However, it has not been reported whether PPO from Camellia sinensis is a polymer.

4.4. Substrate Specificity of PPO

The substrates used for PPO include catechol, 4-methyl catechol, catechins, pyrogallol,
and gallic acid [6,7]. Among them, catechol is the most widely used substrate. Eight sub-
stances were used to test the substrate specificity of purified PPO [69]. Among them, three
substances—p-quinol, p-cresol, and tyrosine—cannot be catalyzed by PPO; meanwhile,
the other five substances—catechin, epicatechin, catechol, pyrogallol, and gallic acid—can
be used as substrates for PPO. The Km value for catechin is the lowest, indicating that it
has the highest affinity with PPO. Altunkaya [68] found that PPO not only had the highest
affinity for catechin, but it also had the highest catalytic efficiency toward it, taking into
account the highest Vmax/Km ratio. There is a significant difference in substrate specificity
between PPO from tea leaves and other plants. PPO from Irvingia gabonensis [82] was found
to show preference toward catechol, with a relative activity of 100%; on the other hand, it
had lower catalytic activity toward catechin, with a relative activity of 77.1%.

4.5. Activators and Inhibitors of PPO

Due to the presence of two Cu2+ binding regions in the active center of PPO, Cu2+ is
considered an activator of PPO [83]. Testing of the effect of different Cu2+ concentrations
on the activity of Camellia sinensis PPO [78] showed that it had the highest catalytic activity
when the Cu2+ concentration was 10−7 M. Although SDS, urea, and surfactants have been
reported to activate some plant PPOs [5,84], they are considered to have no activating effect
on Camellia sinensis PPO [69]. The purified PPO and crude enzyme extracts from tea leaves
were treated with SDS (0.1–5 mM) and urea (0.5–2 M), but no activation effect was detected.
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The inhibitors of Camellia sinensis PPO include sodium metabisulfite, sodium sulfite,
ascorbic acid, EDTA, cysteine, citric acid, and oxalic acid [23,28]. However, there are
differences in the inhibitory effects of inhibitors on PPO from different tea leaves. The
inhibitory effect of cysteine on PPO from Camellia sinensis var. Lapsang souchong [56] was
found to be stronger than that of ascorbic acid, while ascorbic acid was found to be the
most effective inhibitor of PPO from Turkish tea leaves [68], followed by cysteine. Both
cysteine and ascorbic acid have been determined as competitive inhibitors of PPO.

5. Application of PPO

Controlling the PPO activity in tea processing greatly affects its quality, especially in
tea with high fermentation levels, such as black tea and dark tea. In addition, PPO is widely
used in the in vitro synthesis of theaflavins.

5.1. The Role of PPO in Tea Processing

As shown in Table 4, there is a substantial difference between PPO in black tea
processing and dark tea processing. In black tea processing, PPO comes from endogenous
enzymes in fresh tea leaves. However, endogenous enzymes are inactivated in the first step
in the processing of dark tea, while PPO is produced by micro-organisms in subsequent
processes. The catalytic effect of PPO is present in the fermentation of black tea and in
the pile fermentation of dark tea. In addition, the products of PPO oxidation are mainly
theaflavins and thearubigins in black tea, but theabrownines in dark tea.

5.1.1. Black Tea

Black tea is fully fermented tea, and during its processing, it produces theaflavin pig-
ments through enzymatic oxidation of catechins, forming its unique color and aroma [85].
PPO is a key enzyme in the enzymatic oxidation of black tea, and its enzyme activity
dynamically changes during processing. In black tea processing, PPO activity increases
during withering and rolling processes, while it decreases during fermentation and drying
processes. PPO activity was found to increase with the prolongation of withering time
during withering [86]; at the end of withering, PPO activity reached a level, which was
2.9 times that of fresh leaf PPO activity. Rolling can cause damage to the tea leaves through
external forces, resulting in polyphenolic compounds, endogenous PPO, and other compo-
nents leaking into the leaf epidermis and coming into full contact with oxygen and other
substances. PPO activity was found to reach its highest level during the rolling process [87].
Fermentation is a key process in forming the quality characteristics of black tea, which is
essentially a chemical change process, which occurs through enzymatic or non-enzymatic
oxidation reactions with polyphenolic compounds. The fermentation process of black tea is
influenced by various factors, such as oxygen [88], temperature [89], humidity [85], and
fermentation time [90]. Oxygen [88] was found to be the key factor limiting the oxidation
rate of polyphenols in regular black tea fermentation. A low fermentation temperature [89]
was beneficial to promoting the accumulation of theaflavins and thearubigins. Under
different temperature conditions, it was found that PPO activity in all samples decreased
significantly with fermentation [91]. Drying rapidly deactivates various enzymes in tea
due to the high temperature [92].

Enhancing PPO activity in black tea processing is an effective way of improving the
quality of black tea. Comparing the processing of fresh tea leaves from different varieties,
seasons, and regions for Congou Black Tea [93], it was found that the black tea obtained
from processing fresh tea leaves with high PPO activity had a higher content of theaflavins.
It was found that oxygen was consumed in large quantities during the processing of black
tea [94]. Compared with traditional fermentation methods, a new dynamic fermentation
method has been developed, which effectively improves PPO activity by increasing the
oxygen content during the fermentation process [95], thereby promoting the formation of
theaflavins and thearubigins and improving the quality of black tea. Moreover, oxygen-
enriched fermentation [96] was found to improve the taste of black tea and promote the
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oxidation of catechins, flavonoid glycosides, and some phenolic acids. In addition, adding
exogenous PPO [97,98] to black tea processing improves the color and aroma of its tea soup
and also increases the content of theaflavins.

Table 4. Comparison of PPO in black and dark tea processing.

Tea Category PPO Source Enzyme-Catalyzed Process Products References

Black tea Endogenous enzymes
in fresh tea leaves Fermentation Theaflavins and

thearubigins [14,85]

Dark tea Microbial secretion Pile fermentation Theabrownines [99–101]

5.1.2. Dark Tea

Dark tea is a type of post-fermented tea [99]. As shown in Figure 2, the processing of
black tea mainly includes fixation, primary rolling, pile fermentation, second rolling, and
drying. During the fixation process, the endogenous enzymes in tea leaves are inactivated.
The key process in dark tea processing is pile fermentation. In this process, micro-organisms
proliferate in large numbers and secrete extracellular enzymes, such as PPO, protease, and
cellulase, which form the unique flavor and quality of dark tea [100]. During the processing
of Fuzhuan brick tea [101], there is a trend in PPO activity to initially increase and then
decrease, which is significantly correlated with the growth curve of Eurotium cristatum. It
was found that adding exogenous PPO to the pile fermentation of Pu-erh tea [102] can
accelerate its fermentation, shorten the fermentation cycle, and improve its quality.

Figure 2. Primary processing of dark tea.

5.2. Synthesis of Theaflavins by PPO

Theaflavins are a type of plant pigment formed by the oxidation and condensation
of catechins [103], which have various health benefits [104], such as anti-obesity, anti-
inflammatory, and anti-cancer properties. Theaflavins are a key quality component of black
tea and are mainly present in four forms (Figure 3): theaflavin (TF1), theaflavin-3-O-gallate
(TF2a), theaflavin-3′-O-gallate (TF2b), and TF-3,3′-di-O-gallate (TF3) [104]. Catechins are
first oxidized by PPO enzyme to form quinones, which are further oxidized to form
theaflavins through non-enzymatic oxidation. However, TFs only account for about 1% of
the dry weight of black tea, and the direct extraction cost is too high. Therefore, enzymatic
oxidation through PPO in vitro is a more efficient and economical method for producing
theaflavins [105,106]. Two types of PPO isoenzymes were isolated from fresh tea leaves
and used for in vitro synthesis of theaflavins [51]. Among them, one PPO isoenzyme only
resulted in the synthesis of simple TF, while the other isoenzyme could synthesize four
types of TFs. Recombinant expression through micro-organisms is an important method
for obtaining tea plant PPO [107]. Four tea plant PPO isoenzymes were prepared via
recombinant expression in E. coli [108]. Although most of the recombinant enzymes exist
as inclusion bodies, they can still efficiently catalyze the synthesis of TF3.
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Figure 3. The formation of four theaflavins (TF1, TF2a, TF2b, and TF3) [104].

6. Conclusions and Perspectives

In this study, the isolation, purification, properties, and applications of tea plant PPO
were systematically reviewed. The methods for extracting PPO from fresh tea leaves include
acetone extraction, buffer extraction, and surfactant extraction, and their advantages and
disadvantages were compared. The crude separation and fine purification methods of
PPO and their purification effects were introduced in detail. The characterizations of PPO
from different sources of tea plants were systematically compared in terms of optimal pH,
optimal temperature, molecular weight, substrate specificity, and activators and inhibitors.
The applications of PPO in tea processing and theaflavin synthesis were summarized.

Although significant achievements have been made in the research and application of
tea plant PPO, there are still several aspects worth further investigation in the following
areas: (1) the crystal structure of tea plant PPO protein needs to be detected. Currently,
researchers have successfully purified PPO from multiple varieties of tea trees. If the
protein structure of PPO can be further detected, this will help further explore its catalytic
mechanism. (2) Further improvements are needed for the preparation of PPO through
microbial recombinant expression. Currently, the main factor restricting widespread ap-
plication of PPO is the difficulty in obtaining low-cost and highly active enzymes. The
efficient recombinant expression of PPO through genetic engineering will greatly expand
its application scope.
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37. Ioniţă, E.; Gurgu, L.; Aprodu, I.; Stănciuc, N.; Dalmadi, I.; Bahrim, G.; Râpeanu, G. Characterization, purification, and tem-
perature/pressure stability of polyphenol oxidase extracted from plums (Prunus domestica). Process Biochem. 2017, 56, 177–185.
[CrossRef]

38. Alici, E.H.; Arabaci, G. Purification of polyphenol oxidase from borage (Trachystemon orientalis L.) by using three-phase partitioning
and investigation of kinetic properties. Int. J. Biol. Macromol. 2016, 93, 1051–1056. [CrossRef] [PubMed]

39. Adeseko, C.J.; Fatoki, T.H. Isolation and partial purification of polyphenol oxidase from seed of melon (Cucumeropsis edulis).
Biointerface Res. Appl. Chem. 2021, 11, 9085–9096.

40. Schmidt, J.M.; Greve-Poulsen, M.; Damgaard, H.; Hammershøj, M.; Larsen, L.B. Effect of membrane material on the separation of
proteins and polyphenol oxidase in ultrafiltration of potato fruit juice. Food Bioprocess. Technol. 2016, 9, 822–829. [CrossRef]

41. Çınar, F.; Aksay, S. Purification and characterization of polyphenol oxidase from myrtle berries (Myrtus communis L.). J. Food Meas.
Charact. 2022, 16, 2282–2291. [CrossRef]

42. Li, F. Purification, kinetic parameters, and isoforms of polyphenol oxidase from “Xushu 22” sweet potato skin. J. Food Biochem.
2020, 44, e13452. [CrossRef]
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Abstract: Chrysanthemum tea, a typical health tea with the same origin as medicine and food, is famous
for its unique health benefits and flavor. The taste and sensory quality of chrysanthemum (Juhua) tea
are mainly determined by secondary metabolites. Therefore, the present research adopted untargeted
metabolomics combined with an electronic tongue system to analyze the correlation between the
metabolite profiles and taste characteristics of different varieties of chrysanthemum tea. The results
of sensory evaluation showed that there were significant differences in the sensory qualities of five
different varieties of chrysanthemum tea, especially bitterness and astringency. The results of principal
component analysis (PCA) indicated that there were significant metabolic differences among the five
chrysanthemum teas. A total of 1775 metabolites were identified by using untargeted metabolomics
based on UPLC-Q-TOF/MS analysis. According to the variable importance in projection (VIP)
values of the orthogonal projections to latent structures discriminant analysis (OPLS-DA), 143 VIP
metabolites were found to be responsible for metabolic changes between Huangju and Jinsi Huangju
tea; among them, 13 metabolites were identified as the key metabolites of the differences in sensory
quality between them. Kaempferol, luteolin, genistein, and some quinic acid derivatives were
correlated with the “astringency” attributes. In contrast, l-(-)-3 phenyllactic acid and L-malic acid
were found to be responsible for the “bitterness” and “umami” attributes in chrysanthemum tea. Kyoto
Encyclopedia of Genes and Genomes pathway enrichment analysis showed that the flavonoid and
flavonol biosynthesis pathways had important effects on the sensory quality of chrysanthemum tea.
These findings provide the theoretical basis for understanding the characteristic metabolites that
contribute to the distinctive sensory qualities of chrysanthemum tea.

Keywords: chrysanthemum (Juhua); tea; metabolomics; sensory quality; LC-MS; electronic tongue

1. Introduction

Dietary herbal teas, defined as water-based immersions or decoctions prepared with
herbal ingredients, have been used in healthcare and as part of a healthy diet [1]. As a tra-
ditional medicine- and food-homologous plant, Chrysanthemum morifolium Ramat. (Juhua)
has been used for over 3000 years as a herbal tea-based drink, the third-most widely con-
sumed drink after tea and coffee [2]. Notably, drinking chrysanthemum tea or beverages was
thought to have similar preventive or therapeutic effects on high blood pressure, sore throat,
and eye diseases [3]. Modern pharmacological studies have shown that flavonoids, antho-
cyanins, alkaloids, phenolic acids, and other phytochemicals in chrysanthemum, which have
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antimicrobial, antioxidant, anti-inflammatory, anti-cancer, anti-obesity, nerve-protective,
and other functions, provide a theoretical basis for the development of chrysanthemum tea
and its deeply processed products [4]. However, the literature on chrysanthemums mainly
focuses on the biological activity, vegetative propagation, and cultivation technology of
medicinal chrysanthemum [5]. In contrast, there are few reports on edible chrysanthemum’s
flavor and sensory qualities in dietary herbal teas.

The taste and sensory qualities of chrysanthemum (Juhua) tea are mainly determined
by secondary metabolites, such as flavonols, anthocyanins, amino acids, alkaloids, and
organic acids [6]. Generally, the variety, region, climate, soil type, and production process
of chrysanthemum tea determine its sensory qualities, related to its chemical composition [7].
At present, many researchers have systematically analyzed the flavor components of edible
chrysanthemum using GC-MS, HS-GC-IMS, GC-O, HPLC, sensory evaluation, and other
methods [8–10]. However, to the best of our knowledge, numerous studies on the sensory
qualities and flavor substances of edible chrysanthemum have some problems, such as a
single method and lack of multi-omics research [11]. In addition, few studies have been
conducted on the core metabolites that influence the sensory qualities of chrysanthemum tea.

Metabolomics, as a method of omics, is the science of studying the species, quantity, and
changes of metabolites (endogenous metabolites) with molecular weights less than 1500 Da
caused by the response of organisms to external stimuli, pathophysiological changes, and
gene mutations [12]. Through plant metabolomics, a variety of analysis platforms can be used
to study the metabolites of different plant samples after physical or chemical treatment and
obtain different meanings, including geographical traceability, food processing, biological
activity, etc. [1,13]. In addition, as an intelligent instrument to simulate human taste, electronic
tongue systems have been reported to be able to quantitatively and qualitatively analyze the
taste of different foods and Chinese herbs [14–16]. Thus, the combined analysis of untargeted
metabolomics and food flavomics based on LC-MS/MS and an electronic tongue is an excellent
method to establish the relationship between chrysanthemum tea’s chemical constituents and
sensory qualities. However, as far as we know, this multi-omics analysis has not been applied
to reveal the key flavor metabolites of different varieties of chrysanthemum tea.

The chemical composition, metabolites, and taste of chrysanthemum (Juhua) tea may
vary somewhat depending on its variety [17]. The objective of this study builds on previous
studies [15]. It aims to compare the metabolites and sensory qualities of five different
varieties of chrysanthemum tea by using LC-MS-based untargeted metabolomics combined
with electronic tongue analysis, investigating key differential metabolites associated with
sensory quality differences in chrysanthemum tea. Importantly, the implementation of this
study offers a high-resolution marker for the sensory quality evaluation of chrysanthemum
tea. This study will provide insight into ascertaining the characteristic metabolites in
different varieties of chrysanthemum tea.

2. Materials and Methods

2.1. Chrysanthemum Tea Samples

The 5 varieties of chrysanthemum tea selected in this study were selected from local
producers in Hunan, Anhui, and Hangzhou Provinces, and the 6 biological replicates were
found for each variety of chrysanthemum tea in the metabolomics study. “JinshihuangJu”
(J) and “HuangJu” (X) were selected from local producers in Yongzhou, Hunan Province;
“BaoJu” (B) and “GongJu” (G) were collected in the region of Bozhou, Anhui Province; and
”HanbaiJu”(H) was collected from Hangzhou, Zhejiang Province. Detailed information on
the chrysanthemum tea samples is provided in Figure 1.
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Figure 1. Appearance and origin of five different species of chrysanthemum. Notes: (J) JinshihuangJu;
(X) HuangJu; (H) HanbaiJu; (B) BaoJu; (G) GongJu; (F) diagram of the source of five different varieties
of chrysanthemum tea.

2.2. Sensory Evaluation for Chrysanthemum Tea Samples

Ten study participants (n = 10, 3 males and 7 females, 18–21 years of age) were
recruited from the Hunan University of Chinese Medicine’s internal student panel without
any exclusion parameters aside from being in good health, nonsmoking, and not currently
taking medication. In order to eliminate the influence of environmental factors on the
sensory evaluation results, sensory testing experiments were conducted in a single room at
20–25 ◦C and were performed in the morning (9:00 to 11:00 a.m.). According to the National
Standards of China (GB/T23776-2018) [18], all subjects were trained 4 times in 2 weeks,
and the sensory attributes used for the sensory quality evaluation of chrysanthemum tea
samples were screened and identified. Briefly, the different varieties of chrysanthemum tea
were weighed (2.00 ± 0.05 g), brewed with 150 mL of boiling water for 30 min, and then
filtered out with gauze to prepare samples to be immediately evaluated by the panel. Each
chrysanthemum tea sample was triplicated and randomly coded at room temperature, and
each sensory participant tasted a total of 15 tea samples. Each sensory participant scored the
chrysanthemum tea samples for aroma, astringent sensation, and three taste characteristics
(bitterness, umami, and sweetness). The intensity of the sensory attributes was scored
on a six-point scale from “0” (unobservable) to “5” (the strongest observable) [19,20].
Still pure water was used as a neutralizer between the chrysanthemum tea samples. All
participants signed a written informed consent form to participate in this study before the
evaluation, and the sensory panels did not communicate with each other during the whole
sensory evaluation.

2.3. Electronic Tongue Analysis for Chrysanthemum Tea Samples

The taste attributes of the five different varieties of chrysanthemum tea were determined
using a TS-sa402b electronic tongue system (Intelligent Sensor Technology Co., Ltd., Atsugi,
Japan) with wide-area selection-specific artificial lipid membrane sensors. The changes in
the membrane potential caused by electrostatic interactions or hydrophobic interactions
between various flavor substances and artificial lipid membranes were detected to evaluate
the eight sensory attributes (saltiness, bitterness, sourness, umami, umami aftertaste,
astringency, bitter aftertaste, and astringency aftertaste) of each sample. The taste sensory
index data in the samples to be tested were calculated according to the absolute value of
the lipid membrane potential of each artificial sensor on the basis of the potential of the
solution, in which the output value of the reference solution is called the tasteless point.
In this study, as shown by the tasteless blank sample, the tasteless points for different
taste components were 0, and values higher than these tasteless points were considered to
be meaningful. Specifically, the (2.00 ± 0.05 g) chrysanthemum tea sample was accurately
weighed and brewed with 150 mL of boiling water for 30 min. Then, the tea broth was
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filtered through 3 layers of gauze to obtain the sample to be cooled to room temperature
before being detected by the TS-sa402b electronic tongue system. In this study, each
sample was cycled 4 times, and the mean values of the last three cycles were used for
the statistical analysis and analyzed using TS-sa402b library search software (Intelligent
Sensor Technology Co., Ltd., Atsugi, Japan). Data collected by the electronic tongue were
calculated according to the formula as described. In order to ensure that the sensors were
working in the correct mV range, each sensor was checked before measurement, according
to the manufacturer’s instructions.

2.4. HPLC Analysis for Chrysanthemum Tea Samples

All chrysanthemum tea samples were ground separately into 100-mesh-size fine pow-
ders. A 25 ± 0.01 mg sample of each chrysanthemum tea was extracted using ultrasonic
extraction (power: 300 W, frequency: 45 kHz) (SB-5200DTD; Scientz, Ningbo, China) with
25 mL of ultrapure water at room temperature for 40 min. The available range for ex-
traction temperature was from 0 to 80 ◦C. After ultrasonic extraction, the sample was
centrifuged at 3000 rpm for 10 min to collect the supernatant. Subsequently, the sample
was shaken and filtered to obtain the filtrate through a 0.22 μm microfiltration membrane
before HPLC analysis.

The contents of chlorogenic acid, luteolin, and 3,5-O-dicaffeyl quinin acid in the
chrysanthemum tea samples were analyzed using a high-performance liquid chromatog-
raphy (HPLC) analytical method, following the Pharmacopoeia of the People’s Republic of
China. The HPLC system had pumps and an autosampler (Agilent 1260 Infinity II Prime
liquid chromatography system, Agilent Technologies, Inc., Palo Alto, CA, USA). An HPLC
column (250 × 4.6 mm, 5 μm particle size, Welch Technologies, Shanghai, China) was used.
An auto-injector injected 10 μL of the test solution into the HPLC system, and the flow
rate was 1.0 mL/min. The mobile phase consisted of mobile phase A [H2O containing
0.05% (v/v) phosphoric acid] and mobile phase B [0.1% (v/v) acetonitrile]. Additionally,
the gradient elution was as follows: 0–11 min, the gradient of phase B increased from 10%
to 18%, 11–30 min, the gradient of phase B increased to 20%, 30–40 min, the gradient of
phase B was maintained at 20% for 10 min, 40–45 min, the gradient of phase B continued
to rise to 95%, 45–60 min, and the gradient of phase B was maintained at 90% for 15 min.
Furthermore, samples (10 μL) were eluted at 0.8–1.0 mL/min, and the column oven was
kept at 30 ◦C. The HPLC chromatograms of the five different varieties of chrysanthemum tea
can be found in the Supplementary Materials (Figure S1).

2.5. Measurement of Total Polyphenols and Total Flavonoids in Chrysanthemum Tea

To determine total polyphenols and total flavonoids, 3.0 ± 0.01 g of each chrysanthemum
tea powder sample was mixed with 120 mL of distilled water in a 250 mL round-bottomed
flask and extracted at 90 ◦C for 40 min in a water bath. After extraction, each extracted
solution was centrifuged at 5000 r/min for 5 min, concentrated at 65 ◦C under reduced
pressure for 1 h, and then freeze-dried. After drying, the extracted powder was stored im-
mediately at −20 ◦C for future analysis. The total polyphenol contents of the chrysanthemum
tea samples were measured according to the Folin-Denis method. Briefly, 0.01 g of each
extracted chrysanthemum tea powder was mixed with 1.0 mL of Folin-Ciocâlteu reagent (1.0
mol/L) and reacted at room temperature for 1 min. Then, 8 mL of 10% sodium carbonate
(100 g/L) was mixed well, and the mixture was left in a dark place for 2 h. The absorbance
was measured at 760 nm using a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan).
The results were expressed as milligrams of gallic acid equivalents per gram of dry matter
(mg GAE/g), using gallic acid as a reference standard. The total flavonoid contents of the
chrysanthemum tea samples were determined according to the aluminum chloride complex
formation method and expressed as milligrams of rutin equivalents per gram of extracted
chrysanthemum tea powder in dry weight (mg RE/g).
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2.6. LC-MS/MS-Based Untargeted Metabolomics Analysis

The chrysanthemum tea samples (80 ± 0.1 mg) were immediately frozen in liquid
nitrogen and ground into fine powder with a mortar and pestle. Then, 1000 μL of
methanol/acetonitrile/H2O (2:2:1, v/v/v) was added to the homogenized solution for
metabolite extraction. The mixture was centrifuged for 20 min (14,000× g, 4 ◦C). The
supernatant was dried in a vacuum centrifuge. For LC-MS analysis, the samples were
re-dissolved in 100 μL of acetonitrile/water (1:1, v/v) as a solvent and centrifuged at
14,000× g and 4 ◦C for 15 min, after which the supernatant was injected. The untargeted
metabolomics analysis of the chrysanthemum tea samples was performed using a UHPLC
system (1290 Infinity LC, Agilent Technologies, Santa Clara, CA, USA) equipped with a
binary pump and a C18 column (2.1 mm × 100 mm, i.d., 1.8 μm, Agilent) operated at
40 ◦C. Mobile phase A consisted of 25 mmol L ammonium acetate and 0.5% formic acid
in water, and mobile phase B was methanol. Additionally, the gradient elution was as
follows: 0–0.5 min, 5% B; then B changed to 100% linearly from 0.5 to 10 min; 10–12.0 min,
B was maintained at 100%; from 12.0 to 12.1 min, B changed linearly from 100% to 5%;
12.1–16 min, B was maintained at 5%. The sample was placed in an automatic sampler at
4 ◦C during the analysis. The separated components were then detected with a quadrupole
time-of-flight device (AB Sciex TripleTOF 6600, Shanghai Applied Protein Technology Co.,
Ltd., Shanghai, China). To avoid the effects of instrument fluctuations, a random sequence
was used to analyze the samples. QC samples were inserted into the sample queue to
monitor and evaluate the stability and reliability of the data.

The ESI source parameters were set as follows: ion source gas 1 (Gas1) as 60, ion
source gas 2 (Gas2) as 60, curtain gas (CUR) as 30, source temperature 600 ◦C, ion spray
voltage floating (ISVF) ± 5500 V. In MS-only acquisition, the instrument was set to acquire
over the m/z range 60–1000 Da, and the accumulation time for the TOF MS scan was
set to 0.20 s/spectrum. In auto MS/MS acquisition, the instrument was set to acquire
over the m/z range 25–1000 Da, and the accumulation time for the product ion scan was
set to 0.05 s/spectrum. Moreover, the product ion scan was acquired using information-
dependent acquisition (IDA), with high-sensitivity mode selected. The parameters were
set as follows: the collision energy (CE) was fixed at 35 V with ± 15 eV; the declustering
potential (DP) was 60 V (+) and −60 V (−); we excluded isotopes within 4 Da; 10 candidate
ions were monitored per cycle.

2.7. Metabolomics Data Acquisition and Analysis

The TIC diagram in the ESI-positive and -negative modes for the five different va-
rieties of chrysanthemum tea is shown in Figure S2. The raw MS data were converted to
MzXML files using ProteoWizard MSConvert before importing them into the freely avail-
able XCMS plus software (https://sciex.com/cl/products/software/xcms-plus-software,
accessed on 12 March 2024) (Sciex, Framingham, MA, USA). For peak picking, the fol-
lowing parameters were used: centWave m/z = 10 ppm, peak width = c (10, 60), prefilter
= c (10, 100). For peak grouping, bw = 5, mzwid = 0.025, minfrac = 0.5 were used. The
R-package CAMERA (Collection of Algorithms for MEtabolite pRofile Annotation) was
used for annotating isotopes and adducts. In the extracted ion features, only the variables
with more than 50% of the nonzero measurement values in at least one group were kept.
Compound identification of metabolites was performed by comparing the accuracy of m/z
values (<10 ppm) and MS/MS spectra with an in-house database established with available
authentic standards.

After normalizing to total peak intensity, the processed data were analyzed using
an R package (ropls), where they were subjected to multivariate data analysis, including
Pareto-scaled principal component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA). The 7-fold cross-validation and response permutation
testing were used to evaluate the robustness of the model. Furthermore, the variable impor-
tance in projection (VIP) value of each variable in the OPLS-DA model was calculated to
indicate its contribution to the classification. In this study, metabolites with VIP values > 1.0
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were further subjected to Student’s t-test (p-value < 0.05) at the univariate level to measure
the significance of each metabolite.

2.8. Bioinformatics Analysis

The statistically significant differences in metabolites among the varieties of chrysan-
themum tea (VIP values > 1 in the OPLS-DA model and p < 0.05) were screened for
bioinformatics analysis, including hierarchical clustering analysis, correlation analysis
and pathway analysis. The hierarchical clustering analysis was also carried out us-
ing TBtools software V2.2030 (TBtools, Guangzhou, China). Moreover, the differen-
tially expressed metabolites were matched against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database by the KEGG Automatic Annotation Server (KAAS; website:
https://www.genome.jp/tools/kaas/, accessed on 30 July 2023). Values of p < 0.05 in
Fisher’s exact test were considered statistically significant.

2.9. Statistical Analysis

Each experiment was conducted in triplicate, and the results are presented as the
mean ± standard deviation. The multiple comparisons of the five varieties of chrysanthe-
mum tea groups were calculated by one-way analysis of variance (ANOVA) with Duncan’s
test for Statistics 25.0 software (IBM, Chicago, IL, USA). The hierarchical clustering analysis
was carried out using TBtools software (TBtools, Guangzhou, China). SIMCA-P 14.1 multi-
variate statistical software (Umetrics, Umea, Sweden) was specifically used for radar plot
generation, PCA, OPLS-DA, and other graphical presentations.

3. Results and Discussion

3.1. Sensory Quality of the Five Different Varieties of Chrysanthemum Tea

The differences in sensory attributes of the five different varieties of chrysanthemum
tea were detected by the electronic tongue system. As shown in Table 1, the astringency,
bitterness, and umami of the five different varieties of chrysanthemum tea were significantly
higher than the tasteless point (p < 0.05). Therefore, the astringency, bitterness, and umami
indices could be used as effective sensory indices for the five chrysanthemum tea varieties.
As a unique-scented tea health drink, chrysanthemum tea has gradually entered the field
of view of more consumers. However, chrysanthemum tea has astringency, which cannot
provide some consumers with oral pleasure, resulting in the low market recognition of
simple chrysanthemum tea products [15]. It is worth noting that astringent sensation is an
important sensory perception of chrysanthemum tea, with hydrolyzed and concentrated
tannins responsible for this property [21]. Moreover, astringent sensation, one of the
most complex oral sensations, is an important essential affecting the sensory quality of
food, tea, and other beverages [22]. The astringency index of the HuangJu sample (X)
was significantly higher than that of the other three species except for the BaoJu sample
(B) (p < 0.05). Meanwhile, the umami aftertaste of the HuangJu sample (X) was also
significantly higher than that of the other four varieties of chrysanthemum tea (p < 0.05). In
fact, astringent sensation is not a basic taste but, rather, a feeling of convergence caused
by the coagulation of proteins in the oral mucosa, which is the result of stimulating the
oral nerve endings [22]. Notably, this dry, wrinkled taste occurs when drinking tea or
consuming g other foods containing polyphenols.

In addition, the three taste qualities (including bitterness, umami, and sweetness), astrin-
gency, and aroma intensity of the five different varieties of chrysanthemum tea were quantified
using a sensory evaluation panel consisting of ten trained individuals (Table 2). The results
showed no significant differences in umami taste among the five different varieties of chrysan-
themum tea (p < 0.05), while the astringency, bitterness, and aroma of “HuangJu” (X) were
significantly (p < 0.05) higher than those of the other four species of chrysanthemum. Additionally,
the results of sensory evaluation also showed that astringency and bitterness could be used as
effective sensory attributes of chrysanthemum tea. The astringent sensation is mainly caused
by the precipitation or aggregation of polyphenols associated with proteins in saliva. In fact,
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chlorogenic acid and other phenolic acids are easily soluble in chrysanthemum tea brewing, thus
enhancing acidity and influencing the tasting process of other polyphenols [16]. Therefore,
further analysis of the main active compounds and untargeted metabolomics analysis of the
five different varieties of chrysanthemum tea were carried out.

Table 1. Determination of taste characteristics of different varieties of chrysanthemum tea by elec-
tronic tongue.

Chrysanthemum Varieties

Taste
Characteristics

JinshihuangJu (J) HuangJu (X) HanbaiJu (H) BaoJu (B) GongJu (G)

Sourness −25.02 ± 0.00 d −21.36 ± 0.09 a −24.06 ± 0.09 c −21.38 ± 0.08 a −23.36 ± 0.05 b

Bitterness 11.11 ± 0.00 b 7.36 ± 0.01 e 11.34 ± 0.01 a 9.33 ± 0.01 d 9.63 ± 0.02 c

Astringency 13.60 ± 0.00 d 15.79 ± 0.07 b 14.89 ± 0.05 c 16.79 ± 0.04 a 14.96 ± 0.03 c

Bitter Aftertaste 1.89 ± 0.00 a 0.58 ± 0.03 e 0.90 ± 0.05 c 1.03 ± 0.05 b 0.69 ± 0.02 d

Astringency Aftertaste 2.79 ± 0.00 c 3.36 ± 0.02 a 2.03 ± 0.06 e 3.00 ± 0.07 b 2.60 ± 0.02 d

Umami 11.88 ± 0.00 a 11.79 ± 0.02 a 9.55 ± 0.02 e 10.25 ± 0.01 d 10.30 ± 0.02 c

Umami Aftertaste 2.17 ± 0.00 c 3.19 ± 0.06 a 1.54 ± 0.06 e 2.33 ± 0.09 b 1.87 ± 0.01 d

Saltiness −7.32 ± 0.00 b −2.97 ± 0.03 a −13.25 ± 0.01 e −7.74 ± 0.01 c −9.82 ± 0.06 d

Standard error of means (n = 3). a–e Means within the same row with different superscripts differ significantly
(p < 0.05).

Table 2. Traditional sensory evaluation of different varieties of chrysanthemum tea.

