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Abstract: Phenolic composition of green tea (Camellia sinensis) varies according to manufacturing
processes that result in deglycosylation of glycosylated phenolics and condensation, epimerization,
and degalloylation of flavan-3-ols (catechins). Ambiguous phenolic assignments based on UV
absorbance alone can occur when the chromatographic peaks overlapped slightly. We established an
improved method using an HPLC–UV coupled with a single-quadrupole MS detector (MS1) that
can reject false UV peaks after checking the preceding MS1 peaks. Adjusted UV data coded by the
Python algorithm were deployed to compare tea phenolics. Performance validation of the MS1 and
UV analysis methods for 19 phenolics revealed a sensitivity of 0.17 and 0.47 pmol/injection, limit
of detection of 15 and 33 µg/L, limit of quantification of 50 and 110 µg/L, intra-day precision of
5% and 1% relative standard deviation, and trueness of 83–135% and 97–100%, respectively. Our
results suggest that the HPLC–UV–MS1 method, which is a low operational cost method, potentially
provides the precise phenolic composition of teas.

Keywords: catechin; flavonoid; green tea; mass spectrometry; phenolics; simultaneous separation;
validation

1. Introduction

Green tea (GT; Camellia sinensis) is one of the most widely consumed beverages in the
world [1]. Phenolic compounds of teas, such as GT, black tea, and dark tea, are diverse
and modified by tea manufacturing processes such as withering, thermal treatment, and
microbial fermentation [2,3]. The health-promoting effects of some phenolic compounds
have been evaluated, and they have been found to have anticancer, anti-hyperlipidemic,
anti-inflammatory, anti-obesity, antioxidative, and antiviral activities [4–9]. Advanced
analytical methods, accompanied with state-of-the-art technologies such as mass spectrom-
etry, nuclear magnetic resonance, and metabolomics approach, have played a key role in
determining the dose of health-beneficial bioactive phenolics, such as flavonoids, in food
resources [10,11].

GT primarily contains flavan-3-ols (catechins), such as (–)-epigallocatechin (EGC) and
(–)-epigallocatechin gallate (EGCG), and theaflavins, which are produced by endogenous
enzymatic oxidation when polyphenol oxidases in the tea leaves are released during tea
processing (Figure 1) [2]. Various flavonol and flavone glycosides are present in tea leaves,
and their aglycones, such as apigenin, kaempferol, myricetin, and quercetin, can be formed
by addition of exogenous enzymes [12,13]. Most flavan-3-ols can be degraded by microbial
post-fermentation. A variety of intrinsic and extrinsic factors such as fermentation heat,
moisture, and microbial activity cause the release of gallic acid as a result of the cleavage of
galloyl moieties from galloylated flavan-3-ols, such as (−)-epicatechin gallate (ECG) and
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EGCG [14]. A decade ago, 68 kinds of phenolics were tentatively identified in GT and
processed tea [15], and recently, 60 phenolic compounds were tentatively identified by
comparing young and old green tea leaves [16].
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first isolated from GT by crystallization of ethyl acetate extract 90 years ago [17]. Eight 
flavan-3-ols were simultaneously analyzed by high-performance liquid chromatography 
(HPLC) in 1976 [18]. By using HPLC, it has been possible to reduce the separation time of 
eight flavan-3-ols to within 20 min [19]. Over 45 compounds were subsequently simulta-
neously analyzed using ultra-performance liquid chromatography (UPLC) coupled with 
quadrupole time of flight (TOF) MS [10]. Furthermore, 24 compounds from GT were 
quantified within 3 min of run-time by using an HPLC coupled with a quadrupole MS/MS 
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resolution MS, and Q-TOF have facilitated handling of large samples and provided high 
resolution and high selectivity by multiple reaction monitoring. Moreover, non-targeted 

Figure 1. Structures of 19 phenolics and caffeine found in green tea and processed green tea. (A) Flavan-3-ols, (B) theaflavins,
(C) phenolic acid, (D) alkaloid, and (E) flavonols and flavone. * Two chiral centers, located at the C2- and C3-position
of the B ring of flavan-3-ols, denote a form of (−)-non-epimer (2S, 3R) compared to (−)-epimer (2R, 3R). Compound
names are indicated as follows: GC, (–)-gallocatechin; EGC, (−)-epigallocatechin; C, (–)-catechin; EC, (–)-epicatechin;
EGCG, (–)-epigallocatechin gallate; GCG, (–)-gallocatechin gallate; ECG, (–)-epicatechin gallate; CG, (–)-catechin gallate; TF,
theaflavin; TF3G, theaflavin-3-O-gallate; TF3′G, theaflavin-3′-O-gallate; and TF3,3′DG, theaflavin-3,3′-O-digallate.

Research has been undertaken to determine separation methods that can enhance
analytical performance of the phenolic compounds present in tea. Epicatechin (EC) was
first isolated from GT by crystallization of ethyl acetate extract 90 years ago [17]. Eight
flavan-3-ols were simultaneously analyzed by high-performance liquid chromatography
(HPLC) in 1976 [18]. By using HPLC, it has been possible to reduce the separation time
of eight flavan-3-ols to within 20 min [19]. Over 45 compounds were subsequently si-
multaneously analyzed using ultra-performance liquid chromatography (UPLC) coupled
with quadrupole time of flight (TOF) MS [10]. Furthermore, 24 compounds from GT were
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quantified within 3 min of run-time by using an HPLC coupled with a quadrupole MS/MS
system equipped with a core–shell column [20].

