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A B S T R A C T

In this study, polyphenols from lotus seedpod were extracted by subcritical water. Based on single factor ex-
periments, the extraction conditions were optimized by response surface methodology (RSM). Under optimal
conditions [temperature of 140 °C, time of 20min, liquid-solid ratio of 70mL/g and 4‰ (W/V) NaHSO3], the
maximal yeild of lotus seedpod polyphenols (LSPP) was 178.32mg of gallic acid equivalents (mg GAE) per gram
dry weight (g DW), significantly higher than that of hot water extraction (HWE). This study further investigated
antioxidant activity of LSPP. The results showed that, compared with HWE, LSPP extracted by SWE had better
reducing power and ability to scavenge DPPH%, ABTS*+ and NO2−, (P < 0.05). In addition, the anti-
proliferative ability on human hepatoma G2 (HepG2) cells of LSPP extracted by SWE was also evaluated to be
significant (P < 0.05). Moreover, the antioxidant and antiproliferative activity of LSPP were found to be po-
sitively correlated with the polyphenols concentration. Detailed HPLC-ESI-MSn analyses with literatures and
contrasted with authentic standards allowed the identification of 8 compounds (proanthocyanidin dimer 1,
proanthocyanidin dimer 2, catechin, cyanidin-3-O-glucoside, quercetin-3-O-glucuronoside, isoquercetin,
kaempferol-3-O-glucuronide and isorhamnetin) in LSPP (SWE). This work can provide a reference for the uti-
lization of subcritical water extraction in the field of natural product extraction and the development and uti-
lization of lotus seedpod as bioactive materials.

1. Introduction

Many studies have evaluated the beneficial effects of polyphenols on
the human body. Polyphenols have many good physiological activities,
such as antibacterial, antioxidant, anti-inflammatory, cardiovascular
protection, immunoregulation, neuroprotective and antitumor among
others [47,57,68,83,87,89]. The health benefits derived from poly-
phenols make foods rich in these compounds a preference for con-
sumers.

Lotus seedpod is the mature receptacle of lotus (Nelumbo nucifera),
rich in a variety of healthful compounds, especially polyphenols
[16,89]. Duan et al. [17] obtained procyanidins from the lotus seedpod
using acetone–water, and found that lotus seedpod procyanidins have
good anti-radiation effects. Gong et al. [25] extracted the proantho-
cyanidins from the lotus seedpod with Me2CO/H2O and purified by
Sephadex LH-20 column chromatography. Although lotus seedpods
contain valuable compounds, they are usually discarded as waste
during the processing of lotus seeds. This makes polyphenol recovery a

promising area for by-product valorization.
Traditional polyphenol extraction procedures such as maceretion

and Soxhlet extraction, are known for their low efficiency, low yield
and potential environmental hazards due to their high demand for or-
ganic solvents (methanol, diethyl ether, ethyl acetate, acetone and
ethanol) [5]. In recent years, scholars around the world have developed
a number of auxiliary extraction techniques to overcome the short-
comings of traditional extraction methods, such as microwave, micro-
jet, ultrasonic, subcritical, supercritical, ultra-high pressure and so on
[15,21,22,45,45,46,64,80,82]. Subcritical water extraction (SWE) is an
eco-friendly technology that is increasingly used as an alternative to
traditional extraction techniques [52]. SWE takes place at temperatures
between the boiling point and critical point of water (100 °C and
374.1 °C), at pressures high enough to keep water in the liquid state
[40]. Under ambient conditions, water is considered to be a polar sol-
vent and it cannot be used to extract moderately polar and non-polar
compounds. This drawback of water can be overcome by subcritical
water, which causes the decrease of dielectric constant and makes
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water suitable for the extraction of target compounds such as poly-
phenols [30,63]. In addition, subcritical water also has lower viscosity
but higher diffusivity, which facilitates the diffusion into the plant
matrix and the release of target compounds from the solid into liquid
phase [74]. Some researches also have demonstrated that high pressure
contributes to better extraction of the target compound [11,12]. In
earlier studies, SWE has been used to extract many bioactive com-
pounds, such as polysaccharides, protein, flavonoids, proanthocyani-
dins and polyphenols [19,23,39,44,66]. Compared with conventional
extraction techniques, SWE has many advantages such as eco-friendly,
high efficiency, cost-efficient and high yield [9,10,82], and shows a
good application prospect.