Chrysanthemum Varieties

Sensory
Attributes

JinshihuangJu
(J)

HuangJu (X)
HanbaiJu

(H)
BaoJu (B) GongJu (G)

Bitterness 2.90 ± 0.72 b 4.13 ± 0.53 a 2.70 ± 0.60 bc 3.13 ± 0.67 b 2.23 ± 0.65 c

Astringent 2.47 ± 0.69 b 3.37 ± 0.95 a 2.33 ± 0.50 b 2.50 ± 0.45 b 2.27 ± 0.68 b

Umami 1.93 ± 0.75 a 1.47 ± 0.85 a 2.06 ± 0.93 a 1.57 ± 0.39 a 2.10 ± 0.75 a

Sweetness 1.60 ± 0.54 ab 1.07 ± 0.14 c 1.77 ± 0.57 a 1.23 ± 0.42 bc 1.93 ± 0.66 a

Aroma 2.17 ± 0.57 c 3.43 ± 0.83 a 3.07 ± 0.72 ab 2.23 ± 0.72 c 2.43 ± 0.97 bc

Each value is expressed as the mean ± SD (n = 10). a–c Different letters within a column indicate a significant
difference (p < 0.05). The taste strength of each sample was evaluated using a standard scale (0, no taste; 1 to 2,
slightly strong; 3 to 4, strong; 5, very strong).

3.2. Comparison of the Contents of Main Active Compounds

Flavonoids are phenolic compounds that are widely present in chrysanthemum tea. As
shown in Table 3, among the five different varieties of chrysanthemum tea, both total polyphenols
and total flavonoids had the highest concentrations in HuangJu (X), which were 58.91 ± 0.02 mg
GAE/g dw and 201.07 ± 0.05 mg RE/g dw, respectively, significantly higher than in the other
four kinds of chrysanthemum tea (p < 0.05). In contrast, the lowest content of phenolic acids was
found in BaoJu (B), which was significantly lower than that of the other four chrysanthemum
teas (p < 0.05). According to Tables 2 and 3, the results also confirmed that the contents of
flavonoids and polyphenols were positively correlated with bitterness and astringent sensation.
In fact, chlorogenic acid, luteolin, isochlorogenic acid, and other phenolic acids are the major
components of chrysanthemum tea [23]. Phenolic acids are responsible for chrysanthemum tea’s
distinctive color and taste, and the bioactive components contribute to its antibacterial, antiviral,
antioxidant, antihypertension, and hypolipidemic activities [24]. Notably, the astringent sen-
sation produced by drinking chrysanthemum tea is caused by the polyphenol–protein complex
reaction [25]. HuangJu (X) had the highest contents of three phenolic acids and astringent
sensation, indicating that the major bioactive substances in the five varieties of chrysanthemum
tea showed highly comparable curves with the sensory quality data. In fact, due to these
differences in variety and origin, HuangJu (X) may be quite different from other types of chrysan-
themum tea in terms of chemical compounds and sensory characteristics. Hence, follow-up
untargeted metabolomics analysis was conducted to provide in-depth information regarding
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the relationships between the characteristic metabolites and sensory qualities of chrysanthemum
tea by identifying metabolites in five different varieties.

Table 3. Contents of main bioactive substances of different varieties of chrysanthemum tea.

Chrysanthemum
Varieties

Detection Index

Chlorogenic Acid
(%)

Galuteolin
(%)

Isochlorogenic
Acid (%)

Total Flavonoid
Content

(mg GAE/g)

Total Polyphenol
(mg RE/g)

JinshihuangJu (J) 1.23 ± 0.03 c 1.82 ± 0.01 b 2.13 ± 0.04 d 116.95 ± 0.59 a 53.88 ± 0.08 b

HuangJu (X) 2.11 ± 0.01 a 2.62 ± 0.01 a 0.18 ± 0.01 e 201.07 ± 0.05 c 58.91 ± 0.02 a

HanbaiJu (H) 1.55 ± 0.02 b 0.18 ± 0.01 e 4.01 ± 0.10 b 106.76 ± 0.42 d 38.39 ± 0.08 d

BaoJu (B) 0.66 ± 0.05 e 0.67 ± 0.05 d 5.93 ± 0.02 a 100.56 ± 0.05 b 29.69 ± 0.05 a

GongJu (G) 1.01 ± 0.01 d 0.83 ± 0.02 c 4.01 ± 0.10 b 106.49 ± 0.18 d 44.37 ± 0.03 c

Standard error of means (n = 3), a–e Means within the same row with different superscripts differ significantly
(p < 0.05).

3.3. Untargeted Metabolomics Analysis

Untargeted metabolomics combined with multivariate analysis was applied to inves-
tigate the differences in metabolites between the five varieties of chrysanthemum tea, and
to identify critical metabolites responsible for metabolomic variations caused by different
varieties of chrysanthemum tea. This study identified metabolites in chrysanthemum tea sam-
ples according to the in-house database (Shanghai Applied Protein Technology, Shanghai,
China) [26]. After pre-treatment and data normalization, 1105 and 670 metabolites were
identified from the total ion chromatogram of UPLC-QTOF-MS in positive and negative
ion modes, respectively. According to their chemical taxonomy, all metabolites (identified
by combining positive and negative ions) were classified and performed on the attribution
information. The proportions of the various metabolites are shown in Figure 2, includ-
ing 473 lipids and lipid-like molecules (25.918%), 361 phenylpropanoids and polyketides
(19.781%), 184 organoheterocyclic compounds (10.082%), 173 benzenoids (9.479%), 148 or-
ganic oxygen compounds (8.11%), 109 organic acids and derivatives (5.973%), 40 alkaloids
and derivatives (2.192%), 32 nucleosides and analogs (1.753%), 26 lignans, neolignans, and
related compounds (1.425%), 21 organic nitrogen compounds (1.151%), 1 hydrocarbon
derivative (0.055%), and 257 other undefined compounds (14.082%).

Figure 2. The proportions of the various metabolites in chrysanthemum tea samples. Notes: Different
color blocks represent items belonging to different chemical classifications, and the percentage represents
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the items belonging to each chemical classification. The number of metabolites is given as a percentage
of all identified metabolites. Metabolites that have no chemical classification are defined as undefined.

The principal component analysis (PCA), partial least squares discriminant analysis
(PLS-DA), and orthogonal projections to latent structures discriminant analysis (OPLS-
DA) methods have been used to identify combinations of metabolites accounting for the
most variance, and to visualize sample cluster trends in tea [27]. All metabolites were
subjected to multivariate analysis using SIMCA-P 14.1 multivariate statistical software. As
an unsupervised data analysis method, the PCA can reflect variability between and within
sample groups. As shown in Figure 3A, when using all of the data on the metabolite ion
features of five chrysanthemum tea samples, the QCs were clustered together on the PCA
score plots, which revealed that the data variability was small. It is noteworthy that the X
(“HuangJu”) and J (“JinshihuangJu”) chrysanthemum tea samples were similar in the PCA
but were separated in PLS-DA (Figure 3A,B). In addition, these two kinds of chrysanthemum
tea samples are from the same origin in Yongzhou, Hunan Province. Therefore, to obtain
a higher level of population separation and better understand the differences between
different varieties of chrysanthemum tea, OPLS-DA was used for classification and to confirm
the separation between the “JinshihuangJu” (J) and “HuangJu” (X) tea samples in terms
of the various significant parameters. Based on OPLS-DA, the separation trends between
J and X samples showed more obvious variations (Figure 3C), and the cross-validation
with 200 permutation tests indicated that this OPLS-DA model was reliable, with the
intercepts of R2 and Q2 being 0.5555 and −0.6665, respectively (Figure 3D). Differential
metabolites of J and X samples were found by OPLS-DA, and variable importance in
projection (VIP > 1, p < 0.01) and |log2 (fold change)| values > 1.5 were used for screening.
In both positive and negative ion modes, 143 VIP metabolites were responsible for metabolic
changes between the J and X samples, including 13 metabolites, 40 flavonoids and flavone
glycosides, 31 acids, 22 ketones, 8 esters, 7 amino acids, 7 glycosides, 6 alkaloids, 6 alcohols,
and 16 other metabolites. (Table S1).

A multiple analysis was applied to visualize the differences in these critical metabolites
between the “JingshihuangJu” (J) and “HuangJu” (X) samples (Figure 4). The x-coordinate
represents the log2 FC value of the differential metabolite, and each row represents a
critical metabolite. The red and green bar charts correspond to differential metabolites up
and down, visually showing the changes in the multiple metabolic differences identified
as significant.

Polyphenols are phytonutrients, the most abundant contents in chrysanthemum tea, con-
taining flavonoids, phenolic acids, lignans, and stilbenes [3]. Isochlorogenic acid C, luteolin,
apigenin-7-glucoside, chlorogenic acid, apigenin, and cryptochlorogenic acid play important
roles in distinguishing different chrysanthemum varieties [11]. According to Figure 4, the most
abundant marker metabolites in J and X samples were flavonoids and flavone glycosides. For
example, the abundance of thunalbene, isoschaftoside, delphinidin 3-glucoside, primeverin,
genistein, astragalin, bracteatin, maritimein, apigenin, kaempferol, luteolin, naringenin-7-O-
glucoside, apigenin-7-O-glucoside, apigenin-7-O-glucuronide, naringenin, orientin, luteolin-7-
O-glucoside, baicalinEriodictyol-7-O-glucoside, and quercetin 3-O-sophoroside was upregu-
lated, while the contents of kaempferol-3,7-O-bis-alpha-L-rhamnoside, rutarensin, violanthin,
luteolin 7-O-rutinoside,3′,5-dneohesperidoside, chrysosplenetin, acacetin-7-O-rutinoside, ja-
ceidin, 5,7,3′,4′-tetrahydroxy-6,8-dimethoxyflavone, vitexin, cirsimaritin, and eupatilin were
downregulated. In fact, flavonoids and flavonoid glycosides play a central role in all aspects
of plant life, particularly in the interactions between the plant and the environment, and deter-
mine taste and biological activity [13]. The flavonoid glycoside is an important astringency
compound in chrysanthemum teas, with a velvety taste and an oral coating sensation [16].
In this study, the data of untargeted metabolomics analysis showed a correlation with the
taste index of the electronic tongue analysis, where the luteolin and apigenin had the highest
contributions to the differences between these chrysanthemum teas, as indicated by high VIP
values, which were responsible for tea infusion’s bitterness and astringency [28]. Moreover,
the abundance of luteolin and apigenin in X (“HuangJu”) samples was significantly different
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that in J (“JinshihuangJu”) samples (Figure 4, p < 0.01). Thus, the degradation of flavonols
and flavonoids in different chrysanthemum varieties may play a crucial role in forming chrysan-
themum tea’s flavor. In practice, chrysanthemum tea contains extraordinarily high levels of
flavonoids that contribute to the tea’s health benefits and flavor characteristics [29]. In fact,
phenolic compounds, such as flavonoids and isoflavonoids, are the focus of health research.
However, many flavonoids and xenoflavones have bitterness and astringency, which are
undesirable and unavoidable to consumers, hindering their use as bioactive substances in
foods and beverages [30]. Understanding edible chrysanthemum’s “bitterness and astringency
motif” might prevent the introduction of bitter taste and astringent sensation in the design of
functional foods enriched in bioactive (iso)flavonoids. Therefore, improving the bioavailability
and reducing the bitterness and astringency of chrysanthemum tea by modifying its flavonoids
without affecting its sensory quality will be one of the directions of in-depth, comprehensive
research in the future.

Figure 3. Multivariate analysis of chrysanthemum tea samples: (A) The 3D PCA of five different species
of chrysanthemum. (B) The PLS-DA plot (X vs. J), R2X = 0.751, R2Y = 0.994, Q2 = 0.979. (C) The
OPLS-DA score plot (X vs. J), R2X = 0.753, R2Y = 0.994, Q2 = 0.987. (D) Permutation plot of OPLS-DA,
R2 = (0.0, 0.5555), Q2 = (0.0, − 0.6665). Notes: (J) JinshihuangJu; (X) HuangJu; (H) HanbaiJu; (B) BaoJu;
(G) GongJu.
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3.4. Identifying the Core Metabolites

Since different metabolites coordinate their biological functions, the KEGG pathway-
based analysis would be helpful to further understand their biological function [31]. A
KEGG analysis was conducted to correlate the core metabolites identified between X and J
samples (Kyoto Encyclopedia of Genes and Genomes, http://www.kegg.jp/, accessed on
30 July 2023). The KEGG pathway enrichment analysis is based on the KEGG pathway as
the unit and the metabolic pathways involved in this species or closely related species as
the background. Fisher’s exact test was used to analyze and calculate the significance level
of metabolite enrichment in each pathway to identify the metabolic and signal transduction
pathways that were significantly affected. Additionally, the KEGG enrichment pathway
map between X and J samples is shown in Figure 5A. Most of the identified metabolites were
mainly related to flavone and flavonol biosynthesis, flavonoid biosynthesis, isoflavonoid
biosynthesis, and other pathways identified by the KEGG enrichment analysis (p < 0.05).
The important secondary metabolites, flavones, and flavonols were also detected in all
chrysanthemum cultivars.

The flavonoid biosynthesis pathway has been extensively investigated in different
chrysanthemum species [32]. Flavonols belong to polyphenols, which mainly exist as gly-
cosides in chrysanthemum tea, contributing to the tea’s bioactivities, bitterness, and as-
tringency [33]. Considering the detection of flavonoids in chrysanthemum and previous
studies on flavonoid biosynthesis pathways [34], a hypothesized chrysanthemum biosynthe-
sis pathway was detected for flavonoids and flavonols (Figure 5B). As shown in Figure 5B,
this pathway includes the mutual synthesis and transformation of apigenin, luteolin, two
flavonoid components (glycosides), and their derivatives, along with the mutual synthesis
and transformation of kaempferol, quercetin, myricetin, three flavonol components, and
their derivatives. At the same time, apigenin and kaempferol can also be synthesized and
transformed through the flavonoid biosynthesis pathway. To facilitate the observation of the
expression of different metabolites annotated in the KEGG metabolic pathway, heatmaps of
the different metabolites in the flavone and flavonol biosynthesis pathways were plotted, as
shown in Figure 5C. Furthermore, quinic acid, genistein, 5-O-caffeoylshikimic acid, luteolin,
apigenin, kaempferol, and naringenin were found to be the top marker metabolites for
X (“HuangJu”) samples, where they were significantly more abundant than in J (“Jing-
shihuangJu”) samples. D-malate, tryptophan, L-(-)-3-phenyllactic acid, L-malic acid, and
proline were found to be the top marker metabolites for J (“JinshihuangJu”) samples, where
they were significantly abundant than in X (“HuangJu”) samples.
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Figure 5. Identifying the core metabolites: (A) The KEGG enrichment pathway bubble map between
X and J samples. (B) The flavone and flavonol biosynthesis pathways. (C) Heatmap analysis of
critical metabolites in the flavone and flavonol biosynthesis pathways. (D) Associations between
taste characteristics and metabolite data. Note: (A) Each bubble in the figure represents a metabolic
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pathway (the top 20 with the highest significance were selected according to p-value). The horizontal
coordinate where the bubble is located and the bubble size represent the influence factor size of the
path in the topology analysis, and the larger the size, the larger the influence factor. The vertical
coordinate where the bubble is located and the bubble color represent the p-value of enrichment
analysis (take the negative common logarithm, i.e., −log10 p-value); the darker the color, the smaller
the p-value, and the more significant the enrichment degree; the enrichment factor represents the
proportion of the number of differential metabolites in this pathway in the total number of annotated
metabolites in this pathway. (B) The small circular nodes in the metabolic pathway diagram represent
metabolites; the metabolites labeled in red are the significantly upregulated differential metabolites
detected in the experiment (VIP > 1, p < 0.05, fold change > 1), while the metabolites labeled in
blue are the significantly downregulated differential metabolites detected experimentally (VIP > 1,
p < 0.05, fold change > 1). The depth of the color indicates the degree of downward adjustment.

Numerous studies have shown that flavonols and flavones are key contributors to tea
infusions’ astringency and bitterness and can also significantly enhance the bitterness of
caffeine [35,36]. Therefore, to statistically calculate the relationship between core metabolite
compounds and taste intensity, Spearman’s correlation analysis coefficient was utilized, as
shown in Figure 5D. There was a significant correlation between sensory characteristics
(astringency and bitterness) and some core metabolites. According to Figure 5D, 13 core
metabolites were found for the first time that could be used as quick markers for the
difference in taste between the X (“HuangJu”) and J (“JinshihuangJu”) chrysanthemum
teas, including 5-O-caffeoylshikimic acid, apigenin, D-glucosamine, D-malate, genistein,
kaempferol, L-(-)-3-phenyllactic acid, L-malic acid, luteolin, naringenin, proline, quinic
acid, and tryptophan. The main astringency contributors with tight correlations were
kaempferol, luteolin, genistein, and some quinic acid derivatives. As the more common
taste characteristics of chrysanthemum tea, these key metabolites can form various flavonol
glycosides with various sugar groups to bring an astringent and convergent taste to the
tea [16]. Most noteworthy, astringency is a tactile sensation caused by the interaction of
astringent substances (such as polyphenols) with salivary proteins, resulting in protein
precipitation and decreased lubrication in the mouth. Saliva was proven to be an oxidative
agent that leads to the formation of corresponding phenolic acids [37,38]. As important
bitter and astringent compounds, phenolic acid derivatives dissolve easily during oral
processing, thus enhancing acidity and affecting the taste of other polyphenols. Therefore,
studies on the flavonol metabolism of chrysanthemum tea should take into consideration that
the decomposition of flavonols starts in the oral cavity. Furthermore, L-(-)-3 phenyllactic
acid and L-malic acid were found to be bitter compounds in chrysanthemum tea. Inter-
estingly, these compounds are also associated with the umami flavor of chrysanthemum
tea. Umami substances have been proposed in human sensory evaluation to inhibit the
bitter taste of various chemicals [39]. However, bitterness and astringency are generally
undesirable; still, they are important for providing the complex sensory perceptions of
chrysanthemum teas. Therefore, all of these are essential tasting elements of a delicious
drink. According to Tables 1 and 2 there was no significant difference in umami taste
between J (“JinshihuangJu”) samples and X (“HuangJu”) samples (p > 0.05). In contrast,
they obviously differed in bitterness and astringency (p < 0.05). Metabolic pathway analysis
(Figure 5A,B) showed significant differences in flavonoid metabolism levels between the
two varieties of chrysanthemum tea, which may be the reason for the difference in taste
quality between the two varieties. In fact, the taste of chrysanthemum tea is closely related
to some core chemical constituents, as shown in Figure 5D, and forms sensory qualities.
Therefore, this study advances our understanding of metabolic changes, bitter taste, and
astringent sensation in different varieties of chrysanthemum tea, and these data provide a
theoretical basis for the control of sensory qualities.
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4. Conclusions

Chrysanthemum tea is rich in many secondary metabolites related to its sensory qualities.
This study used an untargeted metabolomics and sensory evaluation method based on UPLC-
QTOF-MS and an electronic tongue to investigate key differential metabolites associated
with sensory quality differences among five chrysanthemum (Juhua) tea varieties. A total of
1775 metabolites were identified in five varieties of Chrysanthemum tea by using UPLC-Q-
TOF/MS analysis. The PCA, PLS-DA, and OPLS-DA results indicated significant differences
in metabolome between X (“HuangJu”) samples and J (“JinshihuangJu”) samples.

To the best of our knowledge, this is the first report to reveal key taste metabolites of
chrysanthemum tea. Of these metabolites, the contents of 13 key taste metabolites could be
used for the first time as quick markers of the differences in taste between the X (“HuangJu”)
and J (“JinshihuangJu”) chrysanthemum teas. Kaempferol, luteolin, genistein, and some
quinic acid derivatives were correlated with the “astringent” attributes, while l-(-)-3 phenyl-
lactic acid and L-malic acid were found to be responsible for the “bitterness” and “umami”
in chrysanthemum tea. Additionally, KEGG pathway enrichment analysis showed that there
were significant differences in flavonoids’ metabolism levels between X (“HuangJu”) and
J (“JinshihuangJu”) chrysanthemum tea samples, and the pathways involved in flavonoid
metabolism had important effects on the sensory qualities of different chrysanthemum tea
varieties. Notably, this study enriches our understanding of the relationships between
the key metabolites and the bitterness and astringency of chrysanthemum tea varieties.
Untargeted metabolomics combined with electronic tongue analysis based on LC-MS can
be effectively used to evaluate the differences in the sensory qualities of different varieties
of chrysanthemum tea cultivars, which is essential for improving the quality of the finished
chrysanthemum tea and the effective utilization of edible chrysanthemum. Further studies
are ongoing in the authors’ lab, focusing on the formation mechanism of the key flavor
components and the functional components in chrysanthemum tea during oral processing.
We hope to report more about these advancements in the future.
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Abstract: Chamomile has become one of the world’s most popular herbal teas due to its unique
properties. Chamomile is widely used in dietary supplements, cosmetics, and herbal products. This
study aimed to investigate the volatile aromatic components in chamomile. Two analytical techniques,
gas chromatography–mass spectrometry (GC-MS) and an ultra-fast gas chromatography electronic
nose, were employed to examine samples from Xinjiang (XJ), Shandong (SD), and Hebei (HB) in
China, and imported samples from Germany (GER). The results revealed that all chamomile samples
contained specific sesquiterpene compounds, including α-bisabolol, bisabolol oxide, bisabolone
oxide, and chamazulene. Additionally, forty potential aroma components were identified by the
electronic nose. The primary odor components of chamomile were characterized by fruity and spicy
notes. The primary differences in the components of chamomile oil were identified as (E)-β-farnesene,
chamazulene, α-bisabolol oxide B, spathulenol and α-bisabolone oxide A. Significant differences in
aroma compounds included geosmin, butanoic acid, 2-butene, norfuraneol, γ-terpinene. This study
demonstrates that GC–MS and the ultra-fast gas chromatography electronic nose can preliminarily
distinguish chamomile from different areas, providing a method and guidance for the selection of
origin and sensory evaluation of chamomile. The current study is limited by the sample size and it
provides preliminary conclusions. Future studies with a larger sample size are warranted to further
improve these findings.

Keywords: Matricaria chamomilla; HERACLES Neo; GC-MS; flavor; volatile components

1. Introduction

Chamomile (Matricaria chamomilla L.) is one of the most important, widely used
aromatic and medicinal plants, belonging to the Asteraceae family. It has been used
both as food and medicine for its aroma, anti-inflammatory, analgesic, and antibacterial
properties [1,2]. Its extracts, oils, and teas are utilized worldwide to treat various ailments,
including stomach issues, spasms, dermatitis, chronic headaches, constipation, anhidrosis,
joint swelling, and urinary system diseases [3,4]. Chamomile is also used in skincare and
cosmetic products, such as face creams, shampoos, and conditioners. Additionally, it is
employed in traditional medicines of Asian countries including India, China, and Japan. In
Chinese traditional medicine, it is incorporated into proprietary medicines [5]. Chamomile
is widely cultivated, primarily in Eastern Europe, North America, South America, and
parts of Asia. Market assessments forecast that global demand for chamomile will exceed
USD 400 billion by 2025 [6].

The most commonly used components of chamomile are its essential oils, which
promote relaxation and provide calming effects on the nervous system. Additionally,
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its aromatic components are extracted for flavoring beverages and as additives in per-
fumes [7,8]. Chamomile’s volatile organic compounds (VOCs), mainly consisting of
monoterpenes and sesquiterpenes, include bisabolol and its oxides, chamazulene, far-
nesene, and cineole. These components are primarily found in the volatile oil and have
calming, antidepressant, and antimicrobial effects, underscoring their substantial market
value and research significance [9]. Research on chamomile’s volatile components typically
utilizes gas chromatography–mass spectrometry (GC-MS), requiring extraction of volatile
oils and involving tedious sample preparation and time-consuming analysis [10]. However,
this method lacks the capability to accurately gauge or describe the aroma [11]. Volatile
components influence the quality of floral teas, with aromatic teas generally scoring higher
in sensory evaluations [12,13]. In addition to traditional olfactory sensory evaluations,
ultra-fast gas chromatography electronic noses (E-noses) have been used in the sensory
evaluation of food and pharmaceuticals [14]. These devices can identify unknown odor
types and qualitatively analyze volatile components within 1–3 min. Research on dry
ginger’s odor components revealed that its overall aroma is spicy and fragrant, aligning
with its sensory evaluation [15]. Additionally, the high-temperature extraction of volatile
oils often degrades thermosensitive metabolites through carbocation formation or con-
certed cyclic rearrangements into their structural analogs, altering the composition [16,17].
Therefore, developing a rapid, non-destructive method for analyzing and describing the
aroma of chamomile is essential for assessing its overall aroma information and quality.

This study employed gas chromatography–mass spectrometry (GC-MS) and ultra-fast
gas chromatography electronic nose technology to analyze the volatile oil components and
aroma profiles of chamomile. This is the first study to use an electronic nose to analyze
the aroma of chamomile. These results provide a comprehensive analysis of chamomile’s
volatile components, contributing to a better understanding of its aroma compounds and
sensory evaluations.

2. Materials and Methods

2.1. Instruments and Reagents

The HERACLES Neo ultra-fast gas chromatography electronic nose (Alpha Mos,
Toulouse, France), equipped with a PAL RSI automatic headspace sampler, MXT-5 non-
polar capillary column, and MXT-1701 medium-polarity capillary column, was used for
the aroma analysis of chamomile. Additionally, the GA-380N low-noise air pump and the
GH-380 high-purity hydrogen generator (Beijing Zhong Xing Hui Li Technology Devel-
opment Co., Ltd., Beijing, China) were utilized for the analysis. The Agilent 7890B gas
chromatograph and Agilent 7000C triple quadrupole mass spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA) were used for gas phase and mass spectrometric analysis of
chamomile volatile oils.

An electronic analytical balance (AUX220, Shimadzu Corporation, Kyoto, Japan)
was used for weighing. Sample drying was performed using an electric hot air oven
(9140A DHG, Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai, China). A
temperature-regulated electric heating mantle (PTHW3000 mL, Gong Yi Yu Hua Instru-
ments Co., Ltd., Gongyi, China) was employed for the heating process. The SAGA-10TY
laboratory ultrapure water system (Nanjing EasyPure Development Co., Ltd., Nanjing,
China) provided ultrapure water for the experiments.

Mixed reference substances used in the experiment included n-alkanes (lot A0168401,
containing 0.02–53.27 g of normal alkanes (C6–C16) per 100 g, Restek Corporation, Belle-
fonte, PA, USA), and a C7-C40 mixed standard (lot number S08HB193959, Shanghai Yuan
Ye Co., Ltd., Shanghai, China). The n-hexane (lot K2212140) and n-hexadecane (lot J1217041)
were sourced from Aladdin Chemical Reagents Co., Ltd., Nanjing, China, and the anhy-
drous sodium sulfate (lot 1503023670) was obtained from Nanjing Chemical Reagents Co.,
Ltd., Nanjing, China.
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2.2. Chamomile Samples

A total of 15 chamomile samples were collected in 2023 from major chamomile-
producing areas in China. The samples originated from Xinjiang (XJ), Shandong (SD), and
Hebei (HB), with geographical coordinates ranging from 80◦09′ to 121◦00′ East and 35◦35′
to 49◦10′ North (Figure 1). The German samples consisted of three different brands of
chamomile collected in Germany. Each chamomile sample was ground into a fine powder
using a high-speed grinder, and passed through a No. 1 sieve (850 μm ± 29 μm) as specified
in the Chinese Pharmacopoeia for experimental use.

Figure 1. Regional information of chamomile from China (SD: Shandong; XJ: Xinjiang; HB: Hebei);
CN: Samples from China; GER: Samples from Germany.

2.3. Determination of Volatile Oil Content

The method is based on the determination of volatile oil content as described in
the Chinese Pharmacopoeia, with modifications [18]. Approximately 75 g of the sample
(equivalent to 0.5 to 1.0 mL of volatile oil) were weighed and placed in a round-bottom
flask. Then, 1500 mL of ultrapure water (or an appropriate amount) and a few zeolites
were added. After shaking and mixing, the flask was connected to a volatile oil determiner
and a reflux condenser. Water was added from the top of the condenser until it filled the
scale part of the volatile oil determiner and overflowed into the flask. The mixture was
then slowly heated to boiling with a temperature-regulated electric heating mantle and
maintained at a consistent boil for 4 h [19]. The piston at the bottom of the determiner was
opened after a short pause, and water was slowly released until the top of the oil layer
reached 5 mm above the zero mark on the scale. The piston was opened again to lower the
oil layer until its upper end was level with the zero mark, after the solution had been left to
stand for 1 h. The volume of volatile oil was then read, and the content (%) of volatile oil in
the test sample was calculated.

2.4. Volatile Oil GC–MS Analysis

55 μL of hexadecane was diluted to 50 mL with n-hexane to serve as the internal
standard solution. Chamomile essential oil was dried over anhydrous sodium sulfate
for the test sample solution. An amount of 10 μL of the essential oil was then extracted
and diluted to 1 mL with the internal standard solution, serving as the sample solution
for analysis.

The gas chromatographic conditions were based on the method described by Elahe
Piri et al., with some modifications [20]: split mode injection with an injection volume of
1 μL, carrier gas helium (purity 99.999%) at a flow rate of 1.0 mL/min, injector temperature
250 ◦C, and split ratio 30:1. The oven temperature program started at 50 ◦C, held for 3 min,
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then increased at 5 ◦C/min to 250 ◦C, and held for 5 min. The total GC runtime was
48 min. The chromatographic column used was an Agilent 19091S-433I HP-5ms Inert, with
temperature limits of 0 ◦C to 325 ◦C (maximum 340 ◦C): 30 m × 250 μm × 0.25 μm.

The mass spectrometry conditions were as follows: the ionization method was electron
ionization (EI) with a quadrupole temperature of 150 ◦C, ion source temperature of 230 ◦C,
mass scan range m/z 30.0 to 500.0 amu, interface temperature 280 ◦C, and full scan mode
at an electron energy of 70 eV.

2.5. Ultra-Fast Gas Chromatography Electronic Nose Analysis
2.5.1. Single-Factor Investigation

Sample Quantity: The injection volume was set at 3000 μL, with an incubation temper-
ature of 60 ◦C and an incubation time of 20 min. The impact of different quantities (0.2 g,
0.3 g, 0.4 g, 0.5 g, 1.0 g) of the same chamomile sample (ID S-7) on the chromatographic
peak area was investigated. Results indicated that the peak area increased with the sample
quantity. No noticeable increase in peak area was observed for sample quantities of 0.5 g or
1 g. Therefore, a sample weight of 0.5 g was selected based on the relationship between
sample weight and peak area.

Injection Volume: A 0.5 g sample of chamomile was analyzed, with the incubation
temperature set at 60 ◦C and the incubation time at 20 min. The effect of different injection
volumes (1000 μL, 2000 μL, 3000 μL, 4000 μL, 5000 μL) on the odor chromatographic peak
area was examined. Results showed that peak area increased with the injection volume,
thus the chosen injection volume was 5000 μL.

Incubation Temperature: A 0.5 g sample of chamomile was analyzed, with an incuba-
tion time of 20 min and an injection volume of 5000 μL. The impact of various incubation
temperatures (40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C) on the odor chromatographic peak area was
explored. As the temperature increased, the chromatographic peak response gradually
increased. Chamomile contains aromatic volatile oils, and lower temperatures are closer to
real environmental conditions. According to the instrument’s instructions, temperatures
below 50 ◦C are considered low. The maximum chromatographic peak response was
observed at 50 ◦C, so the incubation temperature was set at 50 ◦C.

Incubation Time: A 0.5 g sample of chamomile was analyzed, with an incubation
temperature of 50 ◦C and an injection volume of 5000 μL. The influence of different
incubation times (10 min, 15 min, 20 min, 25 min, 30 min) on the odor chromatographic
peak area was assessed. The results demonstrated that the peak area became saturated and
stable at an incubation time of 20 min. Therefore, the chosen incubation time was 20 min.

2.5.2. Sample Analysis

A 0.5 g sample of chamomile was placed in a 20 mL headspace vial specifically
designed for electronic nose analysis and sealed with a PTFE gasket. The HERACLES Neo
Analyzer is an advanced, fast gas-phase electronic nose with a built-in pre-concentration
trap [21], unlike the standard metal oxide semiconductor (MOS) electronic noses, which
rely on metal oxide sensors. Initially, each sample is placed in an incubator to concentrate
the volatile components in the gas phase of the headspace vial until equilibrium is reached.
The gaseous sample is then transferred to the pre-concentration trap, where the captured
components are quickly released and separated in the MXT-5 and MXT-1701 columns,
allowing for rapid separation. The concentrated odors are detected using two hydrogen
flame ionization detectors (FIDs). Alpha Soft-17.0 software is used to record the signals,
and each sample is tested three times in parallel.

The instrument conditions were modified based on preliminary research conducted
in our laboratory. The chromatographic columns used are a low polarity MXT-5 (5%
diphenyl/95% dimethyl polysiloxane, 10 m × 0.18 mm, 0.4 μm) and a medium polarity
MXT-1701 (14% cyanopropylphenyl/86% dimethyl polysiloxane, 10 m × 0.18 mm, 0.4 μm)
metal capillary columns. The headspace vial volume is 20 mL; sample quantity is 0.5 g;
injection volume is 5000 μL; shaking temperature is 50 ◦C; shaking time is 20 min; injection
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speed is 125 μL/s; injection duration is 45 s; injection port temperature is 200 ◦C; initial
temperature of the capture trap is 40 ◦C; hydrogen is used as the carrier gas at a flow rate
of 1.0 mL/min, with a capture trap diversion rate of 10 mL/min; the capture duration is
50 s; final temperature of the capture trap is 240 ◦C; initial column temperature is 50 ◦C.
The temperature program ramps from 1 ◦C/s to 80 ◦C, then 3 ◦C/s to 250 ◦C, holding for
21 s. Acquisition time is 110 s; FID gain is 12 [15].

