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Abstract: Stamen tea from Nelumbo nucifera Gaertn. (or the so-called sacred lotus) is widely consumed,
and its flavonoids provide various human health benefits. The method used for tea preparation for
E't;)eézgtfgsr consumption, namely the infusion time, may affect the levels of extractable flavonoids, ultimately
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affecting their biological effects. To date, there is no report on this critical information. Thus, this
study aims to determine the kinetics of solid liquid extraction of flavonoid from sacred lotus stamen
using the traditional method of preparing sacred lotus stamen tea. Phytochemical composition was
also analyzed using high-performance liquid chromatography (HPLC). The antioxidant potential
of stamen tea was also determined. The results indicated that the infusion time critically affects
the concentrations of flavonoids and the antioxidant capacity of sacred lotus stamen tea, with a
minimum infusion time of 5-12 min being required to release the different flavonoids from the tea.
The extraction was modeled using second order kinetics. The rate of release was investigated by the
glycosylation pattern, with flavonoid diglycosides, e.g., rutin and Kae-3-Rob, being released faster
than flavonoid monoglycosides. The antioxidant activity was also highly correlated with flavonoid
levels during infusion. Taken together, data obtained here underline that, among others, the infusion
time should be considered for the experimental design of future epidemiological studies and/or
clinical trials to reach the highest health benefits.

Keywords: Nelumbo nucifera Gaertn.; tea; stamen; infusion time; flavonoids; antioxidant; extraction kinetics

1. Introduction

Polyphenols are plant-based non-nutrients, with remarkable antioxidant effects, natu-
rally occurring in a variety of fruits, vegetables, and seeds that are consumed on a daily
basis [1-10]. Flavonoids are among the most common and widely consumed health-
promoting plant polyphenols [8-15], being also of primary importance because of their
positive effects on health, not only limited to their functions as natural antioxidants [10],
but also their documented roles in the prevention and treatment of cancer [12,14,16], in-
flammatory, cardiovascular, and neurodegenerative diseases [17]. Lower risks of chronic
and age-related degenerative diseases have been linked to their intake from various fruit,
vegetables, seeds, and nuts [11,14,18]. Additionally, they have a diverse range of usages as
food supplements, pharmaceuticals, or cosmetic ingredients [10-12,14,18-21].
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In many Asian countries including Thailand, Japan, China, India, and Sri Lanka,
sacred lotus (Nelumbo nucifera Gaertn., Nelumbonaceae) is used for popular herbal teas and
traditional medicines [12,20-35]. This aquatic medicinal plant has a long history of use in
foods and traditional medicines, in particular in the form of herbal teas [18,20,25,34-37].
The flower part, and especially the stamen, is the most often used for the preparation of
herbal tea as well as for traditional medicine (Figure 1A,B). Sacred lotus stamen tea is
widely consumed and provides a variety of beneficial health effects, including improved
blood circulation, boosted immune systems, and other biological processes that support
human health promotion [18].
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Figure 1. Pictures of sacred lotus (N. nucifera) stamen (A) and tea obtained after traditional infusion
(B) and chemical structures of its main flavonoids (C) Myr-3-O-Glc: myricetin-3-O-glucose; Quer-3-O-
Rut: quercetin-3-O-rutinoside (rutin); Quer-3-O-GlcA: quercetin-3-O-glucuronic acid; Kae-3-O-Rob:
kaempferol-3-O-robinobiose; Kae-3-O-Glc: kaempferol-3-O-glucose; Kae 3-O-GlcA: kaempferol 3-O-
glucuronic acid; Iso-3-O-Glc: isorhamnetin-3-O-glucose; Glc: glucose; GlcA: glucuronic acid; Rob:
robinobiose.