Subcritical water extraction has been used to extract polyphenol
compounds from many plant materials such as grape pomace [50],
coriander (Coriandrum sativum L.) [85] and ginseng roots [90]. Inter-
estingly, some studies have shown that the composition and biological
activity of subcritical water extracts are different from those obtained
by conventional techniques [20,44,45,48,90]. Švarc-Gajić et al. [73]
found that the extract of the rhizome of ginger obtained by subcritical
water has better antimicrobial (Escherichia coli, Bacillus subtilis, Asper-
gillusniger, Klebsiella pneumonia, Staphylococcus aureus, Candida albicans,
Proteus vulgaris and Proteus mirabilis) and cytotoxic activity (murine fi-
broblast, human rhabdomyosarcoma and cervix carcinoma) than the
extract obtained by boiling water at atmospheric pressure. Compared
with classical extraction [water and three different ethanol/water so-
lutions (30%, 50% and 70%)], A. uva-ursi herbal dust polyphenols ob-
tained by SWE have higher total phenol and total flavonoid yields and
better antioxidant ability [53]. Aliakbarian et al. [1] used three ex-
traction techniques (subcritical water, ethanol extraction and conven-
tional water) to extract phenolic compounds from grape pomace.
Compared with traditional water extraction, subcritical water extracts
have higher total phenolic content, total flavonoid content and superior
anti-radical power. SWE achieves comparable levels of extraction
compared to ethanol extraction, but is more efficient and en-
vironmentally friendly than ethanol extraction. Cvetanović et al. [9]
compared the extracts of chamomile (Matricaria chamomilla L) obtained
by four extraction techniques (ultrasonic assisted, subcritical water,
microwave assisted and Soxhlet extraction), and the results showed that
the extract of SWE has the highest yield, total phenolic content and
antioxidant activity. However, according to previous literature, the use
of subcritical water for the extraction of polyphenols from lotus
seedpod has not been reported. In addition, there is a “poor” under-
standing of the effects of SWE conditions on the quality of polyphenols
and the composition, antioxidant and antiproliferative ability.

Therefore, in order to develop a more effective extraction technique
of polyphenols by subcritical water and better use lotus seedpod re-
sources, we optimized the subcritical water extraction conditions of
polyphenol from lotus seedpod, investigated the antioxidantive and
antiproliferative ability of lotus seedpod polyphenols, and identified the
composition of lotus seedpod polyphenols by HPLC-ESI-MSn.

2. Materials and methods

2.1. Materials and chemicals

Fresh lotus seedpods were purchased from markets in Zhenjiang

City (Jiangsu, China). The lotus seedpods were air-dried, milled, sieved
through 100 meshes and adequately packaged, and then stored at
−20 °C for further study [2,43,82].

AB-8 macroporous resin was purchased from Cangzhou Baoen
Adsorption Material Technology Co., Ltd (Cangzhou, Hebei China).
ABTS (2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt), DPPH (2,2-diphenyl-1- picrylhydrazyl), ferric
trichloride, potassium ferricyanide, Folin-Ciocalteu reagent, ethanol,
sodium bisulfite, ferric trichloride, potassium ferricyanide and other
reagents (analytical grade) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Dimethyl sulfoxide (DMSO) and
methyl thiazolyl tetrazolium (MTT) were purchased from Sigma
Company (USA). 1640 medium was purchased from Hyclone Company
(USA). Catechin purchased from National Institutes for Food and Drug
Control (Beijing, China). Gallic acid, quercetin-3-O-glucuronoside and
isoquercetin (chromatographic grade) were purchased from Nanjing
Spring & Autumn Biological Engineering Co., Ltd (Nanjing, China).

2.2. Apparatus

Subcritical water extractor (Zhenjiang Dantu Huanqiu Accessory
Factory, China); UV-1601 UV–Vis spectrophotometer (Beijing Rayleigh
Analytical Instruments, China); ALPHAI-4/2-4 freeze dryer (CHRIST,
German); HPLC-MS system (Thermo LXQ, American); Infinite PRO
TWIN 200 multi-functional microplate reader (Tecan, Switzerland)

2.3. Single factor extraction experiments

This study explored the effect of four factors (Temperature, time,
liquid-solid ratio and NaHSO3 addition) on the yield of LSPP. Single
factor experimental design was shown in Table 1. Single factor ex-
periments were used as basis for possible extraction ranges for RSM.

2.4. Experimental design for the RSM.

According to the results of the single factor experiment, a reason-
able parameter range was selected for RSM. The Box-Behnken experi-
mental design was followed for the optimization of the four process
variables at 3 levels with 29 runs (Table 2).

2.5. Hot water extraction (HWE)

Hot water extraction condition: the extraction temperature was
100 °C, the extraction time was 20min, the liquid-solid ratio was
70mL/g and the NaHSO3 addition amount was 4‰ (W/V) [45,82].

Table 1
Design of single factor experiment.

Single factor Temperature (°C) Time (min) Liquid-solid ratio (mL/g) NaHSO3 addition amount (‰) (W/V)

Temperature 100, 120, 140, 160, 180. 10 30 1
Time 120 5, 10, 15, 20, 25. 30 1
Liquid-solid ratio 120 15 30, 40, 50, 60, 70. 1
NaHSO3 addition amount 120 15 60 1, 2, 3, 4, 5, 6.

Table 2
Factors and levels of subcritical water extraction parameters.

