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1  | INTRODUC TION

As chemical methods have developed over the past century, various 
artificial pigments have been manufactured and applied to the food 
industry and cosmetics. Artificial pigments are made from aniline 

dye which was separated from coal tar. A large number of studies 
have shown that artificial pigments do not provide any nutrients 
to the human body (Deng et al., 2013; Valentina & Rita, 2017; Zhu, 
2018). Because of their potential carcinogenic, teratogenic, and mu-
tagenic activities (Boo et al., 2012), the use of artificial pigments has 
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Abstract
The anthocyanins contents from red rice bran were characterized by HPLC/MS. 
Response surface methodology was used to optimize the ultrasound-assisted extrac-
tion of red rice bran anthocyanin. The antioxidant activities were evaluated in terms 
of IC50. The tyrosinase inhibitory activities of the anthocyanin samples from red rice 
bran and the standard substances were determined by a spectrophotometric method. 
According to mass spectrometry information, the main component of anthocyanins is 
paeoniflorin (m/z = 480). The optimized anthocyanin level was 5.80 mg/g under the 
following conditions: solid–liquid ratio of 1:17.46; ethanol concentration of 78.37%; 
ultrasonication time of 55.23 min; and pH of 2.31. The IC50 value of the DPPH radical 
scavenging and the superoxide anion scavenging activities of the sample were 53.51 
and 2,375 μg/ml; those of the standard were 14.60 and 64.74 μg/ml; and those of vi-
tamin C were 24.45 and 136.25 μg/ml, respectively. The IC50 values of the tyrosinase 
inhibition activities of the sample and Vc were 4.26 and 2.18 μg/ml, respectively. 
There is a significant difference (p < .05) between the activities of the three, which 
may be caused by the purity of the extract. Red rice bran anthocyanins have valuable 
research and development prospects as skin whiteners and healthcare products.
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been gradually reduced. Therefore, the development of natural pig-
ments with almost no toxic side effects is urgently needed to replace 
artificial colors.

Anthocyanins are flavonoid polyphenolic compounds based on the 
C6-C3-C6 molecular backbone (Abdel-Aal, Young, & Rabalski, 2006; 
Chen, Choi, Kozukue, Kim, & Friedman, 2012). Anthocyanins are nat-
ural water-soluble pigments that present different colors ranging from 
red and purple to blue and widely found in the flowers, fruits, stems, 
leaves, and roots of plants. Importantly, anthocyanins can be as addi-
tives not only for dyeing foods and cosmetics but also provide a variety 
of biological activities. Anthocyanins have been proven to inhibit tyros-
inase activity and prevent diabetes (Chen, Choi, et al., 2012). Therefore, 
anthocyanins are beneficial substances to human health. Currently, 
many studies have examined the anthocyanins in fruits and vegetables 
(Boo et al., 2012; Fujiwara, Kono, Ito, & Ito, 2018; Homoki et al., 2016; 
Liu, Mu, Sun, Zhang, & Chen, 2013), but limited research has investi-
gated the anthocyanins in grains. Colored rice, such as black rice and 
red rice, is rich in anthocyanins (Hosoda et al., 2018). Red rice which 
originated in China and has a history of over 1,000 years of use is a po-
tential raw material for extracting anthocyanins. Studies have shown 
that high anthocyanin levels of approximately 7.9–34.4 mg/100 g are 
present in unpolished red rice (Hirawan, Diehljones, & Beta, 2011; Min, 
Mcclung, & Chen, 2011), while they are barely detectable in polished 
red rice. This finding indicates that anthocyanins are mainly found in 
the red rice bran. However, in the production, processing, and applica-
tion of red rice, bran are not fully utilized. Only a small fraction of red 
rice bran is used to make whole grain foods or to raise livestock. Most 
of the bran is burned and used as a fertilizer, representing a large waste 
of resources. The anthocyanins extracted from red rice bran are de-
sirable for making cosmetics because of their antioxidant activity and 
ability to inhibit tyrosinase activity. They also can be used in the food 
industry as a natural pigment additive.

Several of the most common approaches to extracting antho-
cyanins are solvent extraction, microwave-assisted extraction, ul-
trasound-assisted extraction, biological enzymatic hydrolysis, and 
supercritical fluid extraction (Boo et al., 2012; López et al., 2018). In 
recent years, ultrasonic-assisted extraction has achieved high recovery 
rates (Ding et al., 2018), and this method has been widely used in the 
extraction of plant polyphenols. The extraction process of anthocya-
nins consumes large amounts of water, energy, and organic solvents 
that are harmful to the environment and users (Liu, Mu, et al., 2013). 
Recent trends have paid more attention to sustainable development 
and reduction in the environmental impact of energy, water, and mate-
rial consumption. The conditions of ultrasonic-assisted extraction need 
to be optimized. Response surface methodology (RSM) is an effective 
statistical tool that allows for the simultaneous optimization of multi-
ple variables. This method can predict the best performance condi-
tions with a minimum number of experiments (Jiang et al.,2015) and 
is widely applied for optimizing conditions in the food industry now.

In the present study, the raw materials consisted of the bran 
produced during the processing of the red rice raw grain. RSM was 
used to optimize the experimental conditions of the ultrasonic-as-
sisted extraction of anthocyanins. The antioxidant capacity of the 

anthocyanin extract and its inhibitory effect on tyrosinase were pre-
liminarily studied. This study provides the basis for the future appli-
cation of red rice bran anthocyanins in the medical, cosmetic, and 
health industries, where they can be used to make healthy foods and 
natural pigments.

2  | MATERIAL S AND METHODS

2.1 | Chemicals

Red rice bran samples were purchased from Yuanyang County Grain 
Supply and Marketing Co., Ltd. Paeoniflorin, tyrosinase, and ascor-
bic acid were purchased from Sigma. Potassium ferricyanide, DPPH, 
EDTA, pyrogallol (PR), and dithiothreitol (DTT) were purchased from 
J & K. Acetonitrile and methanol were obtained from Merck. The 
other chemicals were of analytical grade.

2.2 | Sample preparation

The red rice bran was obtained from Yuanyang County Grain 
Purchase and Sale Co., Ltd.. This bran was ground into powder by a 
pulverizer and filtered through a 60-mesh sieve. The selected bran 
samples were soaked in a 10× volume of acidified ethanol. Extraction 
was performed using an ultrasound device with a power of 400 W 
and a frequency of 24 kHz. The filtrate was centrifuged for 10 min 
at a speed of 4120g, concentrated by rotary evaporation, and then 
freeze-dried in darkness (Huiqin, Ying, & Hui, 2014). The obtained 
powder was the lyophilized powder of red rice bran anthocyanins 
(Figure 1). Water extraction method is carried out according to the 
above conditions. The obtained water extract and alcohol extract 
were dissolved in water and methanol at a concentration of 1 mg/ml 
analyzed by HPLC/MS, respectively.