The stamen of sacred lotus is an abundant source of flavonoid glycosides with potent
antioxidant activity [18,20,21,36], including kaempferol (Kae), quercetin (Que), myricetin
(Myr), and isorhamnetin (Iso) derivatives (Figure 1C). However, despite being the most
important components of herbal teas and traditional medicines, sacred lotus stamen has re-
ceived little attention. Thus, it is crucial to deepen knowledge on how tea preparation affects
the extractability of various health-promoting phytoconstituents, ultimately compromising
their medicinal potentialities. The extraction of polyphenols from tea beverages depends
critically on the stirring and steeping conditions, including the time of infusion [38,39].
Traditionally, loose stamens are placed directly into a pot and covered with boiling water
to make a stamen tea. The stamens are typically taken out after a few minutes, and the
infusion is then consumed. Thus, the method used to prepare sacred lotus stamen tea
for consumption (e.g., the infusion time), could affect the levels of extractable flavonoids
linked to health benefits. There is currently no information available, although such data
would be critical for precisely evaluating the health benefits of sacred lotus stamen tea in
epidemiological studies or clinical trials.

As a result, the focus of this study is to determine the kinetics of solid liquid extrac-
tion of flavonoids from sacred lotus stamen as well as its antioxidant potential using the
traditional method of preparing sacred lotus stamen tea.
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2. Results and Discussion
2.1. Extraction Kinetics of the Sacred Lotus Stamen Tea-Derived Flavonoids during Infusion

Sacred Lotus stamen tea contains antioxidant flavonoid glycosides [18,21], including
kaempferol (Kae) (Kae-3-GlcA, Kae-3-Glc, and Kae-3-Rob), myricetin (Myr-3-Glc), quercetin
(Rutin and Quer-3-Glu), and isorhamnetin (Iso-3-Glc) (Figure 1). All compounds studied in
this study are water soluble and are thought to actively contribute to the health-promoting
antioxidant effects of sacred lotus stamen tea [18,21]. During infusion, most compounds are
rapidly extracted and their concentrations reached a plateau after 5 min, with the exception
of Kae-3-GlcA, the main flavonoid extracted from sacred lotus stamen, whose extraction
kinetic reached a plateau only after ca. 12 min of infusion (Figure 2A). The release kinetics
of these compounds appear to be proportional to their amounts. Because the concentrations
reached are all far from their limits of solubility in water (e.g., rutin solubility in water is
125 mg/L, compared to 4.83 mg/L in sacred lotus stamen tea), solubility did not appear
to be a limitation parameter. On the other hand, the temperature is known to affect the
solubility of flavonoids in water [40]. Here, the temperature dropped from 100 °C to ca.
75 °C during the 20 min infusion, but this parameter did not appear to be critical, as two
successive infusions of 10 min with boiled water produced very similar kinetic results (data
not shown). Because Kae-3-GlcA is more abundant, the total flavonoid content extraction
kinetics logically followed the same trends (Figure 2B).
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Figure 2. Kinetics of the main individual flavonoids (A) and total flavonoids (B) from sacred lotus
stamen tea infusion.

