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Abstract: Blueberry extract contains diversiform monomers of anthocyanins, whose antioxidant activity determines the
functionality of anthocyanidins and the efficacy of extraction technology. The evaluation of the antioxidant activity of
anthocyanidins of blueberry ethanol extracts (BEE) was investigated by considering the monomers' identification and thermal
degradation in microwave-assisted extraction (MAE). Thirteen monomers of anthocyanins were identified from the extracts
of blueberry under MAE, where the highest content was for cyanidin glycosides, and the lowest content was for the malvidin
glycosides. The onset temperatures of degradation for anthocyanidins monomers in BEE were 41.07<C-48.50C, and the
glycoside contents of delphinidin, cyanidin, petunidin, peonidin, peonidin, and malvidin, in turn, decreased obviously. The
degradation of anthocyanidins with extraction temperature improved, other than weakened, its antioxidant activities in BEE
under MAE. The research results may provide valuable guidance for the antioxidant application of extracts from blueberries.
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ethanol extracts under microwave extraction.

1 Introduction

The blueberry fruit (Vaccinium corymbosum L.) is widely
cultivated in the world, whose nutritional value and health function
have been highly approved due to its high antioxidant activity as a
rich source of anthocyanidins!®. Anthocyanidins have potential
health benefits from their particular chemical structure and colorant
properties as potent molecules in the treatment of diabetic
retinopathy®®!, and cardiovascular risk factors!l.  Antioxidant
activities of anthocyanidins present strongly scavenging free
radicals and reducing oxidative stress with the curative function of
antimicrobial, antiviral, and anti-inflammatory® ™.  The high yield
and strong antioxidant activity of anthocyanidins extracted from
blueberry are desirable targets for the economic improvement and
application ~ of the  blueberry  processing industry!
Microwave-assisted extraction (MAE) is a promising extraction
method for the extraction of bioactive compounds from plant-origin
materials with the advantages of high yield, great efficiency, and
low solvent consumption™, and has been widely applied to extract
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bioactive components, such as the thymol from the seed of
Trachelospermum ammi®”, and total phenols from black tea
powder™. In the MAE, the dissipation of microwave energy
inside extracts generates microwave volumetric heating to improve
the extraction efficiency!?. However, the generation of intense
microwave volumetric heating in MAE may simultaneously cause
the acquirement of anthocyanidins accompanied by its degradation
in blueberry ethanol extracts (BEE)**.

Existing studies focus on the thermal degradation properties
and antioxidant activity of anthocyanidins'®. The degradation of
anthocyanin, as a non-spontaneous endothermic reaction™*,
depends on the species of its monomers in extracts™® and critical
temperature in MAEI®.  The correlation of degradation of
anthocyanins with its antioxidant in MAE, as a valuable research
issue, determines the capability of antioxidant activity of
anthocyanidins in BEE for origin-plant materiall®). However, the
correlation may have either positive or negative trends controlled
by influencing factors including the ingredients of raw material,
extraction temperature, and degradation products™*®. Microwave
extraction may improve the bioactivity of extracted components
due to the generation of polyphenols substance and rich
anthocyanidins in extracts with pronounced cellular antioxidant
activity against peroxyl radical damage™ to improve the
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity
from the degradation of anthocyanidins at extraction temperature of
65<C2 However, previous researches indicate that the
thermal degradation of anthocyanin in microwave extraction
weakens the antioxidant activity of extracts??. The extracts of
blueberry powder undergoing microwave extraction are a mixture
of multicomponent, which contain diversified monomers with
variable ratios and different degradation products of anthocyanidins,
which are separated for the purification of monomers in
anthocyanidins extracts. The extracts are a key intermediate
product linking the feasibility of microwave extraction conditions
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to the yield and antioxidant activity of anthocyanidins. In a
qualitative analysis of anthocyanidin monomers in extracts,
evaluation of antioxidant activity contributes to the selection of
anthocyanidins purification and optimization of extraction
parameters in MAE.

The antioxidant capacity of ethanol extracts from blueberry
powder is complex and uncertain due to the thermal degradation of
anthocyanins. However, ethanol extracts from blueberry powder,
as the mixture of anthocyanin monomers have variable monomer
contents of anthocyanins with uncertain antioxidant capability.
To the general knowledge, little information has been published
about the changes in antioxidant capacity of extracts considering its
degradation components from blueberry in MAE. Therefore, the
objectives of this study were 1) to identify the monomers of
anthocyanidins from blueberry extracts under different extraction
temperatures, 2) to analyze the degradation kinetics of monomers
in extracts with the extraction temperatures in MAE; 3) to evaluate
the antioxidant capacity of ethanol extracts describing thermal
degradation in MAE.