F I G U R E  1   Flowchart of extraction process of red rice bran 
anthocyanins
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2.3 | HPLC/MS conditions

The electrospray ionization (ESI) mass spectrometry (MS) data 
were recorded on an Agilent-LC-1100 instrument with ZORBAX 
SB-C18 (100 mm × 3 mm, 1.8 μm) (Agilent). The HPLC conditions for 
the HPLC-ESI-MS analysis were as follows: column temperature: 
40°C; injection volume: 20 μl; mobile phase A: 0.1% formic acid 
aqueous solution; mobile phase B: methanol; gradient elution (mo-
bile phase B concentration): 0 ~ 5 min； 10%, 5 ~ 20 min: 10 ~ 20%, 
20 ~ 45 min: 60 ~ 80%, 45 ~ 49 min: 80 ~ 10%, 50 ~ 55 min: 10%, 
and the flow rate is 0.3 ml/min. The ESI parameters were as fol-
lows: the collision gas (N2) flow rate was maintained at 10 ml/
min, the column oven was 25°C, data were acquired in positive 
ion mode [M + H]+, scans were conducted over m/z 50–2000, the 
spray voltage was 4.5 kV, the capillary voltage was 10 V, and the 
capillary temperature was 250°C.

2.4 | Experimental design

Response surface methodology was applied to determine the 
optimal conditions for anthocyanin extraction. A Box–Behnken 
experimental design was performed with four independent vari-
ables (X1, solid–liquid ratio; X2, ethanol concentration; X3, ultra-
sonication time; X4, pH) set at three variation levels. These values 
were based on the results of single-factor experiments (Figure 3). 
The entire experimental design contained 29 experiments; four of 
them were repetitions of the center point. All experiments were 
randomly performed to reduce the impact of systematic errors on 
the results.

2.5 | Anthocyanin yield

The anthocyanin content was determined by spectrophotometry. 
The absorbance of the supernatant was measured at 300–700 nm, 
as mentioned in step 2.2, to determine the maximum absorption 
wavelength of the red rice bran extract. Paeoniflorin was used as 
a standard (Klavins, Kviesis, Nakurte, & Klavins, 2018). Methanol 
was used as the solvent, and the standard solution was prepared by 
the double dilution method (100–3.125 μg/ml). The absorbance was 
measured at the maximum absorption wavelength of the extract. 
Then, using the standard concentration as the abscissa and the ab-
sorbance as the ordinate, the standard curve was calculated, and the 
regression equation was obtained. The total anthocyanin content 
was expressed as mg of paeoniflorin equivalent to g of freeze-dried 
powder as in the following equation:

where Y is the total anthocyanin content, n is the dilution factor, c is the 
anthocyanin concentration of the extract calculated by the regression 

equation (μg/ml), V is the extract volume (ml), and m is the freeze-dried 
powder quality (g). Three sets of parallel samples were analyzed for 
each experiment.

2.6 | Antioxidant capacity

The antioxidant capacity of red rice bran anthocyanins was evalu-
ated by measuring reducing power, DPPH oxygen free radical scav-
enging ability, and superoxide anion radical scavenging ability.

2.6.1 | Determination of reducing power

This experiment was performed according to Zhang's method 
(Zhang & Yang, 2005) with minor changes. The sample was dis-
solved in 0.2 mol/L phosphate buffer at pH 7.4. Aliquots (0.5 ml) of 
sample solution (1–100 μg/ml) were mixed with an equal volume of 
1% potassium ferricyanide solution and incubated in a 50°C water 
bath for 20 min. A total of 0.5 ml of 10% trichloroacetic acid was 
added and mixed, and the solutions were diluted with distilled 
water. Finally, 0.3 ml of ferric chloride was added. After standing 
for 2 min, the supernatant (100 μl) of each sample was added to 
a 96-well plate, and the respective absorbances were recorded at 
700 nm with a spectrophotometer. Ascorbic acid (1–100 μg/ml) 
and anthocyanin standards (0.1–10 μg/ml) were used as positive 
controls, and distilled water was used instead of the sample solu-
tion as a negative control. The tests were performed in triplicate. 
The higher the absorbance value is, the stronger the reduction 
ability.

2.6.2 | DPPH radical scavenging activity

The antioxidant activity of the anthocyanins was assessed by the 
DPPH radical scavenging activity assay reported in Zhang's paper 
(Zhang & Yang, 2005). Samples were prepared in distilled water to 
different concentrations (1–100 μg/ml), and the reagent and sam-
ple were added to the test tube in accordance with Table 1 and 
mixed well. After reacting for 30 min at room temperature, the ab-
sorbance (A) was measured at 517 nm. Ascorbic acid (1–100 μg/ml) 
and anthocyanin standards (0.1–10 μg/ml) were used as positive 
controls, and a DPPH solution without a sample was used as a neg-
ative control. The IC50 value, which represents the concentration 

Y=
n×c×V

1000×m

TA B L E  1   The experimental design for assay of scavenging DPPH

 AC ACB AS ASB

Sample solution(ml) 0 0 2.0 2.0

DPPH solution(ml) 2.0 0 2.0 0

Distilled water (ml) 2.0 4.0 0 2.0

Note: AC: sample free, with DPPH. ACB: sample free, DPPH free. AS: with 
sample and DPPH. ASB: with sample, DPPH free.
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at which 50% of DPPH oxygen radicals were inhibited, was deter-
mined. The DPPH clearance rate was calculated by the following 
formula:

2.6.3 | Superoxide anion scavenging activity

This assay was performed according to the method described in 
Zhang's paper (Zhang & Yang, 2005). The following configuration 
solution was used (solvent is distilled water): pH 8.5; 50 mmol/L Tris-
HCl buffer; 1 mmol/L EDTA solution; 0.4 mmol/L PR solution; and 
100 mmol/L DTT solution. Samples were prepared in distilled water 
at different concentrations (1–100 μg/ml). The reagent and sample 
were added to the test tube in accordance with Table 2 and mixed 
well. After allowing the reaction to progress for exactly 10 min, 30 μl 
of DTT solution was added to terminate the reaction. The absorb-
ance (A) was measured at 325 nm 1 hr after terminating the reaction. 
Ascorbic acid (1–100 μg/ml) and anthocyanin standards (0.1–10 μg/
ml) were used as positive controls. The O2