Advancements in analytical instruments such as various automated samplers, high
resolution MS, and Q-TOF have facilitated handling of large samples and provided high
resolution and high selectivity by multiple reaction monitoring. Moreover, non-targeted
metabolomic analysis of food phenolics in many botanical plants can provide a wealth of
information [10,21]. However, advanced analytical instruments are expensive to purchase
and maintain, require advanced training to operate, and have high operation costs (e.g.,
special eluents and columns). Even though over 20 compounds in various tea samples have
been quantified with high-resolution instruments, resolution was generally poor, and there
was also poor separation of these compounds due to the lack of analytical optimization
(i.e., fronting and tailing of peaks) [3]. MS analysis has the advantage of being able to
simultaneously analyze and assign many compounds even when their retention times (tR)
overlap. However, this convenience cannot be achieved through HPLC-ultraviolet (UV)
that is widely used in many fields of research and manufacture.

Accurate quantification of tea phenolics using high-resolution MS needs sufficient
budget in many research institutes. Therefore, we have developed an alternative analytical
method using MS detector with low acquisition cost that meets high specificities for the
target compounds and eliminates false UV peaks according to the MS results. In this study,
simultaneous detection of 20 compounds from green tea and its processed products was
performed and validated using two detectors, UV and single-quadrupole mass detector
(MS1) in single HPLC separation system.

2. Results and Discussion

2.1. HPLC-UV and MS1 Method Development

The 20 compounds were separated using a run time of 50 min that was based on
modification of previous protocols [7,22]. Separation strategies were organized into three
parts: (1) a hydrophilic part (peaks 1−8), (2) a meso-hydrophilic part (peaks 9−13), and
(3) a hydrophobic part (peaks 14−20) (Figure 2). Due to mutual interaction of a meso-
hydrophilic part under changing elution conditions, peak overlap occurred between peaks
9 (ECG) and 10 (rutin). Excluding these two peaks, all the other peaks were clearly
separated with proper resolution at both 275 and 365 nm. Even though there was overlap
of peaks in UV detection, there were no overlapping peaks in mass detection (Figure S1
and Supplementary Data I).
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Figure 2. HPLC traces at wavelengths of (A) 275 nm and (B) 365 nm of 19 phenolics and caffeine standards found in
green tea and processed teas. Peaks are indicated as follows: 1, gallic acid; 2, GC; 3, EGC; 4, C; 5, caffeine; 6, EC; 7, EGCG;
8, GCG; 9, ECG; 10, rutin; 11, CG; 12, isoquercitrin; 13, myricetin; 14, TF; 15, quercetin; 16, TF3G; 17, TF3′G; 18, TF3,3′DG;
19, apigenin; and 20, kaempferol. The concentrations of standard aliquots were as follows: 10 µg/mL, peaks 5, 10, 12, 13, 15,
19, and 20; and 20 µg/mL, peaks 1−4, 6−9, 14, and 16−18.
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Due to the arrangement of the two detectors, the tR gap (tR gap = tR (UV)−tR (MS1))
of each peak appeared in the precise range (0.075 ± 0.004 min; data not shown). Mass
detection was conducted within a limited retention time window of acquisition time to
enhance sensitivity similar to most MS/MS research. This approach can deliver more
precise results and eliminate unnecessary acquisitions, which can improve inter-scan
capacity during simultaneous acquisition and yield a valid number of quantification points
for one peak [23]. The symmetry factors of the 20 compounds ranged from 1.02 to 1.20
and 1.03 to 1.06 for UV detection at 275 and 365 nm, respectively (data not shown). The
resolution of these 20 compounds was in the range of 2.0−10.0 for UV and MS1 (data not
shown), which is greater than 1.5 found on the basis of baseline-separation criteria [24].

Conditions for appropriate simultaneous separation of compounds in Camellia sp. de-
pends on the topic of research and the compounds of interest (e.g., flavan-3-ols, theaflavins,
or flavonols) [25–27]. Many flavonol glycosides of GT are in the meso-hydrophilic zone in
reversed-phase HPLC column analysis, while polymeric compounds such as theaflavins
transformed by tea processing or exogenous enzymes appear in the hydrophobic zone [7].
These chemical characteristics of flavonoids make it challenging to find a method suitable
for analysis. Peaks overlap if UV detection alone is used to separate phenolic compounds
in Camellia sp. [16], and consequently, many flavonol glycosides cannot be distinguished.
Therefore, a proper separation method that effectively distinguishes flavonol glycosides
is required. The ideal retention time range for separation in our study for most flavonol
glycosides was 10−30 min (Figure S2). However, peak overlap at 275 nm was unavoidable
due to co-elution of ECG or (–)-catechin gallate (CG) and flavonol glycosides. Results
should therefore be interpreted carefully.

2.2. Validation of UV and MS1 Methods

Limit of detection (LOD), limit of quantification (LOQ), linearity, trueness, and preci-
sion were determined for a liquid chromatography system coupled with both UV and MS1

detectors. The validation results are summarized in Table 1. The tR values of compounds
detected by UV and MS1 had an acceptable standard deviation (SD) and good resolution
(Rs; data not shown). Elution conditions in the hydrophobic zone (tR > 30) resulted in
relatively large SDs (>0.2%), whilst the repeatability of tR remained the same (average
relative standard deviation (RSD) of 0.8% for both UV and MS1 detection).