2.2. Determination of the Reaction Rate of the Flavonoids from Sacred Lotus Stamen Tea
during Infusion

Second=order kinetics were used to fit the concentrations of total flavonoids and
each individual flavonoid glycoside that was obtained during the infusion of sacred lotus
tea. For each compound under investigation, linear curves (R? > 0.99) for time (t) against
time/concentration (t/C) were obtained (Figure 3). It is worth noting that the same second-
order kinetics have previously been observed for the extraction of phenolics and caffeine
from green tea [39], as well as phenolics from wild olive leaves [41]. The extraction capacity
(Cwo) and the second-order extraction rate (k;) were calculated using the slope and intercept
of each linear function. These kinetic parameters were determined from data collected
during the first 5 min of the infusion under the assumption that the effect of a change
in temperature would be minimal. These calculated values of Co, and ki, as well as the
observed experimental extraction capacity after 20 min of infusion (Cppexp), are listed in
Table 1. Remarkably, the k; values of flavonoid diglycosides (rutin and Kae-3-Rob) were
higher than those of the flavonoid monoglycosides. Similarly, the difference between
their Co and the experimental extraction capacity observed 20 min after infusion (Copexp)
were minimal for these two flavonoid diglycosides when compared to the other flavonoid
monoglycosides (Table 1). Because of their higher water solubility, these two compounds
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may be more effectively extracted. However, no significant differences in C, and C20exp
values were observed, indicating that all individual flavonoids and total flavonoids were
efficiently extracted over the 20 min infusion.
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Figure 3. Correlation between t/C and extraction time for total flavonoids (A) and the main individual
flavonoids (B) from sacred lotus stamen tea infusion.
Table 1. Kinetic parameters for the extraction of the flavonoids from sacred lotus stamen tea infusion.
Coo (mg/L) Cagexp (mg/L) kq (mg/L/min)
Quer-3-Glu 2.88 £0.13 2414034 9.20 x 1072 4+ 0.21 x 1072
Iso-3-Glc 3.90 + 0.07 3.19+0.21 6.68 x 1072 +0.33 x 102
Rutin 411 £0.13 414 +£0.17 1.04 +0.23
Myr-3-Gle 6.10 & 0.05 5.54 4 0.25 8.79 x 1072 4 0.14 x 102
Kae-3-Rob 8.31 £0.11 8.06 £ 0.47 1.86 x 1071 £ 0.11 x 107!
Kae-3-Glc 10.20 £ 0.14 9.63 £ 0.52 6.75 x 1072 £ 0.12 x 1072
Kae-3-GIcA 18.38 £ 0.21 14.26 £1.97 0.95 x 1072 + 0.07 x 102
Total flavonoids 51.81 +1.32 47.23 + 2.34 9.40 x 1073 £+ 0.03 x 1072

2.3. Antioxidant Capacity Kinetics of Sacred Lotus Stamen Tea during Infusion

The large part of the medicinal value of sacred lotus stamen tea is attributed to its
antioxidant capacity [18]. Here, the ORAC (oxygen radical absorbance capacity) assay and
the FRAP (ferric reducing antioxidant power) assay, which rely on antioxidant mechanisms
based on hydrogen atom transfer (HAT) and electron transfer (ET), respectively [42], were
used to assess the antioxidant capacity kinetics of sacred lotus tea as a function of infusion
time. The antioxidant capacity of sacred lotus tea increased with infusion time, reaching
a plateau after 12 min (Figure 4). The results suggested that the antioxidant capacity
of sacred lotus tea mainly relied on an ET-based mechanism rather than a HAT-based
mechanism, with results of FRAP being higher than that of ORAC assay. Similarly, it
has been observed that stamen ethanolic extract of N. nucifera displayed a high ET-based
antioxidant capacity [21]. In addition, our recent work at least suggests that this observed
antioxidant capacity of sacred lotus stamen was also obtained in eukaryotic cellular model
(yeast cell) [37]. Furthermore, a stronger correlation between the ET-based mechanism and
some flavonoids has previously been reported [42,43].



Plants 2022, 11, 2234

50f12

--- ORAC --»- FRAP

400
350
300 - e
250 ’
200 4 ¢
150 4

1004 o*
50

0 I 1 I 1 1 1 1 1 1 1
6 &8 10 12 14 16 18 20

Antioxidant activity (uM TEAC)

Infusion time (min)

Figure 4. Variation of ORAC and FRAP antioxidant capacity expressed in uM of Trolox-C equivalent
Antioxidant Capacity (uM TEAC).

