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Extraction of flavanones 
from immature Citrus unshiu 
pomace: process optimization 
and antioxidant evaluation
Dong‑Shin Kim & Sang‑Bin Lim *

Dietary guidelines recommend the consumption of flavonoid‑rich extracts for several health benefits. 
Although immature Citrus unshiu pomace (ICUP) contains high levels of flavanone glycosides, many 
studies have concentrated on the optimization of flavonoid extraction from mature citrus peels. 
Therefore, we developed an optimized extraction method for hesperidin and narirutin from ICUP, and 
evaluated their antioxidant activities using ten different assay methods. The extraction conditions for 
the highest flavonoid yields based on a response surface methodology were 80.3 °C, 58.4% (ethanol 
concentration), 40 mL/g (solvent/feed), and 30 min, where the hesperidin and narirutin yields were 
66.6% and 82.3%, respectively. The number of extractions was also optimized as two extraction steps, 
where the hesperidin and narirutin yields were 92.1% and 97.2%, respectively. Ethanol was more 
effective than methanol and acetone. The ethanol extract showed high scavenging activities against 
reactive oxygen species but relatively low scavenging activities for nitrogen radicals and reactive 
nitrogen species. The antioxidant activities showed a higher correlation with hesperidin content 
than narirutin content in the extracts. This study confirms the potential of an optimized method for 
producing antioxidant‑rich extracts for the functional food and nutraceutical industries.

Oxidative stress is usually caused by reactive oxygen species (ROS) and reactive nitrogen species (RNS), which 
can attack healthy cells, causing them to lose function and  structure1. More than 100 diseases are reportedly 
associated with oxidative stress, including Alzheimer’s disease, atherosclerosis, and  cancer1,2. ROS and RNS can 
be eliminated by natural antioxidants, and various in vitro methods that measure the antioxidant activities of 
natural compounds have been  reported3–5. The antioxidant activity of natural compounds may vary depending 
on the antioxidant mechanism (hydrogen atom transfer and electron transfer), the structure of the antioxidant, 
and the radicals; therefore, various assay methods should be applied to comprehensively test the antioxidant 
activity of diverse natural  antioxidants3,5,6.

Flavonoids are secondary metabolites of natural plants, which reportedly have many health benefits in 
humans. Citrus species are a rich source of flavanone glycosides such as hesperidin and narirutin, which have 
antioxidant, anticancer, anti-inflammatory, and antiobesity  activities7–9. In particular, immature Citrus unshiu 
fruit is a good source of flavonoid supplements, because it contains higher levels of flavanones than the mature 
 fruit10.

Currently, the flavonoid extraction from citrus varieties has attracted considerable scientific and industrial 
attention, and various methods were reported in the literature for the recovery of phenolic compounds mainly 
from mature citrus  peels11–18. The conventional solvent extraction methods are mainly used, such as maceration 
and refluxing, for the industrial applications. Other methods are also used, such as microwave-assisted, ultra-
sound-assisted, subcritical water, supercritical fluid, and high pressure extractions. Those novel extractions pro-
vide advantages over extraction yields, solvent consumption, and extraction time compared to the conventional 
extraction methods. However, these methods have limited application fields, and further research is required to 
improve the understanding of extraction mechanisms, design, and scale-up for industrial  applications12–14,16,18 .

Maceration has been used as an inexpensive technique in the extraction of phenolic compounds. The refluxing 
takes less solvent and extraction time, and is more efficient than  maceration18. Most of the studies have shown 
that methanol extraction resulted in a higher yield of citrus  flavonoids12–16,19. However, methanol is avoided in 
food industrial applications because it is toxic. Ethanol is considered “Generally Recognized As Safe” (GRAS) 
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solvent by the US Food and Drug Administration and is the most recommended solvent during the food indus-
trial extraction  processes18,20, therefore it was tested in this study.

Several authors studied the effect of ethanol extraction on the citrus flavonoid recovery. Lee et al.21 optimized 
the hesperidin extraction from mature C. unshiu peel (extraction conditions: sample/solvent 1 g/10 mL, ethanol 
50, 100%, temperature 30, 60, 90 °C, time 2, 13, 24 h); the optimal condition was 71.5 ºC, 59.0%, and 12.4 h, 
where the hesperidin yield was 287.8 μg per 5 mg extract. In this case, the extraction time was too long (12.4 h) 
despite the small sample size (1 g) of C. unshiu peel. Li et al.11 extracted total phenolics from the peels of lemons, 
grapefruit, mandarin (C. reticulata cv. Ellendale), and sweet orange (extraction conditions: 2 g/16 mL, ethanol 
20, 50, 72, 85, 95%, temperature 19, 37, 50, 65, 80 °C, single (3 h) and double (2 × 1.5 h) extractions); the yield 
of total phenolics increased as the ethanol concentration increased to 85% and as the extraction temperature 
increased with an exception at 37 °C, and a single-extraction resulted in higher yield than a double-extraction. 
In this case, they performed only a one-variable-at-a-time experiment using citrus peels, did not conduct experi-
ments at temperatures above 80 °C, and did not measure the composition of hesperidin and narirutin in the 
extracts. Garcia-Castello et al.16 extracted flavonoids from grapefruit wastes (pulp, albedo and flavedo) (extrac-
tion conditions: 5 g/ 40 mL, ethanol 20, 50, 80, 100%, temperature 25, 34, 48, 61, 70 °C, time 30, 130, 270, 413, 
510 min); the optimum extraction condition was 69 °C, 30%, and 190 min, where total phenolic content was 
56.0 mg GAE/g DW and total antioxidant activity was 23.5 mmol trolox/g DW. In this case, they did not con-
duct experiments at temperatures above 70 °C, the extraction time was too long (190 min), and the optimum 
ethanol concentration was low (30%). Assefa et al.17 extracted flavonoids from yuzu peel (extraction conditions: 
ethanol 20, 40, 60, 80, 100%, temperature 15, 30, 45, 60, 75 °C, time 30, 60, 90, 120, 150 min, solvent/sample 10, 
20, 30, 40, 50 mL/g); the optimized condition was 43.8 °C, 65.5%, 119.6 min, and 37.1 mL/g, where the yields 
of hesperidin, naringin, and phloretin were 337.2, 244.9, and 43.9 mg/g DW, respectively. In this case, they did 
not conduct experiments at temperatures above 75 °C, the extraction time was too long (119 min) despite the 
small sample size (1 g) of yuzu peel, and the optimum temperature was low (43.8 °C). Safdar et al.22 extracted 
polyphenols from kinnow (C. reticulate L.) peel (extraction conditions: 5 g/75 mL, ethanol 50, 80, 100%, 40 °C, 
20 h, shaking); 80% ethanol yielded 92.9 and 65.2 μg/g dry sample of hesperidin and ferulic acid, respectively. 
In this case, they performed only a one-variable-at-a-time experiment using kinnow peel and low temperature 
(40 °C) was used for long extraction time (20 h).