2 Materials and methods

2.1 Preparation of blueberry powder

Fresh wild blueberries were collected from the Xiangfang farm
of Harbin in China. Blueberry was selected considering the
uniform size and similar maturity, and stored in a 4<C refrigerator
(BC/BD-829HN, Haier, Qingdao, China) till further experiments.
The cooling stored blueberry were taken out from the refrigerator
and then smashed by a fruit pulping machine (Philips-30, Zhuhai,
China) to prepare the blueberry purees. The fresh blueberry
purees were quickly frozen in a refrigerator.  The frozen blueberry
purees with a mass of 1000 g were dehydrated by using a
freezing-vacuum dryer (TD-50, Shanghai Pudong freeze drying
equipment Co., Ltd., Shanghai, China). Considering the energy
consumption and dehydration efficiency, the cold trap temperature
of the freezing-vacuum dryer was set at —18°C and working
duration of 48 h.  The blueberry powders were prepared by using
a plant grinder and screening over 40 meshes. The blueberry
powders were sealed in the aluminum bags with air-evacuated and
stored at —20°C for further experiments.
2.2 Chemical reagents used in experiments of anthocyanidins
in MAE

Chemical reagents for extraction and purification of
anthocyanidins were concentrated hydrochloric acid (Tianjin Fuyu
Fine Chemical Co., Ltd, Tianjin, China), vanillin (Shanghai
Aladdin Biochemical Technology Co., Ltd, Shanghai, China),
anhydrous ethanol (Hubei Xinrunde Chemical Co., Ltd, China),
proanthocyanidin standard (Shanghai Yuanye Biotechnology Co.,
Ltd, Shanghai, China), methanol (Liaoyang Herun Chemical Co.,
Ltd, Liaoyang, Liaoning, China), deionized water (Shenyang
Shengyida Water Treatment Engineering Co., Ltd, Shenyang,
China), purified water (Hangzhou Wahaha Group Co., Ltd,
Hangzhou, China), and distilled water (Northeast Agricultural
University Water Factory, Harbin, China).

Chemical reagents for the identification of monomers of
anthocyanidins were the standard samples of anthocyanins
monomers, which included delphinidin-3-glucoside, delphinidin-3-

galactoside,  delphinidin-3-arabinoside,  cyanidin-3-glucoside,
cyanidin-3-galactoside,  cyanidin-3-arabinoside,  petunidin-3-
glucoside, petunidin-3-galactoside, petunidin-3-arabinoside,
peonidin-3-glucoside, peonidin-3-galactoside, peonidin-3-

arabinoside, and malvidin-3-galactoside were purchased from

Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
2.3 Extraction experiment procedures

A multimode microwave extraction system (Ethos-1,
Milestone Inc., USA) with a frequency of (2.4540.05) GHz and
rated power of 1600 W was used to perform the MAE experiments.
The extraction system consists of a microwave cavity and a control
pad. According to the previous method®!, the lyophilized
blueberry powders (2.0000 g+0.0005 g) were dissolved with 60%
ethanol of 60 mL. The mixtures of ethanol and blueberry powders
were placed in closed vessels, then fixed in the chamber in the
microwave extraction system. Extraction temperatures were set
by using a control pad embodied in the extraction system. The
setting temperatures were achieved in the pre-heating duration of
2 min. In MAE of blueberry powder, the onset of anthocyanin
degradation at a temperature of 41.2<C™! however, anthocyanin
yield increases with extraction temperatures. To evaluate the
antioxidant activity of blueberry extracts from monomers
identification to thermal degradation of anthocyanins in MAE, the
extraction temperatures were selected as the variable in the range of
30C-70C to cover the acquirement and degradation of
anthocyanin. The extracts were separated by using a centrifuge
(International Equipment Co., MA, USA) at 10 000 g for 15 min at
4<C and filtrated using filter paper (Whatman No.1). The filter
residue was extracted twice times under the same conditions.
Collected filtrate and supernatant were fully mixed to obtain the
crude blueberry extract, then evaporated by using a rotary
evaporator (RE-52AA, Shanghai Yarong Biochemistry Instrument
Factory, Shanghai, China) to remove the ethanol at a temperature
lower than 40T for 2 h. The evaporated filtrate was dehydrated
by wusing the freeze-drying method to obtain the crude
anthocyanidins extract powders for further experiments.
2.4 Determination of extraction rate and degradation rate of
blueberry anthocyanins

The total anthocyanidin contents in extracts were determined
by using the pH differential method®?. The absorbance of
anthocyanidins was measured at 510 nm and 700 nm, respectively.
The anthocyanidin contents were calculated by using Equation (1).