Seven-point calibration curves were plotted over the 20-fold concentration range,
and linearity was excellent for UV detection (R > 0.9995) and moderate for MS1 detection
(R > 0.990 except for apigenin). Sensitivity ranged from 0.11 to 2.66 pmol/injection and
from 0.07 to 0.53 pmol/injection for UV and MS1 detection, respectively (data not shown).
LOD ranged from 5 to 162 µg/L for UV detection and from 4 to 47 µg/L for MS1 detection.
LOQ ranged from 16 to 539 µg/L for UV detection and from 13 to 158 µg/L for MS1

detection (Table 1). The sensitivity of MS1 detection was 0.4−14.4-fold higher than that
of UV detection (data not shown). The LODs of MS1 detection were twofold higher
than those reported for determination of flavan-3-ols by MS/MS instrumentation [28].
Furthermore, LOD of UV detection was two orders of magnitude lower than that reported
previously [3,29].

The trueness of spiked compounds ranged from 97.23% to 99.65% recovery in the UV
detection, whereas that of spiked compounds ranged from 83.56% to 135.35% recovery in
the MS1 detection (Table 1). UV detection showed better trueness compared with MD1

detection. Some phenolics (e.g., kaempferol, myricetin, and apigenin) and caffeine caused
poor trueness in the MS1 detection. Intra-day precision ranged from 0.2% to 1.0% RSD for
UV detection and from 0.3% to 5.3% RSD for MS1 detection (Table 1). Inter-day precision
ranged from 1.8% to 3.0% RSD for UV detection and from 2.1% to 25.0% RSD for MS1

detection (Table 1). Our RSD values for intra- and inter-day precisions of UV detection
were four- to five-fold lower than those reported for UPLC–MS/MS instrumentation [30].
However, the inter-day precision of some compounds (e.g., myricetin and apigenin) in MS1

detection were relatively high RSD values (>20%), partly due to daily variations in MS1.
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Despite the shortcomings of MS1 detection, its combination with traditional UV detection is
useful to overcome them. Hereafter, we discuss the utility of HPLC–UV–MS1 for analyzing
tea samples.

Table 1. Method validation of UV detection versus mass detection.

Method a Class b Compound c tR
d (min) LOD e

(µg/L)
LOQ f

(µg/L)
Linearity

(R g)
Trueness h

(Recovery% ± CI j)
Precision (RSD i; %)

Intra-Day k Inter-Day l

UV

PA Gallic acid 3.53 ± 0.01 5 ± 0 17 ± 0 0.9999 98.64 ± 0.36 0.46 2.31
F3L GC 5.47 ± 0.06 162 ± 12 539 ± 39 0.9999 98.28 ± 0.24 0.39 2.63
F3L EGC 7.36 ± 0.04 20 ± 2 68 ± 6 0.9995 99.20 ± 0.36 0.59 2.97
F3L C 8.03 ± 0.05 36 ± 1 120 ± 4 0.9998 99.27 ± 0.27 0.43 2.00
AL Caffeine 8.58 ± 0.07 5 ± 1 16 ± 2 0.9999 99.13 ± 0.15 0.24 1.80
F3L EC 9.62 ± 0.08 26 ± 2 86 ± 8 0.9999 99.16 ± 0.26 0.42 2.20
F3L EGCG 10.09 ± 0.09 10 ± 1 32 ± 2 0.9999 98.80 ± 0.29 0.47 2.74
F3L GCG 11.29 ± 0.12 16 ± 2 52 ± 5 0.9999 99.65 ± 0.42 0.69 2.16
F3L ECG 17.10 ± 0.18 17 ± 4 56 ± 13 0.9998 98.77 ± 0.41 0.66 2.31
FL Rutin 17.11 ± 0.20 47 ± 2 158 ± 9 0.9999 98.90 ± 0.50 0.82 1.99

F3L CG 18.02 ± 0.15 15 ± 2 48 ± 6 0.9998 98.36 ± 0.40 0.66 2.38
FL Isoquercitrin 18.26 ± 0.16 30 ± 7 99 ± 24 0.9999 99.31 ± 0.28 0.45 2.11
FL Myricetin 24.12 ± 0.15 18 ± 2 61 ± 5 0.9998 97.23 ± 0.22 0.36 2.26
TF TF 31.82 ± 0.24 22 ± 2 73 ± 5 0.9999 99.00 ± 0.25 0.41 3.00
FL Quercetin 32.41 ± 0.20 38 ± 1 127 ± 5 0.9998 99.04 ± 0.14 0.24 2.49
TF TF3G 35.03 ± 0.27 32 ± 4 107 ± 12 0.9999 98.84 ± 0.36 0.58 2.66
TF TF3′G 36.98 ± 0.24 26 ± 6 85 ± 19 0.9999 98.85 ± 0.27 0.44 2.43
TF TF3,3′DG 37.56 ± 0.24 22 ± 2 72 ± 8 0.9999 98.70 ± 0.35 0.58 2.18
FL Apigenin 41.63 ± 0.24 61 ± 5 201 ± 16 0.9999 99.16 ± 0.40 0.65 1.89
FL Kaempferol 42.99 ± 0.25 57 ± 2 191 ± 8 0.9997 98.43 ± 0.63 1.03 2.45

