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a b s t r a c t

By-products originating from food processing are a considerable disposal problem for the food
industry. Because of the absence of specifically effective processing technology, huge quantities of by-
products are often abandoned as rubbish and prone to microbial spoilage. Given this, a simultaneous
microwave/ultrasonic assisted enzymatic extraction (SMU-AEE) method was established for the first
time, and performed for antioxidant ingredients extraction from Nitraria tangutorum juice by-products
(NJB) in the present study. Its experimental conditions were optimized by single factor test and response
surface methodology (RSM), and gave the corresponding response values for antioxidant capacity of NJB
extract (NJBE) of 219.73 ± 7.03 mg TE/g, which was 27.62%–190.23% higher than those obtained by tra-
ditional extraction methods. Chemical composition assay suggested that the increasing of antioxidant
capacity of NJBE by SMU-AEE was because of the improvement of extraction efficiency of antioxidant
ingredients from NJB, including phenols, flavonoids and anthocyanins. Furthermore, oxidative injury
protection ability assay showed that NJBE was good at protecting cells from UVB-oxidative phototoxic-
ity and doxorubicin-oxidative cardiotoxicity, and its protecting ability surpasses or approaches to that of
grape seed extract (GSE, the positive control drug), indicating its good potential to be a natural antioxidant
in food and pharmaceutical industries.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

By-products originating from food processing are a consider-
able disposal problem for the food industry because these waste
streams emerge in huge quantities and are often prone to micro-
bial spoilage. However, at the same time by-products constitute a
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rich but yet underutilized source of valuable components, which
may find application as ingredients in the food, feed, cosmet-
ics, and pharmaceutical industries (Yu et al., 2014). As a result,
numerous projects are currently directed toward the utilization
of by-products such as olive oil mill waste, grape pomace, potato
peels, brewerı́s spent grains, and residues from processing of exotic
fruits, oilseeds, legumes, cereal crops, meat, and seafood, to name
just a few (Fu et al., 2014; Gobi and Vadivelu, 2013; Górnaś et al.,
2014; Lasekan et al., 2013; Sullivana et al., 2013). Despite intense
research activities during the past two decades, economically feasi-
ble processes have been established only for very few by-products,
i.e., cheese whey and olive mill waste (Gobi and Vadivelu, 2014;
Minhalma et al., 2007). To our best knowledge, there is no target-
ing effective process for antioxidant ingredients extraction from
berry juice by-products. Indeed, experience has shown that the
investigation of targeted applications plays a key role for the
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commercialization and establishment of relevant products in the
market.

Nitraria tangutorum Bobr. is such a very typical example. In
Qinghai–Tibet plateau, N. tangutorum Bobr. fruit is one of the
lots of native fork medicines used to alleviate fatigue caused
by oxygen deficiency for thousands of years (Dierma, 2012).
Recently, some studies showed that N. tangutorum fruit contains
abundant alkaloids and flavones including anthocyanins, allan-
toin, 1-methyl-1,2,3,4-tetrahydrobeta-carboline-3-carboxylic acid
(MTCCA), quercetin and polysaccharide (Ni et al., 2013; Suo and
Wang, 2010; Wang et al., 2007), and its extract had high FRAP
values and noticeable effects on the scavenging free radicals and
prolonging loading swimming time (Ni et al., 2013; Zheng et al.,
2011). Qinghai–Tibet plateau has abundant resource of N. tanguto-
rum. Only in Qaidam Basin (in Qinghai Province, China), there are
almost 1000 km2 of N. tangutorum, and the available fresh fruits are
1.5–2.5 × 105 tons per year (Yang et al., 2013). Because of its good
antioxidant and anti-fatigue activities, more and more N. tanguto-
rum fruit has been processed into functional health drink, while
resulting a large amount of by-products (35%∼40% of fresh fruit,
including peels and seeds). Because of the absence of effective pro-
cessing technology, juice by-products of N. tangutorum fruit is being
abandoned as rubbish at present.

In view of the above development, a simultaneous
microwave/ultrasonic assisted enzymatic extraction (SMU-
AEE) method was established for the first time, and its conditions
were optimized for antioxidant ingredients extraction from N.
tangutorum juice by-products (NJB) by using single factor test
and response surface methodology (RSM) in the present study.
Furthermore, the chemical composition and cell oxidative injury
protection ability of N. tangutorum juice by-products extract (NJBE)
were evaluated to assess the importance as a potential source of
natural antioxidant in food and pharmaceutical industries.

2. Materials and methods

2.1. Plant material and chemicals

The fresh fruits of N. tangutorum Bobr. were collected from
Dongshangen of Dulan Country (N36.321, E98.111; 3100 m alti-
tude), Haixi national municipality of Mongol and Tibetan, Qinghai,
China, and identified by Prof. Xuefeng Lu, Northwest Plateau Insti-
tute of Biology, Chinese Academy of Sciences. N. tangutorum fresh
fruits were washed by purified water, and then juiced by a screw
juice extractor (JYZ-E16, Joyoung, China). The N. tangutorum juice
by-products (NJB) were collected and freeze–dried. The lyophilized
NJB were grounded, passed through a 0.5-mesh sieve, and stored
at −20 ◦C until extraction.