2.5.3. Methodological Investigation

Precision: Six chamomile samples (ID S-7) were precisely weighed, each at 0.5 g, and
analyzed under the detection conditions described in Section 2.5.2. Ten common peaks were
identified, with their chromatographic peak areas and retention times recorded. Results
showed that the RSD values for the peak areas of the ten common peaks ranged from 2.60%
to 7.12%, and were all below 10.00%; RSD values for their retention times ranged from
0.03% to 0.14%, and were all below 3.0%, indicating good instrument precision.

Reproducibility: Six parallel preparations of chamomile samples (ID S-7) were precisely
weighed. The analysis was conducted according to the method described in Section 2.5.2.
Ten common peaks were recorded, along with their chromatographic peak areas and reten-
tion times. Results showed that the RSD values for the peak areas of the ten common peaks
ranged from 1.15% to 6.94%, and were all below 10.00%; RSD values for their retention times
ranged from 0.02% to 0.06%, and were all below 3.0%, indicating good reproducibility of
the experiment.

Stability: The same chamomile sample (ID S-7) was precisely weighed at 0.5 g at 0, 2,
4, 8, 12, 24 h and analyzed under the detection conditions described in Section 2.5.2. Ten
common peaks were recorded, along with their chromatographic peak areas and retention
times. Results showed that the RSD values for the peak areas of the ten common peaks
ranged from 1.34% to 8.63%, and were all below 10.00%. RSD values for their retention
times ranged from 0.03% to 0.15%, and were all below 3.0%, indicating good stability within
24 h.

2.6. Qualitative and Quantitative Analysis

GC–MS analysis was employed to analyze a solution of n-alkanes (C7-C40) under iden-
tical conditions to calculate the retention index (RI) values of various volatile compounds
in chamomile essential oil. The NIST 14 library was used to identify unknown compounds
by comparing the mass spectral information with published RI values. Typically, higher
R-matching values in the NIST library are considered the first indicator for identifying
unknown compounds. Additionally, a difference of no more than 30 between experimental
RI values and reported RI values is regarded as an important criterion for identification [22].
To quantitatively analyze different components, n-hexadecane was added as an internal
standard in each sample. The relative content of each component in the essential oil was
determined by the ratio of the analyzed peak area to the internal standard.

The flavor components analyzed by the fast gas chromatography electronic nose
(e-nose) were calibrated using mixed n-alkanes (C6 to C16 standards [23]) for calculat-
ing RI values, and potential compounds were identified through comparison with the
AroChemBase database.

2.7. Chemometric Analysis

Chemometric analyses were conducted using SIMCA–P software (Version 14.1, Umet-
rics, Sweden) for principal component analysis (PCA), partial least squares discriminant
analysis (PLS–DA), and orthogonal partial least squares discriminant analysis (OPLS–
DA). Discriminant factor analysis (DFA) was carried out using the HERACLES fast gas
chromatography electronic nose software Alpha Soft (version 17.0, Toulouse, France).
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3. Results

3.1. Chamomile Volatile Oil

The yield of essential oil from chamomile has always been a concern in agricultural
science and the commodity economy, as higher content of volatile oils in chamomile is
generally considered indicative of better quality [24].The essential oil content of 18 batches
of chamomile herbs ranged from 0.43% to 1.38%, with an average of 0.80%. The average
essential oil contents of chamomile samples from different areas were 0.87% for Xinjiang,
1.02% for Shandong, 0.52% for Hebei, and 0.87% for Germany.

3.2. GC–MS Identification of Chamomile Volatile Oil Components

In this experiment, 16 volatile components were identified from chamomile samples
from different areas, including 13 terpenoids, one aliphatic hydrocarbon, one ester, and
one ketone. The relative content of each substance was determined by comparing the
peak area of each batch’s chromatographic peaks with that of the internal standard, as
shown in Table S2. All the essential oils were blue, due to the formation of chamazulene
under high-temperature conditions. During distillation, high temperatures can lead to the
formation of chamazulene, which imparts a blue color to the oil. However, supercritical
CO2 extraction avoids this type of thermal degradation. As a result, oils extracted using
this method do not exhibit the blue coloration associated with chamazulene formation [25].
Among the volatile oil components of chamomile, besides chamazulene, the oxygenated
sesquiterpenes are the most characteristic, with bisabolol oxide B, α-bisabolol, bisabolone
oxide, and bisabolol oxide A being the most notable compounds [18]. Chamazulene
offers photoprotective effects on the human keratinocyte cell line (HaCaT) and provides
ultraviolet blocking capabilities [26]; α-Bisabolol inhibited glioblastoma cell migration and
invasion by downregulating central mucoepidermoid tumor (c-Met); α-Bisabolol oxide
A from chamomile flowers is reported to inhibit the migration of Caco-2 colon cancer
cells and deactivate the vascular epidermal growth factor receptor-2 (VEGFR2) angiogenic
enzymes [27].

This experiment determined the average relative content of chamazulene from the
three sources to be: XJ 0.71 μg/mL, SD 2.14 μg/mL, HB 0.45 μg/mL, and GER 0.22 μg/mL.
The combined average relative content of bisabolol and its oxides (β-bisabolol, α-bisabolol
oxide B, bisabolol oxide B, α-bisabolone oxide A, α-bisabolol, α-bisabolol oxide A) was: XJ
3.41 μg/mL, SD 4.68 μg/mL, HB 2.84 μg/mL, and GER 1.83 μg/mL. The results indicate
that samples from Shandong (CN) have the highest oil content and levels of characteristic
components, although these differences could be attributed to climate, soil, cultivation
methods, etc. [28]. This can to some extent assess the quality of chamomile [29]. We
generated a histogram to show intuitive representation of the differences in volatile oil
components from different sources (Figure 2).

3.3. Discrimination of Chamomile by GC–MS
3.3.1. PCA (Principal Component Analysis)

Principal component analysis (PCA) was conducted to investigate the differences in
volatile oils of different chamomile samples. The common peak areas of chamomile volatile
oils were used as variables, and PCA was performed using SIMCA 14.1 software, as shown
in Figure 3A. The results revealed that the first two principal components accounted for
82.30% of the total variance (PC1 62.80%, PC2 19.50%), with R2X = 0.995 and a model
predictive ability Q2(cum) = 0.746 (>0.5), indicating that the model can adequately reflect
the sample information and explain and predict the total variance well.

The PCA was conducted using the first two principal components, t [1] and t [2], which
together explain a significant portion of the variance in the dataset (R2X [1] = 0.628 and
R2X [2] = 0.195). XJ samples are represented by green dots, forming a distinct cluster. This
indicates a unique volatile oil profile that separates XJ samples from others. SD samples
are represented by blue dots, forming a distinct cluster in the upper right quadrant. The
separation from XJ samples suggests significant differences in the volatile oil components.
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HB samples are represented by red dots, and these samples form a separate cluster in the
lower left quadrant. This indicates that HB samples also have a unique volatile oil profile.
GER samples are represented by yellow dots, clustering tightly in the lower left region,
suggesting that German chamomile samples have a distinct volatile profile that is closer to
that of HB samples but still unique.

Figure 2. (A) Chromatogram example; (B) Histogram of volatile oil component distribution; S1–S18:
Corresponding sample name from Table 1.

Table 1. Sample information.

No. Sources No. Sources No. Sources

S1 XJ S7 SD S13 HB
S2 XJ S8 SD S14 HB
S3 XJ S9 SD S15 HB
S4 XJ S10 SD S16 GER
S5 XJ S11 HB S17 GER
S6 SD S12 HB S18 GER

No.: The number of each sample; Sources: Source information of the sample; XJ: Xinjiang Province, China; SD:
Shandong Province, China; HB: Hebei Province, China; GER: Samples collected in Germany.
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Figure 3. (A) Score plots of PCA Model; (B) Loading scatter plots of PCA Model; (C) Score plots of
PLS–DA Model; (D) Variable importance factor (VIP) plots.

There is clear separation between the samples from different areas, indicating that
the volatile oil profiles may be region-specific. Some overlap between XJ and SD samples
suggests that, while they have distinct profiles, there might be some similarities in certain
components. This differentiation can be attributed to various factors such as climate, soil,
and cultivation practices. The clustering pattern highlights the potential for using PCA
and volatile oil profiles to distinguish and authenticate chamomile samples from different
geographical origins.

The scatter plot illustrates the loadings of volatile oil components from chamomile
samples on the first two principal components (Figure 3). This analysis helps identify which
specific volatile compounds are most influential in differentiating the chamomile samples.
(E)-β-farnesene is positioned with high positive loadings on both p [1] and p [2], indicating
it is a major contributor to the variance and differentiation of samples. Chamazulene and
α-bisabol oxide B are positioned with high positive loadings on p [1], suggesting these
compounds significantly influence the first principal component. α-bisabolol oxide A is
positioned with high positive loadings on p [2], indicating its significant influence on the
second principal component.

The loading scatter plots of the PCA effectively highlight the volatile compounds that
may play vital roles in differentiating chamomile samples. The identified key compounds,
such as (E)-β-farnesene, chamazulene, and α-bisabol oxide B, can be further investigated
for their potential as markers for geographic origin.
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3.3.2. PLS–DA (Partial Least Squares Discriminant Analysis)

PCA is an unsupervised analysis method that cannot ignore intra-group differences
and random errors when determining differential components. This study employed a
supervised PLS–DA analysis model to explore the differences in volatile oils of chamomile
from different areas and to identify potential differential compounds, as shown in Figure 3.

The results demonstrate that the 18 batches of chamomile were categorized into four
groups, with samples from the same area clustering together. The model exhibited good
explanatory and predictive capabilities, with R2X = 0.914, R2Y = 0.802, and Q2 = 0.566. The
PLS–DA results provided preliminary validation of the PCA model. The 200 permutation tests
yielded R2X = 0.192 and Q2Y = −0.548, both of which are below the thresholds of 0.3 and 0.05.
This indicates that the model is reliable and not overfitted, as shown in Figure S1.

The VIP value is used to assess the relative importance of each variable in the PLS–DA
model. A higher VIP value indicates a greater contribution of that variable to the model’s
explanation. Variables with VIP values greater than 1 are not only statistically significant
but also practically important. They may represent key biomarkers, environmental factors,
or other important explanatory variables [21]. The analysis of the variable importance in
projection (VIP) scores revealed that five components had VIP values greater than 1: (E)-β-
farnesene, chamazulene, α-bisabolol oxide B, spathulenol, and α-bisabolone oxide A. These
compounds are the most characteristic oxygenated sesquiterpenes and bicyclic terpenes
in chamomile volatile oils, typically extracted from natural chamomile sources [18,28].
Therefore, these five components are considered potential differentiating substances for the
volatile oils from the three distinct areas of chamomile (Figure 3).

3.4. Identification of Chamomile Using the Rapid Gas Chromatography Electronic Nose Method
3.4.1. Rapid Gas Chromatography Electronic Nose Determination Results

The retention index (RI) of the compounds obtained by GC–MS primarily range
between 1500 and 2200, failing to capture data for compounds with retention indices below
1500. The ultra-fast gas chromatography electronic nose acts as a rapid olfactory analyzer
that can enrich volatile components at low temperatures (50 ◦C) and collect information
for compounds with RIs less than 1500. This system simulates human olfaction to provide
sensory information about volatile components. Two sets of electronic nose chromatogram
data were obtained and imported into Origin software (Version 2024), resulting in the
generation of a chamomile medicinal material odor fingerprint map, as seen in Figure 4. It
is observable that the main peak levels of the SD samples are higher than those from the
other sources, indicating a more intense odor and greater aromaticity, suggesting a relatively
higher quality. The chromatogram results indicate that chamomile odor components were
well separated in the MXT-5 chromatographic column, which displayed a rich variety of
components. Consequently, the MXT-5 column was selected as the primary identification
column, with the MXT-1701 column as a secondary identification column.

Peaks with an area greater than 1000 and good separation were chosen for further anal-
ysis [15]. Forty odor compounds were identified within 110 s by Alpha Soft electronic nose
software (Version 17.0) and the AroChemBase database (17.0), and their sensory characteris-
tics were acquired. Figure 4 presents relevant information on these odor components, includ-
ing nine terpenes, five esters, five aldehydes, three ketones, two alcohols, two alkanes, and
three carboxylic acids. The results indicate that the aroma of chamomile is categorized into
several major groups, with the primary aromas being fruity and spicy. Fifteen components
were identified with a fruity odor, including methyl crotonate, ethyl butyrate, (Z)-3-hexenal,
butanoic acid, myrcene, octanal, γ-terpinene, 3-nonanone, p-cymenene, n-nonanal, cymen-8-
ol, (Z)-3-hexenyl hexanoate, n-hexyl-hexanoate, β-caryophyllene, and methyl dodecanoate.
Six components were identified with a spicy flavor, including ethanol, 1-propanol, pen-
tanoic acid, 5-methylfurfural, α-phellandrene, and 2-pentadecanone, which aligns with the
apple-like fragrance of chamomile [2,30].
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Figure 4. (A) Chamomile electronic nose fingerprint diagram; (B) Flavor wheel diagram of chamomile
odor; inner circle: odor descriptors, outer circle: the identified compounds.

The aroma components identified in this experiment, including β-caryophyllene, α-
pinene, β-pinene, and α-phellandrene, are consistent with those reported in the literature
for chamomile [31], further enhancing the credibility of the electronic nose in characterizing
odors. The relative abundance of compounds such as butanoic acid, ethyl ester, 3-nonanone,
and geosmin was highest among the odor components and was classified as fruity and
spicy odors, likely representing key factors influencing the aroma of chamomile. Since
high temperatures can lead to the degradation of volatile components in chamomile,
the electronic nose, to a certain extent, accurately reflects the information on volatile
components of chamomile, providing a reference for the analysis of chamomile’s odor
components [32,33].

3.4.2. PCA

The ultra-fast gas chromatography electronic nose can detect distinctive aromas
quickly, making it suitable for the rapid identification of the areas of medicinal mate-
rials. Based on the aroma information obtained from the ultra-fast gas chromatography
electronic nose, the common odor peak areas of chamomile (with an integrated peak area
greater than 1000) were used as variables for PCA analysis using SIMCA 14.1 software, as
shown in Figure 5. The results show that the two principal components from the PCA score
plot account for a cumulative contribution rate of 89.60% (PC1 63.60%, PC2 16.40%), with a
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model predictive Q2 value of 0.896 (>0.5), indicating that the model effectively reflects the
odor information present in the samples.

Figure 5. (A) Score plots of PCA model; (B) Loading scatter plots of PCA model; (C) Score plots of
PLS–DA model; (D) Variable importance factor (VIP) plots.

There is clear separation between the samples from different areas, suggesting that the
aroma components may be area-specific. PCA results show that XJ and SD samples can be
distinguished; however, they are closer in distance compared to the HB and GER samples.
This indicates that while geographical location and climate differences between XJ and
SD contribute to their odor differences, they do not fully account for them. This suggests
that other factors, such as germplasm or cultivation methods, may influence the aroma of
chamomile. It also indicates that while they have distinct profiles, there might be some
similarities in certain components. The inter-group variation among Shandong samples is
larger, which may be related to coastal climate conditions. High temperatures and heavy
rainfall could affect the harvesting and drying of chamomile, ultimately impacting quality.

The figure illustrates that samples from Hebei showed smaller inter-group differences,
which may be related to geographical location, agricultural production methods, similar
climatic conditions, and farming practices. These results indicate that the ultra-fast gas chro-
matography electronic nose can effectively analyze the aroma components of chamomile.
The detected aroma characteristics have the potential to serve as discriminative indicators
for identifying different chamomile samples.

3.4.3. Establishment of the DFA Discrimination Model

Discriminant factor analysis (DFA) is a model that extends differentiation among
groups while compressing variations within the same group based on PCA [34]. This
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method facilitates a more intuitive discrimination of odor differences in chamomile from
various sources and validates the PCA results.

In this study, DFA analysis of odor data from different chamomile samples was
performed by Alpha Soft 17.0 software, which is a unique software package included
with the electronic nose (Figure 6). The results show that the two-dimensional DFA score
plot distinctly categorizes chamomile samples from different origins into four areas. The
discriminant factors DF1 and DF2 contribute 46.791% and 40.935% respectively, with
a cumulative contribution of 87.726%. This indicates that the DFA model effectively
differentiates the geographical areas of chamomile and further verifies that the ultra-fast
gas chromatography electronic nose can be used for rapid and accurate identification of
chamomile from different sources [35]. The two-dimensional DFA plot clearly divides
chamomile from different sources into four distinct areas, with the largest model distance
between the samples from Germany and others, indicating significant odor differences
between chamomile from China and Germany. The odor characteristics of chamomile
are influenced by various factors such as geographical location, climatic conditions, and
production methods.

Figure 6. Discriminant function analysis.

3.4.4. Study on Odor Biomarkers of Chamomile from Different Areas

PCA cannot overlook intra-group differences and random errors when identifying
differential components. A PLS–DA model was employed to further explore the odor
differences of chamomile samples (Figure 5). The results divided 18 batches of chamomile
into four categories, with samples from the same area clustering together. The model’s
R2X = 0.996, R2Y = 0.727, and Q2 = 0.509, indicate good explanatory and predictive capa-
bilities. A 200 permutation test yielded R2X = 0.293 and Q2Y = −0.416, which are both
below 0.3 and 0.05, respectively, demonstrating the model’s reliability and the absence of
overfitting (Figure S1).

The VIP scores were plotted (Figure 5) to identify the characteristic aroma components
affecting classification. Components with VIP values greater than 1 were selected as key
aroma indicators influencing different chamomile samples. The analysis identified six
components with VIP values greater than 1: geosmin, butanoic acid, 3-noanone, 2-butene,
norfuraneol, and γ-terpinene. These components serve as important variables in the model
analysis and may represent the substances responsible for the aroma differences among
chamomile samples. The aroma characteristics identified by the electronic nose suggest
that these six components predominantly exhibit fruity and spicy odors.

PCA and PLS–DA score plots showed that the GER samples were considerably distant
from the CN samples, indicating a completely diverse aroma profile. Therefore, an OPLS–
DA model was used to further explain the flavor differentials between GER and CN samples,
and the scatter plots and flavor variables (VIP > 1.0) are shown in Figure 7. Comparing
GER to XJ samples, n-nonanal, 5-methyfurfural, butanoic acid, and ethyl butyrate had
a greater effect in discrimination, exhibiting the main flavors of spicy and fruity. The
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main flavor differentials between GER and SD samples were 3-nonanone, α-phellandrene,
5-methyfurfural and p-cymenene, also exhibiting spicy and fruity flavors. GER samples
showed differences from HB samples in flavor compounds such as 2-pentadecanone,
octanal, γ-terpinene, and α-pinene. Overall, the primary odor components distinguishing
GER from CN samples were characterized by spicy and fruity notes.

Figure 7. Score scatter plots (A1–A3); VIP plots (B1–B3); Comparison of the main difference com-
pounds (C1–C3).

Generally, chamomile is known for its apple-like fragrance and is extensively used in
various fragrances and flavorings. Although highly responsive irritant components can be
characterized by the electronic nose system, the influence of other odors, such as minty or
woody, should not be underestimated. Only by integrating all aspects of the odor profiles
can the authenticity of the quality assessment for chamomile be ensured.

4. Discussion

Previous studies have focused on the volatile oil components of chamomile and their
effects. The characteristic components of the oil are mainly chamazulene and oxygenated
sesquiterpenes, including bisabolol oxide B, α-bisabolol, bisabolone oxide, and bisabolol
oxide A [18]. Our research confirmed the existence of these components in different
chamomile samples, suggesting that these compounds can serve as identification markers
for chamomile. Additionally, differences in the volatile oil content of chamomile were
discovered; the SD samples exhibited the highest concentrations of chamazulene and
bisabolol, indicating superior quality [24]. PCA analysis based on GC–MS indicated that
volatile oil components could be used to distinguish chamomile samples. Furthermore,
PLS–DA analysis initially explored the key volatile oil components distinguishing the
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different groups of chamomile, identifying (E)-β-famesene, chamazulene, α-bisabolol oxide
B, spathulenol, and α-bisabolone oxide A.

The ultra-fast gas chromatography electronic nose technology can extract major aroma
components from chamomile and provide corresponding sensory information within
110 s [36]. Sensory evaluation results indicate that the primary aromas of chamomile are
concentrated on sweet and spicy odors, consistent with the general records of chamomile
scent [2,30]. The electronic nose results indicate that the SD samples have the most in-
tense odor, possess higher aromaticity, and are of better quality. This is the first attempt
to distinguish different chamomile samples using the electronic nose, with the finding
that the electronic nose results could preliminarily discriminate chamomile samples from
four areas. Subsequently, DFA was used to perform group discrimination from different
dimensions, validating the PCA results. Finally, PLS-DA was employed to identify poten-
tial differentiators between GER and CN samples: geosmin, butanoic acid, 3-nonanone,
2-butene, norfuraneol, and γ-terpinene. Additionally, we conducted OPLS–DA to an-
alyze the differentiating compounds between GER and each specific CN sample. The
combination of the two techniques not only provides the relative content of volatile oil com-
ponents from chamomile originating in different areas but also analyzes the comprehensive
aroma characteristics, offering a rapid, accurate, and feasible strategy for analyzing the
volatile components of chamomile. This provides new insights for the quality evaluation of
chamomile and technological support for the future development of chamomile tea and
the traditional Chinese medicine industry.

Compared to traditional methods relying on human olfactory experience to judge the
authenticity and quality of aromatic products, the ultra-fast gas chromatography electronic
nose offers unique advantages of speed, non-destructiveness, objective evaluation results,
and effective avoidance of human-related errors. This technology enables the swift identi-
fication of odor profiles and precise differentiation based on the region and authenticity
of samples [37]. Although electronic nose technology is widely used in odor recognition
and related fields, its application in aromatic product research may encounter challenges in
specificity and exclusivity of identification results. This is primarily because electronic nose
technology often targets specific natural substances, such as hydrocarbons and alcohols,
when developing odor component databases.

The multivariate analysis results showed some distinction between different groups.
However, the representativeness of these results is limited by the small number of chamomile
samples analyzed in this study. Future research will increase the sample size to better
capture the differences between various types of chamomile.

5. Conclusions

This study is the first to explore the application of GC–MS and ultra-fast gas chro-
matography electronic nose technology for distinguishing the components of chamomile
samples. A comprehensive comparison of the volatile components of chamomile at differ-
ent boiling points was conducted, and a rapid analysis technique based on the ultra-fast gas
chromatography electronic nose was developed specifically for chamomile. Using GC–MS
and the ultra-fast gas chromatography electronic nose, 16 volatile oil components and
forty aroma components were identified. This study provided a comprehensive analysis
of the volatile oils and aromatic components of chamomile, examining both the identified
volatile oil components and those volatiles present at low temperatures. The analysis
of high-temperature (GC–MS) and low-temperature (e-nose) products revealed that this
chamomile contains characteristic components, such as bisabolol derivatives and chamazu-
lene. The aroma profile of chamomile was attributed to fruity and spicy notes, aligning
with the “apple-like” meaning of its name. This analysis offers viable strategies for quality
assessment and differentiation of chamomile from various sources, potentially reducing
adulteration in high-value agricultural and herbal products and enhancing consumer satis-
faction. The findings are constrained by the limited sample size. Future research should
include a larger number of samples to enhance these findings.
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Abstract: The functional tea CFT-1 has been introduced into China as a nutraceutical beverage
according to the “Healthy China” national project. The effects on human hepatocellular carcinoma
(HCC) cells remain unclear and were investigated with the functional tea extract (purity > 98%). The
morphological changes in the cells were observed with microscopes. Cell proliferation, migration,
cycle distribution, and apoptotic effects were assessed by MTT, Transwell assays, and flow cytometry,
respectively, while telomerase inhibition was evaluated with telomerase PCR ELISA assay kits.
The CFT-1 treatment resulted in cell shrinkage, nuclear pyknosis, and chromatin condensation.
CFT-1 suppressed the growth of Hep3B cells with IC50 of 143 μg/mL by inducing apoptosis and
G0/G1 arrest in Hep3B cells. As for the molecular mechanism, CFT-1 treatment can effectively
reduce the telomerase activity. The functional tea extract inhibits cell growth in human HCC by
inducing apoptosis and G0/G1 arrest, possibly through a reduction in telomerase activity. These
results indicate that CFT-1 extract exhibited in vitro anticancer activities and provided insights into
the future development and utilization of CFT-1 as functional foods to inhibit the proliferation of
HCC cells.

Keywords: hepatocellular carcinoma; Hep3B; growth inhibition; apoptosis; cell cycle arrest; telomerase

1. Introduction

Liver cancer is a frequently occurring malignancy with a poor prognosis and a high
mortality rate, and is the second leading cause of cancer-related deaths [1]. Hepatocellular
carcinoma (HCC), as an aggressive tumor, accounts for 90% of primary liver cancers and
constitutes the third leading cause of cancer mortality worldwide [2–4]. The main therapeu-
tic methods, including surgery, radiotherapy, and chemotherapy, often have limited effects
on the tumors, but huge side effects on the human body. HCC is notoriously characterized
by a poor prognosis and high mortality rate owing to the high rates of metastasis and
recurrence [5–7]. There are a variety of risk factors, such as infection with viral hepatitis,
hepatic cirrhosis, obesity, and consumption of dietary hepatocarcinogens [8,9]. According
to epidemiologic studies, it has been shown that regular tea consumption is associated
with a decreased risk of various carcinomas, including breast cancer [10], bladder or kidney
cancer [11,12], liver cancer [13,14], lung cancer [15], upper aerodigestive tract cancer [16],
and others. Therefore, cancer prevention is of great significance. One potential way to fight

Foods 2024, 13, 1867. https://doi.org/10.3390/foods13121867 https://www.mdpi.com/journal/foods122



Foods 2024, 13, 1867

cancers is to develop a functional food that has a highly inhibitive effect on cancer cells but
low toxicity on healthy cells.

As the most abundant and active ingredient in tea, (−)-epigallocatechin-3-gallate
(EGCG) has raised considerable interest in the development of anti-cancer drugs [17–19].
Mechanism studies suggested that in a variety of cancer cells, EGCG inhibits telomerase
activity by down-regulating the protein expression, which eventually leads to the sup-
pression of cell viability and induction of apoptosis [20]. Telomerase, a ribonucleoprotein
acting to elongate telomeres, has been directly implicated in tumorigenesis and shown to
be expressed in approximately 90% of all cancers [21]. Accumulating literature has demon-
strated the ability of EGCG to inhibit the growth and proliferation of hepatocellular tumors
through the induction of apoptosis and modulation of autophagic and anti-angiogenetic
activities [22]. Recently, a new tea plant strain, Camellia sinensis CV, was developed.CFT-1
extract (CFT-1) was introduced into China as a nutraceutical beverage according to the
“Healthy China” national project, which aims at exploring the resources of crops that are
rich in nutrients and functional ingredients. CFT-1 is rich in EGCG, which is almost twice
as abundant as in the nationwide popular tea Fuyun No. 6 [23]. Furthermore, CFT-1 has
larger amounts of antioxidants, which are believed to have benefits in terms of preventing
cancer. However, to the best of our knowledge, there is no study exploring the health
benefits or pharmacological activity of CFT-1, especially in the prevention and treatment of
human HCC.

The aim of this study was to conduct a preliminary study on the antitumor activity and
mechanism of CFT-1 extracts to support the development and synthesis of new, efficient,
and low-toxicity anti-tumor lead compounds. We hypothesized that possible molecular
mechanisms would be related to the effect of CFT-1 on telomerase activity.

2. Materials and Methods

2.1. Reagents

The experimental samples were extracted from the functional tea CFT-1 with purity
>98%. Human Hep3B hepatoma cells were provided by the Fujian Medical University
biochemistry and molecular biology laboratory. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) and all other chemicals employed in this study were of
analytical grade and purchased from Sigma-Aldrich Co. Fetal bovine serum, Dulbecco’s
Modified Eagle’s medium (DMEM), and penicillin–streptomycin were obtained from
Thermo Fisher Scientific, Inc. Telomerase PCR ELISA kit was purchased from Boehringer
Mannheim.

Gallic acid (GA), (−)-gallocatechin (GC), caffeine (CAF), theophylline (THEO), (−)-
epigallocatechin (EGC), (+)-catechin (C), chlorogenic acid (CHL), theobromine (TB), caffeic
acid (CAA), (−)-epicatechin (EC), (−)-epigallocatechin gallate (EGCG), ρ-coumaric acid
(COU), (−)-gallocatechin gallate (GCG), ferulic acid (FER), sinapic acid (SIN), epicatechin
gallate (ECG), rutin (RUT), myricetin (MYR), quercetin (QUE), and kaempferol (KAE)
were purchased from Sigma (St. Louis, MO, USA), and the purity of the reagents was
above 95%. The acetonitrile (HPLC grade) was purchased from Merck KgaA (Darmstadt,
Germany), and all other reagents, including methanol and formic acid, were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure water was
obtained from a Milli-Q water system (Millipore, Bedford, MA, USA).

2.2. Preparation of CFT-1 Extract

Tea samples underwent initial drying at 35 ◦C for 2 h, followed by crushing into
powders and passage through a 40-mesh screen (304 stainless steel sieve, Yongkang Jielong
Industrial and Trade Co., Ltd., Jinhua, China). The selection of this specific mesh screen
aimed to optimize the extraction procedure, achieving elevated dissolution rates while
minimizing material loss. An aliquot of 3 g of sample powder was weighed into an
Erlenmeyer flask, and 150 mL of water was added. The mixture was shaken for 15 min at
room temperature and centrifuged at 8000 rpm for 15 min at 4 ◦C. This extraction process
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was repeated once. The supernatants from the two extracts were combined, diluted to
50 mL with water, and analyzed.

2.3. HPLC-DAD Analysis

In this study, a HPLC-DAD system was employed for the analysis. The instrument
used for this analysis was the Ultimate 3000 HPLC (Thermo Fisher Scientific, Milan, Italy).
Prior to HPLC analysis, the extract was filtered through a 0.22 μm microporous mem-
brane, and 1 μL of the filtered extract was injected into the HPLC system. Chromato-
graphic separation was performed using a reverse-phase column (Merck Lichrospher
RP-18, 250 mm × 4.6 mm, Darmstadt, Germany). Mobile phases A and B were 0.1% formic
acid and acetonitrile, respectively. The gradient elution procedure was: 0 min, 94% A;
11 min, 93% A; 12 min, 92% A; 18 min, 90% A; 48 min, 82% A; 56.8 min, 82% A; 58 min,
69% A; 68 min, 52% A; 70 min, 6% A. The analysis duration for each specimen was 20 min,
inclusive of a 4 min column equilibration period. The column temperature and flow rate
were maintained at 30 ◦C and 0.8 mL·min−1, respectively. For detection, two wavelengths,
280 and 340 nm, were compared in this study using the DAD integrated into the HPLC
system. The developed HPLC method was validated according to ICH guidelines to ensure
fulfillment of current regulatory standards.

2.4. Cell Culture and Treatment

Human HCC Hep3B cells were purchased from Shanghai Cell Bank, Chinese Academy
of Sciences (Shanghai, China). Hep3B cells were cultured with DMEM supplemented with
10% heat-inactivated FBS and 1% penicillin–streptomycin solution in 5% CO2 at 37 ◦C.
Human HCC cell line Hep3B was selected as our study model. To evaluate the effect of
CFT-1 exact in HCC cell line Hep3B, the extract of functional tea CFT-1 (brown powder)
was weighted and dissolved in a variety of volumes of Milli Q water to produce the desired
drug concentrations (containing approximately 143 mg/g of EGCG). These samples were
then ultrafiltered for the following use. For the CFT-1 treatment, the solution of CFT-1
extract was added to the Hep3B cells and incubated for 48 h followed by examinations.
Cell morphology was examined and photographed using a Nikon TS2 inverted microscope
at a magnification of ×100.

2.5. Cell Viability Assay

Hep3B cell viability was measured with an MTT assay according to previous publi-
cations. Briefly, Hep3B cells were seeded in 96-well culture plates at a density of 1 × 104

cells per well. After incubation for 24 h, cells were treated with different concentrations of
CFT-1 extract for 48 h. Then, 20 μL MTT solution (5 mg/mL) was added to each well, and
the cells were incubated at 37 ◦C for an additional 4 h. After removing the supernatants,
200 μL dimethyl sulfoxide (DMSO) was added to each well. The optical density (OD) was
measured at 450 nm using a microplate reader. Cell viability was calculated using the
following formula:

Cell viability (%) = (ODexperimental group − ODblank control)/(ODcontrol group − ODblank control) × 100%

2.6. Colony Formation Assay

A colony formation assay was carried out according to a previous publication with
minor modifications [24]. Specifically, 200 cells/10 mL of Hep3B were plated onto a 10 cm
dish and incubated for 24 h prior to drug treatment. Then, the cells were exposed to CFT-1
extract followed by incubation for an additional 20 days. The colony formation ability was
observed after fixing with 4% paraformaldehyde and staining with 0.1% crystal violet.

2.7. Transwell Migration Assay

The effect of CFT-1 extract on Hep3B cells was evaluated using a modified Boyden
chamber model as previously reported [25]. The Transwell insert was placed back onto
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the 24-well plate, and the lower chamber was filled with 0.6 mL of DMEM containing 20%
FBS with or without 143 μg/mL (IC50) of CFT-1. Human Hep3B cells (5 × 104 cells/well)
in 200 μL medium were plated to the upper chamber. After 5 h of incubation at 37 ◦C, all
non-migrated cells were removed from the upper face of the Transwell membrane, and
migrated cells were fixed with methanol, stained with 0.1% crystal violet, and counted
under an Olympus light microscope at a magnification of ×100. The formula was calculated
as: relative cell counts per field = number of migrated cells in sample/number of migrated
cells in control × 100%.

2.8. Cell Cycle Analysis

The effect of CFT-1 extract on the cell cycle distribution was measured with PI staining
according to a previous publication. Hep3B cells were treated with 143 μg/mL CFT-1 or
vehicle control in 6-well culture plates for 48 h. Approximately 1 × 106 cells were collected,
washed with PBS, and fixed with 70% ethanol at −20 ◦C overnight. After centrifugation,
cells were then resuspended in 1 mL staining solution (50 μg/mL PI, 20 μg/mL RNAase).
After incubation for 30 min at room temperature in the dark, samples were analyzed with a
flow cytometer. The percentage of cells in various phases of the cell cycle was determined
using FlowJo software.