2.4. Correlation and Contribution of Each Flavonoid to the Antioxidant Capacity of Sacred Lotus
Stamen Tea Infusion

Correlation analysis revealed a significant relationship between the antioxidant ca-
pacity measured by FRAP (ET-based antioxidant capacity) and the concentration of each
flavonoid during sacred lotus stamen tea infusion (Figure 5).
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Figure 5. Correlation of antioxidant activity (ORAC (blue line) and FRAP (orange line) assays)
with the concentration of Myr-3-Glc (A), Rut (B), Que-3-GlcA (C), Iso-3-Glc (D), Kae-3-Rob (E),
Kae-3-Glc (F), Kae-3-GIcA (G) and total flavonoids (H). Myr-3-O-Glc: myricetin-3-O-glucose; Quer-3-
O-Rut: quercetin-3-O-rutinoside (rutin); Quer-3-O-GlcA: quercetin-3-O-glucuronic acid; Kae-3-O-Rob:
kaempferol-3-O-robinobiose; Kae-3-O-Glc: kaempferol-3-O-glucose; Kae 3-O-GlcA: kaempferol 3-O-
glucuronic acid; Iso-3-O-Glc: isorhamnetin-3-O-glucose; Glc: glucose; GlcA: glucuronic acid; Rob:
robinobiose.
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The highest correlation was found with the FRAP assay when compared to the ORAC
assay, confirming the main ET-based antioxidant mechanism. Total flavonoids (R? = 0.9985,
p < 0.001) and Kae-3-Glc (R? = 0.9932, p < 0.001) presented the highest correlation values
with the FRAP assay, while rutin (R? = 0.8818, p = 0.00139) had the lowest. These results
confirmed, for the first time in real conditions using the traditional preparation method,
the main drivers for the antioxidant capacity of sacred lotus stamen tea [18,21].

To evaluate the respective contribution of each flavonoid, the half maximal effective
concentration (ECsp) toward the FRAP assay was calculated (Figure 6). The ECsq val-
ues ranged from 5.21 to 18.74 uM, with quercetin derivatives outperforming myricetin,
isorhamnetin, and kaempferol derivatives. This observation is consistent with the structure—
antioxidant activity relationships of flavonoids [42]. The DPPH assay was used to obtain the
majority of data available in the literature to classify the antioxidant capacity of flavonoid
standards [42]. However, the use of the FRAP assay makes more sense given the present
results of the antioxidant assays for the sacred lotus stamen tea. Moreover, the FRAP assay
is affordable, the reagents are easy to prepare, the results are highly reproducible, and
the process is simple, quick, and highly representative of the biological fluids [44]. Here,
rutin was the most powerful antioxidant flavonoid from sacred lotus stamen tea, while
Kae-3-Rob was the least effective. However, when compared to widely used food and
nutraceutical antioxidants, like Trolox-C [45] or BHT [46], it is worth noting that the ECsg
values obtained for each flavonoid from sacred lotus stamen tea are in the top range for
the FRAP assay. To estimate the relative contribution of each flavonoid, it is also important
to consider their respective concentrations. The main flavonoids in sacred lotus stamen
tea are kaempferol derivatives, with the Kae-3-GlcA concentration being 3.5 times higher
than the rutin concentration (Figure 2). As a result, Kae-3-GIcA is certainly a significant
contributor to the antioxidant capacity of sacred lotus stamen tea. This result is consistent
with previous studies [21,31], especially those of Jung et al. [24], who were the first to
show that kaempferol glycosides are responsible for the radical scavenging potential of
N. nucifera stamen extract.
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Figure 6. EC50 curves for the FRAP antioxidant activity of Myr-3-Glc (A), Rut (B), Que-3-Glu
(C), Is0-3-Glc (D), Kae-3-Rob (E), Kae-3-Glc (F), and Kae-3-Rob (G). Myr-3-O-Glc: myricetin-3-O-
glucose; Quer-3-O-Rut: quercetin-3-O-rutinoside (rutin); Quer-3-O-GlcA: quercetin-3-O-glucuronic
acid; Kae-3-O-Rob: kaempferol-3-O-robinobiose; Kae-3-O-Glc: kaempferol-3-O-glucose; Kae 3-O-
GlcA: kaempferol 3-O-glucuronic acid; Iso-3-O-Glc: isorhamnetin-3-O-glucose; Glc: glucose; GlcA:

glucuronic acid; Rob: robinobiose.
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3. Materials and Methods
3.1. Plant Material

Dried sacred lotus stamen tea was purchased from Indian Jadi Booti (Shahdara, India).
The lotus stamen that was used in this study comes from the same lots and company that
is one of the leaders in the field of Ayurvedic herbal products, which provides genuine
herbs in their original forms without artificial material added takes care about storage
time, pays attention to the harvesting age of the plant, and processes our herbs as per the
traditional/machine methods to preserve their natural quality. We also carefully checked
the quality and adulteration [20] of this raw plant material prior to use in this study.