Therefore, in this study immature citrus pomace which contains higher levels of flavanones and has a different 
sample matrix was used as a test material unlike most previous studies using mature citrus peels. The extraction 
temperature was tested up to 90 °C to determine the inflection point of the maximum yield of flavanone glyco-
sides, and the extraction time was shortened as much as possible. In addition, the ratio of sample and solvent 
was extensively tested, and the number of extracts was also optimized by repeated experiments to overcome the 
equilibrium limit, which corresponds to the exhaustion of flavonoids in the sample  matrix14.

There have been a few attempts to analyze flavonoid content in immature citrus  fruits10,23,24, but no optimized 
method has been developed for recovering flavonoids from immature citrus fruits. To develop flavonoid-rich 
supplements using immature citrus fruits, the extraction method should be optimized for the highest recovery of 
index compounds. Extraction parameters such as the solvent nature and concentration, temperature, solvent-to-
feed (S/F) ratio, extraction time, and number of extractions influence the yields of phenolic  compounds11–14,16–19.

We developed an optimized extraction method for maximum recovery of flavanone glycosides such as hes-
peridin and narirutin from immature Citrus unshiu pomace (ICUP), and evaluated the antioxidant activities of 
the extracts. First, the effects of ethanol concentration, extraction temperature, S/F ratio, and extraction time on 
the yields of hesperidin and narirutin from ICUP were evaluated individually through single-factor experiments. 
The optimum extraction conditions were then investigated to maximize the extraction yields using a response 
surface methodology (RSM). The number of extractions and solvent type were further evaluated under the opti-
mum extraction conditions. In addition, 10 types of antioxidant activity assays (against nitrogen radicals, RNS, 
ROS, and reducing capacities) were applied to comprehensively evaluate the antioxidant activities of the extracts.

Materials and methods
Sample preparation. Immature C. unshiu Markovich fruits (Table 1) were obtained from a farm in Jeju, 
Korea. The fresh fruits were rinsed, cut into quarters, and ground using a blender (Shinil Industrial Co., Ltd., 
Chungcheongnam-do, Korea) for 90 s. The homogenates were pressed using a screw type juice extractor (Green 
Power, Daejeon, Korea), and the pomace was separated from the juice. The juice was filtered using cotton filter 
(pore size: 1 mm, Dae Han Medical Supply Co., Ltd., Chungcheongbuk-do, Korea) to recover the fine particles, 
which then were combined with the pomace. The mixed pomace was freeze-dried, crushed into powder (14–50 
mesh), and stored in a freezer at − 20 °C.

Chemicals and reagents. The list of chemicals and reagents are provided in the Supplementary Informa-
tion S1.

Determination of flavonoid contents in mature and immature citrus fruits and pomace. Ten 
pieces of mature or immature C. unshiu whole fruits (Table 1) (about 700 g) were ground using a blender (Shinil 
Industrial Co., Ltd.). Then 5 g pulverized fruits was added to 30 mL methanol and stirred for 30 min at room 
temperature. The mixture was centrifuged (3000×g, 10 min), the supernatant was separated, and the residue was 
extracted four more times until all flavonoids were recovered quantitatively. The combined extract was concen-
trated, adjusted to a specific volume with methanol, and filtrated using a syringe filter (0.45 μm) before high-
performance liquid chromatography (HPLC) analyses. The water content (%) of each whole fruit was measured 
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after drying in the oven at 105  °C. The content of flavonoids in ICUP were also determined using the same 
extraction method.

Extraction procedure of immature C. unshiu pomace. The dried ICUP (1 g) was transferred to a 
flask. The preheated extraction solvent was added to the sample, and then a condenser (glass tube, 6.2  mm 
ID × 400 mm length) was connected to the flask to collect a vaporized solvent. The extraction was performed in 
a shaking water bath (120 rpm) at the desired experimental conditions. The extraction mixture was filtrated and 
adjusted to a specific volume with an extraction solvent. All extracts were filtrated using a syringe filter (0.45 μm) 
before HPLC analyses.

Single‑factor experiments. The effects of extraction parameters (ethanol concentration, temperature, S/F 
ratio, and extraction time) on the yields of hesperidin and narirutin from ICUP were individually evaluated. 
The ethanol concentration was evaluated at 20%, 40%, 60%, 80%, and 100% (v/v); temperatures of 25 °C, 35 °C, 
45 °C, 60 °C, 75 °C, 85 °C, and 90 °C; S/F ratios of 20, 30, 40, 50, 60, and 70 mL/g dry sample; and extraction 
times of 10, 20, 30, 40, 50, and 60 min.

Response surface design. In a single-factor experiment, three independent variables and ranges were 
used to evaluate the relationships between the independent variables and responses through RSM: temperature 
 (X1: 60 °C, 75 °C, and 90 °C), ethanol concentration  (X2: 40%, 60%, and 80% (v/v)), and S/F ratio  (X3: 20, 30, 
and 40 mL/g dry sample), with an extraction time of 30 min. The Box–Behnken design (BBD) with three factors 
and levels consisted of 12 runs with independent variables (runs 1–12) and five replicates at the central point 
(runs 13–17). The following second-order polynomial equation was used to describe the relationship between 
the independent variables and the responses:

where Y is the extraction yield, X’s are extraction parameters, and β’s are coefficients. DESIGN-EXPERT 11.0 
software (Trial version, Stat-Ease Inc., Minneapolis, MN, USA) was used to fit the experimental data to the 
model equation.

Number of extractions. To determine the effect of the number of extractions on the yields of hesperidin 
and narirutin from ICUP, extractions were done three times under the optimum conditions for ethanol (80.3 °C, 
58.4%, and 40 mL/g dry sample for 30 min).

Extraction solvents. The effects of different extraction solvents on the yields of hesperidin and narirutin 
from ICUP were evaluated using methanol and acetone under the optimum conditions obtained using ethanol 
(80.3 °C, 58.4%, and 40 mL/g dry sample for 30 min).

HPLC analyses. The contents of hesperidin and narirutin in the extracts were quantified as described by 
Kim and  Lim25. The hesperidin and narirutin profiles in the extracts were analyzed using Alliance 2965 HPLC 
(Waters Corp., Milford, MA, USA). An Inertsil ODS-3 V column (4.6 mm × 250 mm, 5 μm particle size, GL 
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Table 1.  Comparison of mature and immature fruits of Citrus unshiu.

Mature fruit Immature fruit

Fruit picture

Harvest date 2019. 11 2019. 9

Juice brix

(°Brix)

11.5 ± 0.4 9.5 ± 0.2
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Science, Tokyo, Japan) was used for the separation of each flavonoid. Acetic acid (0.5%) in water (phase A) and 
acetonitrile (phase B) were utilized for the mobile phase. The solvent flow rate was 1.0 mL/min, using gradients 
of B: 0 min 15%, 8 min 25%, 15 min 25%, 35 min 65%, 37 min 65%, and 39 min 15%. The hesperidin and nar-
irutin were detected at 290 nm. Each flavonoid was identified by comparing with its retention time and UV–vis-
ible spectrum to those of the standard compound. Calibration curves were constructed between absorbance at 
290 nm and the concentrations of hesperidin (25–200 mg/mL) and narirutin (10–80 mg/mL) in methanol; the 
correlation coefficients (R2) were 0.9996 and 0.9994, respectively.