c= [(As10 — A700)pH1.0 — (P10 — AVOO)pH4.5] x M, x DF x1000 )
exL
where, M, is the molecular weight of anthocyanidins, 449.2 g/mol;
DF is the dilution factor; ¢ is the molar extinction coefficient,
26 900 L/cm imol; L is the path length of the cuvette, 1 cm.
Accurately weighing (2.000040.0005) g blueberry powder was
put into the extraction container. Based on the results of previous
research’®, add the ethanol solution with the solid-liquid ratio of
1:30 g/mL and volume concentration of 56% into the extraction
vial to build the extraction system, then place the extraction
container in the center of the microwave workstation and connect
the optical fiber temperature sensor. On the control panel, the
microwave power was set as 800-1100 W at the interval of 100 W
with an extraction time of 20 s during the extraction process, and
the temperature changes of the extraction solution in real-time were
measured till the end of the extraction. The extracts were put into
a centrifuge at 4000 r/min for 15 min to separate the filter residue
from the supernatant. The filter residue was washed by using
56% ethanol to colorless. The filtrate and supernatant were
diluted, respectively, by using 56% ethanol solution in a 100 mL
brown volumetric flask for further analysis.
The extraction rate of anthocyanins in blueberries was
determined by using the low concentration vanillin hydrochloric
acid method. The standard solution of proanthocyanidins was
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prepared with a concentration of 1.2 mg/mL, took 1 mL, 2 mL,
3mL, 4 mL, and 5 mL, respectively, to dilute to 10 mL with
ethanol. 1 mL prepared solution (another 1 mL methanol solution
as the blank solution) was added by a 5 mL chromogenic agent
(mass fraction 1% vanillin solution and volume fraction 8%
hydrochloric acid solution 1:1), then shaken well and kept away
from light. The colorimetric tube was taken out to measure the
absorbance value at the wavelength of 500 nm, and draw the
standard curve. Taking the absorbance value A as the ordinate
and the concentration C as the abscissa, the standard curve equation
was obtained as shown in Equation (2):

A=1.612C-0.0485 (2)
where, A is the absorbance value of extracts; C is anthocyanin
concentration, mg/mL.

2 mL blueberry extracts were put into a 20 mL colorimetric
tube to dilute 1 mL of the supernatant 10 times, then took 2 mL of
the diluted supernatant into a 20 mL colorimetric tube; 10 mL
chromogenic solution was kept in a water bath with a constant
temperature of 30<C for 30 min. The absorbance values of the
supernatant and filtrate at 500 nm wavelength were measured and
then substituted into Equation (2) to calculate the anthocyanin
content in the supernatant and filtrate, respectively.  The
anthocyanin extraction rate, residue rate, and degradation rate in
extracts under MAE were calculated by using Equations (3)-(5),
respectively.

v, = SOV 600 ©®)

y, = S2xVaxN 4600 )
W

Y;=1-Y,-Y, ®)

where, Y1, Y,, and Ys are the extraction rate, residue rate, and
degradation rate of anthocyanin in blueberry extracts under MAE,
respectively, %; C; and C, are the anthocyanin concentration in
extracts and residue liquid, respectively, mg/mL; V; and V, is the
constant volume of extracts and residue liquid, respectively, mL; n
is the dilution multiple; W is the total content of anthocyanins, mg.
2.5 Identification of monomers of anthocyanidins by using
HPLC-DAD-ESI-MS/MS

The anthocyanidins of raw blueberry powder and its extracts
were identified by using HPLC-DAD-ESI-MS/MS™.  Each
sample was dissolved in HPLC-grade methanol and filtered
through a 0.45 um filter membrane (Fisher Scientific, Pittsburgh,
PA, USA) for further analysis. A liquid chromatography system
(HPLC with 1100 Series, Agilent Technologies Inc., USA)
equipped with a diode array detector (DAD) and Zorbax Eclipse
XDB-Cyg column (4.6 mmx150.0 mm, 5 um, Agilent) was used to
measure the anthocyanidins content. The operation parameters of
mass spectrometry detection and MS/MS were determined as listed
in Table 14, where anhydrous ethanol is the mobile phase and
formic acid solution with a 3% volume fraction as mobile phase B.
In this measurement, the run conditions of HPLC-DAD-ESI-
MS/MS were at a temperature of 35<C, a flowing mass of 10 uL, a
flow speed of 0.6 mL/min, and the detected wavelength of 520 nm.