− clearance rate was calcu-
lated by the following formula:

2.7 | Determination of tyrosinase inhibitory activity

The tyrosinase inhibition test of red rice bran anthocyanins was 
based on the study by Liu, Jiao, and Zhang (2013). The reagents listed 
in Table 3 were added in sequence and reacted in a 37°C water bath 
for 15 min. A total of 100 μl of the supernatant was added to a 96-well 
plate, and the absorbance of each sample solution was measured at 
475 nm. Different concentrations of ascorbic acid solution were used 
as a positive control. The inhibition rate of tyrosinase by each concen-
tration of the samples was calculated by the following formula:

2.8 | Statistical analysis

Data are expressed as the mean ± standard deviation of three rep-
licates. Data analysis was performed using Excel 2016 and SPSS 
statistics version 17, and RSM optimization analysis was performed 
using Design Expert 8.0.6. p value of <.05 was considered statisti-
cally significant by Student t test or ANOVA followed by Duncan's 
analysis test.

3  | RESULT AND DISCUSSION

3.1 | The anthocyanins contents

The anthocyanin extract obtained in this experiment was per-
formed by HPLC/MS. As shown in Figure 2a,b, the main compo-
nent of the alcohol extract is mainly concentrated in 14 min, and 
the particle fragment m/z is 481.33 [M + H]+. Compared with the 
standard substance, this compound is paeoniflorin (m/z = 480). 
Unlike the alcohol extract, the main component of the water ex-
tract is concentrated at 54.12, and its main fragment ion peak is 
270.32 (Figure 2c,d). Although water has many advantages as an 
extractant, the presence of water-soluble nutrients reduces the 
extraction concentration and purity of anthocyanins. Therefore, 
most of the anthocyanin extraction uses ethanol as an extract-
ant (Hosoda et al., 2018). Consistent with the previous report, the 
paeoniflorin was main substance in colored rice, especially black 
rice and red rice (Abdel-Aal et al., 2006; Pedro, Granato, & Rosso, 
2015).

3.2 | Absorption spectrum of red rice bran 
anthocyanins

As Figure 3a shows that the maximum absorption wavelength of 
the red rice bran anthocyanins was 440 nm. However, the absorp-
tion wavelengths of the common anthocyanins are between 450 
and 550 nm, probably because the parental structure of the an-
thocyanins in red rice bran is slightly different from that of other 
common flavonoids. An anthocyanin-like structure in which the hy-
droxyl group at position 5 of the core structure of the pigment is 

Inhibition (%)=

[

Ac−Acb
]

−
[

As−Asb
]

[

Ac−Acb
] ×100.

Inhibition (%)=

[

Ac−Acb
]

−
[

As−Asb
]

[

Ac−Acb
] ×100.

Inhibition (%)=

[

Ac−Acb
]

−
[

As−Asb
]

[

Ac−Acb
] ×100.

TA B L E  2   The experimental design for assay of scavenging O2
−

 AC ACB AS ASB

Tris-HCl buffer (ml) 1.0 1.0 1.0 1.0

EDTA solution(ml) 1.0 1.0 1.0 1.0

Distilled water (ml) 0.4 1.4 0 1.0

Sample solution(ml) 0 0 0.4 0.4

Pyrogallol solution 
(ml)

1.0 0 1.0 0

Note: AC: sample free, with PR.ACB: sample free, PR free. AS: with sample 
and PR. ASB: with sample, PR free.

TA B L E  3   The experimental design for assay of tyrosinase 
inhibition

 AC ACB AS ASB

Phosphate buffer (ml) 0.8 0.9 0.6 0.7

Sample solution (ml) 0 0 0.2 0.2

Tyrosinase solution 
(ml)

0.1 0 0.1 0

L-Dopa (ml) 0.1 0.1 0.1 0.1

Note: AC: sample free, with TYR. ACB: sample free, TYR free. AS: with 
sample and TYR. ASB: with sample, TYR free.
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unsubstituted would shift the maximum absorption wavelength to 
a blue color (Pedro et al., 2015) and result in a decrease in the maxi-
mum absorption wavelength of the anthocyanin in red rice bran.

3.3 | Red rice bran anthocyanin standard curve

The standard curve of paeoniflorin was also plotted. As shown in 
Figure 3b, the regression equation of the concentration of paeon-
iflorin and the absorbance value was y = 0.0019 × −0.004 μg/ml, 
with R2 = 99.15%. This result indicated that within a certain range, 
the linear relationship between the concentration and absorbance 
of paeoniflorin was good. Therefore, this standard can accurately 

reflect the relationship between the absorbance value and the con-
centration of the anthocyanins in red rice bran

3.4 | Response surface experiment results

3.4.1 | Selection of extraction parameters

The process of extracting the chemical constituents from the 
plant raw materials is affected by multiple factors. The results of 
single-factor experiments show that the optimum conditions for 
extracting anthocyanins are a ratio of material to liquid of 1:15, 
60 min of sonication, a 75% ethanol concentration, and a pH of 

F I G U R E  2   The total ion chromatogram of alcohol extract (a) and water extract (c); fragment ion peak of alcohol extract (b) and water 
extract (d)

(a)

(b)

(c)

(d)
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3 (Figure 4). During ultrasonic extraction, the temperature of the 
samples increased and some of the anthocyanin activity is de-
stroyed due to the excessive temperature. To save costs and avoid 
wasting reagents, a 75% ethanol concentration was chosen. The 
actual values and coded values for the variables are summarized 
in Table 4.

A Box-Behnken design was used to evaluate the effects of four 
variables (solid–liquid ratio, ethanol concentration, ultrasonication 

time, and pH value) on the ultrasound-assisted extraction of antho-
cyanins. The purpose was to determine the best extraction process 
for extracting anthocyanins from red rice bran. In this experiment, 
the yield of red rice bran anthocyanins was the response index. The 
results are shown in Table 5.

3.4.2 | Analysis of variance in the extraction 
rate of the red rice anthocyanins

The variance analysis results of model Y are shown in Table 6. The 
regression model was extremely significant (p ˂ .01). The determi-
nation coefficient (R2) is an indicator for evaluating the fitting ef-
fect of the regression model; the R2 of this regression model was 
0.9045, indicating that the fitting effect was good. The normal plot 
of the residuals is shown in Figure 5. Most of the residuals are nor-
mally distributed, and the data points are quite close to the fitted 
line. These observations indicated that the miscalculation was not 
significant. According to the F value shown in Table 6, the solid–liq-
uid ratio was found to be the most significant factor affecting the 
anthocyanin yield, followed by the ethanol concentration, pH value, 
and ultrasonic extraction time. The quadratic terms were not signifi-
cant (p ˃ .05).