Level X1 X2 X3 X4

Temperature (°C) Time
(min)

liquid-solid
ratio (mL/g)

NaHSO3 addition
amount (‰) (W/V)

−1 100 10 50 4
0 120 15 60 5
1 140 20 70 6
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2.6. Total polyphenol content (TPC) determination

TPC was measured using the Folin-Ciocalteu method described by
Singleton and Rossi [71], (slightly modified). 4 mL of Folin-Ciocalteu
solution (10-fold dilution) was added to 1mL of the sample solution,
followed by the addition of sodium carbonate solution (5mL, 7.5%).
After standing for 2 h (25 °C), the absorbance (765 nm) was measured.
Gallic acid was used as the standard. Result was expressed as milligram
of gallic acid equivalents (mg GAE) per gram dry weight (g DW).

2.7. Total flavonoid content (TFC) determination

The total flavonoid content was measured as described by Jia et al.
[33] and Jiang et al. [34] with minor modification. 4mL of distilled
water was added to 1mL of sample solution, followed by the addition of
NaNO2 (5%, 0.3mL). After standing at 25 °C for 6min, AlCl3 (10%,
0.3 mL) was added. After 6min, the mixture was mixed with NaOH
(4%, 4mL). Finally, 0.4mL of distilled water was added to the mixture
and the absorbance was measured at 510 nm. Rutin was used as a
standard and results were expressed as milligram rutin equivalent (mg
RE) per gram dry weight (g DW).

2.8. Preparation of LSPP

The insoluble impurities in the extract prepared by SWE or HWE
were removed by centrifugation (4000 r/min, 8min) and suction fil-
tration. After that, the extract was further purified using an AB-8
macroporous resin adsorption chromatography column. After the
sample was loaded, it was washed with distilled water to remove im-
purities such as proteins and sugars. Then, it was eluted with 5 column
volumes (Flow rate: 2 mL/min) of ethanol solution (70%, V/V), and the
eluate was collected. The eluate was concentrated by reducing pressure
and freeze-dried by vacuum. Finally, LSPP (extracted by SWE and HWE,
respectively) was obtained [43,82].

2.9. Antioxidant activity analysis

2.9.1. Reducing power (RP) measurement
The ability of the extracts to reduce Fe3+ was assayed by the

method of Hafsi et al. [29] and Oyaizu [55]. Briefly, 1mL of sample
solution was mixed with 2.5mL of phosphate buffer (0.2 mol/L, pH 6.6)
and 2.5 mL of K3Fe(CN)6. After incubation at 5 °C for 25min, 2.5 mL of
trichloroacetic acid (10%) was added and the mixture was centrifuged
at 3000 r/min for 10min. Finally, 2.5 mL of the upper layer was mixed
with 2.5mL of distilled water and 0.5mL of an aqueous FeCl3 solution
(0.1%). The absorbance was measured at 700 nm. Higher absorbance
indicates higher reducing power.

2.9.2. DPPH free radical-scavenging activity
The DPPH% scavenging capacity of LSPP was measured according to

the method of Blois [4] with minor modification. Briefly, 2mL of
sample solution was mixed with 2mL of 200 μmol/L DPPH% solution.
The reaction mixture was incubated for 30min at room temperature in
the dark. The absorbance of the resulting solution was measured with a
spectrophotometer at 517 nm. Control was prepared as above without
any extract. The free radical scavenging capacity of the test sample is
measured as a decrease in DPPH% absorbance and was calculated using
the following formula:

= ×Scavengingrate
A A

A
(%) 100control sample

control

2.9.3. ABTS*+ radical-scavenging activity
The ABTS*+ radical scavenging capacity of LSPP was measured

according to the method of Re et al. [61] and Vijaya et al. [77] with

minor modification. Briefly, the ABTS*+ radical solution (4mL) was
added to 200 μL of the sample solution, mixed thoroughly and in-
cubated for 6min in the darkness at room temperature. The absorbance
of the reaction mixture was measured at 734 nm. Control was prepared
as above without any extract. The free radical scavenging capacity of
the test sample was measured as the decrease in ABTS*+ radical ab-
sorbance and was calculated using the following equation:

= ×Scavengingrate
A A

A
(%) 100control sample

control

2.9.4. NO2
− scavenging activity

The NO2− scavenging capacity of LSPP was measured according to
the method of Wang [78] with minor modifications. 2 mL of 5mL/g
solution of NaNO2 was added to the test tube, followed by the addition
of 2mL of the sample solution. After incubation at 25 °C for 30min,
1mL of 4 g/L sulfanilic acid solution was added, mixed well and in-
cubated again at 25 °C for 5min. After incubation, 1mL of 2 g/L
Naphthylenediamine hydrochloride solution was added, followed by
4mL of distilled water and incubated at 25 °C for 15min. After this, the
absorbance was measured at 538 nm. Control was prepared as above
without any extract and distilled water was used instead of the sample
solution. NO2− scavenging capacity was calculated using the following
equation:

= ×Scavengingrate
A A

A
(%) 100control sample

control

2.10. Antiproliferative activity on HepG2

Human hepatoma G2 (HepG2) cells were cultured in 1640 medium
(1% streptomycin and penicillin) containing 10% fetal calf serum, and
cultured in a humid environment (37 °C) containing 5% CO2.