2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
in the crystallized diammonium form, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), peroxidase (HRP),
gallic acid, quercetin, cyanine-3-glucoside and Folin–Ciocalteu
reagent were purchased from Sigma–Aldrich Chemical (St. Louis,
MO, USA). Celluclast 1.5 L was from Novozymes (China) Investment
Co., Ltd. Doxorubicin (DOX) was from Shanghai Sangon Biotech,
China. Grape seed extract (GSE) was purchased from Tianjin
Jianfeng Natural Product R&D Co., Ltd. (lot number: 002-1401001-
02, 99.04% of polyphenols content). All other reagents were of
analytical grade made in China.

2.2. Simultaneous microwave/ultrasonic assisted enzymatic
extraction (SMU-AEE)

2.2.1. Solvent extraction
Different solvents were used for antioxidant ingredients extrac-

tion from NJB, including methanol, ethanol, and acetone. Methanol,

ethanol, and acetone were used in the pure form (absolute) and also
in mixtures with water to obtain different concentrations.

For the extractions, 1 g of dried NJB powder was mixed with
10 mL of solvent in a glass flask, which were duly covered to
avoid solvent loss, and placed in a microwave/ultrasonic syner-
gistic extraction apparatus (XH-300B, Beijing Xianghu Science and
Technology Development Co., Ltd. China). The reaction mixture was
simultaneously irradiated at 300 W of microwave power and 600 W
of ultrasonic power at a temperature of 60 ◦C for a fixed reaction
time of 20 min. Upon completion of the treatment, the resulting
mixture was centrifuged at 10,000 rpm for 15 min. The supernatant
was collected and vacuum dried at 30 ◦C, generating N. tangutorum
juice by-products extract (NJBE). NJBE was dissolved in 10 mL of
water, and then purified on an AB-8 macroporous resin column by
successively elution with water and ethanol. The ethanolic eluate
was collected and vacuum dried at 30 ◦C, and redissolved in water
for antioxidant assay.

2.2.2. SMU-AEE procedure
1 g of dried NJB powder was mixed with 3∼9 mL phosphate

buffer (0.1 M, pH 3.0∼6.0) and 1∼10 mg Celluclast 1.5 L. The mix-
ture was incubated at 45 ◦C for 20 min in a rotary shaker at 160 rpm.
Then, absolute ethanol was added to the mixture until its ethanol
concentration reaching to 70%. The reaction mixture was simulta-
neously irradiated at 100∼600 W of microwave and 200∼1200 W
of ultrasonic at the temperature of 50∼90 ◦C for 10∼60 min. The
resulting mixture was treated following the procedure described
as the Section 2.2.1.

2.2.3. The experimental design for response surface methodology
(RSM)

To analyze and optimize the influence of four independent
parameters for SMU-AEE, namely: pH value of solvent (X1, 4∼5),
temperature for extraction (X2, 60∼70 ◦C), extraction time (X3,
30∼50 min) and microwave power (X4, 300∼500 W) on Trolox
equivalent antioxidant capacity (TEAC) of NJB extract, a 43 facto-
rial experimental design with response surface methodology (RSM)
was used. The mean values of TEAC (Y, dependent parameter)
obtained from the triplicate experiments were fitted to a quadratic
polynomial model which reads as follows:

Y = ˇ0 + ˙ˇiXi + ˙ˇiiX
2
i + ˙ˇijXiXj (1)

where, Y is the predicted response (TEAC of NJB extract in mg TE/g),
ˇ0, ˇi, ˇii and ˇij are the regression coefficients for intercept, lin-
ear, quadratic, and interaction terms, respectively, while Xi and
Xj are the independent variables. The adequacy of the model was
expressed by the coefficient of determination (R2) and adjusted R2,
while the F-test and p-value were used to check the significance of
the regression coefficient. Finally, in order to determine the ade-
quacy of the fitted model, the experimental and predicted values
were compared.

2.3. Chemical characterization of NJBE

2.3.1. Total phenols
Total phenols were determined by using the Folin–Ciocalteau

reagent according to the colorimetric method described by
Singleton and Rossi, 1965, adapted for use in a 96-well microplate.
Briefly, 5 �L of the filtered extracts duly diluted in the same solvent
for extraction were mixed with 60 �L of sodium carbonate solu-
tion (7.5% w/v) and 15 �L of Folin–Ciocalteau reagent in a 96-well
microplate. Then, 200 �L of distilled water was added and mixed.
After standing for 5 min at 60 ◦C, the samples were allowed to cool
at room temperature, and the absorbance was measured at 700 nm
in a spectrophotometric microplate reader (EnSpire® Multimode
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Plate Readers, PerkinElmer Inc., USA), using each respective sol-
vent for extraction as blank. A calibration curve was prepared using
standard solution of gallic acid (200–3000 mg/L). The total phenols
content was expressed as milligram gallic acid equivalent per dry
weight of extract (mg GAE/g).