2.9. Apoptosis Analysis

Cell apoptosis was determined using an annexin V-FITC kit according to the manual.
Briefly, Hep3B cells were treated with or without 143 μg/mL CFT-1 extract for 48 h prior
to analysis. Cells were then collected and washed twice with cold PBS. Then, they were
stained with Annexin V and PI in binding buffer at room temperature for 15 min. Cells
were then analyzed using flow cytometry.

2.10. Telomerase Activity Assay

Telomerase activity in Hep3B cells was measured using a telomerase PCR ELISA assay
kit according to the manual. Briefly, after treatment with CFT-1 extract or vehicle control for
48 h, the cells were collected, lysed, and homogenized in 200 μL of lysis buffer. After 30 min
of incubation on ice, the lysates were centrifuged and the supernatants were collected.
Protein concentration was measured using a BCA reagent. Then, 5 μg of cell extract was
used in the following PCR amplification step, and aliquots (5 μL) of PCR product were
analyzed using ELISA assay.

2.11. Statistical Analysis

All experiments were performed in triplicate, and the results are expressed as the mean
± SD. Data were analyzed using SPSS software. Comparisons between groups were per-
formed using t-test. Differences were considered statistically significant at p-values < 0.05.

3. Results

3.1. Characterization of CFT-1 Tea Extract

Figure S1 shows the quantitative results of the identification of the compounds con-
tained in CFT-1 extracts using HPLC. The concentrations of various compounds in the
extract were measured and reported as follows (Table 1).
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Table 1. The concentrations of various compounds in CFT-1 tea extract.

Compound Concentration (mg/g)

GA 0.39 ± 0.04
GC 1.78 ± 0.18

CAF 43.89 ± 4.4
EGC 79.73 ± 10.03

C 4.00 ± 0.29
CHL 0.14 ± 0.00
TB 0.65 ± 0.05
EC 3.25 ± 0.29

EGCG 143.83 ± 11.63
COU 0.20 ± 0.02
GCG 2.86 ± 0.22
FER 15.05 ± 1.2
SIN 0.10 ± 0.01
ECG 41.84 ± 3.20
RUT 2.07 ± 0.08
MYR 0.49 ± 0.03
QUE 0.02 ± 0.00
KAE 0.03 ± 0.00

3.2. CFT-1 Treatment Induced Morphologic Alterations in Hep3B Cells

Morphology and structure are the material basis of function, and malignant tumor
cells have typical cytological characteristics: a large nucleocytoplasmic ratio and multiple
large nucleoli with nucleolar edge aggregation phenomenon, all of which are signs of rapid
growth of tumor cells. The cell surface has dense and slender microvilli, which facilitate
the exchange of substances between the tumor and the outside world for malignant prolif-
eration, as well as facilitating metastasis and attachment to other tissues. Morphological
differentiation and maturation are markers of malignant tumor cell differentiation.

We firstly investigated the effect of CFT-1 extract on Hep3B cells by examining the
morphological changes in cells which were exposed to different concentrations of CFT-1.
As shown in Figure 1, in comparison with the untreated cells (control group), Hep3B cells
treated with CFT-1 extract (100 μg/mL) clearly showed enhanced amounts of shrinkage of
the cell body, compaction of the nucleus, and condensation of chromatin, which together are
regarded as typical apoptotic features [26]. On this basis, we were interested in investigating
the anti-cancer activity of CFT-1 on Hep3B cells.

 

Figure 1. Morphology of cells treated with CFT-1 extract. (A) Hep3B cells treated with vehicle control.
(B) Hep3B cells treated with CFT-1 extract (100 μg/mL). Scale bar = 100 μm.

3.3. CFT-1 Treatment Suppressed the Cell Growth, Colony Formation, and Migration of
Hep3B Cells

Suppression of cell growth, colony formation, and migration in Hep3B cells is a
common goal in cancer research, aiming to develop strategies to inhibit the aggressive
behavior of HCC, which is often associated with high proliferation and metastatic potential.
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Research on the effects of natural compounds on Hep3B cells often focuses on identifying
substances with anti-cancer properties that can suppress cell growth, colony formation, and
migration. EGCG has been investigated for its potential anticancer properties, including its
ability to suppress cell growth and induce apoptosis in Hep3B cells.

Liver cancer cells grow actively, and the magnitude of absorbance values in MTT
experiments can reflect the number of live cells. Therefore, the MTT colorimetric method
can be used to quantitatively determine the effect of anticancer drugs on human cancer cells
based on their quantity and metabolic activity [27]. We incubated Hep3B cells with CFT-1
at different concentrations (10, 30, 50, 70, 90, 100 μg/mL) for 48 h, and then examined the
cell viability with MTT assay. It was seen that CFT-1 treatment obviously reduced the cell
viability in a dose-dependent manner (Table 2). The half-maximal inhibitory concentration
(IC50) of CFT-1 against Hep3B cells was about 143 μg/mL after 48 h incubation. It was
noted that this potency is comparable to the reported activity of chemical EGCG on HCC
cell lines (e.g., HepG2: IC50 = 74.7 μg/mL, SMMC7721: IC50 = 59.6 μg/mL; SK-hep1:
IC50 = 61.3 μg/mL). As referenced above, EGCG is the major component of green tea, with
great promise as a cancer preventive. Our results suggest that CFT-1 has great anti-cancer
potential.

Table 2. Inhibition of cell growth of Hep3B by CFT-1 extract.

Concentration of CFT-1 (μg/mL) Growth Inhibition (%)

10 2.9 ± 0.3
30 14.6 ± 1.2
50 20.7 ± 1.1
70 28.7 ± 1.6
90 35.4 ± 2.1

100 40.3 ± 2.8
143 50.1 ± 3.1

We also assessed the effect of CFT-1 on the colony formation of Hep3B cells. As shown
in Figure 2, it can be seen the CFT-1 treatment (143 μg/mL, 48 h) dramatically limited the
colony formation by reducing both the number and size of the colonies. In other words,
CFT-1 treatment resulted in much fewer and smaller colonies compared to the untreated
Hep3B cells (Figure 2A,B). Quantitative analysis indicated that the colony formation of
Hep3B cells was reduced to 32.01% by CFT-1 (Figure 2C). Furthermore, CFT-1-treated cells
appeared to be less densely packed as compared with untreated cells.

 

Figure 2. Effect of CFT-1 treatment on colony formation ability and mobility of Hep3B cells.
(A–C) Colony formation of Hep3B cells treated with 143 μg/mL CFT-1. (D–F) Transwell assays
demonstrating the migration ability of Hep3B cells treated by 143 μg/mL CFT-1. ** p < 0.01. Scale
bar = 100 μm.
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We further determined the influence of CFT-1 on the cell mobility with the Transwell
migration assay. As shown in Figure 2D,E, the migration of Hep3B cells was significantly
suppressed by CFT-1 treatment. Specifically, the number of migrated Hep3B cells in the
treated group was reduced by more than 41.7% as compared to the vehicle control cells
(Figure 2F).

3.4. CFT-1 Treatment-Induced Apoptosis and G0/G1 Arrest in Hep3B Cells

Apoptosis and G0/G1 arrest are two important cellular processes that researchers
often study in the context of cancer, including in Hep3B cells, which are a commonly used
HCC (liver cancer) cell line. These processes are relevant because they play key roles in
controlling cell growth, preventing uncontrolled proliferation, and influencing the response
to various treatments. Apoptosis, or programmed cell death, is a regulated process that
eliminates damaged or unwanted cells. Inducing apoptosis in cancer cells is a common
goal in cancer research and therapy. Researchers often explore different compounds or
treatments that can trigger apoptosis in Hep3B cells. These may include chemotherapy
drugs, targeted therapies, or experimental agents designed to promote apoptotic pathways.
The cell cycle consists of different phases, and G0/G1 arrest refers to a halt in the G0
and G1 phases. This arrest prevents cells from progressing into the S phase, where DNA
replication occurs.

The above results confirm that CFT-1 exerts anti-cancer potential against the human
Hep3B cell line by suppressing cell growth, colony formation, and cell migration. To
investigate the mechanism of action, we assessed the cell death in CFT-1-treated Hep3B cells
with flow cytometry. This was based on the observation of morphologic alterations caused
by CFT-1, e.g., cell body shrinkage, nucleus compaction, and chromatin condensation,
which together suggest an apoptotic process. We treated Hep3B cells with 143 μg/mL
CFT-1 for 48 h. As shown in Figure 3, CFT-1 treatment significantly promoted apoptosis in
Hep3B cells. The total apoptotic rate of Hep3B cells in the untreated control group was only
5.7%, indicating that the natural apoptotic rate of Hep3B cells was very low. Quantitative
analysis indicated that the percentage of apoptotic cells increased from 5.7% to 14.8% after
CFT-1 treatment.

Figure 3. Effect of CFT-1 treatment on apoptosis of Hep3B cells. ** p < 0.01.

Apoptosis and cell proliferation inhibition could be mediated by the dysregulation
of cell cycle progression [28]. On this basis, we examined the cell cycle distribution with
flow cytometry. After 48 h of incubation, it was shown that CFT-1 treatment resulted in
a significant increase in the percentage of cells in the G0/G1 phase (73.07%) compared to
the untreated cells (59.66%), while it decreased the percentage of cells in the S phase from
30.98% to 19.69% (Figure 4A–C). This is in agreement with the suppressed cell proliferation
in CFT-1-treated cells. On this basis, it can be concluded that CFT-1 induces G0/G1 phase
arrest in the Hep3B cell line. Notably, this conclusion coincides with previous studies on
EGCG [29].
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Figure 4. Effect of CFT-1 treatment on the Hep3B cell cycle. (A) The cell cycle distribution of untreated
Hep3B cells. (B) The cell cycle distribution of Hep3B cells treated with 143 μg/mL CFT-1 for 48 h.
(C) Quantification of cell cycle distribution results. ** p < 0.01.

3.5. CFT-1 Treatment Reduces the Telomerase Activity in Hep3B Cells

Telomerase activity in liver cancer cells, such as HCC, is an area of interest in cancer
research. Hep3B cell is the most common type of liver cancer, and understanding the role
of telomerase in its development and progression is crucial. In many cases of liver cancer,
increased telomerase activity is observed. The upregulation of telomerase allows cancer
cells to maintain the lengths of their telomeres, promoting continuous cell division and
contributing to the unchecked growth characteristic of cancer. Researchers study the mech-
anisms regulating telomerase activity in liver cancer cells to identify potential therapeutic
targets. Inhibiting telomerase activity could be a strategy to limit the proliferation of liver
cancer cells.

It is obvious that there is an agreement between our results for CFT-1 and previous
studies on EGCG. EGCG, as the most abundant active ingredient in green tea, plays an
essential role in preventing the occurrence and development of carcinomas [30–32]. To
gain insight into the possible molecular basis behind the anti-proliferative ability of CFT-1,
we referred to the available knowledge about the molecular target(s) of EGCG. According
to previous studies, EGCG has been shown to inhibit telomerase activity considerably
in several different cancer cell lines by repressing the target mRNA expression [33,34].
Telomerase seems to play a primary role in the cancer-fighting virtues of EGCG.

On this basis, we hypothesized that CFT-1 exerts its pharmacological activity possibly
through turning down the activity of telomerase. To validate this hypothesis, we examined
the influence of CFT-1 extract on the telomerase activity with a telomerase–PCR–ELISA
assay kit. As shown in Figure 5, CFT-1 treatment (143 μg/mL, 48 h) resulted in a significant
decrease of 205.65% in the telomerase activity in Hep3B cells, suggesting a possible basis
for the performance of CFT-1 on human HCC.
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Figure 5. Effect of CFT-1 treatment (143 μg/mL, 48 h) on telomerase activity in Hep3B cells.
** p < 0.01.

4. Discussion

Tea-based chemoprevention has gained increasing attention in recent years for the
prevention of cancer. EGCG has been widely studied for its role in the chemoprevention
of various tumors. Research has shown that EGCG can affect signaling pathways, induce
cell apoptosis, promote cell growth arrest, and prevent cancer. As the primary active in-
gredient, EGCG has already shown great potential in cancer treatment. EGCG, accounting
for 59% of the total catechin content, has been confirmed to have chemopreventive and
chemotherapeutic effects against cancer [35]. For instance, Mayr et al. reported that EGCG
also has a synergistic cytotoxic effect with conventional chemotherapy, e.g., cisplatin, in
biliary tract cancer cell lines [36]. Recently, the EGCG-rich functional tea (CFT-1) has been
introduced in China as a nutraceutical beverage. It is highly popular for its possible func-
tions against cancer and other diseases. However, its health benefits and pharmacological
activity remain unclear.

In the present study, we aimed to assess the anti-cancer effect of CFT-1 on the selected
human Hep3B cell line. As a result, we observed dramatic alterations in cell morphology
caused by CFT-1, including large amounts of cell body shrinkage, nucleus compaction,
and chromatin condensation. We also found significant inhibition of proliferation, colony
formation, and migration in CFT-1 treated Hep3B cells, which, together, definitely indicated
the great potential of CFT-1 against human HCC. Specifically, we determined the IC50
value (143 μg/mL) of CFT-1 on Hep3B cells after 48 h of incubation. This is very close
to the previously reported activity of EGCG on HCC cell lines, suggesting the strong
potency of CFT-1. To gain insight into the mechanism of action, we assessed the cell death
and cell cycle distribution associated with the CFT-1 treatment. Our results showed that
CFT-1 significantly induced apoptosis and cell cycle arrest at the G0/G1 phase in human
HCC Hep3B cells. Consistently, it was reported that EGCG inhibits cell growth, induces
apoptosis, and causes G0/G1 arrest in different carcinomas [37], suggesting the similarity
of action modes between CFT-1 and EGCG.

Currently available reports focus specifically on the molecular target telomerase,
which is responsible for elongating telomeres [38]. Telomerase is directly implicated in
tumorigenesis and is regarded as a promising anti-cancer target. To explore the possible
molecular basis of the mechanism for CFT-1 tea, we assessed its influence on the telomerase
activity. The CFT-1 tea has a significant inhibitory effect on tumor cell growth in vitro,
and its inhibitory effect gradually increases with the increase in tea concentration. Our
results showed that CFT-1 can strongly affect the enzyme in Hep3B cells by reducing the
activity by more than half. On this basis, it could be suggested that CFT-1 suppresses the
growth of Hep3B cells by inducing apoptosis and G0/G1 cell cycle arrest, possibly through
a reduction in telomerase activity.
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5. Conclusions

Overall, CFT-1 can inhibit the proliferation of HCC cells in vitro. Our work clearly
shows the promise of CFT-1 as effective chemopreventatives and chemotherapy against
human HCC. And CFT 1 tea is better than common tea in terms of protecting the liver
effectively and preventing the development of cancer. These results provide a basis for the
development of a functional food based on tea.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13121867/s1, Figure S1: HPLC chromatograms of (A) CFT-
1 extract and (B) standards. 1. Gallic acid (GA), 2. (−)-gallocatechin (GC), 3. caffeine (CAF),
4. theophylline (THEO), 5. (−)- epigallocatechin (EGC), 6. (+)-catechin (C), 7. chlorogenic acid
(CHL), 8. theobromine (TB), 9. caffeic acid (CAA), 10. (−)-epicatechin (EC), 11. (−)-epigallocatechin
gallate (EGCG), 12. ρ-coumaric acid (COU), 13. (−)-gallocatechin gallate (GCG), 14. ferulic acid
(FER), 15. sinapic acid (SIN), 16. epicatechin gallate (ECG), 17. rutin (RUT), 18. myricetin (MYR),
19. quercetin (QUE), 20. kaempferol (KAE).
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Abstract: Catechins, a class of polyphenolic compounds found in tea, have attracted significant
attention due to their numerous health benefits, particularly for the treatment and protection of
hypertension. However, the potential targets and mechanisms of action of catechins in combating
hypertension remain unclear. This study systematically investigates the anti-hypertensive mecha-
nisms of tea catechins using network pharmacology, molecular docking, and molecular dynamics
simulation techniques. The results indicate that 23 potential anti-hypertensive targets for eight
catechin components were predicted through public databases. The analysis of protein–protein
interaction (PPI) identified three key targets (MMP9, BCL2, and HIF1A). KEGG pathway and GO
enrichment analyses revealed that these key targets play significant roles in regulating vascular
smooth muscle contraction, promoting angiogenesis, and mediating vascular endothelial growth
factor receptor signaling. The molecular docking results demonstrate that the key targets (MMP9,
BCL2, and HIF1A) effectively bind with catechin components (CG, GCG, ECG, and EGCG) through
hydrogen bonds and hydrophobic interactions. Molecular dynamics simulations further confirmed
the stability of the binding between catechins and the targets. This study systematically elucidates
the potential mechanisms by which tea catechins treat anti-hypertension and provides a theoretical
basis for the development and application of tea catechins as functional additives for the prevention
of hypertension.

Keywords: tea; catechins; hypertension; network pharmacology; molecular docking; molecular
dynamics simulation

1. Introduction

Tea is one of the three major non-alcoholic beverages consumed worldwide. Tea
polyphenols, important natural components found within tea, possess various health
benefits [1,2]. Among these, catechins constitute the primary portion of tea polyphenols,
accounting for approximately 80% of the total. The main catechins include catechin gal-
late (CG), epicatechin gallate (ECG), gallocatechin gallate (GCG), epigallocatechin gallate
(EGCG), catechin (C), epicatechin (EC), gallocatechin (GC), and epigallocatechin (EGC) [3,4].
Catechins are crucial components responsible for the numerous health benefits conferred
by tea. Research has shown that catechins possess potential health benefits in antioxidation,
anti-hypertension, and hypoglycemia, thus offering new possibilities for hypertension
(HTN) treatment and prevention [5–8].
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The long-term condition of hypertension has emerged as a critical global healthcare
issue, presenting a significant challenge in the field of public health [9]. According to
the World Health Organization (WHO), the number of individuals with hypertension is
expected to reach approximately 1.56 billion by 2025 [10]. Hypertension, while not the
primary cause of mortality, can lead to complications such as cardiovascular disease, heart
failure, and renal failure [11,12]. Hypertensive patients, who experience prolonged elevated
blood pressure, endure increased pressure on the vascular walls, leading to conditions
such as atherosclerosis and vascular sclerosis, which in turn result in vascular narrowing,
blockage, or rupture [13]. Thus, there is an urgent need to develop effective treatment and
prevention strategies to address this global health problem.

In recent years, natural products have become a focus of hypertension treatment re-
search due to their lower side effects and higher safety profiles. Tea catechins, as significant
natural products, have shown potential anti-hypertensive effects. Studies have indicated
that improving arterial elasticity is another mechanism for preventing hypertension. An
epidemiological study with a cross-sectional design, which included 6589 adults aged
40–75 years in Wuyishan, Fujian Province, China, suggested that habitual tea drinking may
protect against arterial stiffness [14]. Additionally, the consumption of green and black tea
has been associated with reduced risks of cardiovascular disease and certain cancers [15].
These health benefits are typically attributed to the polyphenolic compounds in tea [16].
Garcia et al. [17] investigated the effects of green tea on blood pressure and sympathetic
nerve excitation in an L-NAME-induced hypertensive rat model. The results showed that
L-NAME-treated rats exhibited elevated blood pressure (165 mmHg) compared to control
rats (103 mmHg), while green tea treatment reduced hypertension (119 mmHg). In vivo
experiments have demonstrated the anti-hypertensive effects of a catechin-rich diet in
rats [18]. Catechins may alleviate vascular dysfunction in hypertensive mice by regulating
oxidative stress and endothelial nitric oxide synthase (eNOS) [19].

Despite the potential anti-hypertensive effects of tea catechins, further research is
needed to explore their active components, mechanisms of action, and targets in hyperten-
sion treatment. To gain a deeper understanding of the pharmacological mechanisms by
which drugs treat diseases, researchers have increasingly employed various computational
methods, including network pharmacology, molecular docking, and molecular dynam-
ics simulation [20]. Network pharmacology, an emerging research approach, integrates
systems biology, network analysis, and pharmacology and is frequently employed to in-
vestigate the multi-target effects of complex natural compounds [21]. Molecular docking
is a computational simulation method used to predict the binding modes and affinities
between small molecules (drugs) and protein receptors (targets) [22]. Molecular dynamics
simulation further verifies and optimizes the binding modes between these small molecules
and protein receptors, providing a more precise molecular-level understanding [23].

In this study, we aim to comprehensively elucidate the anti-hypertensive potential
of tea catechin components, identify their targets, and explore their mechanisms of action
using a combined approach of network pharmacology, molecular docking, and molecular
dynamics simulation. This research will provide a theoretical basis for the further applica-
tion of tea catechins in the biomedical field. The complete research process is illustrated in
Figure 1.
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Figure 1. Network pharmacology regulatory mechanisms of catechins in anti-hypertension.

2. Materials and Methods

2.1. Collection of Catechin Targets

The isomeric SMILES numbers for the eight catechin components—catechin (C), epi-
catechin (EC), gallocatechin (GC), epigallocatechin (EGC), catechin gallate (CG), epicatechin
gallate (ECG), gallocatechin gallate (GCG), and epigallocatechin gallate (EGCG)—were
obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 14
July 2024), with their structures illustrated in Figure 2. Subsequently, the predicted targets
of catechins were identified using the isomeric SMILES numbers through the SEA Search
Server (https://sea.bkslab.org/, accessed on 14 July 2024) and the SwissTargetPrediction
(http://www.swisstargetprediction.ch/, accessed on 14 July 2024) databases. The predicted
targets from the two databases were then merged, and duplicates were removed, resulting
in the collection of potential targets for the eight catechin components. Furthermore, the
catechin–targets network was constructed and visualized using Cytoscape 3.9.1.
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Figure 2. Structural formulas of eight catechin components.

2.2. Screening of Hypertension-Related Targets

Hypertension-related targets were retrieved from three disease databases: DisGeNET
(https://www.disgenet.org/, accessed on 15 July 2024), OMIM (https://omim.org/, ac-
cessed on 15 July 2024), and GeneCards (https://www.genecards.org/, accessed on 15 July
2024), using the keyword “hypertension”. The screening criteria were set as a score of gda
≥ 0.1 in the DisGeNET database and a relevance score ≥ 5 in the GeneCards database. The
hypertension-related targets from the three databases were then merged, and duplicate
targets were removed.

2.3. Screening of Key Targets and Construction and Analysis of the Protein–Protein Interaction
(PPI) Network

To explore the potential targets of catechins in treating hypertension, an intersection
analysis was performed between the catechin targets and hypertension targets, and a Venn
diagram was generated using the online platform (https://cloud.metware.cn/, accessed on
21 July 2024). The intersecting targets were imported into the STRING database (http://string-
db.org/, accessed on 21 July 2024) to construct the PPI network of the target proteins [24].
“Homo sapiens” was selected as the species, and the minimum interaction score threshold
was set to 0.4, with other parameters set to default. The network was visualized using
Cytoscape 3.9.1 software, and the Network Analysis plugin was employed to calculate the
degree value of each target. Key targets were identified based on their degree values, and
molecular docking studies were subsequently conducted on the top three key proteins with
the highest degree values.
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2.4. GO and KEGG Pathway Enrichment Analyses

To further investigate the biological functions of the key target genes, GO and KEGG
enrichment analyses were performed using the “clusterProfiler” package, with a p-value
threshold set at p < 0.05. GO functional analysis predicted gene functions across three
categories: biological process (BP), cellular component (CC), and molecular function (MF),
while KEGG pathway enrichment analysis identified key pathways associated with the
anti-hypertensive targets of catechins. Both GO and KEGG analysis results were visualized
using an online tool (https://cloud.metware.cn/, accessed on 21 July 2024).

2.5. Molecular Docking

The SDF format ligand files for the eight catechin components were obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 23 July 2024), and
the three-dimensional structure models of the proteins MMP9 (PDB ID: 1L6J), HIF1A (PDB
ID: 4H6J), and BCL2 (PDB ID: 5FCG) were obtained from the UniProt database (https://
www.uniprot.org/, accessed on 23 July 2024) [25]. Molecular docking was conducted using
AutoDock Vina 1.2.5 [26], and the docking results were further analyzed and visualized
using Discovery Studio 2019 software.

2.6. Molecular Dynamics Simulation

To explore the stability of the protein–ligand interactions in greater depth, molecular
dynamics (MD) simulations were performed on four complexes: CG-MMP9, GCG-MMP9,
ECG-HIF1A, and EGCG-BCL2, using GROMACS 2020.6 software. The AMBER99SB force
field and SPC water model were utilized, with the system temperature set at 300 K and the
simulation time at 50 ns. The energy minimization phase employed the steepest descent
method, followed by energy equilibration to stabilize the system before completing the MD
simulation. The binding free energies were calculated using the MM/GBSA method, and
the resulting MD simulation data were visualized using Xmgrace software 5.1.25 [27].

3. Results

3.1. Screening of Potential Targets for the Anti-Hypertensive Effects of Catechin Components

For the eight catechin components, 51 and 48 targets were predicted from the SEA
Search Server and Swiss Target Prediction databases, respectively. After removing duplicate
targets, 64 unique targets for the catechin components were identified, and a tea–catechin–
targets network was constructed using Cytoscape 3.9.1 (Figure 3A, Supplementary Table S1).
Among these, ECG had the most associated potential targets (61), followed by EGCG (60),
GCG (60), CG (59), C (24), EC (24), GC (13), and EGC (13). Additionally, hypertension-
related targets were gathered from multiple databases, resulting in 784 targets from
DisGeNET, 683 from GeneCards, and 75 from OMIM. After removing duplicates, 1155
hypertension-related targets were obtained (Supplementary Table S2). A Venn diagram
was used to identify the intersecting targets between the predicted catechin targets and
hypertension targets. The analysis identified 23 targets as potential candidates for the
anti-hypertensive action of catechins (Figure 3B).

3.2. Protein–Protein Interaction (PPI) Network Analysis and Key Target Screening

The PPI network for the 23 intersecting targets was constructed using the STRING
database and visualized with Cytoscape 3.9.1 software (Figure 3C). The PPI network
comprised 22 nodes and 150 edges, with node size and color varying according to their
degree value (Supplementary Table S3). The degree value represents the number of edges
connected to a node, indicating its importance. Among the targets, MMP9, BCL2, and
HIF1A exhibited the highest degree values, with degrees of 15, 14, and 14, respectively,
identifying them as potential key targets.
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Figure 3. (A) Construction of the tea–catechin–targets network. (B) Venn diagram of predicted
catechin targets and hypertension-related targets. (C) PPI network of intersecting targets. (D) tea–
catechin–targets–hypertension network diagram.

To determine the key catechin components for anti-hypertension, an interaction
network between the eight catechin components and the intersecting targets was con-
structed (Figure 3D). Notably, all these catechin components interacted with multiple
targets. Among the eight catechin components, GCG, EGCG, ECG, and CG had the highest
degree values (degree = 22), followed by C and EC (degree = 7) and, lastly, CG and EGC
(degree = 3) (Supplementary Table S4). In summary, GCG, EGCG, ECG, and CG are likely
the essential catechin components for combating hypertension.

3.3. Functional Enrichment Analysis of Key Targets

To comprehensively understand the mechanisms by which catechin components act
on hypertension at the system level, KEGG and GO enrichment analyses were performed
on the 23 intersecting targets. KEGG enrichment analysis revealed that the 23 intersecting
targets were enriched in 90 signaling pathways (p < 0.05, Supplementary Table S5), in-
cluding the vascular smooth muscle contraction (hsa04270), aldosterone-regulated sodium
reabsorption (hsa04960), renal cell carcinoma (hsa05211), and TNF signaling pathway
(hsa04668), among others (Figure 4A). Additionally, the GO enrichment results show that
the targets were enriched in 1063 biological processes (BPs), seven cellular components
(CCs), and 89 molecular functions (MFs) (Supplementary Table S6, p < 0.05). As illus-
trated in Figure 4B, in the BP category, the main enrichments were in positive regulation
of angiogenesis (GO:0045766), endothelial cell proliferation (GO:0001935), and vascular
endothelial growth factor receptor signaling pathway (GO:0048010). In the CC category,
the primary enrichments were in platelet alpha granule lumen (GO:0031093), platelet alpha
granule (GO:0031091), and apical part of cell (GO:0045177). In the MF category, significant
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enrichments included calcium-dependent protein kinase C activity (GO:0010857), vascu-
lar endothelial growth factor receptor binding (GO:0005172), and metalloendopeptidase
activity (GO:0004222). The results of the KEGG pathway and GO enrichment analyses
suggest that the key targets play important roles in regulating vascular smooth muscle
contraction, promoting angiogenesis, and mediating vascular endothelial growth factor
receptor signaling processes.

Figure 4. (A) KEGG pathway analysis of key targets. (B) GO enrichment analysis of key targets.

3.4. Molecular Docking Verification

Molecular docking was employed to evaluate the binding affinities of four cate-
chin components with three key target genes (MMP9, HIF1A, and BCL2). The results
show that the docking scores for the four catechin components with the three targets
ranged from −6.2 kcal/mol to −8.9 kcal/mol (Table 1). Lower docking scores indicate
stronger binding affinities, with scores < −5.0 kcal/mol indicating potential binding and
scores < −7.0 kcal/mol denoting strong binding affinities [28]. For MMP9, CG and GCG
exhibited the strongest binding affinities, both scoring −8.9 kcal/mol. For HIF1A and BCL2,
the strongest binding ligands were ECG and EGCG, with docking scores of −8.8 kcal/mol
and −6.7 kcal/mol, respectively. The reference drug enalapril had docking scores of
−7.1 kcal/mol, −6.7 kcal/mol, and −6.0 kcal/mol with MMP9, HIF1A, and BCL2, respec-
tively. Compared to the reference drug enalapril, these significant compounds demon-
strated stronger binding affinities to the key targets.

The binding mechanisms between the three key targets and their selected catechin
ligands are shown in Figure 5. The binding pockets of MMP9, HIF1A, and BCL2 were tightly
occupied by CG, GCG, ECG, and EGCG, stabilized by hydrogen bonds and hydrophobic
interactions (Supplementary Table S7). In MMP9, CG formed hydrogen bonds with LEU39
(2.75 Å), ASP185 (2.61 Å), GLY186 (2.20 Å), ARG51 (2.00 Å), ARG95 (2.69 Å and 2.67 Å),
and TYR48 (3.00 Å) and hydrophobic interactions with TYR48 (5.57 Å), LEU39 (5.43 Å and
4.89 Å), and LEU44 (5.21 Å) (Figure 5A). GCG in MMP9 formed hydrogen bonds with
ASP182 (2.98 Å), THR96 (2.74 Å), GLY186 (2.50 Å), TYR52 (2.14 Å), ARG51 (2.05 Å), ARG95
(2.60 Å), and TYR48 (2.98 Å) and hydrophobic interactions with TYR48 (5.55 Å), LEU39
(5.41 Å and 4.92 Å), and LEU44 (5.15 Å) (Figure 5B). In HIF1A, ECG formed hydrogen
bonds with TYR325 (2.30 Å), LYS465 (2.28 Å), ARG440 (1.94 Å), and VAL464 (2.51 Å)
and hydrophobic interactions with PRO360 (4.95 Å), VAL464 (5.49 Å), PRO360 (4.74 Å),
LYS328 (4.47 Å), VAL464 (4.32 Å), and PRO360 (5.18 Å) (Figure 5C). EGCG in BCL2 formed
hydrogen bonds with VAL117 (2.70 Å), GLU113 (2.89 Å), LYS24 (2.27 Å), ARG28 (2.22 Å),
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and SER66 (2.53 Å) and hydrophobic interactions with ARG28 (5.12 Å and 3.82 Å), VAL117
(5.38 Å), and VAL120 (5.13 Å) (Figure 5D). These results indicate that catechin components
effectively bind to the core targets through hydrogen bonds and hydrophobic interactions.

 

Figure 5. Molecular docking of main catechin components with MMP9, HIF1A, and BCL2. (A) Inter-
action diagram between MMP9 and gallocatechin gallate (GCG). (B) Interaction diagram between
MMP9 and catechin gallate (CG). (C) Interaction diagram between HIF1A and epicatechin gallate
(ECG). (D) Interaction diagram between BCL2 and epigallocatechin gallate (EGCG).
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Table 1. Molecular docking results of catechin components with core targets.

Compound
Name

Affinity (kcal/mol)

MMP9 HIF1A BCL2 Mean

CG −8.9 −8.6 −6.5 −8.0
GCG −8.9 −8.4 −6.5 −7.9
ECG −8.0 −8.8 −6.2 −7.7

EGCG −8.0 −8.5 −6.7 −7.7
Mean −8.5 −8.6 −6.5

enalapril −7.1 −6.7 −6.0 −6.6

3.5. Molecular Dynamics Simulations and Binding Free Energy Calculations

To further explore the stability of protein–ligand interactions, molecular dynamics
(MD) simulations were performed on four protein–ligand complexes: MMP9-CG, MMP9-
GCG, HIF1A-ECG, and BCL2-EGCG. The root mean square deviation (RMSD) values were
used to assess whether the simulation systems reached a stable state, with RMSD values
within 1 nm indicating relative stability of protein–ligand interactions in a physiological
environment [29]. As shown in Figure 6A, the RMSD values of the four complexes rapidly
stabilized at 0.59 ± 0.16 Å, 0.46 ± 0.12 Å, 0.17 ± 0.03 Å, and 0.24 ± 0.05 Å, respectively.
The radius of gyration (Rg) was analyzed to evaluate the compactness of receptor–ligand
binding. As depicted in Figure 6B, the Rg values of the complexes remained stable through-
out the simulation, stabilizing at 2.46 ± 0.03 nm, 2.42 ± 0.03 nm, 1.78 ± 0.01 nm, and
1.61 ± 0.01 nm, respectively. The solvent-accessible surface area (SASA) is an important pa-
rameter reflecting protein folding and stability. The SASA values of the four complexes also
demonstrated stability, reaching average values of 215.79 ± 2.79 nm2, 218.87 ± 4.42 nm2,
115.76 ± 2.49 nm2, and 99.47 ± 1.90 nm2, respectively (Figure 6C). The number of hydro-
gen bonds reflects the strength of protein–ligand binding, with MMP9-GCG showing the
highest hydrogen bond density and strength, followed by MMP9-CG, HIF1A-ECG, and
BCL2-EGCG (Figure 6D).