3.2. Chemicals and Reagents

All solvents and reagents used for the extraction methodology and the HPLC analysis
were of analytical grade or present the highest available purity (Thermo Fischer Scientific,
Ilikirch, France). Deionized water was purified using the Milli-Q water purification system
(Merck Millipore Fontenay sous Bois, Paris, France). Furthermore, all solutions for HPLC
analysis were filtered by using 0.45 pm nylon syringe membranes prior to use. The standard
compounds were also purchased from Extrasynthese (Genay, France).

3.3. Preparation of Sacred Lotus Stamen Tea

Tea brewing was prepared according to the traditional sacred lotus tea preparation
method. Briefly, 500 mL of deionized water was boiled in a glass beaker that was placed
on a hot plate. At the onset of boiling, heating was terminated, and 5.0 g of sacred lotus
stamen was added into boiled water. Then, the beaker was covered with a watch glass.
The magnetic stirrer was used to ensure a constant speed, also maintaining the sample
homogeneity. A volume of 1.0 mL of tea was taken after different infusion times: 0, 1, 2, 4, 6,
8,10, 12, 14, and 20 min, and centrifuged for 5 min at 13,000x g. The resulting supernatant
was then assayed for flavonoid content, HPLC analysis, as well as antioxidant activity.

3.4. Kinetics Evaluation

The solid liquid extraction kinetics of flavonoid phytochemicals were determined. The
second-order rate law for the extraction of phytochemicals from stamen tea was measured
following the formula used by Chan and his research group [47]:

de/dt = k(e — coo)? 1

in which,

ki = the second-order extraction rate constant (mg/L/min)

Coo = the extraction capacity (concentration of stamen tea constituents at saturation in
mg/L)

¢ = the concentration of stamen tea constituents in the solution at any time (mg/L)

t = the infusion time (min)

By considering the boundary conditiont = O to tand C = 0 to C, the integrated rate
law for a second-order extraction was determined.

¢ = (Coo? k1.t) /(1 + Coo Ky .1) 2)

By linear transformation of the above equation, the constant rate k; was obtained by
fitting the experimental data.

t/c=1/(k1.coo?) + t/ oo (3)

3.5. Determination of Total Flavonoid Content (TFC)

The total flavonoid content (TFC) was determined using the aluminum trichloride
(AICI5, Sigma Aldrich) colorimetric method, with some modifications [13]. Briefly, 10 uL of
the sample was mixed with 10 uL of potassium acetate (1 M), 10 puL of aluminum trichloride
(10%, w/v), and 170 uL of double distilled water. The mixture was then incubated at room
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temperature (25 £+ 2 °C) for 30 min. After that, the absorbance was measured at 415 nm
by using a UV-visible spectrophotometer (BioTek ELX800 Absorbance Microplate Reader,
BioTek Instruments). Quercetin standard (Sigma Aldrich) was used for the calibration
curve. TFC was expressed in milligrams of quercetin equivalent/gram.

Total flavonoid production (mg-L~1) = DW (g-L™!) x TFC (mg-g ).