2.3.2. Flavonoids
Flavonoids were quantified by colorimetric assay (Chang et al.,

2002). Briefly, 30 �L of the filtered extracts duly diluted in the same
solvent for extraction were added to 90 �L methanol in a 96-well
microplate. Subsequently, 6 �L aluminum chloride (10% w/v), 6 �L
1 M potassium acetate and 170 �L distilled water were sequentially
added to the mixture. After 30 min of reaction, the absorbance of
the mixture was measured at 415 nm, using each respective sol-
vent for extraction as blank. A calibration curve was prepared using
standard solution of quercetin (25–200 mg/L). The total content of
flavonoids was expressed as milligram quercetin equivalent per dry
weight of extract (mg QE/g).

2.3.3. Determination of total anthocyanin contents (TAC)
The spectrophotometric pH singe and differential methods

were used to determine monomeric and total (monomeric plus
condensed) anthocyanins in NJBE (Nicoué et al., 2007). Two
probes of 1.5 mL extract solutions were transferred to volu-
metric flasks of 10 mL which were filled up to a mark with
buffers of pH 1 and pH 4.5 for each probe. After allowing
15 min standstill, the absorbance at 520 nm and 700 nm was mea-
sured. The concentration of total anthocyanins was expressed
as cyanine-3-glucoside equivalent (mg CGE/g) and was calculated
according to:

Ctot = AtotM

�l
(2)

Atot = (A520nm − A700nm)pH=1 (3)

where, Atot—the total solution absorbance, A520 nm—the solution
absorbance at pH 1 and 520 nm, A700 nm—the solution absorbance
at pH 1 and 700 nm, M—the molecular mass of cyanine-3-glucoside
(449.2 g/mol), �—the molar absorption coefficient of cyanine-3-
glucoside, and l—the optical path (10 mm).

2.4. Total antioxidant capacity assay

The method was based on the extracts radical scavenging activ-
ity against stable ABTS

•+, compared with that of Trolox, according
to the procedure described as Labrinea and Georgiou (2004), with
slightly modification. Each extract was dissolved in distilled water
immediately before analysis. ABTS, H2O2, and HRP stock solutions
(respectively at concentrations of 20, 20, and 1.5 mM) were pre-
pared in 0.02 M phosphate buffer (pH 7.4), and stable for over a
month at 0∼4 ◦C. This reaction solution (1000 �L, contained 2 mM
ABTS, 15 �M H2O2, 0.25 �M HRP) was mixed with the extract
solution (10 �L) (or blank) and vortexed, and then kept in the
dark for 5 min at 25 ◦C. The decrease in absorption was measured
at 530 nm. Trolox was used as the standard reference antioxi-
dant at six different concentrations, and results were expressed
as TEAC in mg of Trolox per gram of extract on dry weight basis
(mg TE/g).

2.5. Cell oxidative injury protection assay

Rat cardiac H9c2 cells and HS68 cells were obtained from Amer-
ican type culture collection (ATCC), USA. The cells were cultivated
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% bovine serum (BS), 2 mM glutamine and 1% strepto-
mycin/penicillin on 100 mm plastic culture dishes (BD Falcon, USA),

at 37 ◦C in a humidified atmosphere containing 5% CO2 and the
medium was changed every 2–3 days. Cells were incubated up to
about 24 h and grown to about 80% confluence before experiments.

Cells were treated with 0, 10, 20, or 40 �g/mL NJBE or 40 �g/mL
GSE or vehicle for 24 h prior to oxidative injury. H9c2 cells were
then exposed to 10 �g/mL DOX for 24 h for being injured by
oxidative cardiotoxicity, and HS68 cells were then exposed to a
120 mJ/cm2 dose of UVB light (Philips TL 20 W/12RS fluorescent sun
lamp with an emission spectrum between 285∼350 nm and peak at
310∼315 nm, Amsterdam, Holland) for being injured by oxidative
phototoxicity. The same volumes of corresponding solvents were
added to the controls. Cell viability was determined using the MTT
assay (Song et al., 2012).

2.6. Statistical analysis

Data are reported as the mean ± SD of three measurements.
Design-Expert (Version 8.0, Stat-Ease) was used for the experi-
mental design and the regression analysis of experimental data.
Statistical significance was determined by one-way ANOVA fol-
lowed by Dunnett’s post hoc comparisons. A P-value of <0.05 was
considered to be significant.