MS1

PA Gallic acid 3.44 ± 0.02 5 ± 0 19 ± 1 0.9983 98.99 ± 0.30 0.49 2.1
F3L GC 5.39 ± 0.06 23 ± 1 75 ± 4 0.9968 89.99 ± 0.63 1.13 6.3
F3L EGC 7.28 ± 0.04 5 ± 1 18 ± 2 0.9921 110.89 ± 0.87 1.26 4.3
F3L C 7.96 ± 0.05 6 ± 1 19 ± 1 0.9944 92.46 ± 3.01 5.26 12.9
AL Caffeine 8.51 ± 0.06 8 ± 1 26 ± 3 0.9985 135.35 ± 0.96 1.14 16.7
F3L EC 9.55 ± 0.08 8 ± 1 26 ± 5 0.9968 109.40 ± 0.19 0.28 5.3
F3L EGCG 10.02 ± 0.09 9 ± 1 29 ± 3 0.9981 97.74 ± 0.44 0.73 17.2
F3L GCG 11.21 ± 0.12 8 ± 1 26 ± 4 0.9975 99.10 ± 0.46 0.74 8.4
F3L ECG 17.03 ± 0.16 47 ± 9 158 ± 30 0.9965 102.90 ± 1.03 1.62 5.1
FL Rutin 17.04 ± 0.20 11 ± 2 35 ± 6 0.9901 104.03 ± 0.64 0.99 6.1

F3L CG 17.94 ± 0.15 19 ± 3 65 ± 10 0.9985 106.77 ± 0.97 1.46 5.7
FL Isoquercitrin 18.19 ± 0.15 7 ± 2 22 ± 5 0.9920 112.64 ± 1.10 1.58 7.2
FL Myricetin 24.05 ± 0.15 11 ± 1 37 ± 5 0.9941 119.39 ± 1.35 1.83 24.6
TF TF 31.74 ± 0.23 17 ± 1 56 ± 3 0.9949 104.39 ± 1.28 1.97 4.3
FL Quercetin 32.34 ± 0.19 7 ± 1 24 ± 1 0.9922 112.54 ± 1.30 1.86 6.8
TF TF3G 34.96 ± 0.26 46 ± 3 154 ± 10 0.9994 102.08 ± 1.29 2.04 2.7
TF TF3′G 36.90 ± 0.24 25 ± 1 83 ± 4 0.9994 98.56 ± 1.00 1.64 4.9
TF TF3,3′DG 37.49 ± 0.24 19 ± 2 65 ± 7 0.9992 134.22 ± 1.22 1.47 23.2
FL Apigenin 41.56 ± 0.24 4 ± 0 13 ± 1 0.9719 83.56 ± 1.46 2.82 21.2
FL Kaempferol 42.93 ± 0.25 12 ± 2 39 ± 7 0.9983 125.85 ± 2.73 3.50 19.5

a UV: ultraviolet, MS1: single mass spectrometer. b Abbreviations are listed as follows: AL; alkaloid; F3L, flavan-3-ol; FL, flavonol/flavone;
PA, phenolic acid; TF, theaflavin. c Refer to the abbreviations of compounds in Figure 1. d tR: retention time. e LOD: limit of detection.
f LOQ: limit of quantification. g R: correlation coefficient. h Trueness includes an accuracy term (n = 6). i RSD: relative standard deviation.
j CI: confidence interval (95%). k Intra-day variation of analysis (n = 6). l Inter-day variation of analysis (n = 6 × 3 days).

2.3. Quantification of Commercial Tea Samples

An HPLC–UV coupled with an MS1 was used to quantify 19 phenolics and caffeine
derived from representative green tea and processed tea samples. To ensure that we
analyzed a diverse variety of tea samples and compounds within the tea samples, we
selected five commercial tea samples: two green teas and three processed teas (one oolong
tea obtained by semi-fermentation, one black tea by full-fermentation, and one dark tea
by microbial fermentation). Phenolics and caffeine in the tea samples were quantified by
UV detection. UV wavelengths of 275 and 365 nm were used to detect flavan-3-ols and
flavonols, respectively, as reported previously [13].

Major differences in phenolic profiles among tea samples were detected as shown
in Figure S2. Fermented teas contained fewer flavan-3-ols and relatively higher levels of
theaflavins than the other teas analyzed. A considerable amount of flavonol glycosides dis-
appeared from fermented teas compared to unfermented teas. Retention times of phenolics
and caffeine in the five tea samples were effectively reproduced at two UV wavelengths
(275 and 365 nm). Tea extracts contain various compounds that can be difficult to detect by
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UV detection alone. As described in Figure S2, transformed compounds such as complex
polyphenols or phenolic acid derivatives exhibit similar tR values to those of epimerized
flavan-3-ols (e.g., (−)-gallocatechin (GC)) [16,31]. Therefore, UV quantification may lead to
inaccurate findings. If invalid quantification occurs, the difference in tR between UV and
MS1 will be outside the valid range of 0.06−0.09 min (Figure S3). Therefore, post-processing
of UV quantification was performed using an algorithm coded in Python that matches
the UV peak with the corresponding MS1 data indexed by the same injection ID. In total,
839 lines of MS1 data and 1927 lines of UV data were processed using Empower 3 software
(Waters Corp., Milford, MA, USA) (Supplementary Data II). Without the mechanistic post-
processing of UV data, however, manual inspection of UV data must be undertaken to
obtain valid data based upon MS1 data. Therefore, we adopted the following matching
logic: (1) same injection ID matching, (2) gap in tR, (3) rejection/collection of invalid/valid
matching, and (4) quantification with the valid UV peak. Using these post-data processing
steps, we were able to obtain a reliable quantification summary.