3.6. High-Performance Liquid Chromatography (HPLC) Analysis

In this study, the HPLC system consisting of an autosampler, Varian (Les Ulis, France)
Prostar 230 pump, as well as a Varian Prostar 335 photodiode array detector was used, and
controlled by Galaxie software (Varian v1.9.3.2). The separation was performed at 35 °C
using C18 core-shell column with iso-butyl side chains with TMS endcapping (Kinetex 5 um
XB-C18, 100 A, LC Column 150 x 4.6 mm, core-shell silica, Phenomenex Le Pecq France).
The mobile phase was composed of a methanol (solvent A) and HPLC grade water (solvent
B) mixture, both being acidified with 0.05% formic acid. The linear gradient was applied
for the mobile phase variation from a 5:95 (v/v) to a 100:0 (v/v) mixture of solvents A and
B, respectively. Flow rate was 1.30 mL/min, and injection volume was 3 pL. Maximum
back pressure was 110 bar. The detection was conducted using a PDA (photodiode array
detector), and the quantification was performed at 320 nm (the maximum absorbance
wavelength of the studied flavonoids). Flavonoid phytochemicals were then identified
by means of comparison with the authentic standards (Extrasynthese, Genay, France), as
described previously [36].

3.7. Antioxidant Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC assay was performed following the procedure used by Prior and his
team [48]. In brief, 10 uL of extract was mixed with 190 uL of 0.96 uM fluorescein in a
75 mM phosphate buffer (pH 7.4). After that, the mixtures were incubated at 37 °C for
20 min. Then, 20 pL of 119.4 mM 2,2’-azobis-amidinopropane (ABAP) was added, and the
fluorescence intensity was recorded every 5 min for 2.5 h at 37 °C, using a fluorescence
spectrophotometer (BioRad, Marnes-la-Coquette, France), which was set with excitation at
485 nm and emission at 535 nm. The ORAC assay was made in triplicate. The results were
expressed in terms of the Trolox C-equivalent antioxidant capacity.

3.8. Antioxidant Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was used following the method used by Benzie and Strain [44], with
some modifications. In brief, 10 uL of extract was mixed with 190 pL of the FRAP solution
[20 mM FeCl3, 10 mM TPTZ, 6H,0O and 300 mM acetate buffer (pH 3.6) at the ratio 1:1:10
(v/v/v)]. After that, the mixtures were incubated at 25 4+ 1 °C for 15 min. The absorbance of
the mixtures was determined at 630 nm by using the BioTek ELX800 Absorbance Microplate
Reader (BioTek Instruments). The FRAP assays were made in triplicate and the results
were expressed in terms of Trolox C-equivalent antioxidant capacity.

3.9. Statistical Analysis

Statistical analyses were performed using the XLSTAT 2019 suite (Addinsoft, Paris,
France). Data obtained resulted from at least three independent replicates, and were
presented as means and standard deviations. The significant differences were represented
as *p <0.05,** p <0.01, and *** p < 0.001.

4. Conclusions

Sacred lotus stamen tea is a popular beverage in Asia with numerous medicinal prop-
erties, and, thus, given its wide spectrum of applications, it is critical to understand how
tea preparation affects the extractability of the various health-promoting phytoconstituents.
The results of this study demonstrated that the infusion time, using the traditional method
for preparing sacred lotus stamen tea, greatly affects the concentrations of flavonoids ex-
tracted and, consequently, the antioxidant potential. A minimum infusion time of 5-12 min
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was required to release the different flavonoids from sacred lotus stamen, with flavonoid
diglycosides, such as rutin or Kae-3-Rob, being released faster than flavonoid monoglyco-
sides. The antioxidant capacity was found to be highly correlated with flavonoid levels
during infusion. The antioxidant assays pointed to a prominent ET-based antioxidant
mechanism. In addition to rutin, kaempferol derivatives appeared to contribute signifi-
cantly to the antioxidant capacity and, thus, to the health benefits of sacred lotus stamen
tea. Additionally, for future study in clinical trials, the antioxidant property in vivo level
or human cells should be investigated. Taken together, data obtained underline that the
preparation method of sacred lotus stamen tea had a significant impact on the flavonoids’
composition and antioxidant capacity, being thus an important factor to be taken into
account for the design of future epidemiological studies and/or clinical trials to assess its
health-promoting effects.
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