Antioxidant activity. Nitrogen radical scavenging activities (DPPH and ABTS) were determined. DPPH 
radical scavenging activity was evaluated as described by Ye et al.26. Each extract (0.1 mL) was mixed with 2.0 mL 
of a DPPH solution (0.2 mM) and left for 30 min. The absorbance was determined at 517 nm. ABTS radical scav-
enging activity was also evaluated as described by Yi et al.27. Each extract (0.02 mL) was mixed with 0.98 mL of 
an ABTS solution (0.2 mM) and left for 30 min at 30 °C. The absorbance was evaluated at 750 nm.

RNS scavenging activities (nitrite and nitric oxide) were measured. Nitrite scavenging activity was evaluated 
as described by Kim and  Lim25. Each extract (0.2 mL) was mixed with 0.1 mL of sodium nitrite (1 mM) and 
0.7 mL of HCl (0.1 N) and left for 60 min at 37 °C. Then, added with acetic acid (0.5 mL) and Griess reagent 
(0.4 mL) and left for 15 min. The absorbance was determined at 540 nm. Nitric oxide radical scavenging activ-
ity was also evaluated as described by Soares et al.28. Each extract (0.25 mL) was mixed with 0.5 mL of sodium 
nitroprusside (10 mM) and left for 3 h at 25 °C under the light. Then, added with 0.75 mL of modified Griess 
reagent (2% sulphanilamide + 0.2% N-(1-naphthyl) ethylenediamine dihydrochloride in 5% phosphoric acid). 
The absorbance was measured at 540 nm.

ROS scavenging activities (ORAC, hydroxyl radical, superoxide anion radical, hydrogen peroxide) were deter-
mined. ORAC was measured as the methods described by Ye et al.26 and Kim and  Lim25. Each extract (0.025 mL) 
was mixed with 0.15 mL of fluorescein sodium salt solution (78 nM), left for 15 min at 37 °C, and added with 
0.025 mL of AAPH (250 mM). The fluorescence was determined at 37 °C every 3 min for 2 h (excitation, 485 nm; 
emission, 535 nm). Hydroxyl radical scavenging activity was measured as the method described by Sannasi-
muthu et al.29. Each extract (0.2 mL) was mixed with 0.2 mL of 1,10-phenanthroline (5 mM), 0.2 mL of EDTA 
(15 mM), and 0.2 mL of  FeSO4 (5 mM). The reaction was started with an addition of 0.2 mL of  H2O2 (0.03%) 
at 37 °C for 60 min. The absorbance was evaluated at 536 nm. Superoxide anion radical scavenging activity was 
measured as described by Kuda et al.30. Each extract (0.1 mL) was mixed with 0.1 mL of (0.156 mM) and 1 mL 
of (0.468 mM) NADH. Then, added with 0.1 mL of phenazine methosulphate (0.06 mM) and left for 5 min. The 
absorbance was evaluated at 560 nm. Hydrogen peroxide scavenging activity was evaluated as described by Oh 
and  Shahidi31. Each extract (0.4 mL) was mixed with 0.6 mL of  H2O2 (40 mM) and left for 40 min at 30 °C. The 
absorbance was evaluated at 230 nm.

Reducing abilities (reducing power and FRAP) were determined. Reducing power was measured as described 
by Kim and  Lim25. Each extract (0.1 mL) was mixed with 0.5 mL of phosphate buffer (0.2 M) and 0.5 mL of 
potassium ferricyanide (0.1%) and left for 20 min at 50 °C. Then, added with 0.5 mL of trichloroacetic acid 
(10%) and 0.5 mL of ferric chloride (0.1%) and left for 5 min. The absorbance was determined at 700 nm. Ferric 
reducing antioxidant power (FRAP) was evaluated as the method described by Ye et al.26. The FRAP solution 
was prepared with 300 mM acetate buffer, 20 mM  FeCl3, and 10 mM TPTZ (1:1:10 (v/v)). FRAP reagent (3 mL) 
and distilled water (0.3 mL) were added to 0.2 mL of extract and left for 30 min at 37 °C. The absorbance was 
observed at 595 nm. All antioxidant activities were expressed as mg Trolox equivalents (mg TE)/g dry sample.

Statistical analyses. The differences between experimental data were analyzed using Duncan’s multiple 
range test (p < 0.05). The validity between the predicted and experimental data was analyzed using the Student’s 
t-test. Pearson correlation coefficients between antioxidant activities and flavonoid contents in the extracts were 
also calculated using a bivariate correlation analysis. All statistical analyses were performed using SPSS software 
(ver. 24.0; SPSS Inc., Chicago, IL, USA).

Results and discussion
Flavonoid compositions of mature and immature C. unshiu fruits and pomace. The flavonoid 
compositions of mature and immature C. unshiu fruits and pomace were determined (Table 2). Hesperidin and 
narirutin are the major flavonoids (flavanone glycosides), and sinensetin, nobiletin, 3,5,6,7,8,3′,4′-heptameth-
oxyflavone, and tangeretin are the minor flavonoids (polymethoxylated flavones) in C. unshiu. The contents of 
hesperidin and narirutin were 2.32- and 2.34-fold higher in immature than mature C. unshiu fruits, respectively. 
Therefore, immature C. unshiu fruits may be a good candidate as a flavonoid supplement for several health 
benefits. The content of hesperidin in immature C. unshiu pomace was the same as that in immature fruits, but 
that of narirutin in immature pomace was lower than that in immature fruits because it was transferred to the 
juice when the fruits was squeezed using an extractor due to the more polar property of narirutin compared 
with  hesperidin32.

Analyses of single‑factor effect experiments. The effects of extraction parameters (ethanol concen-
tration, temperature, S/F ratio, and extraction time) on the extraction yields of hesperidin and narirutin from 
ICUP were evaluated individually. The extraction yield (%) was defined as the mass (mg) of each flavonoid in 
the extract divided by that (mg) in the raw ICUP (Table 2). Figure 1a shows the effects of ethanol concentration 
(20–100% (v/v)) on the extraction yields of hesperidin and narirutin at 60 °C, 30 mL/g dry sample, and 30 min. 
The yields of hesperidin and narirutin increased with increasing ethanol concentration from 20 to 60%, but 
decreased thereafter. Therefore, 40%, 60%, and 80% ethanol were chosen as the RSM working ranges. Generally, 
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the mixture of ethanol and water increases the extraction yields of flavonoids due to the decrease in dielectric 
constant of the solvent and the increases of solubility and diffusivity of the  solute16,33. Relatively consistent with 
this result, a few studies have reported that an approximately 60% ethanol–water mixture is appropriate for phe-
nolic extraction from C. unshiu  peel21 and yuzu (C. junos Sieb ex Tanaka)  peel17. Xu et al.34 also reported that the 
solubility of pure hesperidin in 60% ethanol solution was more than fourfold higher than that in 20% ethanol 
solution at 60 °C. However, high concentrations of ethanol do not aid extraction due to the dehydration and col-
lapse of plant cells and the denaturation of cell wall  proteins16.