Similar to the results reported by many previous researchers [2,3,14,16,26,31], green
teas (GT from Taiwan, GTT; and GT from Korea, GTK) contain mainly flavan-3-ols
(45−120 mg/g) and some flavonol glycosides, and oolong tea (oolong tea from Taiwan,
OTT) and black tea (black tea from England, BTE) contain theaflavins (4−12 mg/g) and
gallic acid (1.7−1.9 mg/g) (Table 2). Most flavan-3-ols disappeared from post-fermented
tea (post-fermented (dark) tea from South Korea, PTK), whereas a relatively large amount
of gallic acid (4.5−5.0 mg/g) was present due to cleavage of the galloyl moiety from
flavan-3-ols (Table 2).

To compare the effects of solvents on the extraction of phenolics, we investigated
two extraction conditions: an experimental condition (60% (v/v) aqueous methanol with
sonication at ambient temperature) and a consumer usage condition (infusion with hot
water at 80 ◦C for 3 min). Briefly, the content of hydrophilic compounds (gallic acid and
EGC) and meso-hydrophilic compounds (rutin and isoquercitrin) in solution was similar
between the aqueous methanol extract and hot water infusion for all five teas (Table 2). The
content of relatively hydrophilic compounds (caffeine, EC, and EGCG) in the hot water
infusion was statistically different from that in the 60% (v/v) aqueous methanol extract.
Interestingly, among the four epicatechins (EC, ECG, EGC, and EGCG), the content of ECG
in 60% (v/v) aqueous methanol extracts of GTT and OTT was 4.6- and 9.0-fold higher than
that in the hot water infusion, respectively. Hot water infusions of GTK, PTK, and BTE did
not contain ECG, and that of GTT, GTK, OTT, PTK, and BTE did not contain theaflavins
(Table 2). The content of caffeine was relatively high (20−33 mg/g) in the five tea extracts
obtained using both extraction conditions. The flavone apigenin was below the LOQ or not
detected for both UV and MS1 (Table 2). Quercetin and kaempferol were not present in any
of the tea extracts (data not shown). The phenolic content of the tea samples by manual
post-processing is presented in Table S1 for comparison.
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Table 2. Concentrations (mg/g) of phenolics and caffeine in commercial teas as determined by an HPLC system equipped with a UV detector (processed by Python code).

Compound a
Tea Extract b

GTT
MeOH

GTT
Water

GTK
MeOH

GTK
Water

OTT
MeOH

OTT
Water

PTK
MeOH

PTK
Water

BTE
MeOH

BTE
Water

Gallic acid 0.48 ± 0.07d c 0.51 ± 0.01d 0.28 ± 0.04d 0.28 ± 0.02d 1.95 ± 0.04c 1.91 ± 0.10c 5.00 ± 0.32a 4.50 ± 0.09b 1.72 ± 0.17c 1.84 ± 0.06c
GC n.d. d 3.43 ± 0.25a n.d. 1.76 ± 0.08b n.d. n.d. n.d. 1.98 ± 0.22b # n.d. n.d.

EGC 27.27 ± 2.20ab 23.19 ± 0.04ab 28.68 ± 1.90a 22.06 ± 1.01b 8.28 ± 5.67c 3.22 ± 1.25d 4.77 ± 0.55cd 5.69 ± 1.19cd 2.40 ± 1.22d 3.00 ± 0.20d
C n.d. n.d. n.d. n.d. n.d. <LOQ e 2.64 ± 0.52b n.d. 10.20 ± 2.79a 8.83 ± 0.73a

Caffeine 24.88 ± 0.93c 19.74 ± 0.55e 26.40 ± 1.68bc 20.85 ± 0.56de 31.95 ± 0.72a 24.18 ± 0.54cd 32.64 ± 2.16a 29.49 ± 0.49ab 26.61 ± 3.31bc 23.50 ±
0.29cde

EC 7.26 ± 0.63b 6.54 ± 0.10b 9.81 ± 0.49a 7.86 ± 0.19b 3.71 ± 0.78c 1.64 ± 0.60d 1.60 ± 0.30d 1.61 ± 1.31d 3.54 ± 1.49c 1.79 ± 0.30d
EGCG 61.20 ± 0.36a 22.80 ± 2.15b 63.17 ± 4.14a 15.35 ± 4.65c 12.12 ± 0.52c 1.94 ± 0.17d 0.35 ± 0.02d # n.d. 2.80 ± 0.49d n.d.
GCG <LOQ <LOQ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
ECG 15.51 ± 0.26a 3.35 ± 0.59bc # 13.92 ± 1.16a n.d. 5.83 ± 0.00b # <LOQ n.d. n.d. 4.78 ± 0.14b # n.d.
Rutin 1.87 ± 0.08a 1.51 ± 0.04a n.d. n.d. 0.86 ± 0.09b 0.68 ± 0.06b n.d. n.d. 1.83 ± 0.43a 1.77 ± 0.06a

Isoquercitrin 0.92 ± 0.12b 0.72 ± 0.03bc # n.d. n.d. 0.35 ± 0.01cd # 0.24 ± 0.06d n.d. n.d. 1.22 ± 0.22a 1.06 ± 0.10ab #

TF n.d. n.d. n.d. n.d. 0.73 ± 0.05b n.d. n.d. n.d. 2.63 ± 0.39a n.d.
TF3G n.d. n.d. n.d. n.d. 1.65 ± 0.04b n.d. n.d. n.d. 5.04 ± 1.15a n.d.
TF3′G n.d. n.d. n.d. n.d. 0.61 ± 0.00b n.d. n.d. n.d. 1.97 ± 0.39a n.d.