Table1 Mobile phase composition for gradient elution

Time Mobile Mobile Time Mobile Mobile
/min phase A/%  phase B/% /min phase A/%  phase B/%
0 5 95 55 15 85
20 5 95 60 25 75
30 8 92 70 60 40
45 15 85 80 5 95

2.6 Measurement of antioxidant capacity of anthocyanidins
from blueberry ethanol extracts in MAE
2.6.1 DPPH radical-scavenging capacity assay

DPPH radical scavenging capacity was determined according
to the modified method®.  Aliquots (2.0 mL) with a
concentration of 10 ug/mL of crude extracts under different
temperatures (30C-70<C) by microwave treatment dissolved in
distilled water were added to 2.0 mL of 0.2 mmol/L DPPH radical
that was dissolved in 95% ethanol. The mixtures were then
shaken by a mixer. The reaction mixtures were kept in a 30C
water bath for 30 min away from the light. The absorbance of the
resulting solution was measured by a UV/Vis spectrometer
(Lambda 35, Perkinelmer, Singapore) at 517 nm wavelength, and
expressed as the content (ug/mL) of 50% inhibition (ICsy). The
scavenging capacity was calculated by using Equation (6).

SC= % x100% (6)

where, SC is the scavenging capacity of blueberry extracts, %; A; is
the absorbance of 2 mL of sample solution+DPPH solution; A, is
the absorbance of 2 mL sample solution+2 mL ethanol with 95%
concentration; Az is the absorbance of 2 mL ethanol + DPPH-
solution with 95% concentration.
2.6.2 ABTS" radical cation-scavenging capacity assay

ABTS" radical cation-scavenging capacity of anthocyanidins
was measured as described by Zhang et al.”® with a slight
modification. Crude extracts of anthocyanidins from MAE were
adjusted by adding distilled water to a concentration of 30 xg/mL.
40 uL crude extracts of anthocyanidins with the above
concentration were placed into 4 mL diluted ABTS solution, then
were shaken for 30 min away from sunshine. An equivalent
volume of distilled water, instead of the sample, was used as the
blank. The absorbance of the resultant solution was measured at
the wavelength of 734 nm. The degree of ABTS'
radical-scavenging capacity of anthocyanidins was calculated based
on the Trolox standard curve, which was presented in mg Trolox
equivalent to antioxidant capacity (TEAC)/mg anthocyanidins.
2.6.3 Reducing power assay

The reducing power of anthocyanidins was determined
according to a slight modification method®”.  The crude
anthocyanidins extract powders samples under temperatures of
30C-70C in microwave extraction were dissolved in distilled
water to achieve concentrations of 10 wug/mL for further
measurement. 1 mL sample solution was mixed with 2.5 mL
sodium phosphate buffer (0.2 mol/L, pH 6.6) and 2.5 mL
potassium ferricyanide with concentration of 1% (w/v). The
mixture was incubated at 50<C in a dark environment for 20 min.
Then, 2.5 mL trichloroacetic acid with a concentration of 10% was
added to the mixture. The mixture liquid was centrifuged by
using a high-speed centrifuge at 1.0000 g at 4°C for 15 min. The
supernatant of 2.5 mL was collected and then mixed with 2.5 mL
distilled water and 0.4 mL ferric chloride with a concentration of
0.1% (w/v) in a test tube. Distilled water was selected as the
blank sample. The absorbance of the reaction mixture at the
wavelength of 700 nm indicates a reducing power assay.
2.6.4 a-glucosidase inhibition assays in vitro

The a-glucosidase inhibition assays were carried out according
to the method of slight modification®®. 40 uL samples of
different concentrations were added into 20 uL yeast a-glucosidase
solution with 0.25 unit/mL (in 0.1 mol/L sodium phosphate buffer
at pH 6.9) and incubated at 37<C for 15 min in 96-well plate.
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Then, 40 xL of p NPG with 0.5 mmol/L in PBS was added to each
well and incubated at 37<C for 20 min.  Acarbose was selected as
positive control and PBS as blank control. Three independent
experiments were performed.  The inhibition capacity was
expressed as the percentage inhibition of enzyme activity shown in
Equation (7).

ic=t1=12 L1000 )
3~ 1s
where, IC is the inhibition capacity of blueberry extracts, %; I, is
the absorbance of the samples; I, is the absorbance of PBS that
replaces the enzyme; |5 is the absorbance of PBS that replaces the
samples; 1, is the absorbance of PBS that replaces the samples and
the enzyme.
2.7 Statistical analysis of experimental data
All experiments were conducted in triplicate, and the average
value was reported. Analysis of variance (ANOVA) for each set
of data was performed by SAS software (8.0, SAS Institute Inc.,
NC, USA). Sigmaplot software (12.0, Systat Software Inc., USA)
was employed to fit the regression equations. The coefficients of
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Equation (8) with extraction temperature were obtained by using
the nonlinear fitting method.