3. Results and discussion

3.1. Effect of SMU-AEE conditions on antioxidant capacity of NJBE

3.1.1. Solvent
To evaluate the effects of different extraction solvents

(methanol, ethanol, acetone, and their aqueous solutions) on the
antioxidant ability of NJBE, the other factors were fixed and set as
follows: microwave power 300 W, ultrasonic power 600 W, extrac-
tion time 20 min, extraction temperature 60 ◦C and solvent to raw
material 10:1 (w/w). As shown in Fig. 1A, the antioxidant capacities
of extracts varied significantly (P < 0.05) among each solvents, and
peaked at 70% ethanol aqueous solution which was considered in
the BBD experiment.

To evaluate the effects of key factors of SMU-AEE procedure
on antioxidant capacity of NJBE, single factor test was carried out,
and the fixed parameters were set as the follows: phosphate buffer
(pH 5.5, 0.1 M), 0.6% added content of cellulase, the solvent to NJB
ratio 10:1, extraction temperature 60 ◦C, extraction time 30 min,
microwave power 300 W and ultrasonic power 600 W. The data
were subjected to analysis of variance by general liner model (GLM)
in software SPSS 13.0.

3.1.2. PH of phosphate buffer
PH of solvent affects the cellulase activity as well as the extrac-

tion efficiency of phenols (Puri et al., 2012). To investigate the effect
of pH value of phosphate buffer on antioxidant capacity of NTBE, the
pH of phosphate buffer was set at 3.0∼6.0 in the present study. As
shown in Fig. 1B, the antioxidant capacity of NJBE increased obvi-
ously at pH 3.0∼4.5, reached the peak value at pH 4.5, and then
decreased at pH 4.5∼6.0.

3.1.3. Added content of cellulase
In enzyme-assisted aqueous extraction, enzyme concentration

is one of the key parameters which influences the extraction effi-
ciency of bioactive compounds, and various for different plant
sources (Huynh et al., 2014). In the present experiment, added con-
tent of cellulase (Celluclast 1.5 L) was set at 0.1%∼1.0% (wt.%). As
shown in Fig. 1C, the antioxidant capacity of NJBE increased obvi-
ously with the increasing added content of cellulase, reached the
peak value at 0.6%, and remained almost constantly. The result indi-
cated that 0.6% of cellulase could completely destroy the cellulose
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Fig. 1. Effect of SMU-AEE conditions on antioxidant capacity of NJBE.

structure of N. tangutorum fruit cell wall to release the intracellular
antioxidant components.

3.1.4. Microwave power
The influence of microwave power on the antioxidant capacity

of NJBE was examined by varying magnetron power, maintaining
the heating conditions in all cases, whereas other experimental
conditions were held constant for all of the reactions in this set
of experiments. As shown in Fig. 1D, the TEAC of NJBE varied
from 94.7 to 169.7 mg TE/g when changing the magnetron power
from 200 W to 800 W, and peaked at 400 W. It was suggested that
the increasing microwave power could promote the dissolution
of antioxidant components of NJBE, until it reached to 400 W.

Otherwise, the further increasing microwave radiation will
accelerate their degradation.

3.1.5. Ultrasonic power
The optimization of ultrasonic power to the reaction mixture

allowed for the achievement of the highest rates of extraction
and derivatization from the lowest possible energy input, reduc-
ing the cost of sample preparation (Liu et al., 2013). Hence, the
effect of ultrasonic power on antioxidant capacity of NJBE was stud-
ied. The power was varied from 100 to 1200 W as specified, and
other experimental conditions were held constant as described in
Section 3.1.1. The result was shown in Fig. 1E. The TEAC of NJBE
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was 93.2–164.2 mg TE/g at the tested ultrasonic power, and reached
plateau phase at 800 W.

3.1.6. Extraction time
As reported elsewhere, a long extraction time had a favorable

effect on the production of antioxidant compounds, such as phe-
nols and vitamins (Vuong et al., 2013). The effect of extraction time
(10∼60 min) on the antioxidant capacity of NJBE was shown in
Fig. 1F. The variance was relatively rapid when extraction time var-
ied from 10 to 40 min, and reached a maximum at 40 min. Then, the
antioxidant capacity of NJBE was decreased slowly with increasing
time, indicating that some ingredients without antioxidant activity
might be acceleratedly dissolved out or the antioxidant ingredients
might be decomposed by the further increasing time.

3.1.7. Extraction temperature
Some studies have shown that high temperature can increase

solubility of antioxidant compounds such as phenols in the solvent,
meanwhile over high temperature can also destroy their struc-
tures (Majd et al., 2014). The effect of extraction temperature on
the antioxidant capacity of NJBE was investigated, and the result
was shown in Fig. 1G. The antioxidant capacity of NJBE exhibited a
temperature-dependent manner, and the peaked TEAC value was
162.7 mg TE/g at 65 ◦C.