TF3,3′DG n.d. n.d. n.d. n.d. 1.23 ± 0.44b n.d. n.d. n.d. 2.83 ± 0.90a n.d.
Apigenin <LOQ n.d. n.d. n.d. <LOQ n.d. n.d. n.d. n.d. n.d.

a Compounds are listed in ascending order of retention time. Some compounds (CG, quercetin, and kaempferol) were not detected by UV. b Abbreviations: GTT, green tea of Taiwan; GTK, green tea of Korea;
OTT, oolong tea of Taiwan; PTK, post-fermented tea of Korea; BTE, black tea of England. MeOH: 60% (v/v) aqueous methanol, Water: 80 ◦C hot water. c Results are shown as means ± standard deviations
(n = 3−6; # marked results indicate n = 2). Different letters in the same row indicate significant differences according to the Tukey–Kramer honestly significant difference test (p < 0.05). d n.d.: not detected.
e <LOQ: below limit of quantification.
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2.4. Operational Cost Comparison

Two systems comprising HPLC–UV–MS1 and UPLC–MS/MS were compared for
our separation method and representative method, respectively. For the simple compar-
ison, instruments were exampled with the same manufacture. Separation columns and
solvents were adopted in accordance with the requirements of the instruments. We set
2000 injections per column and 5000 injections per year; thereafter, operational costs (con-
sumables, discipline of researcher, and maintenance of instrument) per year, initial costs of
instrumentation, and total costs (sum of operational cost and initial cost) per 5 years were
evaluated (Table S2). Briefly, the operational cost of the two systems were almost the same
(approximately USD 35,000 per year) due to longer analysis time of HPLC–UV–MS1 and
the expensive requirements of UPLC–MS/MS system. Ultimately, a cost-effective analysis
can be achieved with the HPLC–UV–MS1 system (approximately USD 260,000 for 5 years)
owing to the initial cost of the instrumentation compared with the four times higher price
of the UPLC–MS/MS system (approximately USD 470,000 for 5 years).

3. Materials and Methods
3.1. Chemicals and Reagents

Apigenin (purity > 95.0%), (−)-EC (purity > 99.0%), (−)-ECG (purity > 99.0%), (−)-
EGC (purity > 99.0%), (−)-EGCG (purity > 99.0%), (−)-catechin (C) (purity > 99.0%), CG
(purity > 99.0%), GC (purity > 99.0%), (−)-gallocatechin gallate (GCG) (purity > 99.0%),
theaflavin (purity > 90.0%), theaflavin 3-O-gallate (purity > 90.0%), theaflavin-3′-O-gallate
(purity > 90.0%), and theaflavin-3,3′-O-digallate (purity > 90.0%) were purchased from
FUJIFILM Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Caffeine (purity > 99.0%),
dimethyl sulfoxide (DMSO), gallic acid (purity > 94.5%), isoquercitrin (purity > 90.0%),
kaempferol (purity > 97.0%), myricetin (purity > 96.0%), rutin (purity > 94.0%), and
quercetin (purity > 95.0%) were purchased from Sigma-Aldrich Co., LLC (St. Louis, MO,
USA). Formic acid, mass-grade acetonitrile, HPLC-grade acetonitrile, and methanol were
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Water for HPLC was
purchased from Burdick and Jackson (Muskegon, MI, USA). Other chemicals used in this
study were of analytical reagent grade.

3.2. Instrumentation and Analytical Conditions

The analytic methods were modified from that of previously report [22]. An Alliance
HPLC (Waters Corp.) equipped with a quaternary pump with a Poroshell 120 SB ODS
column (120 Å, 2.7 µm, 4.6 × 150 mm; Agilent Technologies, Inc., Santa Clara, CA, USA)
was used for separation. The flow rate was 0.8 mL/min, the column temperature was set
to 30 ◦C, and the injection volume was 5 µL. Gradient elution was performed with 0.1%
(v/v) formic acid in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B).
Linear elution was performed as follows: 92% A/8% B at 0 min, 92% A/8% B at 2 min, 88%
A/12% B at 3 min, 84% A/16% B at 4 min, 84% A/16% B at 12 min, 80% A/20% B at 15 min,
80% A/20% B at 18 min, 76% A/24% B at 22 min, 74% A/26% B at 32 min, 72% A/28% B at
35 min, 72% A/28% B at 43 min, 40% A/60% B at 46 min, 92% A/8% B at 47 min, and 92%
A/8% B at 50 min. The eluent was divided by the Waters Isocratic Solvent Manager (ISM)
into two detectors: four-fifths to the Waters 2996 UV detector and one-fifth to the ACQUITY
QDa mass detector (Waters Corp.) using a 4:1 splitter (Figure 3). Thirty percent (v/v) of
mass-grade acetonitrile in mass-grade water was combined with the inlet of the mass
detector with a 0.16 mL/min flowrate using the ISM. Caffeine, flavan-3-ols, gallic acid, and
theaflavins were monitored at 275 nm with a sampling rate of 2 points/s. Flavonols and
flavones were detected at 365 nm with a sampling rate of 2 points/s. MS1 was performed
using the following parameters: capillary voltage, 0.8 kV; probe temperature, 600 ◦C;
electrospray ionization (ESI) source temperature, 120 ◦C; and desolvation nitrogen gas
pressure, 90 psi. Cone voltages were allocated according to the chemical being analyzed:
caffeine, 5 V; gallic acid and flavan-3-ols, 10 V; and others, 15 V. Single-ion recording was
performed in positive mode for caffeine and negative mode for phenolics. Mass data
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acquisitions of phenolics and caffeine analyzed in this study were performed in a time
window of ±1−±2.5 min on the basis of their tR (Table 3). All data were collected and
processed using Empower 3 software (Waters Corp.).