F I G U R E  3   (a) Absorption spectrum of red rice bran 
anthocyanins. (b) The standard curve of paeoniflorin

F I G U R E  4   (a) The effect of solid–liquid 
ratio on the yield of anthocyanin in red 
rice bran. (b) The effect of ultrasonic 
time on the yield of anthocyanin in 
red rice bran. (c) The effect of ethanol 
concentration on the yield of anthocyanin 
in red rice bran. (d) The effect of acidity on 
the yield of anthocyanin in red rice bran

TA B L E  4   Coded values of variables in the study

Variable Nomenclature  

Value

(−1) 0 (1)

Solid–liquid 
ratio

X1 (g/ml) 1:10 1:15 1:20

Ethanol 
concentration

X2 (%) 65 75 85

Ultrasonic time X3 (min) 40 60 80

pH value X4  2 3 4
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3.4.3 | Response surface interaction analysis

The response surface curves shown in Figure 6 reveal that the 
curve was steep. This result indicates that the response surface 
value fluctuates greatly. The interaction of the solid–liquid ratio, 
ethanol concentration, ultrasonication time, and pH on the red rice 
bran anthocyanin yield was relatively large. However, the contours 
of the interaction were round. The results were consistent with 
the analysis of the variance showing that the interaction was not 
significant.

Figure 6a,b shows that when the ultrasonication time and pH are 
set to zero and the ethanol concentration is fixed, the anthocyanin 
yield of red rice bran tends to increase as the solid–liquid ratio in-
creases. Specifically, when the solid–liquid ratio was 1:15.81, the an-
thocyanin yield reached the maximum value. When the solid–liquid 
ratio was fixed, the yield first increased with the increasing ethanol 
concentration and then decreased. The highest anthocyanin yield 
was with 75% ethanol. Combined with the density degree of the 

contour line, the effect of the solid–liquid ratio on the anthocyanin 
yield was greater than that of the ethanol concentration.

Figure 6i,j shows the response surface plot of the effects of 
the pH and ethanol concentration. The interaction between these 
two variables is mainly impacted by the ethanol concentration. 
Additionally, in Figure 5g,h, combined with the density degree of the 
contour line, the effect of the pH on the anthocyanin yield is greater 
than that of the ultrasonic extraction time.

In summary, the relative impacts of the variables on the anthocy-
anin yield of red rice bran are in the order material–liquid ratio > con-
centration >pH > ultrasonication time, which is consistent with the 
analysis of variance. Our results were in good agreement with the 
studies by Cai and Luo (Shun-Jing et al., 2016).

3.4.4 | Verification experiment

The optimal extraction conditions of the red rice bran anthocyanins 
obtained from the response surface were a material–liquid ratio of 

Run
Solid–liquid 
ratio (g/ml) Ethanol (%) Time (min) pH

Anthocyanins 
yield (mg/g)

1 −1 1 0 −1 2.70

2 −1 0 0 1 2.69

3 −1 0 0 1 2.61

4 1 0 0 0 4.89

5 −1 0 −1 1 2.52

6 1 0 −1 0 4.78

7 −1 0 1 0 2.69

8 0 0 −1 −1 4.94

9 0 0 −1 0 4.79

10 0 1 −1 1 3.47

11 0 1 1 −1 3.79

12 0 1 0 0 4.51

13 0 1 0 0 4.45

14 1 1 0 0 4.91

15 0 0 1 0 4.07

16 0 −1 −1 0 4.12

17 0 −1 1 −1 4.49

18 0 −1 0 −1 4.02

19 0 −1 0 0 4.11

20 0 0 0 0 5.69

21 0 0 0 0 5.59

22 0 0 0 0 5.59

23 0 0 0 0 5.87

24 −1 −1 0 0 3.46

25 1 −1 0 0 5.17

26 0 0 1 0 4.71

27 1 0 0 1 4.39

28 1 0 1 −1 4.46

29 0 0 0 1 5.16

TA B L E  5   Response surface 
experimental design and results
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1:17.46, ethanol concentration of 78.37%, extract pH of 2.31, and 
ultrasonication time of 55.23 min. The predicted red color obtained 
under these conditions was obtained. The yield of rice bran antho-
cyanins was 5.799 mg/g.

The above optimal conditions were adjusted to the following in 
the actual extraction of red rice bran anthocyanins: a material–liquid 
ratio of 1:17; ethanol concentration of 78%; extract pH of 2.3; and 
ultrasonication time of 55 min. The extraction yield was 5.512 mg/g, 
which was close to the theoretical prediction. Therefore, the opti-
mized conditions for the extraction of red rice bran anthocyanin ob-
tained by RCM have practical application value.

Anthocyanins have high solubility in water and alcohol. The pur-
pose of selecting an aqueous ethanol solution is not in solubility but 
in purity. Water-soluble polysaccharides, proteins, peptides, soluble 
starch, and other nutrients are also in the bran (Xue, Zhang, Zhang, & 
Ren, 2019). At the same time as water extraction of anthocyanins, the 
above substances have to be obtained. The content of such substances 
is much higher than the content of anthocyanins. Therefore, most of 
the anthocyanin extraction will use the ethanol–water system (Celli, 
Ghanem, & Brooks, 2015; Das, Goud, & Das, 2016; Haiwei, 2015).

Consistent with most anthocyanin extraction, the parameters 
obtained by the response surface method are similar to the results 
of this test (Wen et al., 2015). Temperature is an important param-
eter, and the optimum extraction temperature is room temperature 
(Chen, Choi, et al., 2012). Because the content of anthocyanins in 
black rice may be higher than that of red rice, most research studies 
on colored rice focus on black rice (Chaiyasut et al., 2017; Khazaei, 
Jafari, Ghorbani, Kakhki, & Sarfarazi, 2016). Supercritical extraction 
and artificial neural methods are used in the extraction of rice bran 
extract, which may be a direction for later development (Das et al., 
2016; Sookwong et al., 2016).