3 Results and discussions

3.1 Determination of monomers of anthocyanidins from
blueberry extracts in MAE

The anthocyanidins extracted from blueberry powder are
mixtures, where the monomer content and antioxidant activities are
uncertain and variable. To distinct, the changes of anthocyanidins
monomers with extraction temperatures, the monomers of
anthocyanidins in BEE under selected temperatures in MAE were
determined according to the molecular ion, fragmentation
information').  The monomers of the anthocyanidins in MAE
extracts from blueberry powder were isolated by using
HPLC-DAD-MS/MS are shown in Figure 1 and Table 2. The
fragment (M*-162) represents the loss of a glucose or galactose
moiety, and the fragment (M*-132) represents the Arabin moiety™”,
as the mixture of arabinogalactan oligosaccharides, polysaccharides,
and proteoglycans.
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Note: In mass spectrometry, m/z refers to the ratio of the mass number of charged particles to the charge number, where the mass number m is in atomic mass (AU) and
the charge number z is in proton charge (E).

Figure 1 HPLC chromatogram for the total content of anthocyanidins and mass spectrogram for the identification of monomers of
anthocyanidins in blueberry ethanol extracts

Table 2 Identification of anthocyanins in blueberry ethanol extracts under MAE by using UPLC-DAD-MS/MS
Peak in Figure 1  Retention time/min  Molecular ion M*(m/z) ~ Fragment ion (m/z)  Lost fragment (m/z) ~ Monomers of anthocyanin  References resource
Peak 1 22.35 465.0 303.1 162 Delphinidin-3-glucoside [31]
Peak 2 23.30 465.1 303.1 162 Delphinidin-3-galactoside [32]
Peak 3 24.34 449.1 287.1 162 Cyanidin-3- galactoside [33]
Peak 4 29.90 435.1 303.1 132 Delphinidin-3-arabinose [32]
Peak 5 31.81 449.1 287.0 162 Cyanidin-3- glucoside [34]
Peak 6 32.41 449.1 317.0 162 Petunidin-3- galactoside [35]
Peak 7 34.26 419.1 287.1 132 Cyanidin-3- arabinose [34]
Peak 8 39.56 479.1 317.1 162 Petunidin-3- glucoside [36]
Peak 9 42.07 363.1 3011 162 Peonidin-3- galactoside [31]
Peak 10 47.17 449.1 317.0 132 Petunidin-3- arabinose [31]
Peak 11 55.65 463.1 301.1 162 Peonidin-3- glucoside [34]
Peak 12 56.61 493.1 331.1 163 Malvidin-3- galactoside [37]
Peak 13 60.91 433.1 301.1 132 Peonidin-3- arabinose [36]

Note: In mass spectrometry, m/z refers to the ratio of the mass number of charged particles to the charge number, where the mass number m is in atomic mass (AU) and
the charge number z is in proton charge (E).

3.2

Figure la presents the characteristic curves of UV spectral
from HPLC chromatogram for total monomers of anthocyanins in
ethanol extracts under MAE as the basis for identifying
anthocyanin monomer species (shown in Table 2). According to
the identification of anthocyanins monomers from related
references (listed in Table 2) in the retention time shown in Figure
la and the characteristic protonated molecular ion M* and the
corresponding fragment shown in Fig 1b-1n, thirteen anthocyanins
are identified shown in Table 2 as Delphinidin-3-glucoside,
Delphinidin-3-galactoside, Cyanidin-3-galactoside, Delphinidin-3-

Effects of extraction temperatures on the content of
anthocyanidins in MAE

The changes in the total content of anthocyanidins extracted
from blueberry extracts with extraction temperature are shown in
Figure 2.  The total content of anthocyanidins increases
significantly to (231.5644.41) mg/100g with an extraction
temperature of 50<C, followed by an obviously decrease under the
extraction temperature of 50C-70C (p<0.05). In MAE, the
improvement of rising temperature on the extraction of
anthocyanidins in BEE is attributed to 1) the cell wall broken

arabinose, Cyanidin-3-glucoside, Petunidin-3-galactoside, caused by the generation of microwave volumetric heating to
Cyanidin-3-arabinose, Petunidin-3-glucoside, Peonidin-3- promote anthocyanidins release™; 2) the enhancement of
galactoside, Petunidin-3-arabinose, Peonidin-3-glucoside, intercellular diffusion®®; 3) high solubility in extract solvent®,

Malvidin-3-galactoside, Peonidin-3-arabinose.