The effects of temperature (25–90 °C) on the extraction yields of hesperidin and narirutin were measured at 
60%, 30 mL/g dry sample, and 30 min (Fig. 1b). The hesperidin yield significantly increased with an increase in 
temperature from 25 to 75 °C, but slightly decreased at 90 °C. Narirutin showed almost the same trend as hes-
peridin. Therefore, 60 °C, 75 °C, and 90 °C were chosen as the RSM working ranges. Generally, high temperature 
increases the extraction yields of flavonoids due to increasing  solubility19 but decreasing viscosity and surface 
tension of the  solvent35. The solubility of pure hesperidin in 60% ethanol–water solution was 1.6-fold higher at 
60 °C than at 25 °C34. The viscosity of the 63% ethanol–water mixture was 2.313 mPa s at 25 °C, but decreased to 
1.108 mPa s at 50°C36. However, phenolic compounds can be decomposed and degraded by high  temperatures14.

The effects of S/F ratio (20–70 g/mL) on the extraction yields of hesperidin and narirutin were also inves-
tigated at 60%, 60 °C, and 30 min (Fig. 1c). The yields of both increased with increasing S/F ratio from 20 to 
40 mL/g dry sample, after which there were no significantly different effects on the yields (p < 0.05). Generally, 
high S/F ratio increases the extraction yields of flavonoids due to the increase in concentration gradient between 
the sample and extraction solvent, resulting in increased mass  transfer17,23. However, a high S/F ratio is economi-
cally inefficient due to high-energy consumption in later concentration steps. Therefore, it is important to select 
the appropriate range of S/F ratio when optimizing the extraction  conditions17,19. Hence, 20, 30, and 40 mL/g 
dry sample were chosen as the RSM working ranges.

The effects of extraction time (10–60 min) on the extraction yields of hesperidin and narirutin were deter-
mined at 60%, 60 °C, and 30 mL/g dry sample (Fig. 1d). The extraction yields of hesperidin and narirutin were 
highest at 30 and 20 min, respectively, and there were no significantly different effects on the yields (p < 0.05) 
thereafter. This can also be explained by Fick’s second law of diffusion, which predicts the final equilibrium of the 
solute concentration between the sample matrix and extraction solvent after a certain period of  time35. Because 
an extraction time longer than 30 min is not required for hesperidin or narirutin, the extraction time was fixed 
at 30 min throughout the optimization process. Iglesias-Carres et al.19 reported that an extraction time longer 
than 30 min did not produce any significant increases or decreases in total phenolic content of the aqueous 
methanol extract from sweet orange pulp. However, the extraction of hesperidin from C. unshiu peel at 1 g/10 mL, 
71.5 °C, and 59.0% ethanol needs an extraction time of 12.4  h21, and the extraction of hesperidin and naringin 
from yuzu peel at 1 g/37.1 mL, 43.8 °C, and 65.5% ethanol requires 120  min17. Therefore, the optimal conditions 
for recovering phenolic compounds from citrus may depend on the citrus matrix (peel, pulp, or pomace) used.

Analyses of RSM experiments
Response surface optimization. The extraction parameters (extraction temperature, ethanol concentra-
tion, and S/F ratio) for the highest yields of hesperidin and narirutin from ICUP were optimized by RSM. Their 
extraction yields are shown in Table 3, and the results of analysis of variance (ANOVA) of the regression models 
are presented in Table 4. The regression models for both compounds were a good fit with the experimental data, 
with low p-values (p < 0.05), high R2 values (R2 ≥ 0.989), nonsignificant lack-of-fit (p > 0.05), and low coefficients 
of variance (CV ≤ 5%)37. The following second-order polynomial equations can be used to estimate the optimal 
conditions for maximizing each flavonoid:

(2)
Y (hesperidin) = 59.29+ 8.88X1 + 0.21X2 + 10.53X3

− 12.15X2
1 − 15.04X2

2 − 5.96X2
3 − 2.13X1X2 + 1.70X1X3 − 1.74X2X3

Table 2.  Flavonoid compositions of mature and immature C. unshiu fruits and pomace. Data are the 
mean ± SD (n = 3).

Flavonoid

Content (μg/g dry sample)

Mature fruit Immature fruit Immature pomace

Hesperidin 21,898 ± 108 50,822 ± 662 49,731 ± 808

Narirutin 7,841 ± 92 18,359 ± 275 12,969 ± 165

Sinensetin 12.5 ± 0.9 28.9 ± 1.0 14.5 ± 0.6

Nobiletin 58.8 ± 2.3 138.5 ± 4.9 77.1 ± 1.0

3,5,6,7,8,3′,4′-Heptamethoxyflavone 54.4 ± 3.9 108.7 ± 3.0 69.3 ± 0.8

Tangeretin 41.8 ± 2.1 73.2 ± 2.6 50.9 ± 0.4

Sum 29,908 ± 150 69,530 ± 896 62,912 ± 907



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19950  | https://doi.org/10.1038/s41598-020-76965-8

www.nature.com/scientificreports/

Figure 1.  Effects of extraction variables on the extraction yields of hesperidin (a1–d1) and narirutin (a2–d2). 
(a) Ethanol concentration, (b) temperature, (c) solvent to feed ratio, (d) extraction time. The extraction yield 
(%) was calculated as the mass (mg) of each flavonoid in the extract divided by that (mg) in the raw immature 
C. unshiu pomace. For each treatment, each bar followed by different letters (a–e) is significantly different (n = 3) 
(p < 0.05 using the Duncan’s test).
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where  X1,  X2, and  X3 are the test variables (temperature, ethanol concentration, and S/F ratio, respectively).
The regression coefficient for each term in Table 4 indicated the effects of three variables on the extraction 

yields. The response surface plots also facilitated the visualization of the significance of each extraction variable 
on the yields (Fig. 2). The positive coefficients of the linear terms  (X1 and  X3) and the negative coefficients of 
the quadratic terms  (X1

2 and  X3
2) with significant p-values (p < 0.05) indicated that the yields increased with 

increases in temperature and S/F ratio, peaking, and then no longer increased with increasing temperature and 
S/F ratio. A few studies have reported that temperature has positive linear and negative quadratic effects on the 
optimization of extraction of phenolics from C. unshiu  peel21 and yuzu (C. junos Sieb ex Tanaka)  peels17. On the 
other hand, the nonsignificant positive linear term  (X2) and significant negative quadratic term  (X2

2) of ethanol 

(3)
Y (narirutin) = 77.68+ 3.61X1 + 0.96X2 + 7.76X3

− 6.30X2
1 − 6.68X2

2 − 1.96X2
3 − 0.39X1X2 − 0.45X1X3 − 1.92X2X3

Table 3.  Box–Behnken design and corresponding hesperidin and narirutin yields from immature C. unshiu 
pomace. The extraction yield (%) was calculated as the mass (mg) of each flavonoid in the extract divided by 
that (mg) in the raw immature C. unshiu pomace.

Run no.