3.1.8. Ratio of solvent to raw material
Solvent to raw material ratio, as another important extraction

parameter could affect the extraction yield of antioxidant com-
pounds dramatically (Kaiser et al., 2013). If solvent to raw material
ratio is too low, antioxidant components in raw material cannot
be completely extracted up. On the contrary, if ratio of solvent to
raw material is too high, it will lead to a higher process cost and
other components without antioxidant activity dissolution. In the
present experiment, the solvent to raw material ratio was set at
5:1∼30:1. As shown in Fig. 1H, it was founded that the TEAC value of
NJBE was 83.6∼183.1 mg TE/g, and reached plateau phase at solvent
to raw material ratio 20:1.

According to the single-parameter study, four key parameters
remarkably affected antioxidant capacity of NJBE were selected to
be optimized by RSM, which were adopted for RSM experiment
as follows: pH of phosphate buffer 4.5∼5.0, extraction tempera-
ture 60∼70 ◦C, extraction time 30∼50 min, and microwave power
300∼500 W. Whereas other experimental conditions were held
constant for all of the reactions in this set of experiments as follows:
extraction solvent 70% ethanol, 0.6% added content of cellulase,
ultrasonic power 800 W, ratio of solvent to raw material 20:1.

3.2. Optimization of key parameters of antioxidant components
extraction from N. tangutorum juice by-products

3.2.1. Statistical analysis and the model fitting
The BBD in the experimental design consisted of four factors,

three levels and three replicates and the five center point runs were
carried out to measure the process stability and inherent variability.
The experimental conditions and the results of 29 runs with BBD
design were presented in Table 1, and the TEAC of NJBE varied from
89.8 to 218.7 mg TE/g. The results of antioxidant capacity affected
by four factors were fitted with a second order polynomial equation,
and the values of regression coefficients were calculated. The effects
of three variables were highly significant on antioxidant capacity
of NJBE (Table 2). The extraction yield value could be expressed by
the following second order polynomial equations:

Table 1
Coded and uncoded Box–Behnken design with the experimental result.

Run pH X1 Extraction
Temperature
X2 (◦ C)

Extraction time
X3 (min)

Microwave
power
X4 (W)

TEAC
Y (mg TE/g)

1 4.0 65 50 400 145.9
2 5.0 65 50 400 150.8
3 4.5 60 40 300 129.5
4 4.5 65 40 400 217.5
5 4.5 60 50 400 145.7
6 4.5 70 40 500 171.2
7 4.5 70 40 300 152.4
8 4.0 65 40 300 109.5
9 4.5 65 40 400 217.9

10 4.0 70 40 400 130.1
11 4.5 65 50 300 165.6
12 5.0 65 40 500 153.4
13 4.5 65 40 400 217.3
14 4.0 65 30 400 89.8
15 4.5 65 30 500 137.7
16 4.0 60 40 400 112.1
17 4.5 65 50 500 195.5
18 4.5 60 40 500 149.2
19 4.5 65 30 300 155.9
20 4.5 65 40 400 218.3
21 4.5 65 40 400 218.7
22 5.0 65 30 400 142.7
23 4.0 65 40 500 125.7
24 4.5 70 50 400 190.3
25 5.0 70 40 400 159.6
26 5.0 65 40 300 102.2
27 4.5 70 30 400 165.9
28 4.5 60 30 400 120.5
29 5.0 60 40 400 135.5

Y = 217.94 + 10.93X1 + 14.75X2 + 15.11X3 + 9.80X4 + 1.52X1X2

−12.00X1X3 + 8.75X1X4 − 0.20X2X3 − 0.23X2X4

+12.03X3X4 − 57.50X2
1 − 31.92X2

2 − 26.38X2
3 − 33.69X2

4 (4)

where, Y is the TEAC value and X1, X2, X3, and X4 are the coded
values for pH value, extraction temperature, extraction time and
microwave power, respectively.

The ANOVA of the quadratic regression model showed that the
value of the determination coefficient (R2 = 0.9629). The value of
the adjusted determination coefficient (Adj. R2 = 0.9258) was rea-

Table 2
ANOVA for response surface quadratic model.

Source Sum of squares df Mean Square F Value Prob > F

Model 37077.91 14 2648.42 25.97 <0.0001**

X1 1432.27 1 1432.27 14.04 0.0022**

X2 2610.75 1 2610.75 25.60 0.0002**

X3 2739.14 1 2739.14 26.86 0.0001**

X4 1152.48 1 1152.48 11.30 0.0047**

X1 X2 9.30 1 9.30 0.091 0.7671
X1 X3 576.00 1 576.00 5.65 0.0323*

X1 X4 306.25 1 306.25 3.00 0.1051
X2 X3 0.16 1 0.16 1.569 × 103 0.9690
X2 X4 0.20 1 0.20 1.986 × 103 0.9651
X3 X4 578.40 1 578.40 5.67 0.0320*

X1
2 21448.43 1 21448.43 210.31 < 0.0001**

X2
2 6607.27 1 6607.27 64.79 < 0.0001**

X3
2 4513.40 1 4513.40 44.25 < 0.0001**

X4
2 7362.63 1 7362.63 72.19 < 0.0001**

Residual 1427.81 14 101.99
Lack of Fit 1426.50 10 142.65 434.91 < 0.0001**

Pure Error 1.31 4 0.33
Cor. Total 38505.72 28

R2 = 0.9629; = 0.9258.
* p < 0.05.