The binding free energies (ΔGbind) of the four protein–ligand complexes were further
calculated using the MM/GBSA method. Lower ΔGbind values indicate stronger receptor–
ligand binding affinity [30]. As shown in Figure 6E, the ΔGbind rankings of the four
complexes were MMP9-CG (−29.34 kcal/mol) < MMP9-GCG (−27.7 kcal/mol) < HIF1A-
ECG (−24.32 kcal/mol) < BCL2-EGCG (−21.89 kcal/mol), which is consistent with the
molecular docking results.

142



Foods 2024, 13, 2685

 

Figure 6. (A) RMSD values of the four complexes. (B) Radius of gyration (Rg) values of the four
complexes. (C) Solvent-accessible surface area (SASA) values of the four complexes. (D) Number of
hydrogen bonds in the four complexes. (E) Binding free energies (ΔGbind) of the four complexes.
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4. Discussion

Hypertension is increasingly acknowledged as a critical global public health concern
due to its chronic nature [9]. Catechins have been confirmed to resist atherosclerosis,
regulate intestinal microbiota dysbiosis, improve endothelial cell function, and modulate
inflammatory signaling, thereby mitigating the adverse effects of hypertension [18,31]. Net-
work pharmacology, known for its “multi-component, multi-target, and multi-pathway”
characteristics, is utilized in this study to investigate the primary targets and potential mech-
anisms by which catechins exert anti-hypertensive effects, integrating it with computational
simulation techniques.

The tea catechin–targets–hypertension network indicates that GCG, EGCG, ECG,
and CG have high degree values. Consequently, these key catechin components were
further analyzed for their therapeutic effects on hypertension. Chronic inflammation is
considered a significant cause of hypertension, and reducing inflammation may aid in the
prevention and treatment of hypertension [32]. It has been reported that EGCG, GCG, and
CG possess various biological and pharmacological activities, including antioxidant, anti-
inflammatory, and anti-angiogenic properties [33–35]. ECG and EGCG in tea play crucial
roles in reducing serum cholesterol levels and inhibiting postprandial hyperlipidemia [36].
Redford et al. [37] found through rat experiments that the activation of vascular and
neuronal KCNQ5 potassium channels significantly promotes vasodilation in both green
and black tea, suggesting that ECG, EGCG, or their optimized derivatives are potential
candidates for future anti-hypertensive drug development.

PPI network analysis revealed three potential key targets—MMP9, HIF1A, and
BCL2—that are significantly implicated in the treatment of hypertension with catechins.
These genes likely play a role in the therapeutic mechanisms by which catechins mitigate
hypertension. Studies have shown that the knocking out of matrix metalloproteinase
9 (MMP9) in hypertensive rats can prevent the development of hypertension, protein-
uria, glomerular damage, and renal interstitial fibrosis [38]. Cardiovascular diseases
significantly impact blood pressure levels, and BCL2, a key anti-apoptotic protein, can
serve as a target for modern cardioprotective therapies [39]. HIF1A, a hypoxia-inducible
factor, was found to play an essential role in activating the transcriptional cofactor FOG2
in a CMVD mouse model of mild hypertension–diabetes injury, a condition relevant
to human disease [40]. Therefore, MMP9, HIF1A, and BCL2 are closely linked to the
onset and progression of hypertension, and catechin components may deliver their
anti-hypertensive benefits through interactions with these target proteins.

GO and KEGG pathway enrichment analyses revealed key pathways involved in the
anti-hypertension effects of catechins. The GO enrichment analysis indicated that the key
targets of catechins were primarily enriched in biological processes such as the positive reg-
ulation of angiogenesis, the vascular endothelial growth factor receptor signaling pathway,
and the vascular endothelial growth factor receptor binding. KEGG pathway enrichment
analysis revealed that catechins were involved in several signaling pathways pertinent
to hypertension treatment, including vascular smooth muscle contraction, aldosterone-
regulated sodium reabsorption, and renal cell carcinoma. Vascular smooth muscle is a
crucial component of the blood vessel wall; under hypertensive conditions, its sustained
contraction leads to thickening of the vessel wall and increased vascular resistance, thereby
elevating blood pressure [41]. Pulmonary arterial hypertension (PAH) is a progressive and
complex pulmonary vascular disease, with HIF1A identified as a potential biomarker and
therapeutic target for PAH [42]. Aldosterone, a hormone secreted by the adrenal glands,
causes sodium and water retention, increasing blood volume and consequently raising
blood pressure when at elevated levels, such as in primary aldosteronism [43]. Studies
have shown that aldosterone induces MMP9 expression by activating CaMKII through
oxidative stress. This exerts direct toxic effects on the myocardium, leading to increased
cardiac rupture and mortality post-myocardial infarction in mice [44]. Renal cell carcinoma
may contribute to hypertension by activating the renin–angiotensin system and affecting
renal structure and function [45]. BCL2 and MMP9 have been found to play significant
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roles in tumor immunity and may serve as potential novel biomarkers and therapeutic
targets for immunotherapy of clear cell renal cell carcinoma (ccRCC) [46,47]. Therefore,
catechins achieve their anti-hypertensive effects through the regulation of various biologi-
cal pathways.

Further, computational simulations were used to explore the binding affinity and
mechanisms of catechins with key hypertension-related targets. The molecular docking
results show that the docking scores for the four catechin components with the three targets
were all less than −5 kcal/mol. The optimal catechin–ligand complexes formed with
the three targets were MMP9-CG, MMP9-GCG, HIF1A-ECG, and BCL2-GCG, primarily
driven by hydrogen bonding and hydrophobic interactions. Subsequently, molecular
dynamics simulations were conducted to analyze the dynamic behavior and stability of
the catechin–target complexes over time. The values of RMSD, Rg, and SASA and the
number of hydrogen bonds indicated that the four complexes possessed reliable structural
stability and compactness. Additionally, the binding free energies (ΔGbind) of the four
protein–ligand complexes were analyzed using the MM/PBSA method, showing strong
binding affinities, which corroborated the molecular docking results.

This study used network pharmacology to predict three key targets and pathways
associated with the anti-hypertensive effects of four catechin components. Futhermore, the
binding mechanisms between these catechin components and key targets were investigated
using computer simulations. However, this study has certain limitations. Future research
should utilize cell experiments and animal models to validate and explore the mechanisms
by which catechins regulate hypertension-related pathways in vivo and in vitro, aiming to
provide more effective and safer treatment options for patients with hypertension.

5. Conclusions

In this study, network pharmacology and computer simulation were used to explore
the potential targets and molecular mechanisms of catechins in anti-hypertension. CG, GCG,
ECG, and EGCG were identified as key catechin components for combating hypertension,
with MMP9, HIF1A, and BCL2 as potential critical therapeutic targets. Molecular docking
and molecular dynamics simulation results illustrate that catechins effectively bind to key
targets through hydrogen bonding and hydrophobic interactions. These findings support
the potential of catechins as functional additives for treating or preventing hypertension,
providing a valuable foundation for further research. However, it is important to note that
further pharmacological and clinical studies are required to validate our conclusions.
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List of Major Abbreviations

Abbreviation Full name
HTN hypertension
C catechin
EC epicatechin
GC gallocatechin
EGC epigallocatechin
CG catechin gallate
ECG epicatechin gallate
GCG gallocatechin gallate
EGCG epigallocatechin gallate
RMSD root mean square deviation
Rg radius of gyration
SASA solvent-accessible surface area
MD molecular dynamics
BP biological process
CC cellular component
MF molecular function
PPI protein–protein interaction
ΔGbind binding free energies
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30. Marciniak, A.; Kotynia, A.; Szkatuła, D.; Krzyżak, E. The 2-hydroxy-3-(4-aryl-1-piperazinyl)propyl Phthalimide Derivatives as
Prodrugs—Spectroscopic and Theoretical Binding Studies with Plasma Proteins. Int. J. Mol. Sci. 2022, 23, 7003. [CrossRef]

31. Liu, Y.; Long, Y.; Fang, J.; Liu, G. Advances in the Anti-Atherosclerotic Mechanisms of Epigallocatechin Gallate. Nutrients 2024,
16, 2074. [CrossRef] [PubMed]

32. Ma, L.-L.; Xiao, H.-B.; Zhang, J.; Liu, Y.-H.; Hu, L.-K.; Chen, N.; Chu, X.; Dong, J.; Yan, Y.-X. Association between systemic
immune inflammatory/inflammatory response index and hypertension: A cohort study of functional community. Nutr. Metab.
Cardiovasc. Dis. 2024, 34, 334–342. [CrossRef] [PubMed]

33. Zhang, Y.; Owusu, L.; Duan, W.; Jiang, T.; Zang, S.; Ahmed, A.; Xin, Y. Anti-metastatic and differential effects on protein
expression of epigallocatechin-3-gallate in HCCLM6 hepatocellular carcinoma cells. Int. J. Mol. Med. 2013, 32, 959–964. [CrossRef]
[PubMed]

34. Gao, X.; Lin, X.; Li, X.; Zhang, Y.; Chen, Z.; Li, B. Cellular antioxidant, methylglyoxal trapping, and anti-inflammatory activities of
cocoa tea (Camellia ptilophylla Chang). Food Funct. 2017, 8, 2836–2846. [CrossRef]

35. Iijima, T.; Mohri, Y.; Hattori, Y.; Kashima, A.; Kamo, T.; Hirota, M.; Kiyota, H.; Makabe, H. Synthesis of (−)-Epicatechin 3-(3-O-
Methylgallate) and (+)-Catechin 3-(3-O-Methylgallate), and Their Anti-Inflammatory Activity. Chem. Biodivers. 2009, 6, 520–526.
[CrossRef]

36. Ikeda, I. Multifunctional effects of green tea catechins on prevention of the metabolic syndrome. Asia Pac. J. Clin Nutr. 2008, 17,
273–274. [PubMed]

37. Redford, K.E.; Rognant, S.; Jepps, T.A.; Abbott, G.W. KCNQ5 Potassium Channel Activation Underlies Vasodilation by Tea. Cell.
Physiol. Biochem. 2021, 55, 46–64. [CrossRef]

38. Zhang, C.; Mims, P.N.; Zhu, T.; Fan, F.; Roman, R.J. Abstract 097: Knockout of Matrix Metalloproteinase 9 Protects Against
Hypertension-induced Renal Disease in Hypertensive Dahl S Rats. Hypertension 2017, 70, A097. [CrossRef]

39. Korshunova, A.Y.; Blagonravov, M.L.; Neborak, E.V.; Syatkin, S.P.; Sklifasovskaya, A.P.; Semyatov, S.M.; Agostinelli, E. BCL2-
regulated apoptotic process in myocardial ischemia-reperfusion injury (Review). Int. J. Mol. Med. 2020, 47, 23–36. [CrossRef]

147



Foods 2024, 13, 2685

40. Guerraty, M.A.; Szapary, H.J.; Berrido, A.; Arany, Z.P.; Rader, D.J. Abstract 219: Role of Transcription Co-Factor Friend of GATA 2
(FOG2) in a Hypertensive-Diabetic Mouse Model of Coronary Microvascular Disease. Arter. Thromb. Vasc. Biol. 2018, 38, A455.
[CrossRef]

41. Touyz, R.M.; Alves-Lopes, R.; Rios, F.J.; Camargo, L.L.; Anagnostopoulou, A.; Arner, A.; Montezano, A.C. Vascular smooth
muscle contraction in hypertension. Cardiovasc. Res. 2018, 114, 529–539. [CrossRef] [PubMed]

42. Wei, R.-Q.; Zhang, W.-M.; Liang, Z.; Piao, C.; Zhu, G. Identification of Signal Pathways and Hub Genes of Pulmonary Arterial
Hypertension by Bioinformatic Analysis. Can. Respir. J. 2022, 2022, 1394088. [CrossRef] [PubMed]

43. Shoemaker, R.; Poglitsch, M.; Davis, D.; Huang, H.; Schadler, A.; Patel, N.; Vignes, K.; Srinivasan, A.; Cockerham, C.; Bauer, J.A.;
et al. Association of Elevated Serum Aldosterone Concentrations in Pregnancy with Hypertension. Biomedicines 2023, 11, 2954.
[CrossRef] [PubMed]

44. He, B.J.; Joiner, M.-L.A.; Singh, M.V.; Luczak, E.D.; Swaminathan, P.D.; Koval, O.M.; Kutschke, W.; Allamargot, C.; Yang, J.;
Guan, X.; et al. Oxidation of CaMKII determines the cardiotoxic effects of aldosterone. Nat. Med. 2011, 17, 1610–1618. [CrossRef]
[PubMed]

45. Bendtsen, M.A.F.; Grimm, D.; Bauer, J.; Wehland, M.; Wise, P.; Magnusson, N.E.; Infanger, M.; Krüger, M. Hypertension Caused
by Lenvatinib and Everolimus in the Treatment of Metastatic Renal Cell Carcinoma. Int. J. Mol. Sci. 2017, 18, 1736. [CrossRef]

46. Xu, T.; Gao, S.; Liu, J.; Huang, Y.; Chen, K.; Zhang, X. MMP9 and IGFBP1 Regulate Tumor Immune and Drive Tumor Progression
in Clear Cell Renal Cell Carcinoma. J. Cancer 2021, 12, 2243–2257. [CrossRef]

47. Feng, X.; Yan, N.; Sun, W.; Zheng, S.; Jiang, S.; Wang, J.; Guo, C.; Hao, L.; Tian, Y.; Liu, S.; et al. miR-4521-FAM129A axial
regulation on ccRCC progression through TIMP-1/MMP2/MMP9 and MDM2/p53/Bcl2/Bax pathways. Cell Death Discov. 2019,
5, 89. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

148



Citation: Hou, Z.; Jin, Y.; Gu, Z.;

Zhang, R.; Su, Z.; Liu, S. 1H NMR

Spectroscopy Combined with

Machine-Learning Algorithm for

Origin Recognition of Chinese

Famous Green Tea Longjing Tea.

Foods 2024, 13, 2702. https://

doi.org/10.3390/foods13172702

Academic Editor: Chiara Portesi

Received: 23 July 2024

Revised: 20 August 2024

Accepted: 26 August 2024

Published: 27 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article
1H NMR Spectroscopy Combined with Machine-Learning
Algorithm for Origin Recognition of Chinese Famous Green
Tea Longjing Tea

Zhiwei Hou 1,*,†, Yugu Jin 1,†, Zhe Gu 1, Ran Zhang 1, Zhucheng Su 1 and Sitong Liu 2

1 College of Tea Science and Tea Culture, Zhejiang A & F University, 666 Wusu Street, Hangzhou 311300, China;
jinyugu0011@163.com (Y.J.); kaaaphapi@163.com (Z.G.); zhangran@163.com (R.Z.);
zhuchengsu@zafu.edu.cn (Z.S.)

2 Hangzhou Tea Research Institute, CHINA COOP, Hangzhou 310016, China; sytoneliu@163.com
* Correspondence: houzhiwei@zafu.edu.cn
† These authors contributed equally to this work.

Abstract: Premium green tea is a high-value agricultural product significantly influenced by its
geographical origin, making it susceptible to food fraud. This study utilized nuclear magnetic
resonance (NMR) spectroscopy to perform chemical fingerprint analysis on 78 Longjing tea (LJT)
samples from both protected designation of origin (PDO) regions (Zhejiang) and non-PDO regions
(Sichuan, Guangxi, and Guizhou) in China. Unsupervised algorithms and heatmaps were employed
for the visual analysis of the data from PDO and non-PDO teas while exploring the feasibility of linear
and nonlinear machine-learning algorithms in discriminating the origin of LJT. The findings revealed
that the nonlinear model random forest (92.2%), exhibited superior performance compared to the
linear model linear discriminant analysis (85.6%). The random forest model identified 15 key marker
metabolites for the geographical origin of LJT, such as kaempferol glycoside, glutamine, and ECG.
The results support the conclusion that the integration of NMR with machine-learning classification
serves as an effective tool for the quality assessment and origin identification of LJT.

Keywords: NMR; Longjing tea; protected designation of origin; machine learning

1. Introduction

Longjing tea is a famous Chinese premium green tea, originating from three regions
in Zhejiang Province [1]. According to Chinese national standard (GB/T 18650-2008) [2],
flat green tea produced outside the Xihu area and Qiantang area in Hangzhou City, as well
as the Yuezhou area in Shaoxing City, Zhejiang Province, cannot be marketed under the
label “Longjing Tea” [3]. However, unscrupulous traders often mislabel green tea from
other regions as LJT to deceive consumers and gain higher profits [4]. Since consumers are
willing to pay a premium for LJT with a protected designation of origin (PDO), this leads
to fraudulent behavior in the tea market [5]. Therefore, the development of identification
techniques for the origin of LJT is of great significance for the protection of consumers’
rights and interests as well as for the quality supervision of the market sector.

Traditional tea origin identification differentiates tea based on attributes such as
appearance, aroma, taste, and tea color [6,7]. However, these sensory reviewers require
long-term training, are subjective in their conclusions, and are susceptible to environmental
factors. Therefore, researchers are keen to develop objective tea quality assessment methods
to replace the traditional sensory review. Over the past decade, various methods have been
proposed to determine the geographical origin of tea. These methods include analyzing the
chemical composition, elemental composition, and spectral fingerprints of tea, as well as
by using combinations of these approaches. For instance, Ma et al. employed inductively
coupled plasma mass spectrometry (ICP-MS) to differentiate Biluochun green tea samples
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from three distinct regions [8]. Although the discrimination rate reached 96.4%, the method
requires a complex pre-treatment process that consumes significant sample preparation
time, making it impractical for constructing the large datasets needed for origin traceability.
On the other hand, Yun et al. used head-space gas chromatography-mass spectrometry
(HS-GC/MS) to achieve a 100% origin identification rate for several black teas [9]. However,
mass spectrometry analyses usually take a long time and depend on the experience of the
spectrometry. Many researchers have also tried to differentiate tea origins by analytical
methods such as high-performance liquid chromatography (HPLC) [10] and stable isotope
ratio mass spectrometry (IRMS) [11]. However, these methods are still inefficient and there
is an urgent need to develop faster methods for origin tracing.

NMR spectroscopy is a rapid technique for sample preparation and data acquisition,
offering the advantage of minimal sample processing and consistent data generation. This
makes it applicable to various purposes in determining the origin of food products [12].
For example, Cui et al. achieved a 95.7% origin discrimination rate for four Huajiao origins
using 1H NMR combined with chemometrics [13]. Recently, Cui et al. also achieved a 92.7%
discrimination rate for 219 black tea samples from seven origins using 1H NMR combined
with a machine-learning algorithm [14]. By combining the fast data acquisition capability
of 1H NMR with chemometric analysis methods, it provides a viable solution for tea origin
traceability. Widely used analytical and visual chemometrics methods include principal
component analysis (PCA) and projection to latent structures discriminant analysis (PLS-
DA) [15]. Machinelearning algorithms are increasingly replacing traditional data processing
methods due to their potential to improve discriminant performance, minimize the risk
of overfitting, and eliminate irrelevant features. These algorithms can be categorized as
linear and non-linear. Linear discriminant analysis (LDA) is a commonly used linear
approach in machine learning. It assumes that the data in each category is normally
distributed and has the same covariance matrix, aiming to find linear combinations of
features that best discriminate between multiple categories [16]. However, LDA can only
create linear decision boundaries and may not capture the complex relationships in the data.
In contrast, random forest (RF) is an ensemble learning method that enhances classification
by constructing multiple decision trees during training and outputting the class predictions
of each tree [17]. Because RF combines the predictions of multiple trees, it reduces the
risk of overfitting and has the ability to handle a wide range of input variables without
eliminating any. Moreover, RF can provide feature variables that are more important for
discrimination, which helps to understand the key variables that affect the origin of the
food. Hence, it is valuable to investigate the efficacy of both linear and nonlinear models in
discerning the geographical source of LJT based on metabolite analysis.

This study investigated the application of 1H NMR-based methods combined with
machine-learning algorithms in LJT origin identification. By analyzing the metabolic
fingerprints of 78 samples from four major LJT-producing regions in China (Zhejiang,
Guizhou, Sichuan, and Guangxi), linear (LDA) and non-linear (RF) machine-learning
models for origin discrimination were developed. In addition, potential chemical markers
for distinguishing LJT origin were revealed. The results of the study can be applied to the
origin traceability of LJT and provide a new approach for the quality control of LJT.

2. Materials and Methods

2.1. Longjing Tea Sample Preparation

A total of 78 Longjing tea samples were collected from reliable suppliers
(Figure 1a). These samples originated from various regions in China, including Zhe-
jiang (42), Guizhou (12), Sichuan (9), and Guangxi (15). The samples were processed from
the raw materials of three varieties of Camellia sinensis (Quntizhong, Longjing 43, and
Wuniuzao), and their detailed information is shown in Table S1. The authenticity of the
samples was confirmed by our collaborators. After the collection of samples, they were
transferred to the laboratory in vacuum-sealed packages.
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Figure 1. Geographical origin and characteristic 1H NMR profiles of LJT samples. (a) Samples of LJT
were gathered based on their designated geographical source. (b) Comparative 1H NMR spectra of
LJT extracts sourced from diverse geographical regions. (c) 1H NMR spectrum of LJT depicted in a
representative manner.

The extraction procedure follows the methodology outlined by Cui et al. [14]. Initially,
all tea samples underwent grinding for a duration of 30 s utilizing an IKA A11basic grinder
(manufactured in Germany). Following this, the samples were sifted through a 3 mm
mesh sieve. Subsequently, 200 mg of each processed sample was blended with 3 mL of
methanol-d4, which contained 0.03% Tetramethylsilane (TMS), and subjected to ultrasonic
extraction at 600 W for 10 min. This was followed by centrifugation for 5 min at 15,000× g.
Next, 600 μL of the supernatant was carefully collected and transferred into an NMR tube
with a diameter of 5 mm. Each tea sample was prepared three times, then measured, and
the average was calculated.

2.2. NMR Spectroscopy Detection

NMR detection was conducted in accordance with established methods [14]. All
spectra were recorded using a 600 MHz NMR spectrometer (Bruker BioSpin GmbH, Rhein-
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stetten, Germany) equipped with an ultra-low temperature probe. We employed a standard
Bruker pulse sequence, with a spectral width spanning from −2 to 14 ppm, a center fre-
quency set at 3600 Hz, and a test temperature maintained at 298 K. The observations were
conducted at a frequency of 600 MHz, utilizing a pulse width of 10.25 μs. Each spectrum
was acquired over a duration of 4.00 s, with a delay of 1 s between scans, and a total of
31 scans were performed. Corrections for spectral shifts were made based on the TMS
signal (δ = 0 ppm) in the 1H NMR spectra. Prior to Fourier transformation, an exponential
plus weighting function, corresponding to a linewidth of 0.3 Hz, was implemented.

Regions corresponding to methanol (3.31–3.34 ppm) and TMS (0 ppm) were ex-
cluded from the analysis. Signal assignments were verified by comparing with litera-
ture sources [13] and cross-referenced using the Human Metabolome Database (HMDB;
http://www.hmdb.ca/ (accessed on 5 July 2024)).

2.3. Data Analysis

Phase and baseline corrections were applied to the 1H NMR spectra in the MestReNova
software (Version 14.0) using the Whitakker smoothing algorithm, and a displacement
calibration was performed based on the TMS internal standard at 0.0 ppm. Data reduction
was performed using rectangular bins (0.04 ppm) generated in the MestReNova software,
with each bin integrated by summing all intensities within that bin. The bin width of
0.04 ppm represents a compromise between maintaining sufficient data resolution and
minimizing the effects of loss of spectral information and peak drift to ensure accurate peak
integration. The overall intensity of the spectra was normalized using MestReNova.

PCA and sparse PLS discriminant analysis (sPLS-DA) were performed utilizing the
MetaboAnalyst 5.0 online platform (https://www.metaboanalyst.ca (accessed on 5 July
2024)). To mitigate data overfitting and ensure the robustness of supervised analyses,
permutation testing (n = 2000) and cross-validation techniques were applied. Additionally,
heatmap generation and hierarchical clustering (HC) were conducted using MetaboAn-
alyst 5.0, with inter-group similarities assessed through Pearson distance metrics. The
violin chart was drawn according to the relative value of the peak intensity obtained by the
spectral division box.

All machine-learning procedures were executed in MATLAB R2021b (Mathworks,
Waltham, MA, USA). The tea samples were divided into a training set (52 samples) and
a test set (26 samples) with a 2:1 ratio. To enhance algorithm reliability, a 5-fold cross-
validation strategy was employed. Linear Discriminant Analysis (LDA) provided optimal
separation by projecting high-dimensional data into a discriminant vector space, thereby
extracting classification information and reducing dimensionality. Random forest (RF), an
ensemble method, aggregates multiple decision trees through bagging, which involves
creating numerous subsets and combining several decision trees. Each subset is randomly
sampled with replacement, and certain features are randomly selected as inputs, with the
final classification result based on the majority vote. In this study, a random forest with
5000 trees was used to achieve superior classification performance. The efficacy of the
machine-learning algorithms was evaluated using a confusion matrix.

3. Results and Discussion

3.1. Metabolomic Analysis of Longjing Tea

In this study, the metabolite composition of 78 LJT samples from four regions was
assessed using 1H NMR. The 1H NMR spectra of LJT samples from Zhejiang, Guizhou,
Sichuan, and Guangxi are depicted in Figure 1b. Preliminary comparative analysis revealed
that LJT from Zhejiang and Guizhou exhibited heightened peaks in the high-field region
(0.8–3.5 ppm, corresponding to amino acids) compared to those originating from Sichuan
and Guangxi. In the mid-to-low field region (3.5–5.5 ppm, corresponding to carbohydrates),
Zhejiang and Sichuan samples displayed similar peaks. In the low-field region above
6 ppm (aromatic compounds), Guizhou and Guangxi samples had higher peaks than those
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from Zhejiang and Sichuan. These findings suggest that the compound composition of LJT
samples varied in different regions.

A representative 1H NMR spectrum of LJT samples can be observed in Figure 1c.
Based on previously reported chemical shifts and combined with public metabolomics
databases [14,18–20], 30 metabolites were identified (Table 1). LJT extracts contain a
diverse array of compounds, including tea polyphenols such as epigallocatechin gallate
(EGCG), epicatechin (EC), epigallocatechin (EGC), and epicatechin gallate (ECG). Moreover,
they also encompass caffeine and amino acids like theanine, isoleucine, and leucine, as
well as organic acids including quinic acid, malic acid, and succinic acid. Additionally,
these extracts are characterized by the presence of carbohydrates such as α-glucose, β-
glucose, and sucrose. In prior research, it has been observed that the bitter taste and
astringency of green tea can be attributed to the existence of EGCG and ECG, which may
be influenced by factors like the type and quality of tea leaves. The umami flavor of green
tea is primarily attributed to the presence of theanine, which exhibits a strong correlation
with the timing of raw material harvest. This suggests that using 1H NMR for metabolite
fingerprinting analysis can reflect differences in the quality of the raw materials used in
LJT from different regions.

Table 1. Thirty major metabolites were identified through the detection of 1H NMR signals in
methanol extracts obtained from LJT samples originating from four distinct geographical locations.

No. Metabolite Chemical Shift, in ppm (Multiplicity)

1 Leucine 0.97(d)
2 Isoleucine 1.03, 1.98
3 Theanine 1.10, 2.13, 2.37, 3.19, 3.72
4 Threonine 1.36, 4.23
5 Alanine 1.46 (d), 3.84
6 Arginine 1.68 (m), 1.90 (m)
7 Lysine 1.71 (m), 1.87 (m)
8 Glutamine 2.01
9 Quinic acid 2.05 (m), 3.54 (dd), 4.04 (dd)

10 Acetic acid 2.07
11 Glutamic acid 2.12 (m)
12 Chlorogenic acid 2.17 (m), 5.33 (m)
13 Malic acid 2.37 (dd), 2.63 (dd)
14 Succinic acid 2.52 (s)
15 EGC 2.62, 4.27, 6.06, 6.55, 6.80
16 EGCG 2.72, 3.08, 5.56, 6.59, 6.92
17 ECG 3.08, 4.81, 6.50, 6.95
18 Caffeine 3.22 (s), 3.38 (s), 3.77 (s)
19 Sucrose 3.43, 3.65, 3.70, 4.08, 4.23
20 α-glucose 3.50, 5.16 (d)
21 Theogallin 2.20, 3.84, 4.20
22 Serine 3.83, 3.97 (m)
23 Fructose 3.56, 4.13
24 β-glucose 3.58, 4.58
25 Rutin 4.52 (d), 5.11 (d), 6.39 (d)
26 EC 6.04, 6.11, 6.50, 6.87, 6.99
27 Quercetin glycoside 6.88, 7.63
28 Kaempferol glycoside 6.96
29 Gallic acid 7.07 (s)
30 Theobromine 7.81

3.2. PCA and sPLS-DA Analysis of Longjing Tea Origin

To evaluate the classification accuracy of LJT, PCA was employed using 1H NMR chem-
ical fingerprints. Additionally, it helped in visualizing the distinction between different
groups and the variability within each group (Figure 2a). Given that principal components
(PCs) are formed by linearly combining the original variables, the visualization of PCA is
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limited in its ability to capture the entirety of variance [21]. The PCA results indicated an
overlap among samples in the PCA score plot, with notable similarities between samples
from Guangxi and Guizhou, likely due to their geographical proximity. Interestingly, simi-
larities were also observed between samples from Zhejiang and Sichuan, suggesting that
geographical factors significantly influence tea quality [22].

Figure 2. Principal component analysis (PCA) (a) and sparse PLS discriminant analysis (sPLS-DA)
(b) of all 78 LJT samples.

To conduct a more in-depth analysis of the variations in metabolites among the four
regions where LJT is produced, we utilized a supervised model known as sPLS-DA to com-
pare and contrast the distinct groups. The sPLS-DA results indicated that distinguishing
the four production areas remained challenging (Figure 2b). This difficulty was primar-
ily manifested in the high similarity between samples from Sichuan and Zhejiang, with
some samples from Guangxi and Guizhou also overlapping with those from Zhejiang.
Previous studies have demonstrated that using supervised models for origin identifica-
tion can be challenging when samples exhibit highly overlapping or similar metabolite
characteristics, posing challenges for the model in recognizing an adequate number of
sufficient distinguishing features [23]. LJT from different production areas contains similar
primary metabolites; although the concentrations of these metabolites may vary, these
differences remain insufficient for the sPLS-DA model to accurately distinguish between
the production areas.

3.3. Hierarchical Clustering of Longjing Tea Origins

Heatmap and hierarchical clustering analyses were employed to visualize the metabo-
lites of LJT sourced from various geographical origins (Figure 3). Hierarchical clustering
was performed based on the mean values of 25 metabolites selected by ANOVA across sam-
ples from four origins. The grouping of LJT samples by origin revealed three hierarchical
branches. The first branch includes samples from Guangxi and Guizhou; the second branch
comprises samples from Guangxi, Guizhou, and Sichuan; and the third branch indicates
that Zhejiang differs from the other three origins. The hierarchical clustering roughly
corresponds to the geographical proximity of the origins. LJT from Zhejiang exhibits com-
paratively elevated levels of polyphenols, amino acids, and alkaloids in comparison to other
regions. Conversely, Zhejiang demonstrates relatively diminished concentrations of certain
organic acids (such as acetic acid, succinic acid, and chlorogenic acid) and sucrose when
compared to the aforementioned regions. The main flavor components of tea are amino
acids (umami), flavonoids (bitter and astringent), and alkaloids (bitter) [24]. Therefore,
the differences in these substances in the LJT provide clues for origin discrimination and
quality assessment.
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Figure 3. Geographic origin-based hierarchical clustering of LJT using 1H NMR spectra.

3.4. Machine-Learning Algorithm for Longjing Tea Origins

To enhance the categorization of LJT samples originating from diverse sources, a range
of classification algorithms with varying attributes (linear/non-linear) were examined to
identify the most suitable method for tackling intricate pattern classification issues. LDA,
a well-known linear model, aims to enhance sample discrimination by maximizing inter-
class variance while minimizing intra-class variance [25]. The LDA training set achieved a
classification accuracy of 96.2% (Figure 4a), while the testing set demonstrated an accuracy
rate of 85.6% (Figure 4b). The classification accuracy for Zhejiang reached 85.72%, while the
accuracies for Guangxi, Sichuan, and Guizhou were 60%, 66.67%, and 50%, respectively. RF
is an innovative ensemble technique employed for machine-learning models, particularly
those relying on nonlinear classification trees [26]. The RF algorithm builds numerous
classification trees by randomly picking variables (columns) and data instances (rows),
subsequently combining the outcomes of these trees for the purpose of classification or
regression. The optimized RF model was utilized to distinguish LJT from four distinct
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sources (Figure 4c,d). In comparison to LDA, RF exhibited superior classification accuracy,
achieving a discrimination rate of 100% for the training set and 92.3% for the testing set
(Figure 4). Among the samples, those from Guizhou exhibited the highest classification
error rate, while Zhejiang and Sichuan samples had the lowest. Specifically, one sample
from Guangxi and one from Guizhou were misclassified as Zhejiang. Both of these samples
originate from tea plant varieties transplanted from Zhejiang, indicating that the variety
of raw material significantly impacts the final tea quality. This finding is consistent with
previous research, where Cui et al. reported that the raw material used in tea processing is a
major factor affecting origin-related quality differences [14]. The absence of misclassification
between Sichuan and Zhejiang LJTs, which have similar dimensions, suggests that climatic
conditions are not the primary determinant of tea’s chemical composition. Comparing the
prediction results of nonlinear algorithms with those of linear algorithms, it was found that
nonlinear algorithms outperform linear algorithms in terms of predictive accuracy [14].
This finding is consistent with previous research, which indicates that metabolite levels in
teas from different origins cannot be easily classified using simple linear methods due to the
complex interplay of factors such as tea plant varieties, climate, management practices, and
processing methods [27]. To enhance the differentiation of quality characteristics among
origins, advanced machine-learning algorithms are essential.