Antiproliferative activity was tested by MTT assay [51,82]. HepG2
cells were incubated in 96-well plates for 24 h (5×104 cells/well).
Then, the cells were cultured for 24 h at different concentrations (25,
50, 100, 150, 200 and 400 μg/mL) of LSPP solution (100 μL). After that,
MTT solution with concentration of 1mg/mL (100mL) was added and
incubated (37 °C, 4 h). Then, DMSO (150 μL) was added and absorbance
was measured at 570 nm (multi-functional microplate reader). The
antiproliferative capacity of LSPP was calculated according to the fol-
lowing formula:

= ×Antiproliferationrate A A
A

(%) 100c t

c

where At is the absorbance value of the sample group; Ac is the
absorbance value of the control group.

2.11. Analysis of polyphenols by HPLC-ESI-MSn

HPLC analysis was carried out with a reversed-phase column
(ZORBAXSB-C18). A 0.1% aqueous acetic acid solution (A) and acet-
onitrile (B) were used as the mobile phases, respectively. The following
gradients were used for elution: 0 ~ 5min, 5% B; 5–20min, 5–15% B;
20–35min, 15–25% B; 35–50min, 25–35% B; 50–55min, 35–50% B;
55–60min, 50–5% B. The sample detection wavelength was 280 nm
and the total flow rate of the mobile phase was 1.0mL/min [82].

ESI-MS analysis used negative ion mode for detection. The gas used
for drying and atomization was nitrogen. Detection was recorded across
the range m/z 50–2000.

2.12. Statistical analysis

All extractions and measurements were performed in triplicate. The
results were expressed as mean values and standard deviation (SD).
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Origin 9.0 was used to process experimental data. Design-Expert 8.0.6
was used for analysis of variance (ANOVA) of RSM test results.

3. Results and discussion

3.1. Optimization of subcritical water extraction process

3.1.1. Effect of extraction temperature on the yield of LSPP.
Temperature is the key factor of subcritical extraction. As shown in

Fig. 1, significant effects (P < 0.05) of the extraction temperature on
the yield of LSPP could be observed in the temperature range of
100–180 °C. The yield increased with the increase of extraction tem-
perature, the highest yield was 96.27mg GAE/g DW, but when the
temperature exceeded 120 °C, the yield began to decease with further
temperature increase. This is attributed to the fact that the dielectric
constant and polarity of water decrease with the increase of tempera-
ture, which is conducive to the dissolution of non-polar compounds
such as polyphenols [40,24]. However, after 120 °C, high temperatures
have an adverse effect on polyphenols, leading to degradation of ther-
mally unstable polyphenols [45,67]. Therefore, 120 °C was selected as
the extraction temperature for RSM experiments.

3.1.2. Effect of extraction time on the yield of LSPP
As shown in Fig. 2, the yield increased at first and then decreased

with the extension of extraction time (P < 0.05). The highest yield
(98.05mg GAE/g DW) was achieved at 15min. Within 5–15min, the
yield of polyphenols increased with the extraction time increased.
However, when the extraction time was over 15min, some thermally

unstable polyphenols degraded under high temperature conditions
[26,45]. Therefore, when the extraction time is longer than 15min, the
yield of polyphenol decreased. Therefore, 15min was chosen as the
optimum extraction time for RSM experiments.

3.1.3. Effect of extraction liquid-solid ratio on the yield of LSPP
Fig. 3 showed the effect of liquid-solid ratio on the yield

(P < 0.05). The highest yield was obtained at the liquid-solid ratio of
60mL/g. Further increase in the liquid-solid ratio resulted in a plateau
phenomenon where no further increases in polyphenol yields were
observed. The increase in the liquid-solid ratio enhances penetration of
solvent and increases contact area between target component and sol-
vent [26,82]. However, this was up to a threshold, beyond which no
further extractions were significant. This result has the same trend as
the findings of Wang et al. [79]. The liquid-solid ratio of 60mL/g was
selected as the optimal parameter for RSM experiments.

3.1.4. Effect of NaHSO3 addition amount on the yield of LSPP
Overall, the experimental results (Fig. 4) showed that NaHSO3 is a

good auxiliary extractant and has a significant effect on yield
(P < 0.05). The highest yield was obtained for 5‰ NaHSO3 addition
amount (W/V), but decreased slightly for 6‰ (W/V). This is attributed
to the fact that NaHSO3 can react with dissolved oxygen in water,
avoiding the oxidation of polyphenols [75]. Nevertheless, excessive
addition of NaHSO3 will have an adverse effect on polyphenols, which
is consistent with the results of Zhang et al. [86] and Yan et al. [82].
Therefore, the NaHSO3 addition amount of 5‰ (W/V) was preferred as

Fig. 1. Effect of extraction temperature on the yield of LSPP.