** p < 0.01.
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Fig. 2. Response surface plots showing the effect of pH value (X1), extraction temperature (X2), extraction time (X3) and microwave power (X4) on the antioxidant capacity
of NJBE.

sonably close to 1, which indicated a high degree of correlation
between the observed and predicted values.

The P values are used as a tool to check the significance of
each coefficient, which in turn may indicate the pattern of the
interactions between the variables. The coefficient estimate for the
parameter optimization suggested that the independent variables
(X1, X2, X3, and X4), quadratic terms (X1X1, X2X2, X3X3, and X4X4)
and cross product coefficient (X1X3 and X3X4) significantly affected
the antioxidant capacity of NJBE (P < 0.05). The results of the study
showed that extraction time was the most significant single param-
eter which influenced antioxidant capacity followed by extraction
temperature, pH value and microwave power.

3.2.2. Analysis of response surfaces and contours
Eq. (4) allowed the prediction the effects of the four parame-

ters on the antioxidant capacity of NJBE. Six independent response
surface plots and their respective contour plots are shown in
Figs. 2 and 3. Two variables within the experimental range were
depicted in one 3D surface plots while the two other variables were
kept constant at zero level. The shapes of the contour plots, circu-
lar or elliptical indicated whether the mutual interactions between
the variables were significant or not (Muralidhar et al., 2001).

In the case of antioxidant capacity of NJBE, all of pH value (X1),
extraction temperature (X2), extraction time (X3) and microwave
power (X4) used had quadratic effects on the antioxidant com-
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Fig. 3. Contour plots showing the effect of pH value (X1), extraction temperature (X2), extraction time (X3) and microwave power (X4) on the antioxidant capacity of NJBE.

ponents extraction. When extraction parameter was kept at one
level, the antioxidant capacity of NJBE increased with increasing
extraction parameter within certain range and then decreased with
extended it.

As shown in Table 3, optimal conditions for antioxidant capacity
of NJBE were pH value of 4.54, extraction temperature of 66.15 ◦C,
extraction time of 43.16 min, and microwave power of 421.12 W.

These conditions gave the corresponding predicted response values
for antioxidant capacity of NJBE of 223.51 mg TE/g. To compare the
predicted result with experimental values, experimental recheck-
ing was performed for the response using the optimum extraction
conditions. Mean values of 219.73 ± 7.03 mg TE/g for antioxidant
capacity obtained from real experiments validated the RSM model.
The good correlation between these results confirmed that the

Table 3
Predicted and experimental values of antioxidant capacity of NJBE at optimum and modified conditions.

pH
X1

Extraction Temperature
X2 (◦ C)

Extraction time
X3 (min)

Microwave power
X4 (W)

TEAC
Y (mg TE/g)

Optimum conditions (predicted) 4.54 66.15 43.16 421.14 223.51
Modified conditions (actual) 4.5 66 43 420 219.73 ± 7.03
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Table 4
The antioxidant capacities and chemical compositions of NJBEs obtained by different extraction methods.

Extraction method Antioxidant capacity
(mg TE/g)

Total phenols content
(mg GAE/g)

Total flavonoids content
(mg QE/g)

Total anthocyanin content
(mg CGE/g)

SMU-AEE 219.73 ± 7.03 157.54 ± 5.42 101.28 ± 6.84 82.26 ± 4.79
Soxhlet extraction 75.71 ± 5.72*** 59.35 ± 3.70*** 43.37 ± 4.42*** 42.75 ± 2.52***

Soxhlet enzymatic extraction 148.26 ± 6.81*** 88.19 ± 5.58*** 72.45 ± 3.15** 66.43 ± 3.68**

Ultrasound-assisted extraction 102.44 ± 7.69*** 83.22 ± 6.31*** 63.51 ± 4.77*** 52.17 ± 5.35***

Ultrasound-assisted enzymatic extraction 172.18 ± 5.22** 125.97 ± 7.45** 93.04 ± 7.13* 76.38 ± 3.94*

Microwave-assisted extraction 94.53 ± 10.07*** 65.24 ± 9.26*** 55.92 ± 5.27*** 50.85 ± 4.42***

Microwave-assisted enzymatic extraction 156.94 ± 11.46** 97.46 ± 10.53*** 79.63 ± 6.43** 74.91 ± 5.86*

SMU-AEE: simultaneous microwave/ultrasonic assisted enzymatic extraction. The conditions of SMU-AEE were solvent of 70% ethanol, cellulase added content of 0.6% (wt.%,
respected to raw material), pH 4.5 of phosphate buffer, ratio of solvent to raw material 20:1, extraction temperature of 66 ◦C, extraction time of 43 min, ultrasonic power of
800 W and microwave power of 420 W. Other extraction methods were held constant for all of the reactions in this set of experiments as above. Data are mean ± SD (n = 6).