Figure 4. The confusion matrices for different models were obtained using all the data from 78 LJT
samples from four production areas. (a) Training set of LDA. (b) Testing set of LDA. (c) Training set
of RF. (d) Testing set of RF. The darker the green and blue colours in the matrix squares, the higher
the accuracy rate.
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3.5. Metabolite Biomarkers Differentiating Longjing Tea Origins

Through RF analysis (Figure 5), 15 potential chemical markers distinguishing LJT
samples originating from various locales have been meticulously identified. Directly
measuring the impact of each feature on the accuracy of the model is what mean decrease
accuracy aims to achieve [28]. This is accomplished by rearranging the sequence of feature
values and assessing the influence of changes in order on model accuracy. A higher average
reduction in accuracy suggests a stronger influence of the variable on RF predictions.
In terms of ranking, the metabolite that holds the utmost significance in distinguishing
between the four production areas is Kaempferol glycoside. Previous research has indicated
that variations in cultivation environments could potentially exert a substantial influence on
the structural alterations observed in specific flavonoid metabolites within LJT of identical
varieties [29]. It has been proposed that geographical origin has less impact on flavonoid
metabolites compared to cultivation variety. Consistent with this, our study found that the
content of Kaempferol glycoside is primarily dependent on the genetic characteristics of the
tea plant, with less impact from the cultivation variety on quercetin glycoside. Quercetin
glycoside and kaempferol glycoside contribute to the mild astringency of the tea brew
and enhance the bitterness of caffeine, making them important components of the tea
flavor [30]. Our study discovered that LJT from Zhejiang has lower levels of kaempferol
glycoside compared to other regions, while quercetin glycoside content is higher than in
other regions (Figure 5a). This may be due to the predominant use of specific varietal
materials, although the high taste threshold of flavonoid glycosides makes it difficult for
assessors or consumers to detect taste differences in the tea infusion. Previous research has
utilized glutamine, a prominent umami amino acid found in tea, as a significant indicator
for differentiating between various types of green tea [31]. Recent studies have shown that
extended processing time and heating temperature reduce glutamine content [32]. Our
study found that glutamine levels are lower in Zhejiang samples compared to other regions,
possibly due to different processing conditions and temperatures, indicating that processing
methods are a significant factor affecting the quality of LJT from different origins.

Furthermore, the RF model’s discrimination results are affected by an additional set of
five amino acids (Theanine, Alanine, Lysine, Leucine, and Isoleucine), ranked in descending
order of significance. In green tea, isoleucine, leucine, and lysine contribute to bitterness,
alanine is considered a sweet amino acid, and theanine is regarded as the primary umami
amino acid [33]. The variation in the origin of LJT may result in differences in its taste
due to variances in amino acid composition. Previous research has suggested that certain
amino acids (proline, valine, and glutamic Acid) exhibit stability throughout the processing
stages, whereas others (isoleucine, leucine, lysine, alanine, and theanine) are more prone to
reduction during processing [34]. This suggests that differences in amino acids in LJT may
be primarily influenced by processing, with these six amino acids helping to differentiate
closely related geographic regions. ECG is one of the primary contributors to the bitterness
and astringency of tea infusion [35]. The higher content of ECG in LJT from Zhejiang
compared to other regions is primarily due to the combined effects of cultivar selection,
agronomic practices, and processing methods. Glucose and fructose contribute sweetness
to tea infusion. Prior research has suggested a correlation between the temperature at
which tea leaves grow and the buildup of carbohydrates in them [36]. Our research found
that the glucose and fructose content in tea from Zhejiang and Sichuan is higher compared
to that from Guizhou and Guangxi. This disparity may be attributed to the fact that
LJT from Guizhou and Guangxi is harvested from tea plants grown in southern China,
where the environment features higher light intensity and temperatures, leading to lower
carbohydrate accumulation in the tea plants [37]. Conversely, in the core production area of
LJT, higher quality standards are typically enforced. As a result, only the new shoots from
early spring, just after winter, are collected for processing into LJT. In contrast, in other
regions, new tea shoots are collected and processed throughout both spring and summer,
during which carbohydrate accumulation in tea leaves is lower, resulting in a reduced
sweetness in the tea infusion.
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Figure 5. (a) Significant features identified by the random forest algorithm; (b) Kaempferol glycoside,
(c) Glutamine, and (d) ECG box. The black dots in the fiddle diagram represent the relative content
values for each sample, and the yellow dots represent the within-group average values.

In recent studies, 1H NMR has been recognized as an effective method for assessing the
origin of black tea [14]. Our study reveals that 1H NMR also exhibits considerable potential
in assessing the provenance of green tea. Previous investigations have identified glucose,
sucrose, EGCG, EGC, EC, caffeine, theanine, alanine, and threonine as crucial indicators
for distinguishing the source of green tea [38]. Our study confirms the significance of
glucose, caffeine, and theanine in tea origin identification and reveals that, for LJT, key
distinguishing compounds include kaempferol glycoside, which is significantly affected
by cultivar; glutamine, which is influenced by processing; and ECG, which is impacted by
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multiple factors. RF modeling indicates that the key variables for differentiating the origin
of LJT are predominantly influenced by cultivar and processing methods. The importance
of these variables highlights that the varietal variations play a pivotal role in differentiating
the source of LJT.

In brief, we have devised a quick and uncomplicated technique for determining the
source and assessing the quality of Longjing tea. In contrast to the 40 min digestion period
needed for identifying green tea origin through ICP-MS [8] and the 42 min detection time
required for black tea origin identification using HS-GC/MS [9], our sample preparation
requires only 15 min, followed by a detection time of only 2 min. This significant reduction
in processing time facilitates the establishment of large datasets. In addition, the high
reproducibility of NMR results compared to analytical methods such as LC-MS [39] and
GC-MS [40] enhances the stability of model performance in academic research. Considering
the influence of production and storage years on tea metabolites, more LJT samples from
different years still need to be collected for analysis in practical applications to help optimize
the machine-learning model to ensure the accuracy of the identification results.

4. Conclusions

This study employed a combination of 1H NMR chemical fingerprints and machine-
learning algorithms to analyze 78 Longjing tea samples from four major production regions.
In these samples, a total of 30 metabolites were identified, including tea polyphenols, or-
ganic acids, carbohydrates, and alkaloids. Accurate identification of the origin of Longjing
tea was achieved using 1H NMR chemical fingerprint information combined with a non-
linear algorithm (random forest), achieving an identification rate of 92.3%. The study
thoroughly discussed the impact of raw material cultivar and processing conditions on the
discrimination results. By analyzing the average decrease in random forest classification ac-
curacy, 15 important variables were identified. Kaempferol glycoside, significantly affected
by cultivar; glutamine, influenced by processing; and ECG, impacted by both cultivar and
processing, were identified as major discriminatory factors. The findings suggest that the
utilization of machine-learning algorithms in conjunction with 1H NMR can serve as an
efficient approach to assess the excellence and source of high-grade green teas, thereby
contributing to quality management within the tea industry. This methodology offers
a swift, consistent, and replicable means for certifying the origin of various agricultural
products or food items.
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Abstract: This study investigated the effects of various characteristic components of tea—theaflavins,
catechins, thearubigins, theasinensins, theanine, catechin (C), catechin gallate (CG), epicatechin (EC),
epicatechin gallate (ECG), epigallocatechin (EGC), epigallocatechin gallate (EGCG), gallocatechin
(GC), and gallocatechin gallate (GCG)—on acrylamide formation. The results revealed that most
of tea’s characteristic components could significantly eliminate acrylamide, ranked from highest to
lowest as follows: GC (55.73%) > EC (46.31%) > theaflavins (44.91%) > CG (40.73%) > thearubigins
(37.36%) > ECG (37.03%) > EGCG (27.37%) > theabrownine (22.54%) > GCG (16.21%) > catechins
(10.14%) > C (7.48%). Synergistic elimination effects were observed with thearubigins + EC + GC + CG,
thearubigins + EC + CG, thearubigins + EC + GC, theaflavins + GC + CG, and thearubigins + theaflavins,
with the reduction rates being 73.99%, 72.67%, 67.62%, 71.03%, and 65.74%, respectively. Tea’s
components reduced the numbers of persistent free radicals to prevent acrylamide formation in the
model system. The results provide a theoretical basis for the development of low-acrylamide foods
and the application of tea resources in the food industry.

Keywords: acrylamide; tea’s characteristic components; Maillard model; elimination effect; possible
mechanism

1. Introduction

In the thermal processing of foods, acrylamide is a harmful substance that forms
during the Maillard reaction between reducing sugars and asparagine [1]. Acrylamide is
not naturally present in raw foods, but usually forms during cooking at a high temperature
(over 120 ◦C), especially when starchy and carbohydrate-rich foods are cooked [2]. In
1994, acrylamide was classified as a level 2A carcinogen by the International Agency
for Research on Cancer [3], which caused global concern regarding the substance. In
2015, the European Food Safety Authority provided health-based guidance regarding the
maximum permissible levels of acrylamide in foods [4], and in 2017, the European Union
issued regulations specifying benchmark levels of acrylamide [5]. For example, coffee and
french fries have high acrylamide levels, at 389 and 1499 μg/kg, and their recommended
benchmark levels are 750 and 400 μg/kg, respectively.

An extensive research effort has been expended in attempts to minimize the amount
of acrylamide that forms during food processing. The first step is assessing raw materials.
Different varieties of crops, especially potatoes and cereals, contain differing levels of
reducing sugars and asparagine [6], which are the precursor substances for the synthesis of
acrylamide. Thus, the cultivation and selection of raw materials with low levels of sugar
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and asparagine play a crucial role in reducing the degree of acrylamide formation [3,7].
Second, several processing conditions—including temperature, time, and pH—strongly
influence the likelihood of acrylamide formation during cooking [8,9]. Modifying these
parameters can lead to major reductions in acrylamide levels. For instance, lowering the
cooking temperature [10,11], extending the cooking time [11], and adjusting the pH toward
acidity [12,13] have all been reported to reduce acrylamide levels in food products. Enzyme
technology has also shown potential for acrylamide elimination [14,15]. Furthermore, the
application of food additives, a simple strategy that can be easily implemented, can inhibit
acrylamide formation without requiring a change in the raw materials or processing tech-
nologies that are used. Zamora et al. [11] found that dipalmitoylphosphatidylethanolamine
reduced the amount of acrylamide produced in the glucose–asparagine (Glc-Asn) model
system and that the inhibitory effect was significantly correlated with the concentration of
amino phospholipid [11]. In another study, mercaptan could react with acrylamide to form
stable adducts, whereas under aerobic conditions, no additional products were identified,
but acrylamide formation was noticeably less severe [16].

Many plants’ or extracts’ pronounced antioxidant properties are known to naturally
inhibit the formation of acrylamide. Liu et al. found that soaking french fries in a 1.34%
sodium alginate solution reduced acrylamide production by 76.59% and had no effect
on their sensory properties; this soaking resulted in the formation of a protective layer
on the surface of the fries [17]. In a model system, naringin was found to inhibit acry-
lamide formation at a rate of 20–50%; high-performance liquid chromatography (HPLC)–
tandem mass spectrometry (MS/MS) and nuclear magnetic resonance analyses revealed
that this occurred because naringin reacted with the precursors of acrylamide [18]. Trujillo-
mayol et al. [19] added 0.5% avocado peel extract to beef and vegetarian burgers to reduce
the levels of acrylamide and heterocyclic amines in the cooked burgers [19]. In addition,
a significant reduction in acrylamide was achieved by soaking chicken legs and wings in
green tea extract before they were fried [20]; this reduction was attributed to an interaction
between the precursor substances of acrylamide and the components of the green tea
extract, including catechin and gallic acid. Compared with synthetic antioxidants such
as butylated hydroxyanisole and butylated hydroxytoluene, plant polyphenols are more
acceptable for consumers.

Plant polyphenols, which are phytochemicals, have attracted a great deal of attention
because they are natural antioxidants. Tea is a polyphenol-rich food, and tea polyphenols
have multiple pharmacological and physiological functionalities due to their well-known
antioxidant attributes. China’s overall tea production in 2023 was 3.55 million tons [21];
the production of summer and autumn teas accounts for more than 50% of Chinese tea
production, but the rate of utilization of these types of tea is low because they are bitter
and astringent in taste and have poor aromatic qualities. However, the leaves of these
teas, which contain numerous polyphenols, have considerable potential for use in the
elimination of acrylamide. In the current study, the abilities of the aforementioned teas’
characteristic components—theanine, tea polyphenols and the products of their different
degrees of oxidation (theaflavins, thearubigins, and theasinensins), and catechins—to elim-
inate acrylamide were systematically evaluated, and the possible mechanism underlying
their ability to reduce acrylamide was also explored by monitoring the scavenging of
free radicals.

2. Materials and Methods

2.1. Reagents and Materials

Acrylamide (C3H5NO, ≥99.90%) and 13C3–acrylamide were purchased from Dr.
Ehrenstorfer (Augsburg, Germany) and Beijing Manhage Biotechnology (Beijing, China),
respectively. The asparagine, glucose, Na2HPO4, and K2HPO4 used in this study were ana-
lytical grade and obtained from Merk (Darmstadt, Germany). N-Propylethylenediamine
(PSA) was purchased from Shanghai Anpel Laboratory Technologies (Shanghai, China),
and deionized water (18.2 MΩ cm) was prepared using a Milli-Q Gradient system (Billerica,
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MA, USA). HPLC grade characteristic components of tea—catechin (C), catechin gallate
(CG), epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), epigallocate-
chin gallate (EGCG), gallocatechin (GC), gallocatechin gallate (GCG), tea polyphenols,
theaflavins, thearubigins, theabrownine, and theanine—were purchased from Shanghai
Yuanye Biotechnology (Shanghai, China). Instant green tea was purchased from Zhejiang
Minghuang Natural Products Development.

2.2. Glc-Asn Thermal Model Reaction

The Maillard model reaction was conducted using a previously described method with
some minor modifications [22]. In brief, an equimolar solution of glucose and asparagine
was accurately prepared in phosphate buffer (0.1 M, pH 6.86), and 4 mL of the solution
was transferred to a 25 mL thick-walled pressurized glass tube in an oil bath (DF-1015,
Shanghai Lichen Instrument Technology, Shanghai, China) at 180 ◦C and kept for 30 min.
The sample was then allowed to cool to room temperature, and 0.1 mL of 13C3–acrylamide
standard solution (10 mg/L) was added. Subsequently, the total volume was adjusted to
100 mL by adding deionized water, and 2 mL was collected and mixed with 0.2 g of PSA.
The mixture was vortexed for 2 min and then centrifuged at 8000 rpm for 5 min at 25 ◦C.
After centrifugation, the supernatant was collected and filtered through a 0.22 μm cellulose
syringe filter before undergoing liquid chromatography (LC)–mass spectrometry analysis.

2.3. Elimination Evaluation of Effects of Tea’s Characteristic Components on Acrylamide in
Maillard Model System

In the Maillard model system, the effects of the following substances on acrylamide
levels were evaluated: instant green tea (0.01, 0.1, 1, 10, and 100 g/mol Asn), tea polyphe-
nols (0.1, 0.25, 0.5, 1, and 2 g/mol Asn), theanine (0.1, 0.25, 0.5, 1, and 2 g/mol Asn), C
(0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), EC (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn),
EGC (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), GC (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn),
CG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), ECG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol
Asn), EGCG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), GCG (0.05, 0.1, 0.25, 0.5, and 1 g/mol
Asn), theaflavins (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn), thearubigins (0.05, 0.1, 0.25, 0.5,
and 1 g/mol Asn), and theabrownine (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn). The optimal
composition with equal weights of well-behaved characteristic components of tea was then
determined using a comprehensive experimental design.

2.4. LC–Triple Quadrupole (QQQ) MS/MS Analysis of Acrylamide in the Maillard Model System

An LC-QQQ-MS/MS device equipped with an electrospray ionization source (AB
SCIEX, Boston, MA, USA) coupled with a SCIEX high-performance liquid spectrometer
system was used to determine the levels of acrylamide that formed in the Maillard model
system [23]. The analyte was separated on a Waters Acquity UPLC BEH Shield RP18
column (1.7 μm, 1.0 mm × 50 mm, Waters, MA, USA) at 40 ◦C under a flow rate of
0.2 mL/min. The injection volume was 2 μL, and during isocratic elution, the mobile phase
consisted of methanol/0.1% formic acid in deionized water (10:90, v/v). Acrylamide was
identified and quantified using the multiple reaction monitoring mode; the transitions m/z
72→55 and m/z 72→27 indicated acrylamide, whereas m/z 75→58 and m/z 75→29 indicated
13C3–acrylamide.

2.5. Free Radicals in the Maillard Model System

Electron paramagnetic resonance (EPR) was performed to investigate the variation
in the free radicals in the Glc-Asn model system before and after the addition of the
characteristic components of tea and thereby explore the possible mechanism of acrylamide
reduction. The EPR process was as follows: A reacted sample was collected and prepared
as a 1 mg/mL solution, and equal volumes of this solution and a radical scavenger solution
were mixed. Subsequently, a capillary was employed to draw an appropriate amount of
the mixed solution into a quartz tube, and the total spin number was recorded on a Bruker
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EMX plus 6/1 spectrometer (Billerica, Massachusetts, USA) equipped with an Oxford
Instrument. The instrument parameters were as follows: center magnetic field, 3480 G;
scan time and width, 60 s and 50 G, respectively; microwave power, 6 mW; and modulation
amplitude, 3.0 G.

2.6. Statistical Analysis

All experiments were performed at least in triplicate, and the data were statistically
analyzed using IBM SPSS software (version 26.0, SPSS, Chicago, IL, USA). The results
are presented as means ± standard deviations (SDs). Analysis of variance and the least
significant difference test or Dunnett’s test, selected on the basis of the results of Bartlett’s
test for equal variances, were used to determine the differences between means. Significance
was considered at p < 0.05.

3. Results and Discussion

3.1. The Effects of Instant Green Tea on Acrylamide Levels in the Glc-Asn Model System

The effects of instant green tea on the profile of acrylamide in the Glc-Asn model
system are illustrated in Figure 1. The level of acrylamide under the control condition
(i.e., 0 g/mol Asn) was 140.58 ± 13.92 μmol/mol Asn. When the amounts of instant
green tea were 0.1, 1, and 10 g/mol Asn, the levels of acrylamide in the model system
were significantly lower; the rates of inhibition were 13.22–25.48%. However, the low
dose (<0.1 g/mol Asn) and high dose (>10 g/mol Asn) of instant green tea did not have
significantly inhibitive effects. Morales et al., Li et al., and Budryn et al. have reported that
the addition of an aqueous extract of green tea or tea polyphenols could significantly reduce
the levels of acrylamide in fried potatoes, bread, and fried yeast donuts, with maximum
reductions of 62%, 43%, and 15%, respectively [24–26]. However, another study discovered
that the addition of a high amount of green tea extract to fried yeast donuts enhanced the
formation of acrylamide [26].

Figure 1. The effects of instant green tea on acrylamide reduction in the Glc-Asn model system. The
different letters indicate significant differences at p < 0.05 at different instant green tea concentrations.

Tea can be classified into six basic types on the basis of its degree of fermentation
with polyphenol oxidase and the microorganisms of tea polyphenols: green tea, white tea,
yellow tea, oolong tea, black tea, and brick tea [27]. Green tea has the highest concentration
of total catechins and the strongest antioxidant activity when it is prepared from the dried
leaves of a single Camellia sinensis cultivar [28]. Green tea contains abundant secondary
metabolites, including tea polyphenols and theanine; however, the specific characteristic
component of green tea that contributes to acrylamide reduction remains unclear, as do the
possible synergistic or antagonistic effects.

3.2. The Effects of Tea’s Characteristic Components on Acrylamide Levels in the Glc-Asn
Model System

To better understand the effects of tea’s specific components on acrylamide levels,
different characteristic components of tea—tea polyphenols, theanine, and catechins—were
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investigated in the Glc-Asn model system. As illustrated in Figure 2A,B, neither tea
polyphenols nor theanine (when applied at levels of 0.1, 0.25, 0.5, 1, and 2 g/mol Asn)
significantly affected acrylamide formation (p < 0.05). According to the performance results
for instant green tea, tea polyphenols, and theanine, these substances had clear effects
antagonistic to acrylamide reduction. Tea polyphenols, also called tea tannings or tea
tannins, mainly comprise catechins, flavonoids, anthocyanins, and phenolic acids, with
the content of catechin compounds being the highest; catechin compounds account for
60–80% of the total amount of tea polyphenols. Dozens of studies have reported that
plant polyphenols with different structures have differing impacts on the formation of
acrylamide [1]. Apple extract has been reported to inhibit acrylamide formation, and
dragon fruit and hesperetin have been reported to enhance acrylamide formation [29,30].
Reactive carbonyl groups of plant polyphenols were reported by one study to be the major
sites of acrylamide formation [1]. In the present study, eight catechin monomers were
individually investigated to evaluate their roles in acrylamide elimination.

 

Figure 2. The effects of tea polyphenols (A) and theanine (B) on acrylamide reduction in
the Glc-Asn model system. The different letters indicate significant differences at p < 0.05 at
different concentrations.

The effects of nonester catechin monomers (C, EC, EGC, and GC) on acrylamide
levels in the Glc-Asn model system are presented in Figure 3A–D. C (applied at levels of
0.025–0.5 g/mol Asn) and EGC (0.025–0.5 g/mol Asn) did not have an inhibitory effect
(p > 0.05). By contrast, the addition of EC (0.25–0.5 g/mol Asn) and GC (0.1–1 g/mol Asn)
resulted in significantly lower acrylamide content; the highest level of inhibition for EC
was found to be 46.31%, achieved at 0.25 g/mol Asn, and that for GC was discovered to be
55.73%, achieved at 0.5 g/mol Asn. Figure 3E–H present the inhibition performances for
ester catechin monomers (GCG, ECG, CG, and EGCG). The effect of GCG was not sufficient
to achieve a significant reduction in acrylamide levels (p > 0.05, Figure 3E). The additions
of ECG, CG, and EGCG resulted in less acrylamide when they were applied at the levels
of 0.25, 0.05–0.5, and 0.05–0.25 g/mol Asn, respectively; the maximum inhibitions were
37.03%, 40.73%, and 27.37%, respectively. The effects of these catechin monomers were
discovered to not be dose-dependent, implying that the inhibition of acrylamide formation
may be dependent on the structure and concentration of the specific polyphenol. EC and
EGCG were reported to terminate the formation of Maillard products in the model system
and in UHT milk during storage [30]. Hedegaard et al. [31] discovered that 1.0 mM EC
or EGCG decreased the acrylamide content in a model food system, whereas the lower
concentration of 0.1 mM did not. Remarkably, numerous studies have obtained evidence
indicating that the correlation between acrylamide formation and the concentration of
plant polyphenols is nonlinear [1,32]. For example, a phenolic extract from virgin olive
oil was found to efficiently inhibit acrylamide formation in the Glc-Asn model system,
whereas the opposite effect occurred when a higher concentration of the phenolic extract
was employed [33] and when apple proanthocyanidins were applied to fried potato [34].
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The link between antioxidant capacity and elimination effects thus remains unclear. Plant
polyphenols’ prevention of the formation of acrylamide may be attributable to the reaction
of these polyphenols with acrylamide, acrylamide precursors, or intermediates during
thermal processing.

  

 

  

  

Figure 3. The effects of C (A), EGC (B), EC (C), GC (D), GCG (E), ECG (F), CG (G), and EGCG
(H) on acrylamide reduction in the Glc-Asn model system. The different letters indicate significant
differences at p < 0.05 at different concentrations.
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3.3. The Effects of Tea Polyphenol Oxides on Acrylamide Levels in the Glc-Asn Model System

Tea polyphenols have multiple phenolic hydroxyl groups and are easily oxidized
into theaflavins and thearubigins by polyphenol oxidase; they can also be converted into
theabrownine with the assistance of microorganism fermentation. In the current study, the
ability of tea polyphenol oxides to inhibit acrylamide in the model system was assessed
(Figure 4). The results revealed that oxidation products of tea polyphenols (theaflavins and
thearubigins) had strong inhibitory effects on acrylamide, with maximum inhibitions of
44.91% and 37.36%, respectively, when applied at 0.5 g/mol Asn. Thus, minor oxidation can
improve tea polyphenols’ ability to reduce the amount of acrylamide (Figure 2A). However,
theabrownine did not have an inhibitory effect (p > 0.05, Figure 4C).

 

 
Figure 4. Effects of theaflavins (A), thearubigins (B), and theabrownine (C) on acrylamide reduction.
The different letters indicate significant differences at p < 0.05 at different concentrations.

3.4. Synergistic or Antagonistic Effects of Tea’s Characteristic Components on Acrylamide Formation

To investigate the possible synergistic or antagonistic effects of tea’s characteristic
components on acrylamide levels, five characteristic components of tea with inhibition rates
higher than 35% (theaflavins, thearubigins, EC, GC, and CG) were selected and grouped in
26 combinations. Combinations with component levels of 1 g/mol Asn in equal masses
were added to the Glc-Asn model system separately, and the acrylamide content in the
systems with these combinations was determined; the results are presented in Table 1. Both
synergistic and antagonistic effects were discovered for certain combinations. Combinations
3 (theaflavins + thearubigins + EC + CG), 4 (theaflavins + thearubigins + GC + CG), 5
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(theaflavins + EC + GC + CG), 6 (thearubigins + EC + GC + CG), 7 (EC + GC + CG),
9 (thearubigins + EC + CG), 10 (thearubigins + EC + GC), 11 (theaflavins + GC + CG),
and 26 (theaflavins + thearubigins) were discovered to have a synergistic effect, that
is, to result in much lower acrylamide levels than the individual components did. The
acrylamide reduction rates of combinations 1 (theaflavins + thearubigins + EC + GC + CG),
12 (theaflavins + EC + CG), 16 (theaflavins + thearubigins + EC), and 22 (thearubigins + EC)
were only 19.52%, 10.65%, 28.19%, and 21.54%, respectively. These combinations were thus
concluded to have clear antagonistic effects. However, the mechanisms underlying the
synergistic and antagonistic effects of these components remain unclear.

Table 1. Effects of 26 complexes on acrylamide formation in Glc-Asn model system.

Combination
Ingredient AAm Content

(μmol/mol Asn)
Reduction
Rate (%)Theaflavins Thearubigins EC GC CG

Control - - - - - 140.58 ± 13.92 a ND
1 + + + + + 113.14 ± 10.80 bc 19.52
2 + + + + - 74.39 ± 14.61 ghij 47.08
3 + + + - + 55.97 ± 19.74 jkl 60.19
4 + + - + + 51.14 ± 5.22 kl 63.62
5 + - + + + 61.66 ± 3.35 ijk 56.14
6 - + + + + 36.56 ± 1.79 l 73.99
7 - - + + + 50.28 ± 3.93 kl 64.24
8 - + - + + 77.78 ± 13.13 fghi 44.67
9 - + + - + 38.42 ± 3.71 l 72.67

10 - + + + - 45.53 ± 3.64 kl 67.62
11 + - - + + 40.73 ± 2.34 l 71.03
12 + - + - + 125.61 ± 17.96 ab 10.65
13 + - + + - 82.79 ± 2.70 efgh 41.11
14 + + - - + 96.47 ± 5.59 cdef 31.38
15 + + - + - 96.75 ± 4.03 cdef 31.18
16 + + + - - 100.96 ± 14.17 cde 28.19
17 - - - + + 73.94 ± 0.96 hij 47.40
18 - - + - + 91.08 ± 3.86 defg 35.21
19 - - + + - 72.32 ± 1.99 ghij 48.56
20 - + - - + 72.65 ± 13.71 ghij 48.32
21 - + - + - 70.87 ± 11.83 hij 49.59
22 - + + - - 110.30 ± 24.53 bcd 21.54
23 + - - - + 92.51 ± 9.22 defg 34.19
24 + - - + - 91.70 ± 11.91 defgh 34.77
25 + - + - - 86.39 ± 17.54 efgh 38.55
26 + + - - - 48.165 ± 5.3 kl 65.74

Note: The data presented are the means and standard deviations of three samples (n = 3). Lowercase letters
indicate significant differences (p < 0.05); “+” indicates added, “-” indicates not added, and “ND”indicates
observations with no detection.

The elimination rates obtained in this study were compared with those previously
reported. Compared with the rates for other plant polyphenols, the elimination rates of
the tea characteristic components considered in the present study were favorable for their
use for the elimination of acrylamide (Table 2). This provides an effective option for the
high-value utilization of tea resources, especially summer and autumn tea resources.
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Table 2. A comparison of the proposed tea characteristic components and the reported plant polyphe-
nols for AAm elimination.

Plant Polyphenols Matrix Amount Elimination Rate (%) Reference

Tea characteristic
components

Glc-Asn model system

0.25–0.5 g/mol Asn 37.36–55.73

This study
Combinations 1 g/mol Asn

65.74
67.62
71.03
72.67
73.99

Naringin
11.6 mg/mol Asn 20

[18]22.3 mg/mol Asn 40
58.1 mg/mol Asn 60

Apigenin 18.9 g/mol Asn 67.17

[35]

Cyanidenon 20.02 g/mol Asn 84.17
Quercetin 2.11 g/mol Asn 80.11

Glycyrrhizin 0.18 g/mol Asn 88.77
Liquiritin 0.29 g/mol Asn 81.65
Genistein 1.89 g/mol Asn 86.51
Silymarin 3.37 mg/mol Asn 83.99

Garlic powder (freeze-dry) 41.67 g/mol Asn 41
[36]Garlic powder (oven-dry) 37.3

Garlicin 9.1 mg/mol Asn 71.3

Antioxidant of bamboo
leaves

Potato chips 0.1% (w/w) 74.1

[37]
French fries 0.01% (w/w) 76.1

Chinese fried dough stick 0.1% (w/w) 82.9
Fried chicken wings 0.5% (w/w) 59

3.5. The Effects of Tea’s Characteristic Components on Free Radical Generation in the Glc-Asn
Model System

EPR is the most straightforward and practical method for detecting free radicals. In
EPR, different spectral peaks occur when different scavengers are added to samples, and the
nature of the free radicals that are present can be determined by their spectral characteristics.
Figure S1 presents the EPR spectra of the persistent radicals in the Glc-Asn model system
before and after the addition of tea’s characteristic components. The amplitude of the
spectra obtained after this addition is smaller than that of the spectra obtained before the
addition. The total number of spins before addition was 1.37 × 1014; after EC, CG, GC,
and thearubigins were added, the total numbers of spins were 5.60 × 1013, 3.93 × 1013,
4.46 × 1013, and 5.21 × 1013, respectively. This finding suggests that the mechanism through
which acrylamide formation is prevented by tea’s characteristic components may involve
the prevention of the formation of persistent free radicals. The protection mechanism
of plant polyphenols is likely strongly related to the scavenging of free radicals from
the Maillard reaction [26,38]. Plant polyphenols are a large group of naturally occurring
polyphenolic hydroxyl groups, the hydrogen atoms of which can scavenge free radicals
and terminate the propagation of free radical chain reactions [1].