With the vyield of anthocyanidins from blueberry powder,
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excessively high extraction temperature also results in its
degradation in MAEM.  The net anthocyanidins content in
extracts declines under the extraction temperature exceeding 50C
due to the greater degradation of anthocyanidins than that of output
from blueberry powder in MAER®.  The extracts of
anthocyanidins are a complex system consisting of monomers and
degradation substances of anthocyanidins.

Total anthocyanin content/mg-100 g

30 40 50 60 70
Temperature/ °C

Note: In MAE, ethanol concentration of 60%, solid-to-liquid ratio of
1:30, and extraction time of 4 min. Columns marked with different
letters mean significant difference (p<0.05).

Figure 2 Effects of temperature on the total content of
anthocyanidins from blueberry powder in MAE

The model of anthocyanidins content in BEE as the function of
temperature may characterize the effects of temperatures on the
monomers of anthocyanidins in MAE. According to the results
shown in Figure 2, a peak equation with four parameters shown in
Equation (8) is selected to characterize the changes of
anthocyanidin content of blueberry powder with the extraction
temperatures, which may explain quantitatively the extraction
kinetics of extraction temperature for anthocyanidins in MAE.

Y=Y +aexp{—0.5[-r ;1 ) } )

where, y is the special monomer content of anthocyanidins,
mg/100 g; Y, is the initial monomer content in extractants, mg/100 g;
a is the maximum anthocyanidins content (y peak value); T is
extraction temperature, <C; T, is defined as critical extraction
temperature, <C; indicating the degradation rate of monomer higher
than its acquisition rate in extracts™®; k is the kinetic coefficient of
extraction, which characterized the driving force of temperature on
the yield of anthocyanidins in MAE.

The changes in the monomers of anthocyanidins tend to
increase then decrease with extraction temperature in BEE as
shown in Table 3. The HPLC peak area of each monomer of
anthocyanidins ~ from  blueberry  powder under different
temperatures is introduced into the corresponding standard
equations to calculate the content of each monomer of
anthocyanidins shown in Table 3. The changes in the monomers
of anthocyanidins are in accordance with that of the total
anthocyanidins content. The glycoside contents of delphinidin,
cyanidin, petunidin, peonidin, peonidin, and malvidin increase
remarkably, and then significantly decrease with the extraction
temperature (p<0.05). The contents of monomers increase with
the extraction temperature of 30<C-50C as shown in Table 3.
These results indicated that the cyanidin glycosides of blueberry
were the highest, and the content of malvidin glycosides was the
lowest in blueberry ethanol extracts. The glycoside contents of
delphinidin, cyanidin, petunidin, peonidin, peonidin, and malvidin
obviously decrease under an extraction temperature higher than
50<C. The total content of anthocyanidins measured by using
HPLC chromatogram is shown in Figure 1la, where the monomers
species of anthocyanins are identified by mass spectrogram for the
identification of monomers of anthocyanidins at Figure 1b-1n in
BEE in MAE. The results indicate thirteen monomers of
anthocyanidins in BEE at temperatures of 30<C, 40<C, and 50T,
and no Peonidin-3-glucoside and Malvidin-3-galactoside at
temperatures of 60<C and 70T, respectively, in MAE.

Table 3 Changes in anthocyanidins monomers and contents and regression coefficients of Equation (8) in MAE

Extraction temperature/ <C

Regression coefficients of Equation (8)

Item
30 40 50 60 70 Yo a T.°C k R? SEE
Tan 167.3544.58" 181.9545.90° 231.024458° 138.1443.36° 65.4045.40° -166.49  379.70 44.44 25.67 0.89 0.13
Del-3-Glu  23.2240.34°  26.7640.72°  30.5440.42°  21.0840.22°  10.4540.62°  —48.58 78.06 44.65 33.88 0.96 9.18
Del-3-Gal ~ 4.5140.27° 5.4440.38° 5.660.30° 3.1140.23° 2.3440.18° 1.82 4.03 4257 12.91 0.95 0.44
Cya-3-Gal  6.2340.17° 7.3240.31° 8.1740.35% 5.2940.29¢ 2.1140.12°  -12.05 20.04 44.05 31.07 0.97 0.63
Del-3-Ara  21.2440.36°  24.2240.14°  26.4620.41°  23.4640.38°  8.4620.30 0 27.56 45.25 18.58 0.85 27.20
Cya-3-Glu  18.3640.32° 21.2940.29" 24554039 20.2140.12°  8.9740.17° 0 24.60 45.93 18.61 0.91 12.20
Pet-3-Gal ~ 16.1840.17°  20.0840.23°  23.1440.28°  20.19#055°  8.3940.27¢ 0 2352 47.01 17.84 0.90 12.5
Cya-3-Ara  4.3840.27" 4.7640.21° 6.1640.20° 2.4040.31° 1.8440.14° 1.08 467 43.12 13.25 0.80 2.53
Pet-3-Glu  14.2940.30°  18.1540.15° 18.9740.17°  7.7740.28¢ 6.0740.22° 450 15.47 42.36 11.82 0.93 10.30
Peo-3-Gal  24.444038°  253540.26°  28.6440.32%  22.3640.42° 10.2520.33°  -17.72 24.28 4237 34.67 0.96 1.13
Pet-3-Ara  155940.37°  19.2640.27°  21.4640.34*  9.3340.23¢ 8.0840.23° 6.57 15.16 43.03 11.35 0.89 15.80
Peo-3-Glu  16.2540.16°  19.2440.26"  22.2640.33° o o? -3.62 26.72 41.07 1254 0.85 75.20
Mal-3-Gal ~ 5.2740.25° 5.8540.23" 6.7140.24° 3.2540.15¢ 0° -17.72 24.28 4237 34.67 0.96 1.14
Peo-3-Ara  1.2620.17°  1.7140.30®  2.3620.27° 1.4520.25" 1.0940.12° 1.15 1.24 48.50 6.86 0.99 0.01