Figure 3. Diagram of an HPLC–UV system coupled to a single-quadrupole mass spectrometry (MS1) detector system. A, B,
and C denote solvents used in the mobile phase of HPLC and the isocratic solvent manager (ISM). Green numbers 1 and
5 indicate mean input, while green numbers 2 and 4 indicate mean output of flow portions in the ISM.

Table 3. Parameters of 19 phenolic and caffeine compounds obtained using UV and MS1 methods.

Class Compound

UV MS1

tR
a (min) Wavelength

(nm) tR (min) SIR b Window
(min)

m/z
(Polarity c)

Cone Voltage
(V)

PA Gallic acid 3.53 275 3.44 2.5−4.5 169.02 (−) 10
F3L GC 5.47 275 5.39 4.5−8.0 305.07 (−) 10
F3L EGC 7.36 275 7.28 4.5−8.0 305.07 (−) 10
F3L C 8.03 275 7.96 7.0−10.5 289.08 (−) 10
AL Caffeine 8.58 275 8.51 5.0−10.0 195.08 (+) 5
F3L EC 9.62 275 9.55 7.0−10.5 289.08 (−) 10
F3L EGCG 10.09 275 10.02 9.0−12.0 457.08 (−) 10
F3L GCG 11.29 275 11.21 9.0−12.0 457.08 (−) 10
F3L ECG 17.10 275 17.03 16.0−19.0 441.09 (−) 10
FL Rutin 17.11 365 17.04 16.0−18.0 609.15 (−) 15
F3L CG 18.02 275 17.94 16.0−19.0 441.09 (−) 10
FL Isoquercitrin 18.26 365 18.19 17.0−19.0 463.10 (−) 15
FL Myricetin 24.12 365 24.05 23.0−25.0 317.04 (−) 15
TF TF 31.82 275 31.74 30.5−33.0 563.13 (−) 15
FL Quercetin 32.41 365 32.34 31.0−33.5 301.04 (−) 15
TF TF3G 35.03 275 34.96 33.5−38.0 715.14 (−) 15
TF TF3′G 36.98 275 36.90 33.5−38.0 715.14 (−) 15
TF TF3,3′DG 37.56 275 37.49 36.0−38.5 867.15 (−) 15
FL Apigenin 41.63 365 41.56 40.5−43.0 269.05 (−) 15
FL Kaempferol 42.99 365 42.93 42.0−45.0 285.05 (−) 15
a Retention time (tR) was determined by averaging values (n = 10). b Single-ion recording (SIR) was accomplished within the time zone of
each compound to acquire a valid sampling rate. c Positive (+) and negative (−) polarities were set according to the characteristics of each
compound.
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3.3. Stock Solutions and Commercial Tea Sample Preparations

Fresh stock solutions (100 and 200 mg/L) containing 20 analyzed compounds (caffeine
and 19 phenolics) were prepared by mixing 2000 mg/L of each compound in DMSO.
Working solutions were obtained by dilution of stock solutions with aqueous methanol.

Five different teas were chosen for evaluation and quantification of various phenolics
including flavan-3-ols, theaflavins, and flavonols. Tea samples were purchased online.
The origins of tea samples used in this study were as follows: GTT (Lipton Mingjianqing
pyramid teabag (product name); Unilever Taiwan Co., Taipei, Taiwan), GTK (Sejak loose
tea (product name); AMOREPACIFIC Co., Seoul, South Korea), OTT (Dongbangmeiren
loose tea (product name); Shun Jen Tea Co., Taipei, Taiwan), PTK (Heukcha loose tea
(product name); AMOREPACIFIC Co.), and BTE (English breakfast tea bag (product name);
Twining and Company Ltd., Andover, UK). Tea samples were ground using a Tubemill
(IKA, Staufen, Germany) at 25,000 rpm for 1 min.

Extraction of teas for quantitative analysis of phenolics and caffeine was carried
out using two solvents: aqueous methanol for maximal extraction of phenolics and hot
water to simulate how consumers use teas. One hundred milligrams of ground tea was
added to 10 mL of 60% (v/v) aqueous methanol, and this mixture was sonicated for 10 min.
Thereafter, it was filtered through a 0.45 µm GHP syringe filter (Pall Corp., Port Washington,
NY, USA). Filtered samples were diluted to 100 and 500 mg/L using absolute methanol for
quantitative analysis. For water extraction, 100 mg of ground tea was poured into 10 mL of
thermostat-heated (80 ◦C) mineral water and then agitated for 3 min with shaking (500 rpm).
After hot water extraction, the extract was filtered through a 0.45 µm GHP syringe filter
(Pall Corp.) and diluted to 500 and 1000 mg/L using water for quantitative analysis.

3.4. Method Validation

A mixed solution of 20 standards at a concentration of 0.5−1.0 mg/L was injected into
the system 10 times to calculate LOD, LOQ, and system suitability. Validation of HPLC–UV
and MS1 methods was performed with the acquisition of the same injection in terms of
LOD, LOQ, range, linearity, intra-day precision, inter-day precision, and trueness. Overall
method validation rules that are described in “Eurachem Guide: The Fitness for Purpose
of Analytical Methods, 2nd Edition 2014” were followed.