4. Conclusions

The comprehensive influence of tea and its characteristic components on the formation
of acrylamide in the Glc-Asn model system was investigated. Within the selected ranges
of addition levels, all characteristic components of tea, with the exception of EGC, were
discovered to negatively affect the formation of acrylamide in the model system. The
components, ranked from highest to lowest rate, had the following acrylamide reduction
rates: GC (55.73%) > EC (46.31%) > theaflavins (44.91%) > CG (40.73%) > thearubigins
(37.36%) > ECG (37.03%) > EGCG (27.37%) > green tea (25.48%) > theanine (22.54%)
> GCG (16.21%) > catechins (10.14%) > C (7.48%). Combinations 7 (EC + GC + CG),
9 (thearubigins + EC + CG), 10 (thearubigins + EC + GC), 11 (theaflavins + GC + CG),
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and 26 (theaflavins + thearubigins) were found to have favorable negative effects on
acrylamide. These combinations achieved acrylamide reduction rates higher than 65% and
rates that were 11.89–36.63% higher than those achieved for the individual components.
Tea’s characteristic components reduce the amount of acrylamide that forms by preventing
the formation of persistent free radicals. This study provides a practical strategy and useful
guidelines for controlling the amounts of acrylamide in thermally processed foods using
tea and its characteristic components as food ingredients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13172836/s1, Figure S1: Effects of EC, CG, GC, and thearu-
bigins on free radicals in model system.
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26. Budryn, G.; Żyżelewicz, D.; Nebesny, E.; Oracz, J.; Krysiak, W. Influence of addition of green tea and green coffee extracts on the
properties of fine yeast pastry fried products. Food Res. Int. 2013, 50, 149–160. [CrossRef]

27. Peng, C.Y.; Ren, Y.F.; Ye, Z.H.; Zhu, H.Y.; Liu, X.Q.; Chen, X.T.; Hou, R.Y.; Granato, D.; Cai, H.M. A comparative UHPLC-
Q/TOF-MS-based metabolomics approach coupled with machine learning algorithms to differentiate Keemun black teas from
narrow-geographic origins. Food Res. Int. 2022, 158, 111512. [CrossRef]

28. Xie, G.; Yan, J.; Lu, A.; Kun, J.; Wang, B.; Song, C.; Tong, H.; Meng, Q. Characterizing relationship between chemicals and in vitro
bioactivities of teas made by six typical processing methods using a single Camellia sinensis cultivar, Meizhan. Bioengineered 2021,
12, 1251–1263. [CrossRef] [PubMed]

29. Cheng, J.; Chen, X.; Zhao, S.; Zhang, Y. Antioxidant-capacity-based models for the prediction of acrylamide reduction by
flavonoids. Food Chem. 2015, 168, 90–99. [CrossRef] [PubMed]

30. Oral, R.A.; Dogan, M.; Sarioglu, K. Effects of certain polyphenols and extracts on furans and acrylamide formation in model
system, and total furans during storage. Food Chem. 2014, 142, 423–429. [CrossRef] [PubMed]

31. Hedegaard, R.V.; Granby, K.; Frandsen, H.; Thygesen, J.; Skibsted, L.H. Acrylamide in bread-Effect of prooxidants and antioxidants.
Eur. Food Res. Technol. 2007, 227, 519–525. [CrossRef]

32. Zhang, Y.; Ying, T.; Zhang, Y. Reduction of acrylamide and its kinetics by addition of antioxidant of bamboo leaves (AOB) and
extract of green tea (EGT) in asparagine–Glucose Microwave Heating System. J. Food Sci. 2008, 73, C60–C66. [CrossRef]

33. Kotsiou, K.; Tasioula-Margari, M.; Kukurová, K.; Ciesarová, Z. Impact of oregano and virgin olive oil phenolic compounds on
acrylamide content in a model system and fresh potatoes. Food Chem. 2010, 123, 1149–1155. [CrossRef]

34. Cheng, K.W.; Shi, J.J.; Ou, S.Y.; Wang, M.; Jiang, Y. Effects of fruit extracts on the formation of acrylamide in model reactions and
fried potato crisps. J. Agric. Food Chem. 2010, 58, 309–312. [CrossRef] [PubMed]

35. Yu, Z. Studies on Reduction Mechanism and Structure-Activity Relationship of Acrylamide in Foods by Bio-Flavonoids. Ph.D.
Thesis, Zhejiang University, Hangzhou, China, 2008.

36. Salazar, R.; Arámbula-Villa, G.; Hidalgo, F.J.; Zamora, R. Mitigating effect of piquin pepper (Capsicum annuum L. var. Aviculare)
oleoresin on acrylamide formation in potato and tortilla chips. LWT—Food Sci. Technol. 2012, 48, 261–267. [CrossRef]

37. Huang-you, L. Inhibition of Acrylamide and 5-Hydroxymethylfurfural Formation by Natural Plant Flavonoids in the Maillard
Systems. Ph.D. Thesis, Jilin University, Changchun, China, 2018.

38. Li, X.D.; Teng, W.D.; Liu, G.M.; Guo, F.Y.; Xing, H.Z.; Zhu, Y.H.; Li, J.W. Allicin promoted reducing effect of garlic powder through
acrylamide formation stage. Foods 2022, 11, 2394. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

172



Citation: Liu, X.; Dong, F.; Li, Y.; Lu,

F.; Wang, B.; Zhou, T.; Zhao, D.;

Huang, M.; Wang, F. Impact of Mild

Field Drought on the Aroma Profile

and Metabolic Pathways of Fresh Tea

(Camellia sinensis) Leaves Using HS-

GC-IMS and HS-SPME-GC-MS. Foods

2024, 13, 3412. https://doi.org/

10.3390/foods13213412

Academic Editor: Ricard Boqué

Received: 6 October 2024

Revised: 21 October 2024

Accepted: 23 October 2024

Published: 26 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Impact of Mild Field Drought on the Aroma Profile and
Metabolic Pathways of Fresh Tea (Camellia sinensis) Leaves
Using HS-GC-IMS and HS-SPME-GC-MS

Xiaohui Liu 1,2,3, Fabao Dong 3, Yucai Li 3, Fu Lu 3, Botao Wang 3, Taicen Zhou 3, Degang Zhao 1,2,*,

Mingzheng Huang 3,* and Feifei Wang 4

1 Plant Conservation & Breeding Technology Center, Guizhou Key Laboratory of Agricultural Biotechnology,
Guizhou Institute of Prataculture, Guizhou Academy of Agricultural Sciences, Guiyang 550006, China;
liuxiaohui0908@hotmail.com

2 Key Laboratory of Plant Resources Conservation and Germplasm Innovation in Mountainous
Region (Ministry of Education), College of Tea Sciences, Guizhou University, Guiyang 550025, China

3 College of Food and Pharmaceutical Engineering, Guizhou Institute of Technology, Guiyang 550025, China;
fabao1234@163.com (F.D.); liyucai2860@hotmail.com (Y.L.); 17586454497@163.com (F.L.);
17585632907@163.com (B.W.); a1747632830@163.com (T.Z.)

4 Key Laboratory of Plant Functional Genomics of the Ministry of Education, Jiangsu Key Laboratory of Crop
Genomics and Molecular Breeding, Jiangsu Co-Innovation Center for Modern Production Technology of
Grain Crops, Institutes of Agricultural Science, Yangzhou University, Yangzhou 225009, China;
feifei.wang@yzu.edu.cn

* Correspondence: dgzhao@gzu.edu.cn (D.Z.); huangmingzheng@git.edu.cn (M.H.)

Abstract: Aroma plays a pivotal role in defining tea quality and distinctiveness, and tea producers
have often observed that specific drought conditions are closely associated with the formation
and accumulation of characteristic aroma compounds in tea leaves. However, there is still limited
understanding of the differential strategies employed by various tea cultivars in response to drought
stress for the accumulation of key volatile aroma compounds in fresh tea leaves, as well as the
associated metabolic pathways involved in aroma formation. In this study, two widely cultivated
tea cultivars in China, Fuding Dabai (FD) and Wuniuzao (WNZ), were examined to assess the
impact of mild field drought stress on the composition and accumulation of key volatile aroma
compounds in fresh leaves using headspace gas chromatography–ion mobility spectrometry (HS-
GC-IMS) and headspace solid phase micro-extraction gas chromatography–mass spectrometry (HS-
SPME-GC-MS) technologies. Results revealed that drought stress led to a substantial increase in
the diversity of volatile compounds (VOCs) in FD, while WNZ exhibited a notable rise in low-
threshold VOC concentrations, amplifying sweet, floral, fruity, and earthy aroma profiles in post-
drought fresh leaves. Through partial least squares discriminant analysis (PLS-DA) of HS-GC-
IMS and HS-SPME-GC-MS data, integrating variable importance projection (VIP) scores and odor
activity values (OAVs) above 1, 9, and 13, key odor-active compounds were identified as potential
markers distinguishing the drought responses in the two cultivars. These compounds serve as crucial
indicators of the aromatic profile shifts induced by drought, providing insights into the differential
metabolic strategies of the cultivars. Additionally, KEGG enrichment analysis revealed 12 metabolic
pathways, such as terpenoid biosynthesis, fatty acid synthesis, cutin, suberine, and wax biosynthesis,
and phenylalanine metabolism, which may play crucial roles in the formation and accumulation of
VOCs in tea leaves under drought stress. These findings provide a comprehensive framework for
understanding the cultivar-specific mechanisms of aroma formation and accumulation in tea leaves
under mild drought conditions.

Keywords: Camellia sinensis cultivar; drought stress; fresh tea leaves; gas chromatography–ion
mobility spectrometry (GC-IMS); headspace solid-phase micro-extraction gas chromatography–mass
spectrometry (HS-SPME-GC-MS); aroma profile; odor activity values (OAVs); odor-active aroma
compounds
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1. Introduction

Tea is a globally popular beverage known for its distinctive flavor and health-promoting
properties [1–3]. Tea products are primarily derived from the buds and young or mature
leaves of the tea plant (Camellia sinensis) [4]. Consequently, the bioactive compounds
responsible for tea’s flavor and health qualities are predominantly found in these buds
and leaves. Several factors, including tea plant cultivar [5–7], environmental growing
conditions [8–12], and post-harvest processing methods [13–16], significantly influence
the production and accumulation of these active metabolites, thereby affecting the overall
quality of the tea. The quality of fresh tea leaves is a fundamental factor in determining the
final quality of the processed tea product. It is generally accepted that only high-quality
fresh leaves can produce premium tea. The accumulation of bioactive compounds in fresh
tea leaves is closely related to both the tea plant cultivar and its growing environment.
Among environmental factors, drought is a common stressor that significantly affects
tea plant growth and the accumulation of metabolites in young shoots [17–19]. Some
studies have shown that moderate drought can enhance tea flavor by balancing specific
metabolite levels in fresh leaves [19], while slight drought stress has been found to promote
polyphenol synthesis, leading to improved tea flavor quality [20]. In addition, drought
stress is also known to influence the formation of tea’s unique aromatic compounds. For
example, the characteristic aromas of Keemun black tea from China, high-aroma Ceylon
tea from Sri Lanka, and Darjeeling tea from India have been associated with short-term
drought conditions [21]. In China’s Yunnan province, local tea plantation smallholders
also observe that spring drought positively influences the aroma of tea [22]. In a previous
study on Lingtou Dancong tea plants under drought stress, it was found that different levels
of drought can induce the synthesis of varying types of aromatic compounds, with the
number of aroma compounds in fresh tea leaves increasing as drought stress intensifies [23].
Additionally, research indicates that slight drought stress can lead to the enrichment
of metabolic pathways involved in linoleic acid and butyric acid metabolism, further
suggesting drought’s role in modulating tea aroma [20].

Despite the existing research on the positive effects of moderate or slight drought
on tea flavor and aroma, the mechanisms by which drought stress specifically influences
the formation of key aroma compounds in tea remain insufficiently explored. Volatile
compounds (VOCs) in tea, although comprising only 0.01% of the dry weight, are crucial
for its aroma [24]. To date, over 700 VOCs have been identified in tea, predominantly
alcohols, aldehydes, ketones, and terpenes [4]. However, only a limited number of these
compounds, with odor activity values (OAVs) exceeding 1, are considered to make signif-
icant contributions to the overall aroma, thus being classified as key odor-active aroma
compounds [25,26]. Most previous research has focused on identifying key odor-active
aroma compounds in processed tea [13,27–29], with limited attention given to fresh tea
leaves prior to processing, particularly concerning the effects of abiotic stresses like drought
on the formation of key odor-active aroma compounds in fresh tea leaves. This study aims
to address this gap by evaluating the effects of field drought stress on the key odor-active
aroma compounds in fresh leaves from two widely cultivated tea cultivars in China, Fuding
Dabai (FD) and Wuniuzao (WNZ). The primary objective is to assess the impact of drought
on the volatile profile and aroma characteristics of fresh tea leaves and to elucidate the
differential metabolic pathways involved in aroma formation under drought conditions
between the two cultivars.

Gas chromatography–mass spectrometry (GC-MS) is a widely used technique for the
identification and quantification of VOCs in tea [4,14,30]. With advances in technology,
pre-concentration techniques for VOCs and methods for their separation and identifica-
tion, centered around GC-MS, have been improved. In particular, headspace solid-phase
micro-extraction (HS-SPME) technology offers significant advantages for collecting and
concentrating VOCs from tea leaves. This method allows for the efficient extraction of
trace aroma compounds in a highly sensitive and rapid manner, enabling ultra-trace
(nanogram-level) quantification when combined with GC-MS [13,30–32]. Additionally, gas
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chromatography–ion mobility spectrometry (GC-IMS), a novel technique for the separation,
identification, and quantification of VOCs, has also gained prominence in tea research.
Compared to HS-SPME-GC-MS, GC-IMS offers the advantage of direct extraction and
analysis of volatiles from tea samples without the need for extensive pretreatment, making
it particularly effective in separating isomers and complementing HS-SPME-GC-MS in
volatile aroma profiling [24,33].

In this study, both HS-GC-IMS and HS-SPME-GC-MS were employed to comprehen-
sively analyze the effects of drought stress on the volatile profiles of fresh tea leaves from
FD and WNZ cultivars. Key odor-active aroma compounds were identified based on their
OAVs, and differences in key aroma markers between the two tea cultivars under drought
conditions were assessed using variable importance in projection (VIP) scores in a partial
least squares discriminant analysis (PLS-DA) model. Furthermore, KEGG pathway enrich-
ment analysis was performed to investigate the differential metabolic strategies adopted
by the two cultivars in response to drought stress. The findings from this study offer
valuable insights into how drought stress affects the composition and presentation of key
odor-active aroma compounds in fresh tea leaves, particularly via terpenoid biosynthesis,
phenylalanine metabolism, fatty acid synthesis, and cutin, suberine, and wax biosynthesis.
These results contribute to our understanding of the mechanisms responsible for aroma
formation, particularly in cultivar-specific responses to drought stress, while also providing
a foundation for optimizing water management in tea cultivation and refining processing
techniques to enhance tea quality.

2. Materials and Methods

2.1. Experimental Design and Collection of Tea Samples

The experimental tea garden is situated at Hongfengshanyun Tea Farm, Qingzhen,
Guizhou Province, China (106◦22′ E, 26◦31′ N). Eight-year-old ‘Fuding Dabai’ (FD) and
‘Wuniuzao’ (WNZ) tea plants were used as the experimental materials. Tea plants grown
under field conditions were subjected to a 20-day natural drought treatment without
irrigation, representing the drought-stressed groups (FD-D and WNZ-D, with soil water
content at 55% ± 2.5%). In contrast, the control groups (FD-CK and WNZ-CK) were
maintained under normal irrigation conditions, with soil water content at 75% ± 2.5%. Tea
samples were randomly collected on 26 July 2022, with three biological replicates for each
sample. The collected samples, consisting of one bud and two leaves, were promptly frozen
in liquid nitrogen and stored at −80 ◦C in an ultra-low temperature freezer for subsequent
aroma analysis.

2.2. Chemical Reagents

Aroma internal standard ethyl decanoate (98%) was purchased from TCI (Shanghai,
China). Aroma standards of linalool (98%), geraniol (98%), citronellol (95%), phenethyl
alcohol (99.10%), 1-octanol (99.5%), citral (95%), decanal (98%), undecanal (97%), hexade-
canal (97%), benzaldehyde (99.50%), methyl heptenone (99.50%), ionone (95%), and methyl
hexanoate (99.5%) were purchased from Macklin (Shanghai, China). Aroma standards
of 2,4-di-tert-butylphenol (98%), (+)-limonene (99%), nerol (98%), and coumarin (98%)
were purchased from Yuanye (Shanghai, China). Tea infusion blank matrix standards of
epicatechin (EC, 95%), (−)-epigallocatechin gallate (EGCG, 95%), (+)-catechin (C, 95%),
and L-theanine (98%) were provided by Macklin (Shanghai, China). Tea infusion blank
matrix standards of epigallocatechin (EGC, 98%) and epicatechin gallate (ECG, 98%) were
provided by Bidepharm (Shanghai, China). The tea infusion blank matrix standard for
caffeine (99.7%) was provided by TMstandard (Beijing, China). Analytical reagents sodium
chloride and ethanol absolute were obtained from Jinshan (Chengdu, China). Distilled
water was bought from Wahaha Group (Hangzhou, China) and a mixture of n-alkanes
(C7–C30) was purchased from Sigma-Aldrich (St. Louis, MO, USA). n-Alkanes (C4–C9),
including 2-butanone (99.5%), 2-pentanone (99.5%), 2-hexanone (99.5%), 2-heptanone (98%),
2-octanone (99%), and 2-nonanone (99%), were sourced from Sinopharm (Shanghai, China).
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2.3. HS-GC-IMS Analysis

The VOCs and polymers of low molecular weight in the sample were detected using
the FlavourSpec® (Melbourne, Australia) flavor analyzer, which employs GC-IMS tech-
nology. The FlavourSpec® flavor analyzer was equipped with a gas-phase ion mobility
spectrometry unit and an automatic headspace sampling unit. The sample preparation
procedure was as follows: 1 g of the sample was weighed and placed in a 20 mL headspace
vial, followed by the addition of 20 μL of the internal standard ethyl decanoate (100 ppm)
and mixing. The sample was then incubated at 60 ◦C for 15 min before injecting 500 μL
of the headspace. The incubation speed was set to 500 rpm, and the headspace injection
needle temperature was maintained at 85 ◦C. Each sample was analyzed in triplicate to
ensure reproducibility.

The gas chromatography conditions were as follows: an MXT-5 column
(15 m × 0.53 mm × 1.0 μm, Restek, Bellefonte, PA, USA) was used. The column tem-
perature was maintained at 60 ◦C, with nitrogen (purity 99.999%) as the carrier gas. The
total chromatographic run time was 20 min, with the carrier gas flow rate gradient set
to an initial flow rate of 2 mL/min maintained for 2 min, and then linearly increased to
100 mL/min over the remaining 18 min. For ion mobility spectrometry, the drift tube
temperature was set at 45 ◦C, and nitrogen (purity ≥99.999%) was used as the drift gas,
with a flow rate of 150 mL/min.

The qualitative analysis of volatile substances was conducted using the VOCal soft-
ware integrated with the National Institute of Standards and Technology (NIST), Flavors
and Fragrances of Natural and Synthetic Compounds (FFNSC) library, and the IMS database
from G.A.S. (Dortmund, Germany). Retention index (RI) values of the target VOCs were
calculated using n-alkanes (C4–C9) as external standards. The identification of VOCs was
achieved by matching RI and drift time (Dt) against the NIST and IMS database. The
internal standard method was used for quantitative analysis.

2.4. HS-SPME-GC-MS Analysis

HS-SPME-GC-MS provides significant advantages in the qualitative and quantitative
analysis of VOCs in complex samples, such as superior enrichment, heightened sensitivity,
and enhanced selectivity. This technique is particularly effective for the dissociative qualita-
tive analysis of high-molecular-weight VOCs. Consequently, the Shimadzu GCMS-TQ8040
NX triple quadrupole GC-MS system (Shimadzu, Kyoto, Japan), combined with HS-SPME,
was utilized for the analysis of VOCs in tea leaf samples. The gas chromatographic separa-
tion was conducted using an InertCap 5MS capillary column (30 m × 0.25 mm, 0.25 μm,
Shimadzu, Kyoto, Japan), with the AOC-6000 Plus Multifunctional Autosampler (Shi-
madzu, Kyoto, Japan) facilitating fully automated sample injection. The extraction and
analysis of VOCs were performed following the published experimental protocol, with
certain modifications [34,35].

2.4.1. Sample Preparation

An appropriate amount of tea leaf sample was placed in a mortar and ground with
liquid nitrogen. Precisely 0.5 g of the ground sample was then transferred into a 20 mL
headspace vial, followed by the addition of 1.5 g of NaCl and 5 mL of boiled ultrapure
water. Additionally, 4 μL of ethyl decanoate (1 mg/L, diluted in anhydrous ethanol) was
incorporated as an internal standard. The vial was promptly sealed with a screw cap fitted
with a PTFE–silicon spacer and positioned in the AOC-6000 Plus (Shimadzu, Kyoto, Japan)
sample tray in preparation for detection.

2.4.2. HS-SPME Extraction of VOCs

The HS-SPME procedure was configured as follows: the sample was equilibrated at
70 ◦C for 5 min, after which the SPME fiber (50/30 μm DVB/CAR/PDMS, CTC Analytics,
Zwingen, Switzerland) was exposed to the headspace for extraction at 70 ◦C for 30 min,
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with the agitator set to 600 rpm. The fiber was then inserted into the GC injection port in
splitless mode for desorption for 5 min, followed by a post-conditioning time of 5 min.

2.4.3. GC-MS Analysis of VOCs

The separation of VOCs was performed using an InertCap 5MS capillary column
(30 m × 0.25 mm, 0.25 μm) with helium (purity >99.999%) as the carrier gas. The GC
program was set as follows: an initial temperature of 40 ◦C was maintained for 3 min,
followed by a ramp of 2 ◦C/min to 190 ◦C, held for 1 min, and then a second ramp of
10 ◦C/min to 230◦C, held for 2 min. The flow rate of the carrier gas was set to 1 mL/min,
and the column oven cooling rate was adjusted to medium. The MS conditions were as
follows: an electron impact (EI) ion source was operated at an electron energy of 70 eV.
The ion source and interface temperatures were both set to 280 ◦C. A solvent delay time of
2 min was applied, and the mass scanning range was established from m/z 33 to 600. Each
sample was subjected to triplicate injections for analysis.

2.4.4. Identification and Quantification of VOCs

All VOCs were initially identified using the NIST 17 and FFNSC1.3 library match, se-
lecting aroma compounds with a similarity score exceeding 80%. These VOCs were further
confirmed through their RI and authentic standards. n-Alkane (C7-C30) standards were
utilized to determine the RI of VOCs. Each aroma standard compound, at a specified con-
centration, was mixed with the ‘volatile-free’ blank matrix and subjected to qualitative and
quantitative analysis via HS-SPME-GC-MS to obtain calibration curves. For compounds
lacking available standards, estimation was conducted using standards with analogous
functional groups and comparable carbon atom counts [34,35]. The standard curve method
was employed for the absolute quantitative analysis of certain VOCs, while the internal
standard method was utilized for the semi-quantitative analysis of other VOCs. The details
of the ‘volatile-free’ blank matrix model stock solution and the calibration standard curves
are shown in Tables S1 and S2.

2.4.5. Odor Activity Value (OAV) Analysis of VOCs

OAV is a critical indicator for determining key aroma-active compounds in a sample.
The OAV is calculated as the ratio of the concentration of each volatile compound to its
odor threshold (OT) in water, with the thresholds primarily referenced from early relevant
studies [4,36–38]. When multiple data points are available for the threshold, the selection
criteria prioritize using data from aqueous systems and the most recent data. Generally,
when the OAV exceeds 1, the compound significantly influences the tea’s overall flavor.
With an OAV between 0.1 and 1, the compound acts as a modifying aroma, subtly enhancing
the flavor profile [39]. The higher the OAV, the greater the compound’s contribution to the
overall flavor, and vice versa.

2.5. Data Analysis

All experiments were performed in triplicate and the corresponding results are pre-
sented as the mean ± standard deviation (SD). Statistical analysis of VOC differences
among the groups was conducted using one-way analysis of variance (ANOVA) with SPSS
software 26 (IBM, Armonk, NY, USA), and p-values < 0.05 were considered statistically
significant. Multivariate statistical analysis of the experimental data was performed using
MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/, accessed on 7 September 2024) and
SIMCA 14.1 (Umetrics, Umea, Sweden), focusing on Principal Component Analysis (PCA)
and partial least squares discriminant analysis (PLS-DA) to analyze the similarities and
differences in VOCs across different samples. The variable importance in projection (VIP)
method, derived from PLS-DA models, was utilized to identify the key aroma compounds
responsible for distinguishing between different tea cultivars and the effects of drought
treatments. The alterations in VOCs following drought treatment were illustrated using a
volcano plot. Significant changes were defined by a p-value < 0.05 (t-test) and a fold change
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(FC) of ≥2 or ≤0.5. The volcano plot was generated with MetaboAnalyst 6.0. Graphical rep-
resentations of the data were created using OriginPro 2021 (OriginLab, Northampton, MA,
USA), MetaboAnalyst 6.0, Reporter and Gallery Plot plug (G.A.S., Dortmund, Germany),
and the Biodeep cloud platform from Panomix (Suzhou, China).

3. Results and Discussion

3.1. Qualitative and Quantitative Analysis of the VOCs by HS-GC-IMS

Aroma volatiles of fresh tea leaves were identified and analyzed through HS-GC-IMS,
employing retention indexes (RIs), retention times, and drift times referenced from the NIST
library. A total of 50 peaks were detected across four groups, with 44 peaks successfully
identified as specific chemical compounds, while 6 peaks remained unidentified and were
classified as unknown substances, requiring further validation. The detailed analysis
results are provided in Table S3. The detected VOCs were categorized into several groups,
including aldehydes, ketones, esters, terpenes, furans, alcohols, aromatics, and pyrazines
(Figure 1A). Among these, aldehydes, ketones, and terpenes were the three most dominant
volatile groups, collectively constituting over 60% of the total volatiles (Figure 1B), with 12,
7, and 6 aroma compounds, respectively (Table S3).

Figure 1. Comparison of VOCs in 4 groups detected by HS -GC-IMS. (A) Stacked column graph of
VOC content; (B) 100% stacked column graph of VOC relative content.

The VOC content exhibited variation between different tea cultivars. Overall, the FD
cultivar demonstrated higher VOC levels compared to the WNZ cultivar. Drought stress
led to an increase in VOC levels in both cultivars. Notably, in the FD cultivar, ketones,
terpenes, and aromatics showed a substantial increase under drought conditions, while
aldehydes, esters, furans, alcohols, and pyrazines decreased. In comparison, in the WNZ
cultivar, aldehydes, ketones, and terpenes exhibited a marked increase under drought
stress, while the levels of esters, furans, alcohols, aromatics, and pyrazines decreased. The
results indicate that the differential accumulation of aroma compounds under drought
stress is related to the varying drought adaptability of different tea cultivars [40].

In summary, across both cultivars, drought stress induced a notable increase in ketones
and terpenes, contributing to enhanced citrus, floral, sweet, earthy, and herbal aroma
characteristics in fresh tea leaves. These results suggest that ketones and terpenes play a
key role not only in the drought resilience of tea plants but also in the modulation of tea
flavor under environmental stress. Interestingly, tea plantation smallholders serving as
informants from tea production communities in Yunnan Province, China, also observed
that the aroma of spring tea becomes more intense during drought periods, which they
believed positively influences the market price of the tea [22]. This observation aligns with
the findings of our study, where the content of volatile compounds increased in both FD
and WNZ tea cultivars following drought stress (shown in Figure 1A).
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Drought stress influences the differential accumulation of VOCs in the fresh leaves of
tea plants. Compared to the control group, drought-stressed plants exhibited higher levels
of ketone VOCs, including methyl-5-hepten-2-one, 3-octanone, mesityl oxide, 2-pentanone,
2-butanone, and acetone. Additionally, methylated VOCs ((E)-4-methyl-2-(pent-1-enyl)-1,3-
dioxolane, methyl acetate, 5-methylfurfural, 2-furanmethanol, 5-methyl-, and 3-methyl-3-
buten-1-ol), linalool oxides (trans-linalool oxide, cis-linalool oxide), (E)-2-hexenyl acetate-
D, oct-1-en-3-ol, p-xylene, and benzaldehyde were also elevated (Figure 2A–C). These
VOCs contribute predominantly to sweet, caramel-like, floral, earthy, and fruity aroma
characteristics (shown in Table S3).

Figure 2. Comparisons of the identified VOCs in 4 groups by HS-GC-IMS. (A) The VOC fingerprint
comparisons of FD-CK and FD-D; (B) the VOC fingerprint comparisons of WNZ-CK and WNZ-D;
(C) heatmap clustering of VOCs in FD-CK, FD-D, WNZ-CK, and WNZ-D.

It is important to note that certain VOCs exhibited distinct accumulation patterns
across different tea cultivars. For example, VOCs such as (E)-hept-2-enal-D, butanal, (E)-
2-hexenyl acetate-M, ethyl acetate, and delta-carene were present in significantly higher
concentrations in the WNZ cultivar under drought stress (Figure 2B), whereas their levels
decreased in the FD cultivar under the same conditions (Figure 2A). Conversely, formic acid,
hexyl ester-M, formic acid, hexyl ester-D, and styrene-D concentrations were elevated in
cultivar FD following drought stress but decreased in WNZ (Figure 2A,B). These variations
in VOC accumulation between cultivars are likely linked to differences in their metabolic
adaptations to drought stress.

Moreover, an intriguing finding from this study was the increase in methylated volatile
compounds under drought stress, which contributed to the enhanced sweet and fruity
characteristics of fresh tea leaves. However, due to the absence of molecular and epigenetic
data, the specific mechanisms by which drought conditions regulate the biosynthesis of
methylated VOCs in tea remain unclear. Previous studies have suggested that environmen-
tal stresses, such as cold and drought, as well as postharvest processing, can induce changes
in 5-methylcytosine (5mC) DNA methylation [17,41,42]. These epigenetic modifications are
known to affect the expression of key genes involved in flavor biosynthesis, subsequently
influencing the accumulation of compounds such as theanine, catechins, terpenoid [41],
and indoles [42]. Investigating DNA methylation as a potential regulator of increased
methylated VOCs in response to drought stress in tea could serve as a promising avenue
for future research.

It is noteworthy that the alteration in linalool oxide levels observed under drought
stress may be indicative of its role as a signaling molecule in the tea plant’s stress response.
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Previous research has demonstrated that linalool can be converted to linalool oxides via
6,7-epoxylinalool, and that infestations by green leafhoppers activate the metabolic flux
from linalool to linalool oxides and their glycosides [43]. These findings may shed light on
the regulatory mechanisms underlying linalool oxide accumulation in response to stress in
tea plants.

In conclusion, the present study identifies several VOCs as potential metabolic markers
for breeding drought-resistant tea cultivars with enhanced aroma profiles. These insights
may also provide a basis for improving tea quality through targeted manipulation of
metabolic pathways involved in aroma compound biosynthesis.

3.2. Identification of VOCs by HS-SPME-GC-MS

The volatile organic compounds (VOCs) from four tea sample groups were identified
using HS-SPME-GC-MS, revealing a total of 144 distinct VOCs. The number of volatiles
detected varied across the groups, with 85, 82, 83, and 100 volatiles identified in WNZ-CK,
WNZ-D, FD-CK, and FD-D, respectively. These identified volatiles were categorized into
10 classes, namely esters, alcohols, ketones, aldehydes, terpenoids, acids, alkanes, alkenes,
aromatics, and heterocyclics (as detailed in Table S4 and Figure 3B). To provide a clearer
visualization of the variations in and characteristics of VOCs between groups, the total
content, number, and proportion of VOCs in each category were summarized and presented
through chord graphs, bar plots, and Venn diagrams (Figure 3). In terms of total VOC
content, WNZ samples exhibited higher levels compared to FD samples (Figure 3A). The
primary VOC classes in WNZ-CK and WNZ-D were terpenoids, alcohols, and ketones,
accounting for 95% and 89% of the total concentration, respectively (Figure 3C). In contrast,
FD-CK and FD-D were dominated by alcohols, terpenoids, and aldehydes, with these
three categories comprising 97% of the total concentration (Figure 3D).

Following drought stress, a decrease in VOC concentration was observed in both
the FD and WNZ cultivars (Figure 3A). Regarding VOC diversity, FD exhibited a greater
increase in component richness after drought stress, whereas the variation in WNZ was less
pronounced (Figure 3B). In both cultivars, terpenoids, alcohols, ketones, aldehydes, and
esters were the predominant VOC classes, collectively contributing 85%, 85%, 87%, and 90%
in FD-CK, FD-D, WNZ-CK, and WNZ-D, respectively. In the FD cultivar, drought stress
led to an increase in the number of alcohols, aldehydes, and ketones, while the numbers of
terpenoids and esters decreased. In comparison, the WNZ cultivar experienced a rise in
aldehydes and ketones, but a reduction in alcohols, terpenoids, and esters under drought
conditions (Figure 3D).

Furthermore, 44 volatiles were found to be common across all four groups, while 5,
26, 12, and 8 volatiles were exclusively detected in FD-CK, FD-D, WNZ-CK, and WNZ-D,
respectively (Figure 3E). It is noteworthy that while the total VOC content in WNZ-CK
exceeded that in FD-CK, the difference in VOC variety between these groups was marginal.
Under drought stress, although both cultivars showed a reduction in total VOC content,
FD-D exhibited a smaller decrease, along with a notable increase in component richness.
By contrast, WNZ-D displayed only a slight reduction in VOC variety but experienced a
more significant decline in total VOC content.

These findings are not entirely congruent with those obtained through HS-GC-IMS,
likely due to differences in the target compounds and detection principles of the two method-
ologies. Therefore, employing a complementary, multi-technique approach is essential for
achieving a more comprehensive and nuanced characterization of sample attributes [31,44].
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Figure 3. Volatile profiles across the four groups detected by HS-SPME-GC-MS. (A) Chord plot of
aggregate VOC concentrations by category; (B) chord plot of total VOC numbers in each category;
(C) 100% stacked graph of concentration proportions for different VOC categories; (D) 100% stacked
graph of number proportions for different VOC categories; and (E) Venn diagram depicting VOC
differences across the four groups.
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3.3. OAV Analysis of HS-SPME-GC–MS Data

The contribution of VOCs to the overall aroma profile of tea is influenced not only by
their concentrations but also by their respective odor thresholds. The ratio between an odor-
ant’s concentration and its detection threshold, commonly referred to as the odor activity
value (OAV), serves as a critical determinant of its impact on the sample’s aroma [4,26,28].
Comprehensive details regarding the concentration, odor threshold, odor descriptions,
and OAVs of VOCs across the four sample groups are presented in Table S4. VOCs with
OAVs ≥1, as well as those with OAVs between 0.1 and 1, are selectively highlighted and
discussed in Table 1.

Table 1. The main aroma-active compounds with an odor activity value (OAV) ≥ 0.1 in 4 groups.