Uncoded (coded) levels Extraction yield (%)

Temperature  (X1, ℃) Ethanol concentration  (X2, %, v/v) S/F ratio  (X3, mL/g dry sample) Hesperidin Narirutin

1 60 (− 1) 40 (− 1) 30 (0) 21.8 59.2

2 60 (− 1) 80 (+ 1) 30 (0) 24.7 61.8

3 90 (+ 1) 40 (− 1) 30 (0) 43.8 68.4

4 90 (+ 1) 80 (+ 1) 30 (0) 38.1 69.4

5 60 (− 1) 60 (0) 20 (− 1) 22.6 57.7

6 60 (− 1) 60 (0) 40 (+ 1) 42.0 75.1

7 90 (+ 1) 60 (0) 20 (− 1) 37.0 64.6

8 90 (+ 1) 60 (0) 40 (+ 1) 63.1 80.2

9 75 (0) 40 (− 1) 20 (− 1) 25.7 58.8

10 75 (0) 40 (− 1) 40 (+ 1) 48.6 77.2

11 75 (0) 80 (+ 1) 20 (− 1) 31.5 64.7

12 75 (0) 80 (+ 1) 40 (+ 1) 47.4 75.4

13 75 (0) 60 (0) 30 (0) 56.5 76.9

14 75 (0) 60 (0) 30 (0) 60.0 79.8

15 75 (0) 60 (0) 30 (0) 59.9 77.5

16 75 (0) 60 (0) 30 (0) 60.7 77.4

17 75 (0) 60 (0) 30 (0) 59.3 76.8

Table 4.  ANOVA for the regression models. X1: temperature (°C),  X2: ethanol concentration (%, v/v),  X3: 
solvent to feed ratio (mL/g dry sample), pred R2: predicted R2, adj R2: adjusted R2, C.V.: coefficient of variance.

Source

Hesperidin Narirutin

F value p-value F value p-value

Model 117.8 < 0.0001 71.5 < 0.0001

X1 193.3 < 0.0001 66.1 < 0.0001

X2 0.11 0.7450 4.67 0.0674

X3 272.0 < 0.0001 305.7 < 0.0001

X1
2 190.6 < 0.0001 105.8 < 0.0001

X2
2 292.3 < 0.0001 119.2 < 0.0001

X3
2 45.9 0.0003 10.28 0.0149

X1X2 5.54 0.0508 0.40 0.5453

X1X3 3.46 0.1011 0.53 0.4900

X2X3 3.72 0.0953 9.30 0.0186

Lack of fit 1.53 0.3365 1.09 0.4498

R2 0.993 0.989

Adj R2 0.985 0.975

Pred R2 0.939 0.913

%C.V 4.13 1.78
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concentration indicated that the extraction yield curves of both compounds took the form of a bisymmetry 
quadratic function with increasing ethanol concentration, and there were maximum ethanol concentrations 
in both extractions, after which they started to  decrease17,18. Only the interaction term  (X2X3) between ethanol 
concentration and S/F ratio for narirutin was significant (p < 0.05), indicating that those two parameters signifi-
cantly affected the yield each other.

Based on the optimized regression models, the optimal extraction conditions at the highest desirability (1.0) 
were 81.5 °C, 58.4%, and 39.6 mL/g dry sample for hesperidin; and 78.8 °C, 58.4%, and 40.0 mL/g dry sample 
for narirutin (Table 5). The optimum temperature of hesperidin was 2.7 °C higher than that of narirutin, because 
hesperidin has a lower solubility in water than  narirutin32. The optimal extraction conditions at the highest desir-
ability (> 0.977) for simultaneous extraction of hesperidin and narirutin were 80.3 °C, 58.4%, and 40.0 mL/g dry 
sample, which gave the predicted maximum yields of 66.2% and 83.7% for hesperidin and narirutin, respectively.

Figure 2.  Three-dimensional response surface plots for hesperidin (a) and narirutin (b) yields.
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Validation of the model equations. To validate the accuracy of the predicted yields by the model equa-
tions, triplicate extractions were performed at the optimal extraction conditions (80.3 °C, 58.4%, and 40 mL/g 
dry sample) (Table 6). The yields of hesperidin and narirutin at these conditions were 66.6 ± 0.9% and 82.3 ± 1.6%, 
respectively, in good agreement with the predicted values by the model equations at p < 0.05. Therefore, the 
response models accurately predicted the extraction yields of hesperidin and narirutin within the tested ranges 
of extraction parameters. Therefore, the temperature, ethanol concentration, and S/F ratio were 80.3 °C, 58.4%, 
and 40 mL/g dry sample for the rest of the study.

Number of extractions. The effects of the number of extractions were evaluated on the recoveries of 
each compound from ICUP (Fig. 3). Considerable amounts of hesperidin (67.6%) and narirutin (82.4%) were 
extracted from the first extraction step and then 24.5% and 14.8% were obtained from the second step, respec-
tively. Because most hesperidin (92.1%) and narirutin (97.2%) were extracted from ICUP in the first two extrac-
tion steps and considering practical and economic points, two sequential extractions were proposed as the opti-
mized number of extractions. Iglesias-Carres et al.19 reported that 63% and 24% of hesperidin was extracted 
from C. sinensis pulp in the first and second extraction steps at the optimum conditions (90% methanol, 55 °C, 
and 20 mL/g dry sample), respectively.

Effect of extraction solvent. To compare the effects of different solvents commonly used for polyphenol 
extraction on the yields of hesperidin and narirutin, ICUP was extracted using methanol or acetone under the 
optimized conditions obtained using ethanol (80.3 °C, 58.4%, and 40 mL/g dry sample for 30 min) (Fig. 4). The 
yield of hesperidin was highest at 66.6% in ethanol, followed by 57.3% in methanol and 37.7% in acetone. The 
extraction yield of narirutin in ethanol (82.3%) was statistically the same as that in methanol (82.5%), and that in 
acetone was the lowest (75.1%). Ethanol was more effective for extracting hesperidin and narirutin than metha-

Table 5.  Optimized extraction conditions and predicted yields of hesperidin and narirutin. S/F ratio: solvent 
to feed ratio (mL/g dry sample). Data are the mean ± SD (n = 3).

Flavanone Temperature (℃)
Ethanol concentration 
(%, v/v)

S/F ratio (mL/g dry 
sample) Predicted yield (%) Desirability

Hesperidin 81.5 58.4 39.6 66.3 ± 1.1 1

Narirutin 78.8 58.4 40.0 83.9 ± 0.8 1

Hesperidin + narirutin 80.3 58.4 40.0 Hesperidin: 66.2 ± 1.1 
Narirutin: 83.7 ± 0.8 0.977

Table 6.  Predicted and experimental yields of hesperidin and narirutin in the optimum conditions. S/F 
ratio: solvent to feed ratio (mL/g dry sample). The mean values with the same letter (a) in each row are not 
significantly different (p < 0.05 by Student’s t-test).

Temperature (℃)
Ethanol concentration 
(%, v/v)

S/F ratio (mL/g dry 
sample) Response Predicted yield (%)

Experimental yield 
(%)

80.3 58.4 40 Hesperidin 66.2 ± 1.1a 66.6 ± 0.9a

Narirutin 83.7 ± 0.8a 82.3 ± 1.6a

Figure 3.  Effect of extraction number on yields of flavanones. Data are the mean ± SD (n = 3).
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nol and acetone. Generally, ethanol is a suitable extraction solvent for flavonoids and their glycosides, catechol, 
and tannin; methanol for phenolic acid and catechin; and acetone for high-molecular-weight polyphenols such 
as proanthocyanidins and  tannins35.