Note: The abbreviation of anthocyanin and monomers: Total anthocyanidins as Tan, Delphinidin-3-glucoside as Del-3-Glu, Delphinidin-3-galactoside as Del-3-Gal,

Cyanidin-3-galactoside as Cya-3-Gal,

Delphinidin-3-arabinose as Del-3-Ara, Cyanidin-3-glucoside as Cya-3-Glu,

Petunidin-3-galactoside as Pet-3-Gal,

Cyanidin-3-arabinose as Cya-3-Ara, Petunidin-3-glucoside as Pet-3-Glu, Peonidin-3-galactoside as Peo-3-Gal, Petunidin-3-arabinose as Pet-3-Ara, Peonidin-3-glucoside

as Peo-3-Glu, Malvidin-3-galactoside as Mal-3-Gal, Peonidin-3- arabinose as Peo-3-Ara.
R? indicates the coefficient of determination and SEE indicated the standard error of

with different letters (a, b, c, d, and e) means significant differences (p<0.05).
estimate of fitted results.

Degradation kinetics of monomers provide the degradation
properties and changes of anthocyanidins content. The
coefficients of Equation (8) with extraction temperature in Table 3
were fitted by using the nonlinear regression method. This model

The unit of contents of anthocyanidin monomers is mg/100 g. Data marked

indicated anthocyanidins content in BEE increase with the
extraction temperature until the highest level at the temperature of
44.42<C, defined as critical temperature, followed by the
decreasing trends due to the domination of degradation of
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anthocyanidins in extracts. Higher critical temperatures (T;) can
reasonably infer the greater thermal stability of monomers of
anthocyanidins. As listed in Table 3, their critical temperatures
were in a descending order as Peonidin-3-arabinose,
Petunidin-3-galactoside, Cyanidin-3-glucoside, Delphinidin-3-
arabinose, Delphinidin-3-glucoside,  Cyanidin-3-galactoside,
Cyanidin-3-arabinose, Petunidin-3-arabinose, Delphinidin-3-
galactoside,  Peonidin-3-galactoside  (Malvidin-3-galactoside),
Petunidin-3-glucoside, Peonidin-3-glucoside. The critical
temperature of monomers of anthocyanidins in BEE is in a range of
41.07<C-48.50<C in MAE.

According to kinetic coefficient k listed in Table 3,
Peonidin-3-galactoside (Malvidin-3-galactoside) has the highest
degradation  kinetic, followed by Delphinidin-3-glucoside,

Cyanidin-3-galactoside, Cyanidin-3-glucoside,  Delphinidin-3-
arabinose, Petunidin-3-galactoside, Cyanidin-3-arabinose,
Delphinidin-3-galactoside, Peonidin-3-glucoside, Petunidin-3-

glucoside, Petunidin-3-arabinose, and Peonidin-3-arabinose is the
least. The higher degradation kinetic coefficient indicates the
greater degradation rate of monomer in MAE.
3.4 Effects of extraction temperature on the antioxidant
capacities of anthocyanidins from blueberry powder in MAE
The ICs, of anthocyanidins extracts in terms of 1C5,/DPPH,
ICso/TEAC, ICso/reducing power, ICs/a-glucosidase inhibition
decrease with the increase of extraction temperature as listed in
Table 4, which indicates the rising antioxidant activities of
anthocyanidins in MAE. The antioxidant capacity of Cyanidin
increases with the amount of glucoside chloride inside the
structure.  The double bond of phenol ring, hydroxyl side chain,
and glycosylation in the structure of anthocyanin are conducive to
the activity of free radical scavengers®. The thermal degradation
of anthocyanidins may produce aldehyde derivatives containing
benzene ring, monohydroxybenzaldehyde,
parahydroxyben-zaldehyde, and trihydroxybenzaldehyde, which
have a stimulating effect on the cell to cause liver injury®?.
Extraction temperatures of 30<C-70<C in MAE improve the DPPH
and ABTS" radical-scavenging capacities of the anthocyanidins
extracts in Table 4, which determines in vitro the free radical
capacity™. As shown in Table 4, the DPPH radical-scavenging
capacity in BEE increases with extraction temperature. The
reduction of 1C50/reducing power listed in Table 4 signifies the