NO. Volatile Compounds Odor Characteristics
OT

(μg/L)

OAVs

FD-CK FD-D WNZ-CK WNZ-D

1 Hex-(3Z)-enyl acetate Green, fruity 13 0.19 - 1.58 0.25

2 Methyl salicylate Minty, green 40 0.12 0.17 0.27 1.18

3 1-Hexanol Herbal, fruity 5.6 0.62 0.63 0.64 0.64

4 1-Heptanol Green, leafy, violet 5.4 0.68 0.79 0.7 0.7

5 1-Octen-3-ol Earthy, mushroom 1.5 2.36 2.53 2.35 2.76

6 (Z)-Hex-3-en-1-ol Green, grassy 3.9 1.66 - - -

7 1-Octanol Waxy, green, orange 125.8 0.03 0.06 0.1 -

8 Linalool Floral, citrus, rose 0.22 3155.46 1577.42 2307.87 2190.92

9 1-Nonanol Floral, rose, orange 45.5 - - 0.16 -

10 Geraniol Floral, rose 1.1 119.45 115.99 130.9 99.64

11 6-methyl-5-Hepten-2-one Citrus, lemon 0.16 - 1.68 - 3.06

12 1-Octen-3-one Earthy, herbal, mushroom 0.003 - - - 113.76

13 (Z)-Jasmone Floral, woody, herbal 0.26 9.31 0.16 - 1.81

14 (E)-alpha-Ionone Violet 0.1 - 5.09 2.76 29.44

15 beta-Damascone Fruity, floral, berry 0.002 9.32 19.18 60.44 157.58

16 (E)-beta-Ionone Foral, fruity, woody 0.007 217.88 8.6 746.08 658.21

17 Hexanal Green, grassy 5 0.61 1.34 0.81 1.24

18 2-Hexenal Green, almond, fruity 30 0.16 0.66 0.14 0.67

19 Heptanal Green, fatty, herbal 2.8 0.71 0.7 - 0.68

20 (E)-2-Heptenal Green, vegetable, fatty 13 - 0.14 - 0.16

21 (E,E)-2,4-Heptadienal Fatty, green 0.032 - 58.5 - 59.41

22 Octanal Aldehydic, citrus 0.587 4.02 4.45 - 4.13

23 Oct-(2E)-enal Fatty, green, herbal 0.2 - - - 9.83

24 Benzeneacetaldehyde Green, floral, hyacinth 5.2 - 0.19 - 0.2

25 Nonanal Aldehydic, orange, rose 1.1 2.79 3.18 2.78 -

26 (E)-2-Nonenal Fatty, cucumber, citrus 0.19 10.01 - - 10.78

27 Decanal Aldehydic 3 0.74 0.96 0.71 0.91

28 (E)-2-Decenal Fatty, earthy, green 0.3 7.9 7.82 7.48 10.78

29 Nona-(2E,4E)-dienal Fatty, melon, green 0.1 - - - 19.16

30 Neral Citrus, lemon 53 0.04 0.04 0.62 -

31 Citral Citrus, lemon, sweet 40 1.06 1.43 1.42 1.43
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Table 1. Cont.

NO. Volatile Compounds Odor Characteristics
OT

(μg/L)

OAVs

FD-CK FD-D WNZ-CK WNZ-D

32 Undecanal Aldehydic, floral, citrus 12.5 0.16 - - -

33 Dodecanal Aldehydic, floral, citrus 0.13 - 16.5 - -

34 Tridecanal Aldehydic, citrus, grapefruit 10 - 0.19 - -

35 beta-Myrcene Spicy, peppery, woody 1.2 3.85 2.83 3.85 3.1

36 D-Limonene Citrus, orange 34 0.1 0.09 0.1 -

37 (E)-beta-Ocimene Herbal, citrus, woody 34 0.13 0.09 0.11 0.16

38 alpha-Farnesene Woody, citrus, herbal 87 - - - 0.24

39 delta-Cadinene Woody, spicy, burnt 1.5 2.36 - 3.38 2.4

40 Cedrol Woody, cedarwood 0.5 6.54 6.03 5.75 -

41 Linalool oxide I Woody, flowery, earthy 100 0.98 1.4 1.3 6.41

42 Linalool oxide II Woody, flowery 190 0.76 0.95 0.36 5.72

43 Coumarin Tonka 25 0.14 - 0.15 0.17

44 Naphthalene Pungent, dry resinous 6 0.59 0.6 0.58 0.59

45 Indole Flowery 40 - - 0.13 0.13

Notes: odor characteristics and odor threshold (OT) were referenced from sources denoted as in Table S4.

In total, 45 VOCs exhibited OAVs ≥0.1, with 27 of these compounds showing OAVs
greater than 1 across the four groups. Specifically, 15, 16, 14, and 22 VOCs with OAVs ≥1
were identified in FD-CK, FD-D, WNZ-CK, and WNZ-D, respectively. These findings
suggest that drought stress prompted an increase in the number of VOCs with OAVs ≥1 in
both cultivars, with WNZ-D experiencing a marked 57.14% rise compared to WNZ-CK.

Notably, seven VOCs shared across all four groups exhibited OAVs ≥1, including
1-octen-3-ol (earthy, mushroom), linalool (floral), geraniol (floral), β-damascone (fruity),
(E)-β-ionone (floral), citral (citrus), and β-myrcene (spicy). These volatiles contribute
significantly to the floral and fruity aromatic characteristics of tea leaves. Linalool, which
had the highest OAV, is ubiquitous in a wide range of teas, including green tea, black
tea, oolong tea, white tea, and yellow tea. Its production is predominantly linked to the
light fermentation and drying phases of tea processing, where it imparts a fresh floral
fragrance. In addition, geraniol, β-damascone, (E)-β-ionone, and β-myrcene are typically
more abundant in black and oolong teas, particularly during fermentation, oxidation, and
rolling processes. In contrast, 1-octen-3-ol and citral are more frequently detected in green
and white teas, especially during the light fermentation and drying stages.

Upon drought stress, 10 key VOCs in the FD cultivar with OAVs exceeding 1 showed a
notable increase, including 1-octen-3-ol, 6-methyl-5-hepten-2-one, (E)-α-ionone, β-damascone,
(E,E)-2,4-heptadienal, octanal, nonanal, citral, dodecanal, and linalool oxide I. These com-
pounds predominantly contribute to enhanced fruity, citrus, and orange aroma profiles.
Conversely, nine volatiles demonstrated a decline in OAVs, such as (Z)-hex-3-en-1-ol,
linalool, geraniol, (Z)-jasmone, (E)-β-ionone, (E)-2-nonenal, β-myrcene, δ-cadinene, and
cedrol, primarily associated with green, grassy, floral, and spicy aromatic characteristics.
In contrast, the WNZ cultivar under drought stress exhibited an increase in 15 volatiles
with OAVs exceeding 1, including methyl salicylate, 1-octen-3-ol, 6-methyl-5-hepten-2-
one, 1-octen-3-one, (E)-α-ionone, β-damascone, hexanal, (E,E)-2,4-heptadienal, octanal,
(E)-2-nonenal, (E)-2-decenal, nona-(2E,4E)-dienal, linalool oxide I, and linalool oxide II,
which contribute to heightened minty, earthy, citrus, violet, fruity, fatty, spicy, floral and
woody aroma notes. On the other hand, eight VOCs displayed reduced OAVs, including
hex-(3Z)-enyl acetate, linalool, geraniol, (Z)-jasmone, (E)-β-ionone, nonanal, β-myrcene,
and δ-cadinene, characterized by green, floral, orange, spicy, and woody aromas. In sum-
mary, these findings suggest that drought stress predominantly intensified citrus and fruity
aromas, while diminishing green and grassy notes. A consistent trend across both culti-
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vars was the elevation of OAVs for aldehyde and ketone VOCs, whereas certain alcohol
and terpene VOCs exhibited decreased OAVs. Particularly noteworthy is the observed
reduction in linalool’s OAV, accompanied by a corresponding increase in linalool oxide’s
OAV, indicating a potential conversion of linalool to its oxides in response to environmental
stressors, thus contributing to floral and woody aroma characteristics. This phenomenon
aligns with the results derived from HS-GC-IMS analyses.

Synthesis of the data presented in Figure 3 and Table S4 underscores the distinct
adaptive responses of the two tea cultivars to drought stress. The FD cultivar’s response was
characterized by an expansion in the number of VOCs, while the WNZ cultivar exhibited
a strategy of enhancing the concentrations of low-threshold, aroma-active compounds,
thereby augmenting their OAVs and leading to a more pronounced aromatic profile. This
differential response between cultivars presents an intriguing avenue for future exploration.

3.4. Comparative Analysis of HS-GC-IMS and HS-SPME-GC-MS in Identifying VOCs
3.4.1. Comparative Analysis of VOC Quantities and Categories

As illustrated in Figure 4A, a total of 178 VOCs were identified in this study using
two distinct analytical methodologies. Specifically, HS-GC-IMS detected 44 VOCs, while
HS-SPME-GC–MS identified 144 VOCs. Among these, 10 volatiles were found to be
common across both methods, namely linalool, linalool oxide II, linalool oxide I, 6-methyl-
5-hepten-2-one, benzaldehyde, methyl salicylate, octanal, (E)-2-heptenal, 1-octen-3-ol, and
hexanal. These shared compounds are integral to the aroma profiles of fresh tea leaves and
various tea products [4,24].

Figure 4. Comparative analysis of VOC quantities and categories: (A) Venn diagram of VOC numbers;
(B) column graph of VOC categories.

VOC classification further revealed that HS-GC-IMS grouped the detected volatiles
into seven categories, with aldehydes representing the most abundant class. By contrast,
the VOCs identified via HS-SPME-GC–MS were categorized into ten groups, with alcohols
being the dominant class. Notably, HS-GC-IMS did not to detect acids, alkanes, or alkenes,
and the number of VOCs in most other categories, except for heterocyclic and aromatic
compounds, was significantly lower compared to those identified by HS-SPME-GC–MS
(Figure 4B). This disparity aligns with previous findings in the literature, wherein the
two techniques were applied for the analysis of tea aroma compounds. HS-GC-IMS
predominantly detects highly volatile and low-boiling-point compounds, whereas HS-
SPME-GC–MS is more proficient in enriching and identifying higher-boiling-point volatiles.
Moreover, the limited selectivity of IMS, attributed to ion–molecule and ion–ion competition
reactions within the ionization chamber [45,46], may further contribute to the lower number
of detected volatiles in comparison to HS-SPME-GC–MS.
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3.4.2. PCA of All VOCs

In order to comprehensively evaluate the discriminative capacity of the two analytical
methods applied to the four sample groups, as well as to elucidate the VOCs most strongly
correlated with each group, unsupervised PCA analyses were conducted on both datasets,
as depicted in Figure 5A,B. Figure 5A illustrates the PCA score plot (Figure 5A(a)) and
the corresponding bi-plot (Figure 5A(b)) based on VOC concentration data obtained via
HS-GC-IMS. The first two principal components account for 81.8% of the total variance,
effectively segregating the four sample groups into distinct quadrants. Control groups are
primarily located along the positive axis of PC1, whereas drought-stressed groups occupy
the negative axis of PC1. Similarly, WNZ cultivars are positioned on the positive side
of PC2, and FD cultivars on the negative side. The above results indicate that both tea
cultivars experienced drought stress-induced significant variations in volatile profiles.

Figure 5. PCA plot and bioplot HS-GC-IMS and HS-SPME-GC-MS. (A) PCA (a) and biplot (b) of
VOC intensity detected by HS-GC-IMS; (B) PCA (a) and biplot (b) of VOC concentration detected by
HS-SPME-GC–MS.

Furthermore, Figure 5A(b) identifies several key VOCs strongly associated with WNZ-
CK, including 2-pentyl furan (fruity and green), linalool-M (citrus and floral), 2-ethyl furan
(Beany, ethereal, and cocoa), (E)-2-pentenal (green and fruity), (E,E)-2,4-Hexadienal (sweet
and green), and octanal (waxy and citrus). Collectively, these compounds contribute to the
characteristic green, fruity, and citrus aroma of WNZ-CK. In contrast, WNZ-D, situated
in the second quadrant, is closely associated with 2-pentanone (sweet, and fruity), (E)-2-
hexenyl acetate-D (sweet privet), benzaldehyde-D (bitter, almond, cherry, and burnt sugar),
(E)-2-hexenyl acetate-M (sweet privet), oct-1-en-3-ol (mushroom, earthy, and green), and
methyl acetate (sweet and fruity), contributing sweet, fruity, and earthy notes to the aroma
profile of WNZ-D.

In parallel, FD-D exhibits a strong correlation with VOCs such as 2-butanone (fruity,
and camphoraceous), acetone (apple and pear), tetrahydrofuran, 5-methylfurfural (sweet
and caramellic), and 2-furanmethanol, 5-methyl- (sweet and caramellic), which collectively
imbue FD-D with distinctive fruity, sweet, and caramel-like aromas. On the other hand,
FD-CK is highly correlated with (E)-2-hexenal (leafy, green), ethylpyrazine (nutty and
coffee), (E)-2-enal, (E)-hept-2-enal-M (green, vegetable), and (E)-2-hexen-1-ol (fresh green
and leafy), lending a predominantly leafy, green, and nutty aromatic profile to FD-CK.
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Figure 5B illustrates the PCA of VOCs in the four sample groups, as determined by HS-
SPME-GC-MS. PC1 and PC2 explain 36.9% and 27.8% of the total variance, respectively. The
sample groups are distributed across three quadrants, demonstrating clear discrimination
between the control and drought-stressed groups. FD-CK and WNZ-CK are both situated
in the first quadrant, while FD-D occupies the second quadrant, and WNZ-D the fourth
quadrant (Figure 5B(a)). Notably, PC1 effectively separates the control and treatment
groups of the FD cultivar, while PC2 discriminates between the control and treatment
groups of the WNZ cultivar. Although FD-CK and WNZ-CK both reside within the first
quadrant, their confidence ellipses differ, with FD-CK falling within the 50% confidence
interval and WNZ-CK within the 75% confidence interval.

Compared to the HS-GC-IMS results, the HS-SPME-GC-MS analysis reveals a broader
range of VOCs (Figure 5B(b)). The results from Figure S1 and Figure 5(Bb) illustrate that
VOCs highly correlated with the control groups (WNZ-CK and FD-CK) are predominantly
linked to floral, herbal, green, and fruity aroma characteristics. Notable compounds include
(Z)-jasmone (floral), theaspirane (tea herbal), delta-elemene (herbal), hexyl isobutyrate
(green), linalool oxide IV (tea-like, woody, and floral), undecanal (floral), (Z)-2-hepten-1-ol
(fatty), (Z)-hex-3-en-1-ol (green), and nonanoic acid (waxy). In contrast, linalool (floral), (E)-
beta-farnesene (herbal), neral (citrus), 1-nonanol (floral), cyclohexanol (green and rummy),
alpha-calacorene (woody), (E)-3-hexen-1-ol (green), hex-(3Z)-enyl butyrate (green), acetic
acid hexyl ester (fruity), T-cadinol (balsamic), and (Z)-3-hexenyl hexanoate (green) show a
strong association with FD-CK.

On the other hand, VOCs significantly correlated with FD-D include caryophyllene
oxide (woody), pinocarveol (herbal and woody), perilla alcohol (green, cumin, and spicy),
dodecanal (soapy, waxy, and citrus), 1-tetradecanol (waxy), Z-5-decen-1-ol (waxy, fatty, and
rose), 10-undecen-1-ol (citrus), dodecanoic acid (fatty and coconut), exo-Isocitral (lemon-
grass), tetradecanal (waxy, citrus, and fatty), (Z)-9-octadecen-1-ol (fatty), dehydrolinalool
(floral), 1-undecanol (fresh, waxy, and rose), 6-hepten-1-ol (herbal), 2-undecenal (fruity),
and tridecanal (citrus and grapefruit peel). Conversely, VOCs closely linked to WNZ-D
predominantly include linalool oxide I (woody and floral), linalool oxide II (woody and
floral), linalool oxide III (woody, floral, and citrus), alpha-farnesene (woody, and citrus), oct-
(2E)-enal (fatty), nona-(2E,4E)-dienal (fatty, melon, and waxy), (3Z)-beta-ocimene (floral),
(E)-2-decenal (waxy, fatty, and earthy), methyl salicylate (minty), alpha-guaiene (sweet and
woody), gamma-muurolene (woody), beta-damascone (fruity and floral), dehydrolinalool
(floral), hexadecanoic acid methyl ester (waxy), and 1-octen-3-one (earthy and mushroom).
A holistic analysis of these findings indicates that the drought-treated groups (FD-D and
WNZ-D) are more closely associated with woody, floral, rose, waxy, fatty, fruity, citrus, and
earthy VOCs. Notably, the drought-treated groups exhibit a wider diversity of VOCs, lead-
ing to more complex and enriched aroma profiles. One particularly interesting observation
is that VOCs correlated with the oxidation and dehydrogenation products of linalool are
more prevalent in WNZ-D, primarily in the form of four distinct compounds: linalool oxide
I, linalool oxide II, linalool oxide III, and dehydrolinalool. These compounds significantly
enhance the floral and woody aroma characteristics in WNZ-D.

3.4.3. Identification of Aroma Markers Based on HS-GC-IMS and HS-SPME-GC–MS Data

In the PCA model, sample data visualization is enhanced by projecting the observa-
tions into a reduced dimensional space that captures the variance in the first few principal
components, thereby highlighting classification trends across the samples. In contrast,
the supervised PLS-DA model seeks to maximize the discrimination between different
groups by focusing on the most influential differential metabolites across samples [47].
Specifically, VOCs with VIP > 1 were selected as the key discriminatory features in the
PLS-DA model [48], as these VOCs substantially contribute to the overall aroma profile.

Figure 6 illustrates the effectiveness of PLS-DA modeling in distinguishing the VOC
content differences detected via HS-GC-IMS and HS-SPME-GC-MS, alongside the critical
aroma volatiles that contribute prominently to sample discrimination. The PLS-DA score
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plots derived from HS-GC-IMS (Figure 6(Aa)) and HS-SPME-GC-MS (Figure 6(Ba)) datasets
explain 68.5% and 58.9% of the total variance, respectively. Both score plots exhibit clear
separation of the sample groups, demonstrating the capability of PLS-DA to effectively
distinguish between the different sample groups. To validate the accuracy and robustness of
the PLS-DA models, cross-validation (CV) was performed, and the statistical parameters—
accuracy, R2, and Q2—all exceeded 0.95 (Figure 6A(c),B(c)), confirming the reliability of the
PLS-DA models employed.

 

Figure 6. PLS-DA analysis on data obtained from HS-GC-IMS and HS-SPME-GC-MS. (A) PLS-DA
score plot (a), VIP score plot (b), and model prediction accuracy for HS-GC-IMS data (c); (B) PLS-DA
score plot (a), VIP score plot (b), and model prediction accuracy (c) for HS-SPME-GC-MS data. Filled
circles in panel (a) represent the 95% confidence region and the red star in panel (c) represents the
best classifier.

Furthermore, in the VIP score plot (Figure 6A(b)), 21 VOCs with VIP > 1 were identified
as potential characteristic compounds in the PLS-DA model based on HS-GC-IMS data.
Given that aroma presentation is ultimately related to the OAV of VOCs, nine volatiles—
including methyl salicylate, Styrene-D, 2-pentanone, (E)-2-hexen-1-ol, β-ocimene, 3-Methyl-
3-buten-1-ol, but-(E)-2-enal, (E)-hept-2-enal-M and (E)-hept-2-enal-D—had OAVs all >1,
indicating their potential as key aroma markers that drive the discrimination in the HS-GC-
IMS PLS-DA model. In comparison, for the PLS-DA model based on HS-SPME-GC-MS data,
a total of 52 VOCs had VIP > 1, with 22 VOCs exhibiting VIP > 1.5 (Table S5). Thus, a VIP
score plot was generated for these 22 VOCs (Figure 6(Bb)), which could serve as potential
characteristic VOCs for the PLS-DA model based on HS-SPME-GC-MS data. Combining
the criteria of VIP > 1 and OAV > 1, 13 VOCs—methyl salicylate, β-damascone, linalool
oxide I, oct-(2E)-enal, nona-(2E,4E)-dienal, (Z)-hex-3-en-1-ol, (E,E)-2,4-heptadienal, linalool
oxide II, cedrol, nonanal, (Z)-jasmone, hexanal, and 1-octen-3-one—were highlighted as
critical aroma markers for the HS-SPME-GC-MS-based PLS-DA model.
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3.4.4. VOC Change of Different Tea Cultivars Following Drought Stress

To gain deeper insights into the effects of field drought on the VOCs profiles of fresh
tea leaves from different cultivars, a within-group comparative analysis was conducted
between control and drought-treated samples of the FD and WNZ cultivars, respectively.
Specifically, differential VOCs were screened using T-test analysis (p-value < 0.05) and fold
change (FC ≥ 2 or ≤ 0.5) as the selection criteria. As illustrated in Figure 7, the volcano plots
clearly depict the upregulation and downregulation of VOCs between drought-stressed
and control samples.

Figure 7. Volcanic map of differential VOCs detected by HS-GC-IMS (A) and HS-SPME-GC-MS (B).
(a) FD-D vs. FD-CK; (b) WNZ-D vs. WNZ-CK.

A total of 17 and 18 differential VOCs were identified between the FD-D vs. FD-
CK group and the WNZ-D vs. WNZ-CK group using HS-GC-IMS data (Figure 7A). In
the FD-D vs. FD-CK comparison, six VOCs were significantly increased, including 2-
hexanone, methyl-5-hepten-2-one, 3-octanone, cis-linalool oxide, trans-linalool oxide, and
(E)-4-methyl-2-(pent-1-enyl)-1,3-dioxolane. Meanwhile, 11 VOCs were significantly de-
creased, namely octanal, delta-carene, ethylpyrazine, hexanal, (E)-2-hexen-1-ol, 2-pentyl
furan, linalool-D, but-(E)-2-enal, β-ocimene, 2-ethyl furan, and (E,E)-2,4-hexadienal. In
contrast, the WNZ cultivar exhibited significant alterations in VOCs under drought stress,
with six VOCs showing marked upregulation. These included methyl-5-hepten-2-one, cis-
linalool oxide, 2-hexanone, 3-octanone, trans-linalool oxide, and (E)-2-hexenyl acetate-M.
Meanwhile, 12 VOCs were significantly decreased, such as styrene-D, (E,E)-2,4-hexadienal,
ethylpyrazine, (E)-2-hexen-1-ol, hexanal, octanal, methyl salicylate, but-(E)-2-enal, 2-ethyl
furan, linalool-M, an unidentified volatile compound, and formic acid hexyl ester-M. From
the above analysis, it is evident that the increased volatiles in both tea cultivars under
drought stress exhibited a high degree of similarity, while the decreased VOCs showed
some variations. Overall, the significantly increased volatiles predominantly displayed
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sweet, floral, earthy, fruity, and citrus aroma characteristics, whereas the decreased VOCs
were mainly associated with fresh green, grassy, and leafy aromas.

Figure 7B provides the volcano plots for VOCs in the FD-D vs. FD-CK and WNZ-D vs.
WNZ-CK groups as measured by HS-SPME-GC-MS, with increased and decreased VOCs
highlighted in red and blue, respectively. A total of 55 VOCs were significantly elevated,
and 47 VOCs were reduced in the drought-treated groups compared to the control groups
for the FD and WNZ cultivars. Detailed information regarding these VOCs is available in
Tables S6 and S7.

For the FD-D vs. FD-CK comparison, 30 VOCs were significantly elevated, including
dodecanamide, dihydro-β-ionol, benzaldehyde, benzeneacetaldehyde, 2-hexenal, alkenes,
medium- and long-chain fatty alcohols, and unsaturated fatty alcohols. In contrast, 25 VOCs
were significantly reduced, primarily consisting of linalool oxide IV, linalool oxide III,
coumarin, sesquiterpenes, and several green-odor-type alcohols and esters. In the WNZ-D
vs. WNZ-CK comparison, 23 VOCs were significantly elevated and 24 VOCs were sig-
nificantly reduced. The elevated VOCs mainly exhibited sweet, floral, and fruity odors,
including volatile terpenoids (VTs), volatile phenylpropanoids/benzenoids (VPBs), and
medium- to long-chain volatile fatty acid derivatives (VFADs, including fatty acid alde-
hydes, fatty acid alcohols, and fatty acid esters). Examples include benzeneacetaldehyde,
2,4,6-trimethyl-benzaldehyde, linalool oxide I, linalool oxide II, linalool oxide III, (3Z)-β-
ocimene, α-farnesene, γ-muurolene, α-guaiene, methyl salicylate, (Z)-jasmone, and sulcatol.
On the other hand, significantly downregulated VOCs mainly displayed citrus, woody,
and herbal aromas, such as (E)-β-farnesene, D-limonene, linalool oxide IV, α-calacorene,
δ-guaiene, cedrol, α-cubebene, δ-3-carene, as well as citrus/green-odor-type VFADs (fatty
acid alcohols and fatty acid esters), such as non-(2E)-enol, cyclohexanol, cycloheptanol,
(E)-3-hexen-1-ol, 1-octanol, (Z)-3-hexenyl hexanoate, (E)-butanoic acid 3-hexenyl ester,
hex-(3Z)-enyl acetate, cis-3-hexenyl cis-3-hexenoate, and nonanal.

In comparison to HS-GC-IMS, HS-SPME-GC-MS detected a greater diversity of VOCs,
with more pronounced up- and downregulation. The elevated VOCs detected by both
methods mainly featured sweet, floral, and fruity characteristics, whereas the reduced
VOCs were predominantly associated with green and herbal aromas. Notably, our findings
on major differences in linalool oxides, jasmone, α-farnesene [23], methyl salicylate [18],
2-hexenal [49], alkenes, medium- and long-chain fatty alcohols, and unsaturated fatty
alcohols [50–52] are consistent with previous reports. It is also noteworthy that methyl
salicylate has been reported to induce stomatal closure in guard cells [53], which may aid
in plant self-protection during drought stress.

Furthermore, compared to the control groups, the drought-stressed groups displayed
a significant reduction in sesquiterpenes but an increase in monoterpenes, monoterpene
oxides, and medium- to long-chain VFADs, particularly fatty alcohols. Similarly, drought
has been reported to induce significant increases in alkanes and fatty alcohols in wheat
leaves during both the seedling and flowering stages [54]. Numerous studies suggest that
fatty alcohols may enhance drought resistance by modulating gene expression related to
drought response, potentially through interactions with transcription factors. For instance,
the OsFAR1 gene in rice has been implicated in primary fatty alcohol biosynthesis and plays
a critical role in drought stress response [52]. Additionally, fatty alcohols act as organic
solutes that help reduce cellular osmotic potential, thereby maintaining turgor pressure and
supporting normal physiological processes under drought conditions. Long-chain VFADs,
including fatty alcohols, have been shown to reduce water loss by forming cuticular waxes,
thereby enhancing plant drought tolerance [50,51]. In conclusion, the accumulation of
medium- and long-chain fatty alcohols, unsaturated fatty alcohols, and alkanes represents
a key physiological adaptation to drought stress in plants, playing an essential role in
osmotic regulation and the modulation of drought-responsive gene expression.
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3.5. Analysis of Differential Metabolite KEGG Enrichment Pathways in Different Tea Cultivars
Subjected to Drought Stress

To further elucidate the pivotal metabolic pathways associated with the alterations in
VOCs for different tea cultivars subjected to drought stress, we performed a comprehensive
VOC metabolite pathway enrichment analysis. This analysis enabled the visualization
of pathway significance and weight through the enrichment of volatiles with analogous
functions. As depicted in Figure 8, KEGG metabolic pathway analysis identified a total
of 12 and 14 differential metabolic pathways for the comparisons of FD-D vs. FD-CK
and WNZ-D vs. WNZ-CK, respectively. Comprehensive details regarding p-values, false
discovery rates (FDRs), impact factors, compound names, and pathway links are provided
in Tables S8 and S9. The identified pathways encompassed monoterpenoid biosynthesis,
butanoate metabolism, phenylalanine metabolism, fatty acid degradation, fatty acid biosyn-
thesis, caffeine metabolism, cutin, suberine, and wax biosynthesis, sesquiterpenoid and
triterpenoid biosynthesis, fatty acid elongation, alpha-linolenic acid metabolism, the biosyn-
thesis of unsaturated fatty acids, and the biosynthesis of various secondary metabolites.
Notably, these 12 pathways were consistently observed in both FD and WNZ. In addition,
the WNZ-D vs. WNZ-CK comparison revealed two supplementary enriched pathways:
phenylalanine, tyrosine, and tryptophan biosynthesis, alongside tryptophan metabolism,
primarily attributed to the differential accumulation of the target compound indole.

 

Figure 8. Pathway enrichment analysis of significantly altered VOCs of FD-D vs. FD-CK and WNZ-D
vs. WNZ-CK. Differential VOC KEGG enrichment pathway bubble maps (A,C) and network maps of
key target volatiles (B,D) of FD-D vs. FD-CK and WNZ-D vs. WNZ-CK, respectively.
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As depicted in Figure 8A,B, the pathways enriched in FD-D vs. FD-CK involved
19 differential VOCs across eight metabolic network pathways. The most significantly
enriched metabolic pathway (p < 0.05) was monoterpenoid biosynthesis, which included
six differentially accumulated volatiles: nerol, geraniol, perilla alcohol, beta-myrcene, D-
limonene, and delta-3-carene. Remarkably, nerol and perilla alcohol levels increased in the
FD-D group, whereas geraniol, beta-myrcene, D-limonene, and delta-3-carene were more
abundant in the FD-CK group. Moreover, in the WNZ-D vs. WNZ-CK analysis, 23 differ-
ential VOCs were linked to seven metabolic networks. The pathways of sesquiterpenoid
and triterpenoid biosynthesis, as well as monoterpenoid biosynthesis, were significantly
enriched (p < 0.05). Within the sesquiterpenoid and triterpenoid biosynthesis pathway, the
differentially accumulated VOCs included delta-cadinene, caryophyllene, alpha-farnesene,
(E)-beta-farnesene, alpha-caryophyllene, and cedrol. In contrast, the enriched VOCs in the
monoterpenoid biosynthesis pathway included nerol, geraniol, beta-myrcene, D-limonene,
and delta-3-carene. Following drought stress, the only VOC exhibiting increased expres-
sion in the WNZ-D cultivar within these two enriched terpenoid metabolic pathways was
alpha-farnesene, while the remaining enriched VOCs were found in higher concentrations
in the WNZ-CK group. The findings suggest that drought stress markedly influences
the accumulation of sesquiterpenes, resulting in a greater prevalence of terpene oxides,
including linalool oxides and caryophyllene oxides.

In conclusion, both FD and WNZ cultivars were implicated in fatty acid degrada-
tion, fatty acid biosynthesis, fatty acid elongation, the biosynthesis of unsaturated fatty
acids, and cutin, suberine, and wax biosynthesis post-drought stress. This indicates that
tea plants may sustain cellular osmotic pressure and physiological functionality through
the synthesis of medium-chain VFADs and unsaturated fatty acids, while simultaneously
mitigating water loss via cutin, suberine, and wax biosynthesis to endure drought condi-
tions [50–52,54]. Additionally, phenylalanine metabolism is closely linked to plant growth
and environmental interactions [55]. Extensive research has demonstrated that numerous
phenylpropanoids play critical roles in the response to drought stress [56–58]. Phenyl-
propanoids are vital aromatic compounds in tea leaves, significantly influencing qual-
ity formation and stress response [59]. Our study identified notable differences in the
enrichment of benzeneacetaldehyde and phenylethyl alcohol within the phenylalanine
metabolism pathway, particularly in the WNZ cultivar, where drought stress markedly
elevated these compounds. This observation aligns with prior findings highlighting the
significant increase in phenylethyl alcohol under drought conditions [18], contributing to
enhanced rose floral aroma characteristics in tea leaves.

Collectively, these results indicate that these metabolic pathways and their associ-
ated metabolites are crucial determinants influencing the VOC composition and aroma
expression of tea leaves under drought stress.

4. Conclusions

By employing HS-GC-IMS and HS-SPME-GC-MS techniques alongside PLS-DA mod-
eling, this study delineated significant alterations in the VOCs of FD and WNZ tea cultivars
subjected to drought stress. The drought-stressed groups exhibited a marked increase in
both the concentration and diversity of VOCs associated with sweet, fruity, caramel-like,
floral, and earthy notes, while green, grassy, leafy, woody, herbal, and floral aromas were
diminished. Notably, there was an elevated presence of methylated compounds, linalool
oxides, and medium- to long-chain VFADs in the drought-treated samples. Conversely,
sesquiterpenoid content and diversity were substantially reduced. The varietal responses to
drought stress were distinct, with FD-D showing an increased diversity of VOCs, whereas
WNZ exhibited a greater increase in the concentrations of low-threshold VOCs.

Among the four sample groups, key aroma-active compounds (OAV > 1) included
1-Octen-3-ol, linalool, geraniol, β-damascone, (E)-β-ionone, citral, and β-myrcene, with
linalool exhibiting the highest OAV, underscoring its role as a primary aroma contribu-
tor in both tea cultivars. Based on VIP > 1 and OAV > 1 thresholds, 8 and 13 potential
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key aroma markers were identified for distinguishing between the different cultivars and
treatments using the PLS-DA model for HS-GC-IMS and HS-SPME-GC-MS, respectively.
Additionally, KEGG enrichment analysis revealed significant alterations in 12 metabolic
pathways following drought stress. The sesquiterpenoid and triterpenoid biosynthesis
pathways, as well as monoterpenoid biosynthesis, exhibited significant changes (p < 0.05).
Furthermore, pathways related to fatty acid synthesis, elongation, degradation, the biosyn-
thesis of unsaturated fatty acids, linalool oxides, cutin, suberine and wax biosynthesis, and
phenylalanine metabolism were also enriched, further validating the observed increases in
the abundance and diversity of linalool oxides and medium- to long-chain VFADs, along
with the pronounced reduction in sesquiterpenoid compounds under drought stress.

Overall, these results provide a comprehensive insight into how drought stress affects
VOC accumulation in fresh tea leaves across different cultivars, while highlighting the
corresponding alterations in key metabolic pathways. This knowledge establishes a founda-
tion for optimizing water management strategies in tea plant cultivation, aiming to enhance
flavor quality. The current study relies on metabolomics and flavoromics to analyze key
volatile aroma compounds and their metabolic pathways in tea leaves subjected to 20 days
of continuous field drought stress. However, the absence of physiological or genetic data
linking VOC changes to drought resistance presents a limitation. Future research will
aim to integrate physiology, transcriptomics, and DNA methylation data to elucidate the
molecular mechanisms governing VOC accumulation and aroma formation in tea under
drought stress.
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