In some other studies, higher extraction yields of hesperidin were obtained using methanol than ethanol. 
Magwaza et al.38 reported that the yield of hesperidin from mandarin (C. reticulata) rinds was higher in 70% 
methanol than in 80% ethanol at 35 °C. Iglesias-Carres et al.19 also observed that the hesperidin yield from C. 
sinensis pulp was higher in 90% methanol than in 90% ethanol at 55 °C. These differences are thought to be 
due to differences in the extraction temperature and ethanol concentration. In most extraction studies using 
ethanol as the solvent, the optimal extraction temperature was 48–95 °C, and the optimal ethanol concentration 
was 51–59% for phenolic and flavonoid compounds from kaffir lime  peels39, C. unshiu  peels21, and yuzu  peels17.

Antioxidant activity. The antioxidant activities of natural antioxidants from plant materials depend on 
the reaction mechanism based on the multiplicity and heterogeneity of the matrix and the distribution of anti-
oxidant compounds between the lipophilic and hydrophilic phases. Therefore, the antioxidant activities of plant 
extracts cannot be properly assessed by only one  method40,41. In this work, 10 assay methods were used to com-
prehensively evaluate the antioxidant activities of ethanol, methanol, and acetone extracts: radical scavenging 
activities (DPPH, ABTS, nitric oxide, hydroxyl, superoxide anion, and ORAC), scavenging activities of nitrite 
and hydrogen peroxide, and reducing capacity (FRAP and reducing power) (Table 7).

DPPH and ABTS radical scavenging activities are commonly used to measure the antioxidant activities of 
natural antioxidants due to the stability of nitrogen radicals and the simple method used to measure  these42. 
DPPH assays use radicals dissolved in organic solvents, which is applicable to the hydrophobic system, but the 
ABTS assay is applicable to both hydrophilic and lipophilic  systems43. DPPH and ABTS radical scavenging 
activities were higher in the ethanol extract than in methanol and acetone extracts. The ABTS radical scavenging 
activity was 4.06-fold higher than the DPPH radical scavenging activity in the ethanol extract, indicating that 
its radical scavenging activity works better in a hydrophilic system.

RNS and ROS are directly involved in oxidative stress and are closely correlated with the development of sev-
eral human diseases including atherosclerosis, diabetes, chronic inflammation, and neurodegenerative  disorders3. 
Nitrite and nitric oxide radicals are representative RNS. RNS scavenging activity was higher in the ethanol 
extract than in methanol and acetone extracts. The nitrite scavenging activity was 4.26-fold higher than nitric 
oxide radical scavenging activity in the ethanol extract. ROS scavenging activities (ORAC, hydroxyl radical, 

Figure 4.  Effect of extraction solvent on yields of flavanones. Each bar followed by different letters (a–c) is 
significantly different (n = 3) (p < 0.05 using the Duncan’s test).

Table 7.  Antioxidant activities of ethanol, methanol, and acetone extracts from immature C. unshiu pomace. 
The mean values with different letters (a–c) in each column are significantly different (p < 0.05 by Duncan test). 
RNS reactive nitrogen species, ROS reactive oxygen species.

Extraction 
solvent

Antioxidant activity (mg Trolox equivalents/g dry sample)

Nitrogen radicals RNS ROS Reducing abilities

DPPH ABTS Nitrite  (NO2
−)

Nitric oxide 
(NO∙) ORAC (ROO∙)

Hydroxyl 
radical (∙OH)

Superoxide 
anion (∙O2

-)

Hydrogen 
peroxide 
 (H2O2)

Reducing 
power FRAP

Ethanol 4.4 ± 0.2a 17.9 ± 0.3a 17.9 ± 0.6a 4.2 ± 0.1a 237.5 ± 8.8a 206.1 ± 11.3a 394.5 ± 13.3a 74.5 ± 1.7a 7.8 ± 0.2a 14.5 ± 0.8a

Methanol 3.5 ± 0.1b 16.5 ± 0.3b 15.1 ± 0.8b 3.4 ± 0.2b 197.6 ± 8.7b 128.1 ± 9.4b 327.8 ± 10.8b 69.8 ± 2.0a 7.2 ± 0.3b 12.9 ± 0.5b

Acetone 2.9 ± 0.1c 15.0 ± 0.2c 9.8 ± 0.3c 3.0 ± 0.1c 174.8 ± 11.1c 77.0 ± 5.9c 235.6 ± 5.5c 57.3 ± 3.2b 7.2 ± 0.2b 11.6 ± 0.3c
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and superoxide anion radical) were higher in the ethanol extract than in methanol and acetone extracts, but 
there were no differences in hydrogen peroxide scavenging activity between ethanol and methanol extracts. The 
ethanol extract showed very high ROS scavenging activities (ORAC: 237.5, hydroxyl radical: 206.1, superoxide 
anion radical: 394.5, and hydrogen peroxide: 74.5 mg Trolox equivalents (TE)/g dry sample) compared to RNS 
scavenging activities (nitrite: 17.9, nitric oxide: 4.2 mg TE/g dry sample). Most ROS have a short half-life and 
a high concentration of ROS induces oxidative damage to lipids, proteins, and  DNA44,45. Therefore, the strong 
and rapid ROS scavenging properties of the ethanol extract can actually prevent the oxidation of food and help 
fight human diseases caused by ROS.

The reducing capacity of each extract was also measured using two methods: a reducing power assay and 
an FRAP assay. Both methods are commonly used to measure the reducing power of natural  antioxidants45. 
The reducing power and FRAP were higher in the ethanol extract than in the methanol and acetone extracts. 
The FRAP was about 1.85-fold higher than reducing power in the ethanol extract. This difference between two 
methods may be due to their different reducing mechanisms. In FRAP, the antioxidant reduces  Fe3+ to  Fe2+ in 
the Fe–TPTZ  complex46, whereas in reducing power, the antioxidant reduces ferricyanide to  ferrocyanide47.

The ethanol extract showed very high scavenging activities against the radicals containing only oxygen (ROO∙ 
and ∙O2

−) or oxygen with hydrogen (∙OH and  H2O2), but relatively low scavenging activities against nitrogen 
radicals (DPPH∙ and ABTS∙) and nitrogen containing radicals  (NO2

− and NO∙), and relatively low reducing 
activities against the Fe-complex containing nitrogen (Fe(CN)6

3− and [Fe(III)(TPTZ)2]3+). These results indicate 
that the antioxidant activity of the extract from ICUP may vary depending on the structure of the radicals, the 
reaction mechanisms, and the flavonoid types.

Table 8 shows the Pearson correlation coefficients representing the relationship between antioxidant activi-
ties and the contents of hesperidin and narirutin in ethanol, methanol, and acetone extracts. The hesperidin 
content showed a higher correlation (0.923–1.000) with all of the antioxidant activities than the narirutin content 
(0.741–0.958) except the reducing power, which means that the hesperidin in the extracts had a significant effect 
on antioxidant activities due to its high content and strong antioxidant activity. M’hiri et al.48,49 also reported that 
hesperidin had higher antioxidant activity than narirutin due to the presence of a catechol group in the B-ring 
of the hesperidin molecule.