Fig. 2. Effect of extraction time on the yield of LSPP.

Fig. 3. Effect of extraction liquid-solid ratio on the yield of LSPP.

Fig. 4. Effect of extraction NaHSO3 addition amount on the yield of LSPP.
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the appropriate amount for RSM experiments.

3.1.5. Experimental results of RSM optimization
Table 3 shows the LSPP yields (Y) under different SWE conditions.

The yield as a function of the independent variables was
expressed by the following regression equation:
Y= 144.02+4.77X1+0.15X2+ 5.99X3+3.29X4− 1.39X1X2+-
2.11X1X3−0.78X1X4+4.47X2X3−1.57X2X4−3.97X3X4+ 6.83X12-

+ 0.70X22+ 1.01X32+ 2.03X42. Statistical testing of the regression
equation was checked by F-test, and ANOVA for the fitted quadratic
polynomial model of yield were shown in Table 4. The regression
variance model is extremely significant (P < 0.01) and three factors
(X1, X3 and X4) have significantly (P < 0.01) effect on the yield. The
results of response surface variance analysis showed that, the lack of fit
of the equation is not significant (P > 0.05), and the correction coef-
ficients are respectively R2= 0.9955, R2Adj= 0.9911, suggesting the
model is accurate, so it can be used to analyze and predict the process of
SWE for LSPP. The combinations of X1X2, X1X3, X2X3, X2X4 and X3X4
showed extremely significant (P < 0.01) interactions, and X1X4 also
had significant (P < 0.05) interactions. This work used Design Expert
8.0.6 software to calculate the regression equation and found that the
optimal conditions obtained for extracting polyphenols by subcritical
water were: temperature of 139.99 °C, time of 19.97min, liquid-solid
ratio of 70mL/g and 4‰ (W/V) NaHSO3. The predicted value of yield
was 173.67mg GAE/g DW. Based on the actual conditions, the pre-
dicted optimal conditions were adjusted to: temperature of 140 °C, time
of 20min, liquid-solid ratio of 70mL/g and 4‰ (W/V) NaHSO3. Under
these conditions, three parallel experiments were performed to verify
the validity of the model equation, the yield of polyphenols was
178.32mg GAE/g DW, and the error was 4.65mg GAE/g DW.

Temperature is the key factor of subcritical water extraction. Our
research group has extracted polyphenols from sorghum bran using
subcritical water and the optimized temperature for SWE was 144.5 °C

[45]. Cvetanović et al. [14] used subcritical water to extract poly-
phenols from chamomile. The results showed that the dominant phe-
nolic compound apigenin achieved the maximum yield at 115 °C, which
was lower than this research. Polyphenols of sage (Salvia officinalis L.)
herbal dust were extracted with subcritical water and the optimum
extraction temperature for total polyphenols yield was 201.5 °C, which
was higher than this research [58]. Aliakbarian et al. [1] used sub-
critical water to extract polyphenols from grape pomace. The optimum
extraction temperature was 140 °C, which was similar with this re-
search. These may be due to that different plant material matrix and
extraction system results in the difference in optimal subcritical water
extraction temperature for polyphenols.

3.1.6. The yield of LSPP by conventional extraction (HWE)
The yield of LSPP extracted by HWE is 146.15mg GAE/g DW, which

is significantly lower than SWE. This is attributed to the fact that sub-
critical water has a higher temperature and a lower polarity, which
facilitates the dissolution of target compounds such as polyphenols
[37,42,54]. Besides, high temperatures reduce the viscosity and surface
tension of water, which contributes to an increase in molecular diffu-
sion rate [60,72,82].

3.2. Antioxidant activity of LSPP

In order to evaluate the antioxidant activity of LSPP more com-
prehensively, four methods were used for evaluation. Previous re-
searches have shown that lotus seedpod polyphenols have good anti-
oxidant activity [36,81]. According to Table 5, LSPP showed good
antioxidant ability (P < 0.05). Compared with HWE, LSPP extracted
by SWE had better reducing power and ability to scavenge DPPH%,
ABTS*+ and NO2−.