* P < 0.05.
** P < 0.01.

*** P < 0.001 compared to the SMU-AEE group.

response model was adequate in reflecting the expected opti-
mization and the model can be used to optimize the process of
antioxidant compounds extraction from N. tangutorum juice by-
products.

3.3. Comparison of the optimized extraction procedure to
traditional extraction methods

Antioxidant capacity of NJBE, which could be achieved by the
optimized SMU-AEE procedure, were compared with recover-
ies obtained by classical Soxhlet extraction, ultrasound-assisted
extraction and microwave-assisted extraction with or without
cellulase. Meanwhile, the chemical compositions were analyzed
to reveal the reason for the difference of antioxidant capacity
of NJBE among those extraction methods. As shown in Table 4,
cellulase, ultrasound or microwave assisted techniques could sig-
nificantly improve the antioxidant capacity of NJBE compared
with classical Soxhlet extraction method. Compared with tra-
ditional extraction methods, SMU-AEE method could improve
the antioxidant capacity of NJBE by 27.62%–190.23%, indicating
that the three assisted techniques had good synergistic effect on
antioxidant ingredients extraction from berry juicy by-products.
Chemical composition assay (Table 4) showed that the contents
of phenols, flavonoids and anthocyanins of NJBE by SMU-AEE
were, respectively, 157.54 ± 5.42 mg GAE/g, 101.28 ± 6.84 mg QE/g
and 82.26 ± 4.79 mg CGE/g, which were severally 25.06%–141.48%,
8.86%–133.52 and 9.81%–92.42% higher than those by traditional
extraction methods. The above results suggested that the increas-
ing of antioxidant capacity of NJBE by SMU-AEE process was due to
the improvement of the extraction efficiency of antioxidant ingre-
dients from N. tangutorun juice by-products.

3.4. Effect of NJBE on UVB-induced oxidative phototoxicity in
human skin fibroblasts

UVB, in particular, is the most hazardous environmental
carcinogen known with regard to human health through gen-
eration of reactive oxygen species (ROS) (Peres et al., 2011).
Recently, our research revealed that photocytotoxicity of UVB
was caused by cell lipid peroxidation (Saliou et al., 1999; Song
et al., 2012). To exam the effect of NJBE on UVB-induced
oxidative phototoxicity in human skin fibroblasts, HS68 cells via-
bility was measured after being treated with NJBE for 24 h and
then exposed to a 120 mJ/cm2 dose of UVB light. As shown in
Fig. 4, cell viabilities of NJBE-treated groups (70.83∼90.44%) were
significantly higher than that of model group (65.74%). Espe-
cially, NJBE was significantly better than GSE at the dosage of
40 �g/mL for protecting HS68 cells from UVB-induced oxidative
phototoxicity.

3.5. Effect of NJBE on doxorubicin-induced oxidative
cardiotoxicity in rat cardiomyocytes

Oxidative stress is now considered a major contributor as a trig-
ger for cardiomyocytes death by apoptosis or cell necrosis (Simunek
et al., 2009). In the present study, H9c2 cells were treated with
NJBE or GSE or vehicle for 24 h, and then exposed to 10 �g/mL
DOX for 24 h. Whereafter, H9c2 cells viabilities were analyzed to
evaluate the effect of NJBE on DOX-induced oxidative cardiotox-
icity in rat cardiomyocytes. As shown in Fig. 5, cell viabilities of
NJBE-treated groups (68.90∼85.43%) were significantly higher than
that of model group (53.53%). Especially, there was no significant
difference between NJBE and GSE at the dosage of 40 �g/mL, indi-
cating NJBE had good ability on protecting cardiomyocytes from
DOX-induced oxidative cardiotoxicity.

In recent decades, antioxidative phytochemicals, especially phe-
nolic and flavonoid compounds found in fruits, vegetables and
medicinal plants, have received increasing attention due to their
potential role in the prevention of human diseases (Cai et al., 2004).
However, methods to optimize the extraction efficiency of antiox-
idant components from the fruits of N. tangutorun have not been
investigated.

Fig. 4. Effect of NJBE on HS68 cell viability under UVB-induced oxidative phototox-
icity.
HS68 cells were treated with NJBE or GSE or vehicle for 24 h, and then exposed to
a 120 mJ/cm2 dose of UVB light. The same volumes of corresponding solvents were
added to the controls. Data are mean ± SD (n = 6). GSE: grape seed extract, as pos-
itive control drug. *P < 0.05 and ***P < 0.001 compared to the normal control group;
###P < 0.001 compared to model group; ¥P < 0.05 compared to GSE group.
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Fig. 5. Effect of NJBE on H9c2 cell viability under doxorubicin-induced oxidative
cardiotoxicity.
H9c2 cells were treated with NJBE or GSE or vehicle for 24 h, and then exposed to
10 �g/mL doxorubicin for 24 h. The same volumes of corresponding solvents were
added to the controls. Data are mean ± SD (n = 6). GSE: grape seed extract, as pos-
itive control drug. ***P < 0.001 compared to the normal control group; ###P < 0.001
compared to model group; ¥¥¥P < 0.001 compared to GSE group.