Conclusions
We optimized the extraction method for the highest recoveries of hesperidin and narirutin from ICUP, and the 
optimal extraction conditions were two sequential extractions at a temperature of 80.3 °C, ethanol concentration 
of 58.4% (v/v), and S/F ratio of 40 mL/g dry sample with a 30 min extraction time, where the hesperidin and 
narirutin yields were 92.1% and 97.2%, respectively. The ethanol extract showed higher antioxidant activities 
measured using nine different assay methods than methanol and acetone extracts. The ethanol extract showed 
very high scavenging activities against ROS. Hesperidin contents in ethanol, methanol, and acetone extracts 
showed a higher correlation with all of the antioxidant activities except the reducing power than narirutin con-
tents. Therefore, the ethanol extract of immature C. unshiu pomace could be used as a flavonoid supplement for 
preventing human diseases caused by ROS. Further research is recommended to verify the anti-aging effect of 
those extracts based on experiments with cells and animals.

Received: 26 September 2020; Accepted: 4 November 2020

References
 1. Pisoschi, A. M. & Pop, A. The role of antioxidants in the chemistry of oxidative stress. Eur. J. Med. Chem. 97, 55–74 (2015).
 2. Li, S. et al. The role of oxidative stress and antioxidants in liver diseases. Int. J. Mol. Sci. 16, 26087–26124 (2015).
 3. Magalhães, L. M., Segundo, M. A., Reis, S. & Lima, J. L. F. C. Methodological aspects about in vitro evaluation of antioxidant 

properties. Anal. Chim. Acta 613, 1–19 (2008).
 4. Alam, M. N., Bristi, N. J. & Rafiquzzaman, M. Review on in vivo and in vitro methods evaluation of antioxidant activity. Saudi 

Pharm. J. 21, 143–152 (2013).
 5. Shahidi, F. & Zhong, Y. Measurement of antioxidant activity. J. Funct. Foods. 18, 757–781 (2015).
 6. Schaich, K. M., Tian, X. & Xie, J. Hurdles and pitfalls in measuring antioxidant efficacy: a critical evaluation of ABTS, DPPH, and 

ORAC assays. J. Funct. Foods 14, 111–125 (2015).
 7. Burke, A. C. et al. Intervention with citrus flavonoids reverses obesity and improves metabolic syndrome and atherosclerosis in 

obese Ldlr−/− mice. J. Lipid Res. 59, 1714–1728 (2018).
 8. Kim, M. Y. et al. Reactive oxygen species-dependent apoptosis induction by water extract of Citrus unshiu peel in MDA-MB-231 

human breast carcinoma cells. Nutr. Res. Pract. 12, 129–134 (2018).

Table 8.  Pearson correlation coefficients between antioxidant activities and flavonoid contents in the extracts.

Flavanone DPPH ABTS Nitrite  (NO2
−) Nitric oxide (NO∙) ORAC (ROO∙)

Hydroxyl radical 
(∙OH)

Superoxide anion 
(∙O2

−) H2O2 Reducing power FRAP

Hesperidin + nar-
irutin 0.941 0.978 0.999 0.913 0.927 0.940 0.991 1.000 0.730 0.959

Hesperidin 0.949 0.983 1.000 0.923 0.935 0.947 0.994 0.999 0.746 0.965

Narirutin 0.789 0.865 0.932 0.741 0.764 0.787 0.899 0.958 0.481 0.822



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19950  | https://doi.org/10.1038/s41598-020-76965-8

www.nature.com/scientificreports/

 9. Revathy, J., Srinivasan, S., Abdullah, S. H. S. & Muruganathan, U. Antihyperglycemic effect of hesperetin, a citrus flavonoid, extenu-
ates hyperglycemia and exploring the potential role in antioxidant and antihyperlipidemic in streptozotocin-induced diabetic rats. 
Biomed. Pharmacother. 97, 98–106 (2018).

 10. Kim, J. H. & Kim, M. Y. Phytochemical and antioxidant characterization of thinned immature Citrus unshiu fruits. Int. J. Phar. 
Pharmaceut. Sci. 9, 293–297 (2017).

 11. Li, B. B., Smith, B. & Hossain, M. M. Extraction of phenolics from citrus peels: I Solvent extraction method. Sep. Purif. Technol. 
48, 182–188 (2006).

 12. Khan, M. K., Zill, E. H. & Dangles, O. A comprehensive review on flavanones, the major citrus polyphenols. J. Food Compost. Anal. 
33, 85–104 (2014).

 13. Khan, M. K. et al. Effect of novel technologies on polyphenols during food processing. Innov. Food Sci. Emerg. Technol. 45, 361–381 
(2018).

 14. M’hiri, N., Ioannou, I., Ghoul, M. & Mihoubi Boudhrioua N. Extraction methods of citrus peel phenolic compounds. Food Rev. 
Int. 30, 265–290 (2014).

 15. M’hiri, N., Ioannou, I., Mihoubi Boudhrioua, N. & Ghoul, M. Effect of different operating conditions on the extraction of phenolic 
compounds in orange peel. Food Bioprod. Process. 96, 161–170 (2015).

 16. Garcia-Castello, E. M. et al. Optimization of conventional and ultrasound assisted extraction of flavonoids from grapefruit (Citrus 
paradisi L.) solid wastes. LWT-Food Sci. Technol. 64, 1114−1122 (2015). 

 17. Assefa, A. D., Saini, R. K. & Keum, Y. S. Extraction of antioxidants and flavonoids from yuzu (Citrus junos Sieb ex Tanaka) peels: 
a response surface methodology study. J. Food Measure. Charact. 11, 364–379 (2017).

 18. Yaqoob, M., Aggarwal, P., Aslam, R. & Rehal, J. Extraction of bioactives from citrus In Green sustainable process for chemical and 
environmental engineering and science: supercritical carbon dioxide as green solvent (ed. Inamuddin, Asiri, A. M., Isloor, A. M.) 
357–377 (Elsevier, 2020).

 19. Iglesias-Carres, L. et al. Optimization of a polyphenol extraction method for sweet orange pulp (Citrus sinensis L.) to identify 
phenolic compounds consumed from sweet oranges. PLOS One, 14, e0211267 (2019). 

 20. Molino, A. et al. Extraction of astaxanthin from microalga Haematococcus pluvialisin red phase by using generally recognized as 
safe solvents and accelerated extraction. J. Biotechnol. 283, 51–61 (2018).

 21. Lee, J., Park, S., Jeong, J. Y., Jo, Y. H. & Lee, M. K. Optimization of extraction condition of hesperidin in Citrus unshiu peels using 
response surface methodology. Nat. Prod. Sci. 21, 141–145 (2015).

 22. Safdar, M. N. et al. Extraction and quantification of polyphenols from kinnow (Citrus reticulate L.) peel using ultrasound and 
maceration techniques. J. Food Drug Anal. 25, 488–500 (2017).

 23. Inoue, T., Tsubaki, S., Ogawa, K., Onishi, K. & Azuma, J. I. Isolation of hesperidin from peels of thinned Citrus unshiu fruits by 
microwave-assisted extraction. Food Chem. 123, 542–547 (2010).

 24. Choi, M. H., Kim, K. H. & Yook, H. S. Analysis of active components of premature mandarin. J. Korean Soc. Food Sci. Nutr. 48, 
557–566 (2019).