The reducing power indirectly reflects the antioxidant capacity of
polyphenols which is measured by their ability to convert the Fe3+/
ferricyanide complex to the ferrous form [43]. As shown in Table 5, as
the polyphenol concentration increased, the reducing power of the
polyphenol also increased. These results showed that LSPP possessed
significant reducing power (P < 0.05). When an antioxidant (proton
donating substances) was encountered, DPPH% accepts electron or hy-
drogen radical to become stable diamagnetic molecule [70]. Poly-
phenols scavenge DPPH% radicals in a concentration-dependent
manner. When the polyphenol concentration was 7.5 μg/mL, the DPPH%

scavenging rates were 49.9% (SWE) and 43.4% (HWE), respectively. In
addition, we also found that the ABTS*+ radical scavenging rates of
LSPP increased with increasing concentration, when the LSPP con-
centration was 50 μg/mL, the ABTS*+ scavenging rates reached 62.4%
(SWE) and 57.2% (HWE), respectively. Besides, LSPP scavenges NO2−

in a concentration-dependent manner with superior scavenging effects,
when the polyphenol concentration was 100 μg/mL, the NO2−

scavenging rates reached 52.8% (SWE) and 48.3% (HWE), respectively,
(Table 5). In summary, the lotus seedpod polyphenols obtained by SWE
have better antioxidant activity than by HWE, and the antioxidant ca-
pacity is positively correlated with the concentration.

Xiao et al. [81] used boiling distilled water to extract lotus seedpod
proanthocyanidins and evaluated their antioxidant capacity. When the
polyphenol concentration was 9.10 ± 0.11 μg/mL, DPPH% scavenging
rate was 50%, and the scavenging ability was lower than SWE. Kim and
Shin [36] obtained lotus seedpod extracts by 80% ethanol. DPPH% and
ABTS*+ radical scavenging capacities of the water fraction of lotus
seedpod extracts were 94.5% and 95.2% at 0.8mg/mL, and the
scavenging ability was also lower than SWE. This indicates that sub-
critical water extraction technology is very promising in the field of
polyphenol extraction. Wang et al. [79] extracted anthocyanins from
Lycium ruthenicum Murr using subcritical water. When the anthocyanin
concentration was 100 μg/mL, the scavenging rates of DPPH% and
ABTS*+ were 85.97% and 69.81%, respectively, and the scavenging
ability was lower than LSPP. Cvetanović et al. [13] used subcritical

Table 3
Coded values for Box-Behnken design and experimentally observed responses.

Runa order Coded (Independent variables) Yield (Y) (mg GAE/g DW)

X1 X2 X3 X4

1 −1 0 0 1 152.24
2 0 0 1 1 152.85
3 1 −1 0 0 157.68
4 0 0 −1 −1 133.53
5 0 1 1 0 156.83
6 1 0 1 0 164.82
7 0 −1 −1 0 143.52
8 1 0 −1 0 149.03
9 0 1 −1 0 135.88
10 0 0 0 0 143.76
11 −1 0 −1 0 142.98
12 0 −1 1 0 146.61
13 0 0 0 0 144.19
14 0 1 0 1 148.14
15 0 0 1 −1 153.85
16 −1 1 0 0 148.42
17 0 −1 0 1 151.64
18 −1 0 0 −1 144.31
19 −1 0 1 0 150.32
20 1 0 0 −1 155.02
21 0 0 0 0 142.76
22 1 0 0 1 159.85
23 0 0 0 0 144.31
24 0 0 0 0 145.09
25 0 0 −1 1 148.41
26 −1 −1 0 0 145.69
27 0 1 0 −1 144.85
28 0 −1 0 −1 142.08
29 1 1 0 0 154.83

a Randomized.
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water to extract polyphenolic compounds from Aronia melanocarpa
leaves. The IC50 values of DPPH% and ABTS*+ radicals scavenging rates
were 30.45 ± 0.94 μg/mL and 32.94 ± 0.54 μg/mL, respectively.
DPPH% scavenging ability is lower than LSPP, but ABTS*+ scavenging
ability is better than LSPP. All these findings indicate that lotus seedpod
is a good source of antioxidants.

3.3. Antiproliferation activity of LSPP extracted by SWE on HepG2

Our research group has demonstrated that lotus seedpod procyani-
dins have good antiproliferative activity on mouse B16 melanoma cells
[16]and human hepatoma G2 cells [18]. In the present study, we also
found that, LSPP extracted by SWE has a good antiproliferative effect
on HepG2 cells (Fig. 5, P < 0.05). When the polyphenols concentration
was 200 μg/mL, the antiproliferation rate reached 57.21%. As the

concentration of polyphenols increased, the antiproliferative ability of
LSPP was better as HepG2 cells proliferation was inhibited in a con-
centration-dependent manner, which are consistent with previous stu-
dies [45,46]. This indicates that lotus seedpod is a promising source of
antiproliferative components. Many researches have also demonstrated
that each compound in LSPP has significant antiproliferative activity on
HepG2 cells [3,8,27,28,32,49,56,62,82,84]. Jain et al. [32] found that
catechin and its liposomes could induce apoptosis in HepG2 cells. Pi
et al. [59] demonstrated that quercetin could induce severe apoptosis in
HepG2 cells through arrest of cell cycle and disruption of mitochondria
membrane potential. Azab et al. [3] discovered that quercetin and
kaempferol derivatives exhibited significant cytotoxicity against HepG2
cells. Pace et al. [56] found that cyanidin-3-O-glucoside inhibited
HepG2 cell proliferation in a time- and dose-dependent manner, and its
thermal degradation products and primary metabolites in vivo also
produced significant antiproliferative effects on HepG2 cells. You et al.
[84] found that isoquercetin has a significant growth inhibitory effect
on HepG2 cells. Guo et al. [27] demonstrated by experiments that the
antiproliferative activity of Hippophae rhamnoides L. extracts on HepG2
cells was related to its flavonoid aglycones (isorhamnetin, quercetin
and kaempferol). These findings may help explain our results and