3.5 | Antioxidant capacity

Vitamin C (Vc) has strong antioxidant activity and is used as a posi-
tive control (Lee, Han, Kim, Baek, & Baik, 2013). As mentioned in 
the methods, a high absorbance value reflects a strong reduction 
capacity. As shown in Figure 7, the anthocyanin standard resulted 

TA B L E  6   The variance analysis results of the quadratic regression model

Source Sum of squares Degree of freedom Mean square F value P value Significant

Model 24.18 14 1.73 9.47 ˂.0001 **

X1–X1 6.54 1 6.54 35.84 ˂.0001 **

X2–X2 0.87 1 0.87 4.20 .0623  

X3–X3 0.44 1 0.44 2.43 .1416  

X4–X4 0.67 1 0.67 3.70 .0751  

X1X2 0.23 1 0.23 1.24 .2834  

X1X3 7.51E-03 1 7.51E-03 0.04 .8421  

X1X4 2.23E-03 1 2.23E-03 0.01 .9134  

X2X3 0.48 1 0.48 2.63 .1273  

X2X4 0.39 1 0.39 2.13 .1661  

X3X4 0.10 1 0.10 0.55 .4700  

X1
2 4.72 1 4.72 25.90 .0002  

X2
2 1.82 1 1.82 9.96 .0070  

X3
2 1.78 1 1.78 9.79 .0074  

X4
2 0.60 1 0.60 3.28 .0915  

Total error 2.55 14 0.18    

Lack of fit 2.26 8 0.28 5.80 .0530  

Pure error 0.29 6 0.05    

Total SS 26.73 28     

Note: Predicted R2 = .9045 CV = 9.95%.

F I G U R E  5   Residual model diagram
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in the highest reduction, followed by Vc, and finally the anthocya-
nin extracted from red rice bran. Table 7 presents the IC50 values 
of the anthocyanins extracted from red rice bran, the anthocyanin 

standards, and Vc against DPPH. The anthocyanin standard has 
a stronger ability to scavenge DPPH than does Vc (p < .05). The 
DPPH scavenging ability of anthocyanins extracted from red rice 

F I G U R E  6   Response surface and 
contour plots for the effects of the 
interactions of the solid–liquid ratio 
and ethanol concentration (a and b), 
solid–liquid ratio and ultrasonic time (c 
and d), solid–liquid ratio and pH (e and f), 
ultrasonic time and pH (g and h), and pH 
and ethanol concentration (i and j) on the 
yield of anthocyanin from red rice bran
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bran did not reach the level of the standards (p < .05). The data in 
Table 7 clearly show the weak ability of the anthocyanin extracted 
from red rice bran to scavenge oxygen free radicals (˃2 mg/ml). 
A variety of methods have been used to measure the antioxidant 
activity of colored rice extracts (Abdel-Aal et al., 2008; Shen et al., 
2015). Comparison studies have shown that the red rice extract 
has an excellent iron-reducing ability and moderate free radical 
scavenging activity. The excellent antioxidant activity of red rice is 
attributed to the presence of anthocyanins (Cai, Sun, Xing, Luo, & 
Corke, 2006). Plant polyphenols, including anthocyanins, have an 
in vitro antioxidant activity that depends on the chemical struc-
ture of the polyphenols; for example, the aglycone structure and 
the attached sugar moiety result in free radical scavenging activity 
against O2

− and ONOO-. The antioxidant activity of the red rice 
extract may be affected by the origin and maturity of the rice. The 
former is less pure than the latter may be another reason why the 
extract is less active than the standard.

Although preliminary experiments have been found that colored 
rice has better antioxidant activity than alcohol extract of white rice 
(Nam et al., 2006), the antioxidant properties of nutrients in rice 
bran mainly come from phenolic substances (Chen, Choi, et al., 2012; 
Laokuldilok, Shoemaker, Jongkaewwattana, & Tulyathan, 2011). This 
does not affect these colored plants which could provide a potential 
natural source of anthocyanins and could be beneficial to the human 
health, especially in the neurodegenerative disorders and as sources 
of natural antioxidants in food industry. However, anthocyanins 
are easily degraded, resulting in darker colors, resulting in reduced 
product quality (Ibemhal, Imotomba, Mazumder, & Laishram, 2015; 
Tananuwong & Tewaruth, 2010).

3.6 | Tyrosinase inhibitory activity

Tyrosinase plays a key role in melanin production and browning, and 
many plant extracts have been found to inhibit tyrosinase activ-
ity, such as jackfruit and dandelion (Suh, Hwang, Park, Park, & Lee, 
2014). Plant extracts have become a natural source of tyrosinase in-
hibitors (Bonesi et al., 2019). Vc, which has a strong inhibitory effect 
on tyrosinase, was used as a control. Vc binds to the Cu2+ in tyrosi-
nase, preventing the activation of the tyrosinase and thereby inhibit-
ing the tyrosinase. Low concentrations of red rice bran anthocyanins 
can inhibit the activity of tyrosinase. The extent of the tyrosinase in-
hibition provided by the red rice bran anthocyanins and Vc increased 
gradually and finally stabilized. The inhibitory effect of Vc was bet-
ter than that of the red rice bran anthocyanins (p < .05). The lower 
the IC50 value is, the stronger the biological activity. Therefore, red 
rice bran anthocyanin has a good inhibitory effect on tyrosinase, but 
the inhibition provided by these anthocyanins is slightly weaker than 
that provided by Vc.

Anthocyanin contents (3G [2.84 mg/g], D3G [0.34 mg/g], and 
P3G [0.35 mg/g]) from the seed coat of black soybean possessed 
antihuman tyrosinase activity (Jhan et al., 2016). Anthocyanins in 
cranberry (Vaccinium macrocarpon) and blueberry (Vaccinium myrtil-
lus) are the most potential for tyrosinase inhibitors and can be devel-
oped as whitening agent (Cásedas, Les, Gómez-Serranillos, Smith, & 
López, 2017).

4  | CONCLUSION

Response surface methodology was used to evaluate the effect of 
temperature, time, and solid–liquid ratio on the extraction of com-
pounds from red rice bran. The optimal extraction conditions were 
a material–liquid ratio of 1:17.46, ethanol concentration of 78.37%, 
extract pH of 2.31, and ultrasonication time of 55.23 min. The pre-
dicted yield of red rice bran anthocyanins obtained under the op-
timal conditions was 5.799 mg/g, and the actual yield of red rice 
bran was 5.51 mg/g, which is not much different from the expected 
value. The use of acid–ethanol is noteworthy because it is a nontoxic 
solvent system which could be used to extract bioactive and pig-
mented compounds from black rice, and also can reduce the content 
and type of impurities in the extract, which is beneficial to industrial 
production.