Considering the composition of natural sources of phenolic and
flavonoid compounds, as well as their structure and physicochem-
ical properties, an universal extraction protocol is not conceivable
and a specific extraction procedure must be designed and opti-
mized for each antioxidant source (Kaiser et al., 2013; Liu et al.,
2013; Majd et al., 2014; Vuong et al., 2013). Actually, some
supplementary methods, such as freeze-thaw, microwave, ultra-
sonic, hydrolytic enzymes, micro-dynamic ultra-high pressure jet,
high voltage electrical discharges and pulsed ohmic heating, have
been used to extract antioxidant compounds from plant mate-
rials (Boussetta et al., 2013; Darra et al., 2013; Liu et al., 2013;
Zheng et al., 2013). After all, the increase in the extract recov-
ery by assistant methods are generally attributed to three aspects:
(1) destroying the cell structure, such as enzymatic hydrolysis by
cellulase, freeze-thawing, pulsed ohmic heating, ultrasonic and
micro-dynamic ultra-high pressure jet; (2) improving solvent pen-
etration into the plant tissue and capillary effects, such as ultrasonic
and micro-dynamic ultra-high pressure jet; (3) volumetric heating
effect, such as microwave which occurs due to the dipole rotation
of the solvent in the microwave field. Moreover, some assistant
methods have been applied in combination, such as microwave-
ultrasonic synergistic extraction, microwave-assisted enzymatic
extraction and ultrasonic-assisted enzymatic extraction. While, to
the best of our knowledge, there is no report on simultaneous
microwave/ultrasonic-assisted enzymatic extraction (SMU-AEE)
method.

In present research, a SMU-AEE method was established for
the first time, and applied in antioxidant components extraction
from juice by-products of N. tangutorun fruits. Among various
factors contributing to the recovery of antioxidant compounds
from NJB, eight key parameters, including extraction solvent,
pH of phosphate buffer, added content of cellulase, extraction
time, extraction temperature, the solvent-to-solid ratio, microwave
power and ultrasonic power, were optimized by using sin-
gle factor test and RSM. Compared with traditional extraction
methods, the antioxidant capacity of extract by SMU-AEE was
27.62%–190.23% higher, due to the improvement of extraction effi-
ciency of antioxidant compounds, including phenols, flavonoids,
and anthocyanins.

Free radicals have been implicated in more than one hundred
disease conditions in humans (Halliwell et al., 1992). Antiox-
idants/free radical scavengers function as inhibitors at both
initiation and promotion/propagation/transformation stages of
tumor promotion/carcinogenesis, and protect cells against oxida-
tive damage (Bagchi et al., 2002). In order to assess the cell oxidative
injury protection ability of NJBE, two oxidative stress cell models
were employed: UVB-induced oxidative phototoxicity in human
skin fibroblasts and doxorubicin-induced oxidative cardiotoxicity
in rat cardiomyocytes. The results showed that NJBE had good
ability on protecting cells from oxidative phototoxicity and car-
diotoxicity, and its protecting ability surpassed or approached to
that of GSE (the positive control drug).

4. Conclusion

In the present study, SMU-AEE method, a combined application
of three assisted techniques including microwave, ultrasonic and
enzyme extraction, was established for antioxidant ingredients
extraction from berry juice by-products for the first time. After opti-
mizing by single factor test and RSM, the experimental conditions
for antioxidant ingredients extraction from NJB were established to
be 70% ethanol extraction solvent, 0.6% added content of cellulase,
pH 4.5 of phosphate buffer, ultrasonic power 800 W, microwave
power 420 W, ratio of solvent to NJB 20:1, extraction temperature
66 ◦C and extraction time 43 min, and gave the corresponding
value for antioxidant capacity of NJBE of 219.73 ± 7.03 mg TE/g,
which was 27.62%–190.23% higher than traditional extraction
methods. Chemical composition assay showed that the contents of
phenols, flavonoids, and anthocyanins of NJBE by SMU-AEE were,
respectively, 25.06%–141.48%, 8.86%–133.52, and 9.81%–92.42%
higher than those by traditional extraction methods, suggesting
that the increasing of antioxidant capacity of NJBE by SMU-AEE
was the result of the improvement of the extraction efficiency of
antioxidant ingredients from NJB. Moreover, NJBE exhibited excel-
lent cell protection effect from UVB-oxidative phototoxicity and
doxorubicin-oxidative cardiotoxicity, indicating its good potential
to be a natural antioxidant in food and pharmaceutical industries.
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