3.5. Post-Data Processing by Python Algorithm and Statistical Analyses

To quantify compounds presented in standards and samples, we applied smoothing
treatment of mass chromatography data using the mathematical mean method (level 7−9)
by Empower 3 software (Waters Corp.). The two sets of results obtained from UV and MS1

were exported into a spreadsheet data by Empower 3 software (Waters Corp.). Unnecessary
or unmatched UV detection data with a tR gap outside of the proper range (0.06−0.09 min)
were rejected. The matching algorithm was coded using Python (Python Software Foun-
dation; www.python.org, accessed on 1 April 2021) on the basis of the same injection
identification (ID) as used for MS acquisition (Figure S4 and Supplementary Data II).

Data were expressed as mean ± SD on the basis of triplicates. One-way analysis of
variance was performed using comparisons of all pairs by the Tukey–Kramer honestly
significant difference test with the p-value set at <0.05 using JMP 13 for Windows 7 or
newer versions (SAS Institute Inc., Cary, NC, USA).

4. Conclusions

A method comprising an HPLC–UV system coupled with an MS1 was cost-effectively
developed and validated in this study for simultaneous, efficient, and relatively sensitive
quantification of phenolics. The HPLC–UV–MS1 method can be used to analyze the
phenolic composition of complex plant-based extracts, such as green tea and processed
tea, with good reproducibility and high precision. The HPLC–UV–MS1 method showed
twofold lower LOD than ordinary HPLC–UV, and validation results were excellent. The
HPLC–UV system coupled with an MS1 and equipped with a core–shell column exhibited

www.python.org
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high specificity and validity with an economical operation cost. Moreover, less effort is
required to operate this system than more sophisticated instruments, less handling and
processing of data is required, and this method can be used at research and manufacturing
sites that need more accurate quality control for green and processed tea products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/separations8040045/s1, Figure S1: Mass spectrometry chromatograms of 19 phenolics and
caffeine standards found in green tea and processed tea. Peaks are indi-cated listed as follows; 1,
gallic acid; 2, (–)-gallocatechin; 3, (–)-epigallocatechin; 4, (–)-catechin; 5, caffeine; 6, (–)-epicatechin;
7, (–)-epigallocatechin gallate; 8, (–)-gallocatechin gallate; 9, (–)-epicatechin gallate; 10, rutin; 11,
(–)-catechin gallate; 12, isoquer-citrin; 13, myricetin; 14, theaflavin; 15, quercetin; 16, theaflavin 3-O-
gallate; 17, theaflavin-3′-O-gallate; 18, theafla-vin-3,3′-O-digallate; 19, apigenin; and 20, kaempferol.
The concentration of standard aliquots was as follows: 10 µg/mL, peaks 5, 10, 12, 13, 15, 19, and 20;
and 20 µg/mL, peaks 1–4, 6–9, 14, and 16–18, Figure S2: HPLC chromatograms at UV 275 nm (left
panel) and UV 365 nm (right panel) of five commercial green teas and processed teas. Samples are
listed as follows: (A), green tea of Taiwan; (B), green tea of Korea; (C), oolong tea of Taiwan; (D), post-
fermented tea of Korea; and (E), black tea of England. All tea samples were made into a concentration
of 500 µg/mL in 50% (v/v) aqueous methanol. Refer to Figure 1 for peaks and their corresponding
chemical names. The peaks 15, 19, and 20 were not showed due to being below limit of quantification,
Figure S3: Retention time difference between UV detection and MS detection. Chromatograms
of the same an-alyte (black tea by full-fermentation: 500 mg/L of 60% (v/v) aqueous methanol,
same injection ID) are depicted in (A) UV 275 nm and (B) single-ion recording of MS (m/z: 305.07).
The vertical green lines indicate the reten-tion time of compounds in the MS corresponding to that
of UV. Blue numbers are the gap of tR (min) calculated as follows: tR gap = tR (UV) – tR (MS1),
Figure S4: Post-processing scheme for obtaining valid UV data, Table S1: Concentrations (mg/g)
of phenolics and caffeine in commercial teas determined by an HPLC system equipped with a UV
detector (manually processed), Table S2: Operation cost comparison of phenolic separation using
HPLC-UV-MS and UPLC-MS/MS,
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BTE black tea of England
C (−)-catechin
CG (−)-catechin gallate
DMSO dimethyl sulfoxide
EC (−)-epicatechin
ECG (−)-epicatechin gallate
EGC (−)-epigallocatechin
EGCG (−)-epigallocatechin gallate
ESI electrospray ionization
GA gallic acid
GC (−)-gallocatechin
GCG (−)-gallocatechin gallate
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GTK green tea of Korea
GTT green tea of Taiwan
HPLC–UV–MS1 high-performance liquid chromatography−ultraviolet−single-quadrupole

mass spectrometry
LOD limit of detection
LOQ limit of quantification
m/z mass-to-charge
OTT oolong tea of Taiwan
PTK post-fermented tea of Korea
QDa quadrupole Dalton-based
RSD relative standard deviation
TF theaflavin
TF3G theaflavin-3-O-gallate
TF3′G theaflavin-3′-O-gallate
TF3,3′DG theaflavin-3,3′-O-digallate
tR retention time
UPLC-Q-TOF/MS ultra-performance liquid chromatography–quadrupole time-of-flight

mass spectrometry
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