In this experiment, paeoniflorin was the main anthocyanin iden-
tified in red rice bran. The extract had good antioxidant and tyros-
inase inhibition activities. There is a good correlation between the 

F I G U R E  7   The reducing of anthocyanin sample, standard, and 
vitamin C

 
DPPH radical 
scavenging activity

Superoxide anion 
scavenging activity Tyrosinase inhibition

Anthocyanin sample 53.51 ± 1.69 2,375 ± 35.46 4.26 ± 0.59

Anthocyanin standard 14.60 ± 0.89 64.74 ± 1.06 2.60 ± 0.16

vitamin C 24.45 ± 1.57 136.25 ± 2.86 2.18 ± 0.42

TA B L E  7   IC50 values of anthocyanin 
sample, standard and vitamin C (μg/ml)
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observed effect and concentration. Therefore, the anthocyanins ex-
tracted from red rice bran can be applied to the health food, medical, 
and beauty fields. Moreover, these results can not only improve the 
utilization rate of red rice bran but also provide new ideas for the 
development of natural pigments.

ACKNOWLEDG EMENTS
This work was supported by the Doctoral research start-up funds 
of Weifang medical college, project No.ZR2019PH043 supported 
by Shandong provincial natural science foundation and the inno-
vation team of health statistics theory and application technology 
supported by Youth Incubation Program for Youth Talents in col-
leges and universities of Shandong Province. Thanks to Weifang Key 
Laboratory of Food Nutrition and Safety.

CONFLIC T OF INTERE S TS
No conflict of interest was declared by the authors.

E THIC AL APPROVAL
This study does not involve any human or animal testing.

ORCID
Yujie Wang  https://orcid.org/0000-0002-5894-9505 
Lei Zhao  https://orcid.org/0000-0001-7137-2432 
Ruoyu Zhang  https://orcid.org/0000-0003-3084-4338 
Xiushi Yang  https://orcid.org/0000-0002-2438-5545 
Yanghua Sun  https://orcid.org/0000-0003-0311-7477 
Longlong Shi  https://orcid.org/0000-0002-2692-5912 
Peng Xue  https://orcid.org/0000-0002-5537-1648 

R E FE R E N C E S
Abdel-Aal, E. S. M., Abou-Arab, A. A., Gamel, T. H., Hucl, P., Young, J. 

C., & Rabalski, I. (2008). Fractionation of blue wheat anthocyanin 
compounds and their contribution to antioxidant properties. Journal 
of Agricultural and Food Chemistry, 56, 11171–11177. https ://doi.
org/10.1021/jf802 168c

Abdel-Aal, E. S. M., Young, J. C., & Rabalski, I. (2006). Anthocyanin com-
position in black, blue, pink, purple, and red cereal grains. Journal 
of Agricultural and Food Chemistry, 54, 4696–4704. https ://doi.
org/10.1021/jf060 6609

Bonesi, M., Xiao, J., Tundis, R., Aiello, F., Sicari, V., & Loizzo, M. R. (2019). 
Advances in the tyrosinase inhibitors from plant source. Current 
Medicinal Chemistry, 26, 3279–3299. https ://doi.org/10.2174/09298 
67325 66618 05220 91311 

Boo, H. O., Hwang, S. J., Bae, C. S., Park, S. H., Heo, B. G., & Gorinstein, 
S. (2012). Extraction and characterization of some natural plant 
pigments. Industrial Crops and Products, 40, 129–135. https ://doi.
org/10.1016/j.indcr op.2012.02.042

Cai, Y. Z., Sun, M., Xing, J., Luo, Q., & Corke, H. (2006). Structure–radical 
scavenging activity relationships of phenolic compounds from tradi-
tional chinese medicinal plants. Life Sciences, 78, 2872–2888. https ://
doi.org/10.1016/j.lfs.2005.11.004

Cásedas, G., Les, F., Gómez-Serranillos, M. P., Smith, C., & López, V. (2017). 
Anthocyanin profile, antioxidant activity and enzyme inhibiting prop-
erties of blueberry and cranberry juices: A comparative study. Food & 
Function, 8, 4187–4193. https ://doi.org/10.1039/C7FO0 1205E 

Celli, G. B., Ghanem, A., & Brooks, S. L. (2015). Optimization of ul-
trasound-assisted extraction of anthocyanins from haskap 

berries (Lonicera Caerulea L.) using response surface methodology. 
Ultrasonics Sonochemistry, 27, 449–455. https ://doi.org/10.1016/j.
ultso nch.2015.06.014

Chaiyasut, C., Pengkumsri, N., Sirilun, S., Peerajan, S., Khongtan, S., & 
Sivamaruthi, B. S. (2017). Assessment of changes in the content of 
anthocyanins, phenolic acids, and antioxidant property of saccharo-
myces cerevisiae mediated fermented black rice bran. AMB Express, 
7, 114–124. https ://doi.org/10.1186/s13568-017-0411-4

Chen, M. H., Choi, S. H., Kozukue, N., Kim, H. J., & Friedman, M. (2012). 
Growth-inhibitory effects of pigmented rice bran extracts and three 
red bran fractions against human cancer cells: Relationships with 
composition and antioxidative activities. Journal of Agricultural and 
Food Chemistry, 60, 9151–9161. https ://doi.org/10.1021/jf302 5453

Chen, X. Q., Nagao, N., Itani, T., & Irifune, K. (2012). Anti-oxidative analy-
sis, and identification and quantification of anthocyanin pigments in 
different coloured rice. Food Chemistry, 135, 2783–2788. https ://doi.
org/10.1016/j.foodc hem.2012.06.098

Das, A. B., Goud, V. V., & Das, C. (2016). Extraction of phenolic com-
pounds and anthocyanin from black and purple rice bran (Oryza 
Sativa L.) using ultrasound: A comparative analysis and phytochem-
ical profiling. Industrial Crops and Products, 95, 332–341. https ://doi.
org/10.1016/j.indcr op.2016.10.041

Deng, G. F., Xu, X. R., Zhang, Y., Li, D., Gan, R. Y., & Li, H. B. (2013). 
Phenolic compounds and bioactivities of pigmented rice. Critical 
Reviews in Food Science and Nutrition, 53, 296–306. https ://doi.
org/10.1080/10408 398.2010.529624

Ding, J., Ulanov, A. V., Dong, M., Yang, T., Nemzer, B. V., Xiong, S., … 
Feng, H. (2018). Enhancement of gama-aminobutyric acid (GABA) 
and other health-related metabolites in germinated red rice (Oryza 
sativa, L.) by ultrasonication. Ultrasonics Sonochemistry, 40, 791–797. 
https ://doi.org/10.1016/j.ultso nch.2017.08.029

Fujiwara, Y., Kono, M., Ito, A., & Ito, M. (2018). Anthocyanins in perilla 
plants and dried leaves. Phytochemistry, 147, 158–166. https ://doi.
org/10.1016/j.phyto chem.2018.01.003