 25. Kim, D. S. & Lim, S. B. Subcritical water extraction of rutin from the aerial parts of common buckwheat. J. Supercrit. Fluids 152, 
104561 (2019).

 26. Ye, Y., Chang, X., Brennan, M. A., Brennan, C. S. & Guo, X. Comparison of phytochemical profiles, cellular antioxidant and anti-
proliferative activities in five varieties of wampee (Clausena lansium) fruits. Int. J. Food Sci. Technol. 54, 2487–2493 (2019).

 27. Yi, M. R., Hwang, J. H., Oh, Y. S., Oh, H. Y. & Lim, S. B. Quality characteristics and antioxidant activity of immature Citrus unshiu 
vinegar. J. Korean Soc. Food Sci. Nutr. 43, 250–257 (2014).

 28. Soares, M. O., Alves, R. C., Pires, P. C., Oliveira, M. B. P. P. & Vinha, A. F. Angolan Cymbopogon citratus used for therapeutic 
benefits: Nutritional composition and influence of solvents in phytochemicals content and antioxidant activity of leaf extracts. 
Food Chem. Toxicol. 60, 413–418 (2013).

 29. Sannasimuthu, A. et al. Radical scavenging property of a novel peptide derived from C-terminal SOD domain of superoxide 
dismutase enzyme in Arthrospira platensis. Algal Res. 35, 519–529 (2018).

 30. Kuda, T. et al. Induction of the superoxide anion radical scavenging capacity of dried ‘funori’ Gloiopeltis furcata by Lactobacillus 
plantarum S-SU1 fermentation. Food Funct. 6, 2535–2541 (2015).

 31. Oh, W. Y. & Shahidi, F. Antioxidant activity of resveratrol ester derivatives in food and biological model systems. Food Chem. 261, 
267–273 (2018).

 32. Park, H. Y. et al. Effect of oral administration of water-soluble extract from citrus peel (Citrus unshiu) on suppressing alcohol-
induced fatty liver in rats. Food Chem. 130, 598–604 (2012).

 33. Pimentel-Moral, S. et al. Pressurized GRAS solvents for the green extraction of phenolic compounds from hibiscus sabdariffa 
calyces. Food Res. Int. 137, 109466 (2020).

 34. Xu, R. et al. Solubility and modeling of hesperidin in cosolvent mixtures of ethanol, isopropanol, propylene glycol, and n-propanol 
+ water. J. Chem. Eng. Data. 63, 764–770 (2018).

 35. Mokrani, A. & Madani, K. Effect of solvent, time and temperature on the extraction of phenolic compounds and antioxidant 
capacity of peach (Prunus persica L.) fruit. Sep. Purif. Technol. 162, 68–76 (2016).

 36. Tanaka, Y., Matsuda, Y., Fujiwara, H., Kubota, H. & Makita, T. Viscosity of (water + alcohol) mixtures under high pressure. Int. J. 
Thermophys. 8, 147–163 (1987).

 37. Ravber, M., Knez, Ž & Škerget, M. Optimization of hydrolysis of rutin in subcritical water using response surface methodology. 
J. Supercrit. Fluids 104, 145–152 (2015).

 38. Magwaza, L. S. et al. Rapid methods for extracting and quantifying phenolic compounds in citrus rinds. Food Sci. Nutr. 4, 4–10 
(2016).

 39. Chan, S. W. et al. Optimisation of extraction conditions for phenolic compounds from limau purut (Citrus hystrix) peels. Int. Food 
Res. J. 16, 203–213 (2009).

 40. Gioti, E., Fiamegos, Y., Skalkos, D. & Stalikas, C. Antioxidant activity and bioactive components of the aerial parts of Hypericum 
perforatum L. from Epirus, Greece. Food Chem. 117, 398–404 (2009).

 41. Vinha, A. F. et al. Phytochemical characterization and radical scavenging activity of aqueous extracts of medicinal plants from 
Portugal. Eur. J. Med. Plants. 2, 335–347 (2012).

 42. Olszowy, M. & Dawidowicz, A. L. Is it possible to use the DPPH and ABTS methods for reliable estimation of antioxidant power 
of colored compounds?. Chem. Pap. 72, 393–400 (2018).

 43. Floegel, A., Kim, D. O., Chung, S. J., Koo, S. I. & Chun, O. K. Comparison of ABTS/DPPH assays to measure antioxidant capacity 
in popular antioxidant-rich US foods. J. Food Compost. Anal. 24, 1043–1048 (2011).

 44. Sharma, P., Jha, A. B., Dubey, R. A. & Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mecha-
nism in plants under stressful conditions. J. Bot. 217037 (2012).

 45. Das, K. & Roychoudhury, A. Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental 
stress in plants. Front. Environ. Sci. 2, 53 (2014).

 46. Abuelizz, H. A. et al. DFT study and radical scavenging activity of 2-phenoxypyridotriazolo pyrimidines by DPPH, ABTS, FRAP 
and reducing power capacity. Chem. Pap. 74, 2893–2899 (2020).

 47. Canabady-Rochelle, L. L. S. et al. Determination of reducing power and metal chelating ability of antioxidant peptides: revisited 
methods. Food Chem. 183, 129–135 (2015).



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19950  | https://doi.org/10.1038/s41598-020-76965-8

www.nature.com/scientificreports/

 48. Mhiri, N. et al. Corrosion inhibition of carbon steel in acidic medium by orange peel extract and its main antioxidant compounds. 
Corros. Sci. 102, 55–62 (2016).

 49. M’hiri, N., Irina, I., Cédric, P., Ghoul, M. & Boudhrioua, N. Antioxidants of maltease orange peel: comparative investigation of 
the efficiency of four extraction methods. J. Appl. Pharm. Sci. 7, 126–135 (2017).

Acknowledgements
This work was supported by Korean Institute of Planning and Evaluation for Technology in Food, Agriculture 
and Forestry (IPET) through Innovational Food Technology Development Program, funded by Ministry of 
Agriculture, Food and Rural Affairs (MAFRA) (Grant number 11901303).

Author contributions
D.S.K. and S.B.L. contributed to the conception and design of the work; the acquisition, analysis, and interpreta-
tion of data; have drafted the work or revised it.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-76965 -8.

Correspondence and requests for materials should be addressed to S.-B.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-76965-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Extraction of flavanones from immature Citrus unshiu pomace: process optimization and antioxidant evaluation
	Materials and methods
	Sample preparation. 
	Chemicals and reagents. 
	Determination of flavonoid contents in mature and immature citrus fruits and pomace. 
	Extraction procedure of immature C. unshiu pomace. 
	Single-factor experiments. 
	Response surface design. 
	Number of extractions. 
	Extraction solvents. 
	HPLC analyses. 
	Antioxidant activity. 
	Statistical analyses. 

	Results and discussion
	Flavonoid compositions of mature and immature C. unshiu fruits and pomace. 
	Analyses of single-factor effect experiments. 

	Analyses of RSM experiments
	Response surface optimization. 
	Validation of the model equations. 
	Number of extractions. 
	Effect of extraction solvent. 
	Antioxidant activity. 

	Conclusions
	References
	Acknowledgements