Table 4
Analysis of variance (ANOVA) for second-order polynomial model for all investigated responses.

Source Sum of squares dfa Mean square F-value p-Value Significant level

Model 1325.77 14 94.70 223.30 <0.0001 **

X1 273.26 1 273.26 644.37 <0.0001 **

X2 0.25 1 0.25 0.60 0.4526
X3 431.17 1 431.17 1016.74 <0.0001 **

X4 129.99 1 129.99 306.52 <0.0001 **

X1X2 7.78 1 7.78 18.34 0.0008 **

X1X3 17.84 1 17.84 42.06 <0.0001 **

X1X4 2.41 1 2.41 5.69 0.0318 *
X2X3 79.78 1 79.78 188.13 <0.0001 **

X2X4 9.85 1 9.85 23.22 0.0003 **

X3X4 63.10 1 63.10 148.78 <0.0001 **

X12 302.61 1 302.61 713.57 <0.0001 **

X22 3.20 1 3.20 7.55 0.0157 *
X32 6.64 1 6.64 15.66 0.0014 **

X42 26.70 1 26.70 62.97 <0.0001 **

Residual 5.94 14 0.42
Lack of Fit 3.02 10 0.30 0.41 0.8824 Not significant
Pure Error 2.92 4 0.73
Cor Total 1331.71 28

R2=0.9955; R2Adj= 0.9911

* P < 0.05 is significant.
** P < 0.01 is extremely significant.

Table 5
Antioxidant activity of polyphenols in lotus seedpod.

Antioxidant capacity
assays

Concentration
(μg/mL)

Extraction method

SWE HWE

Reducing power
(absorbance at
700 nm)

12.5 0.158 ± 0.005 0.147 ± 0.007
25 0.243 ± 0.008 0.209 ± 0.009
50 0.419 ± 0.013 0.346 ± 0.008
75 0.564 ± 0.01 0.482 ± 0.005
100 0.71 ± 0.013 0.595 ± 0.023

DPPH%

Scavenging rate (%)
2.5 19.7 ± 0.56 17.1 ± 0.31
5 34.4 ± 0.55 31.4 ± 1.49
7.5 49.9 ± 0.28 43.4 ± 1.20
10 60.3 ± 0.71 52.5 ± 0.19
15 76.3 ± 0.39 70.6 ± 1.11

ABTS*+

Scavenging rate (%)
12.5 23.5 ± 0.59 22.9 ± 0.54
25 40.5 ± 0.23 36.9 ± 1.35
50 62.4 ± 2.23 57.2 ± 0.65
75 82.1 ± 0.74 75.1 ± 0.69
100 94.4 ± 0.53 88.9 ± 0.45

NO2− Scavenging rate
(%)

25 31.9 ± 0.82 26.7 ± 1.37
50 36.9 ± 1.88 30.5 ± 2.08
75 46.5 ± 1.96 42.8 ± 0.97
100 52.8 ± 0.21 48.3 ± 0.63
200 63.8 ± 0.80 57.1 ± 1.07
400 67.4 ± 1.21 63.2 ± 1.03

Fig 5. Antiproliferative ability of LSPP on HepG2.
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require further research. In addition, previous researches have also
demonstrated that the bioactive polyphenolic components obtained
from other plant materials using subcritical water also have good an-
tiproliferative capacity on tumour cells [13,14,45,82].

3.4. Identification of LSPP extracted by SWE via HPLC-ESI-MSn

Fig. 6 shows the chromatograms of LSPP marked peaks (1–8) fol-
lowing an elution order. Detailed HPLC-ESI-MSn analyses with litera-
ture was carried out and contrasted with authentic standards (catechin,
quercetin-3-O-glucuronoside and isoquercetin) for the identification of
8 polyphenol compounds in lotus seedpod. MSn information and mo-
lecular structure of 8 polyphenol compounds are also shown in Table 6.