Hirawan, R., Diehljones, W., & Beta, T. (2011). Comparative evaluation 
of the antioxidant potential of infant cereals produced from purple 
wheat and red rice grains and lcms analysis of their anthocyanins. 
Journal of Agricultural & Food Chemistry, 59, 12330–12341. https ://
doi.org/10.1021/jf202 662a

Homoki, J. R., Nemes, A., Fazekas, E., Gyemant, G., Balogh, P., Gal, F., 
… Remenyik, J. (2016). Anthocyanin composition, antioxidant effi-
ciency, and α-amylase inhibitor activity of different Hungarian sour 
cherry varieties (Prunus Cerasus L.). Food Chemistry, 19, 222–229. 
https ://doi.org/10.1016/j.foodc hem.2015.07.130

Hosoda, K., Sasahara, H., Matsushita, K., Tamura, Y., Miyaji, M., & 
Matsuyama, H. (2018). Anthocyanin and proanthocyanidin contents, 
antioxidant activity, and in situ degradability of black and red rice 
grains. Asian Australasian Journal of Animal Sciences, 31, 1213–1220. 
https ://doi.org/10.5713/ajas.17.0655

Huiqin, Z., Ying, Z., & Hui, J. (2014). Study on extracting process of black 
rice pigment. Journal of Food Science and Biotechnology, 33, 445–447.

Ibemhal, D. A., Imotomba, R. K., Mazumder, P. B., & Laishram, J. M. (2015). 
Anthocyanin content in the black scented rice (chakhao): Its impact 
on human health and plant defense. Symbiosis, 66, 47–54. https ://doi.
org/10.1007/s13199-015-0329-z

Jhan, J. K., Chung, Y. C., Chen, G. H., Chang, C. H., Lu, Y. C., & Hsu, C. 
K. (2016). Anthocyanin contents in the seed coat of black soya bean 
and their anti-human tyrosinase activity and antioxidative activity. 
International Journal of Cosmetic Science, 38, 319–324. https ://doi.
org/10.1111/ics.12300 

Jiang, H. W., Yang, T. T., Li, J. Q., Ye, H., Liu, R., Li, H. Y., & Deng, Z. Y. 
(2015). Response surface methodology for optimization of micro-
wave-assisted extraction and antioxidant activity of anthocyanins 
from red rice. Journal of Chinese Institute of Food Science & Technology, 
15, 74–81.

https://orcid.org/0000-0002-5894-9505
https://orcid.org/0000-0002-5894-9505
https://orcid.org/0000-0001-7137-2432
https://orcid.org/0000-0001-7137-2432
https://orcid.org/0000-0003-3084-4338
https://orcid.org/0000-0003-3084-4338
https://orcid.org/0000-0002-2438-5545
https://orcid.org/0000-0002-2438-5545
https://orcid.org/0000-0003-0311-7477
https://orcid.org/0000-0003-0311-7477
https://orcid.org/0000-0002-2692-5912
https://orcid.org/0000-0002-2692-5912
https://orcid.org/0000-0002-5537-1648
https://orcid.org/0000-0002-5537-1648
https://doi.org/10.1021/jf802168c
https://doi.org/10.1021/jf802168c
https://doi.org/10.1021/jf0606609
https://doi.org/10.1021/jf0606609
https://doi.org/10.2174/0929867325666180522091311
https://doi.org/10.2174/0929867325666180522091311
https://doi.org/10.1016/j.indcrop.2012.02.042
https://doi.org/10.1016/j.indcrop.2012.02.042
https://doi.org/10.1016/j.lfs.2005.11.004
https://doi.org/10.1016/j.lfs.2005.11.004
https://doi.org/10.1039/C7FO01205E
https://doi.org/10.1016/j.ultsonch.2015.06.014
https://doi.org/10.1016/j.ultsonch.2015.06.014
https://doi.org/10.1186/s13568-017-0411-4
https://doi.org/10.1021/jf3025453
https://doi.org/10.1016/j.foodchem.2012.06.098
https://doi.org/10.1016/j.foodchem.2012.06.098
https://doi.org/10.1016/j.indcrop.2016.10.041
https://doi.org/10.1016/j.indcrop.2016.10.041
https://doi.org/10.1080/10408398.2010.529624
https://doi.org/10.1080/10408398.2010.529624
https://doi.org/10.1016/j.ultsonch.2017.08.029
https://doi.org/10.1016/j.phytochem.2018.01.003
https://doi.org/10.1016/j.phytochem.2018.01.003
https://doi.org/10.1021/jf202662a
https://doi.org/10.1021/jf202662a
https://doi.org/10.1016/j.foodchem.2015.07.130
https://doi.org/10.5713/ajas.17.0655
https://doi.org/10.1007/s13199-015-0329-z
https://doi.org/10.1007/s13199-015-0329-z
https://doi.org/10.1111/ics.12300
https://doi.org/10.1111/ics.12300


932  |     WANG et Al.

Khazaei, K. M., Jafari, S. M., Ghorbani, M., Kakhki, A. H., & Sarfarazi, 
M. (2016). Optimization of anthocyanin extraction from saffron pet-
als with response surface methodology. Food Analytical Methods, 9, 
1993–2001. https ://doi.org/10.1007/s12161-015-0375-4

Klavins, L., Kviesis, J., Nakurte, I., & Klavins, M. (2018). Berry press 
residues as a valuable source of polyphenolics: Extraction optimi-
sation and analysis. LWT, 93, 583–591. https ://doi.org/10.1016/j.
lwt.2018.04.021

Laokuldilok, T., Shoemaker, C. F., Jongkaewwattana, S., & Tulyathan, V. 
(2011). Antioxidants and antioxidant activity of several pigmented 
rice brans. Journal of Agricultural and Food Chemistry, 59, 193–199. 
https ://doi.org/10.1021/jf103 649q

Lee, C., Han, D., Kim, B., Baek, N., & Baik, B.-K. (2013). Antioxidant and 
anti-hypertensive activity of anthocyanin-rich extracts from hulless 
pigmented barley cultivars. International Journal of Food Science & 
Technology, 48, 984–991. https ://doi.org/10.1111/ijfs.12050 

Liu, J. C., Jiao, Z. G., & Zhang, C. L. (2013). Inhibitory effect of apple poly-
phenol extract on tyrosinase. China Surfactant Detergent & Cosmetics, 
43, 414–417.