For compound 1 (tR= 18.35min), MS gave four fragments at m/z
577.09, m/z 288.96, m/z 425.04 and m/z 407.14, respectively
(Table 6). The presence of ([M−H]−) fragment ion at m/z 577.09
suggested that the molecular mass of compound 1 was 578. For com-
pound 2 (tR= 19.55min), MS gave four fragments at m/z 577.01, m/z
288.98, m/z 425.00 and m/z 407.14, respectively (Table 6). The pre-
sence of ([M−H]−) fragment ion at m/z 577.01 suggested that the
molecular mass of compound 2 was 578. Therefore, compound 1 and 2
were isomers. By comparison with the literature [65], compound 1 and
2 were identified as proanthocyanidin dimer 1 and 2, respectively.

According to Table 6, compound 3 (tR= 20.68min) exhibited a
molecular ion ([M−H]−) at m/z of 288.97, and three MS2 fragments
(244.89, 204.92 and 178.93m/z). Based on mass spectrometry in-
formation and compared to a real standard, compound 3 can be iden-
tified as catechin [35,82].

Compound 4 (tR= 25.27min) produced the molecular ion
([M−H]−) at m/z of 449.12. MS2 gave three fragments at m/z of
287.18, 259.21 and 269.27 (Table 6). The fragment of 287.18m/z was
a cyanidin moiety [41] resulted from the loss of hexose (162 units,
glucose or galactose) [7,41,82]. Compound 4 was identified as cya-
nidin-3-O-glucoside. The identification of compound 4 was consistent
with that of Zhang et al. [88].

Compound 5 with tR= 31.25min, molecular ion ([M−H]−) at m/z
476.98 and one MS2 fragment (301m/z). Compound 6 with
tR= 32.39min, molecular ion ([M−H]−) at m/z 462.95 and one MS2

fragment (301m/z). MS2=301m/z was identified as quercetin, which
had been described by Burri et al. [6]. Therefore, compounds 5 and 6
were derivatives of quercetin (loss of 176 and 162 units, respectively).
Thus, they were identified as quercetin-3-O-glucuronoside [38] and
isoquercetin [31]respectively by contrasting with authentic standard.

Compound 7 (tR= 34.51min) showed the molecular ion
([M−H]−) at m/z of 460.94 and one fragment at m/z of 284.98 (loss of
176 units) (Table 6), which suggested that the molecular mass of
compound 7 was 462. Therefore, compound 7 was identified as
kaempferol-3-O-glucuronide, in agreement with the findings of Viacava
et al. [76].

Compound 8 (tR= 35.60min) showed the molecular ion
([M−H]−) at m/z of 315.2 and one fragment at m/z of 300.22
(Table 6), which indicated that the molecular mass of compound 8 was
316. MS2=m/z 300.22 was obtained by lose of a moiety (methyl
group, 15 units). Compound 8 was identified as isorhamnetin, which
was consistent with the results of Simirgiotis et al. [69].

3.5. Total polyphenol and flavonoid content of LSPP extracted by SWE and
HWE

The total polyphenol and total flavonoid content of LSPP obtained
by SWE and HWE were shown in Table 7. The TPC and TFC of SWE are
significantly higher than HWE. This is advantageous in explaining
macroscopically the reason why the antioxidant activity of LSPP ob-
tained by SWE is higher than that of HWE.

4. Conclusion

In this study, single factor experiments were used as basis for RSM.
Response surface method was applied successfully for the optimization
of SWE conditions to obtain the polyphenols from lotus seedpod. Under

Fig. 6. HPLC chromatogram of LSPP (280 nm).

Table 6
Chromatographic properties and main MS peaks of polyphenols from lotus seedpod.

Peak tR (min) MW [M−H]− (m/z) Typical MS2 ions (m/z) Identification

1 18.35 578 577.09 288.96, 425.04, 407.14 Proanthocyanidin dimer 1 [65]
2 19.55 578 577.01 288.98, 425.00, 407.14 Proanthocyanidin dimer 2 [65]
3 20.68 290 288.97 244.89, 204.92, 178.93 Catechin [35]
4 25.27 449 449.12 287.18, 259.21, 269.27 Cyanidin-3-O-glucoside [88]
5 31.25 478 476.98 301 Quercetin-3-O-glucuronoside [38]
6 32.39 464 462.95 301 Isoquercetin [31]
7 34.51 462 460.94 284.98 Kaempferol-3-O-glucuronide [76]
8 35.60 316 315.2 300.22 Isorhamnetin [69]
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optimal conditions, the yield of polyphenols was 178.32mg GAE/g DW,
significantly higher than that of hot water extraction (HWE).
Furthermore, Lotus seedpod polyphenols extracted by SWE has better
antioxidant activity than by HWE. Lotus seedpod polyphenols obtained
by subcritical water also exhibited excellent and significant anti-
proliferative ability on HepG2 cells. In addition, eight polyphenols were
identified by HPLC-ESI-MSn. This work can be a reference for the de-
velopment of lotus seedpod as bioactive materials, and the utilization of
high-efficiency and eco-friendly subcritical water in the field of phe-
nolic compound extraction. Moreover, we may further purify the LSPP
in future studies to elucidate the composition and structure-activity
relationships of LSPP.
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