Liu, X., Mu, T., Sun, H., Zhang, M., & Chen, J. (2013). Optimisation of 
aqueous two-phase extraction of anthocyanins from purple sweet 
potatoes by response surface methodology. Food Chemistry, 141, 
3034–3041. https ://doi.org/10.1016/j.foodc hem.2013.05.119

López, C. J., Caleja, C., Prieto, M. A., Barreiro, M. F., Barros, L., & Ferreira, 
C. F. R. (2018). Optimization and comparison of heat and ultrasound 
assisted extraction techniques to obtain anthocyanin compounds 
from Arbutus unedo L. fruits. Food Chemistry, 264, 81–91. https ://doi.
org/10.1016/j.foodc hem.2018.04.103

Luo, S., Ma, Y., Liu, C. M., Gong, E., Li, Q., Zeng, Z., & Zhang, M. M. 
(2016). Optimization of extracting proanthocyandins from red rice 
by response surface methodology. Science and Technology of Food 
Industry, 7, 176–181.

Min, B., Mcclung, A. M., & Chen, M. H. (2011). Phytochemicals and antioxi-
dant capacities in rice brans of different color. Journal of Food Science, 
76, 117–126. https ://doi.org/10.1111/j.1750-3841.2010.01929.x

Nam, S. H., Choi, S. P., Kang, M. Y., Koh, H. J., Kozukue, N., & Friedman, 
M. (2006). Antioxidative activities of bran extracts from twenty one 
pigmented rice cultivars. Food Chemistry, 94, 613–620. https ://doi.
org/10.1016/j.foodc hem.2004.12.010

Neagu, E., Radu, G. L., Albu, C., & Paun, G. (2018). Antioxidant activ-
ity, acetylcholinesterase and tyrosinase inhibitory potential of 
pulmonaria officinalis and Centarium Umbellatum extracts. Saudi 
Journal of Biological Sciences, 25, 578–585. https ://doi.org/10.1016/j.
sjbs.2016.02.016

Pedro, A. C., Granato, D., & Rosso, N. D. (2015). Extraction of anthocy-
anins and polyphenols from black rice (Oryza Sativa L.) by modeling 

and assessing their reversibility and stability. Food Chemistry, 191, 
12–14. https ://doi.org/10.1016/j.foodc hem.2015.02.045

Shen, Y., Zhang, H., Cheng, L., Wang, L., Qian, H., & Qi, X. (2015). In 
vitro and in vivo antioxidant activity of polyphenols extracted from 
black highland barley. Food Chemistry, 194, 1003–1012. https ://doi.
org/10.1016/j.foodc hem.2015.08.083

Sookwong, P., Suttiarporn, P., Boontakham, P., Seekhow, P., Wangtueai, 
S., & Mahatheeranont, S. (2016). Simultaneous quantification of vi-
tamin e, γ-oryzanols and xanthophylls from rice bran essences ex-
tracted by supercritical CO2. Food Chemistry, 211, 140–147. https ://
doi.org/10.1016/j.foodc hem.2016.05.001

Suh, S. S., Hwang, J., Park, M., Park, H., & Lee, T. K. (2014). Phenol con-
tent, antioxidant and tyrosinase inhibitory activity of mangrove 
plants in micronesia. Asian Pacific Journal of Tropical Medicine, 7, 531–
535. https ://doi.org/10.1016/S1995-7645(14)60089-4

Tananuwong, K., & Tewaruth, W. (2010). Extraction and application 
of antioxidants from black glutinous rice. LWT - Food Science and 
Technology, 43, 476–481. https ://doi.org/10.1016/j.lwt.2009.09.014

Valentina, M., & Rita, A. (2017). Health-promoting compounds in pig-
mented Thai and wild rice. Foods, 6, 9–15. https ://doi.org/10.3390/
foods 6010009

Wen, Y., Chen, H., Zhou, X., Deng, Q., Zhao, Y., Zhao, C., & Gong, X. 
(2015). Optimization of the microwave-assisted extraction and anti-
oxidant activities of anthocyanins from blackberry using a response 
surface methodology. RSC Advance, 5, 19686–19695. https ://doi.
org/10.1039/C4RA1 6396F 

Xue, P., Zhang, W. Y., Zhang, F. X., & Ren, G. X. (2019). Analysis of the 
nutrients and anthocyanins contents of red rice bran, polished rice, 
brown rice and Germ-left rice from Yuanyang County. Modern Food 
Science and Technology, 34, 212–217.

Zhang, S. B., & Yang, Y. J. (2005). Aqueous enzymatic extraction of rape-
seed oil. China Oils and Fats, 30, 33–35.

Zhu, F. (2018). Anthocyanins in cereals: Composition and health effects. 
Food Research International, 109, 232–249. https ://doi.org/10.1016/j.
foodr es.2018.04.015

How to cite this article: Wang Y, Zhao L, Zhang R, et al. 
Optimization of ultrasound-assisted extraction by response 
surface methodology, antioxidant capacity, and tyrosinase 
inhibitory activity of anthocyanins from red rice bran. Food 
Sci Nutr. 2020;8:921–932. https ://doi.org/10.1002/fsn3.1371

https://doi.org/10.1007/s12161-015-0375-4
https://doi.org/10.1016/j.lwt.2018.04.021
https://doi.org/10.1016/j.lwt.2018.04.021
https://doi.org/10.1021/jf103649q
https://doi.org/10.1111/ijfs.12050
https://doi.org/10.1016/j.foodchem.2013.05.119
https://doi.org/10.1016/j.foodchem.2018.04.103
https://doi.org/10.1016/j.foodchem.2018.04.103
https://doi.org/10.1111/j.1750-3841.2010.01929.x
https://doi.org/10.1016/j.foodchem.2004.12.010
https://doi.org/10.1016/j.foodchem.2004.12.010
https://doi.org/10.1016/j.sjbs.2016.02.016
https://doi.org/10.1016/j.sjbs.2016.02.016
https://doi.org/10.1016/j.foodchem.2015.02.045
https://doi.org/10.1016/j.foodchem.2015.08.083
https://doi.org/10.1016/j.foodchem.2015.08.083
https://doi.org/10.1016/j.foodchem.2016.05.001
https://doi.org/10.1016/j.foodchem.2016.05.001
https://doi.org/10.1016/S1995-7645(14)60089-4
https://doi.org/10.1016/j.lwt.2009.09.014
https://doi.org/10.3390/foods6010009
https://doi.org/10.3390/foods6010009
https://doi.org/10.1039/C4RA16396F
https://doi.org/10.1039/C4RA16396F
https://doi.org/10.1016/j.foodres.2018.04.015
https://doi.org/10.1016/j.foodres.2018.04.015
https://doi.org/10.1002/fsn3.1371