reducing powers of the anthocyanidins in BEE remarkably increase
with the extraction temperature of 30<C-70<C (p<0.05) due to the
enhancement of electron-donating activity in antioxidative action
of phenolics™®.  a-Glucosidase inhibitor has the activity of
inhibition of a-glucosidase in polysaccharide decomposition into
glucose®.  The inhibitory activity against a-Glucosidase of
anthocyanidins in BEE increases with the extraction temperature in
Table 4.

Table 4 Indexes of antioxidant activities of anthocyanidins
extracted from blueberry with the extraction temperature

A B c D

Temperature . .
i ICs/DPPH  ICs/TEAC I1Cso/reducing ICso/_a-thbu_c_05|dase

Jug ML Jug mL powerfl inhi |t|qu1

Jug mL Jug mL

30 9.0040.50° 168.9043.44° 61.93+.46° 79.1542.77°

40 8.4040.53° 151.23#455° 51.0743.72° 61.2042.31°

50 7.2740.31° 128.8044.35° 46.3043.16b°  52.94+43.35°

60 6.2740.31c? 108.83#4.51° 40.6742.52%  50.50+2.54%

70 6.0040.30% 80.4744.08" 345742.50%  4507+.01°

Note: The temperature shown in the first column presented the microwave
extraction temperature for the anthocyanidins for the evaluation of antioxidant
activities. Data in the same column with different letters are significantly
different (p<0.05), and in column A, D-The antioxidant activity was calculated
as the concentration of the test sample needed to decrease the absorbance at
517 nm and 405 nm by 50%, respectively; Column B-The antioxidant activity
was evaluated as the concentration of the test sample required to decrease the
absorbance at 734 nm by 50%; Column C-The antioxidant activity was evaluated
as the concentration of the test sample needed to raise the absorbance at 700 nm
to 50%.

In order to elucidate the improvement kinetics of antioxidant
activity for four evaluation indexes, an exponential decay equation
with three parameters was selected to characterize the changes in
the antioxidant activities of blueberry anthocyanidins with
extraction temperatures in Table 4. The regression coefficients of
Equation (9) fitted by using the nonlinear regression method are
shown in Table 5.

AC=AC,+aexp(-kT) 9)
where, AC is the antioxidant activities of anthocyanidins, the
corresponding unit shown in Table 5; ACy is the initial antioxidant
activities of anthocyanidins, the same unit as AC; T is the
temperature of the extract, <C; a is the coefficient; k is the kinetic
coefficient characterizing the changes of antioxidant capacity.

Table 5 Regression coefficients for Equation (9) describing the antioxidant activities of anthocyanidins from blueberry extracts

Parameters in Equation (9) and 1C50o/DPPH IC5o/TEAC 1Cso/reducing power 1Cso/a-glucosidase inhibition
statical analysis results Jug mL? Jug mL™? Jug mL™? [ug mL?
ACy 0.4444 0 16.0770 44.0050
a 12.3441 296.3829 86.3865 263.9064
k 0.0118 0.0175 0.0215 0.0674
R%SEE 0.9757/0.2877 0.9677/0.6703 0.9899/1.4824 0.9921/1.6736

Note: AGC, is the initial antioxidant activities of anthocyanidins; a is the coefficient; k is the kinetic coefficient characterizing the changes in antioxidant capacity. All
the tests were performed in triplicate (n=3) and all the data represent the meansdstandard deviation (n>3). R? indicates the coefficient of determination and SEE

indicates the Standard Error of Estimate of fitted results.

In Table 5, the statistical analysis results indicate that the
model has high reliability with a high determination coefficient R?
and low SEE. Equation (9) presents that IC50 of antioxidant
capacities of anthocyanidins extracts from blueberry tend to
decrease trends with temperatures. These results indicate the
improvement of antioxidant capacities of anthocyanidins extracts
with extraction temperature, although the degradation of
anthocyanins is caused by rising temperature.

General viewpoints deem that the degradation of anthocyanin
weakens its antioxidant capability”. However, the antioxidant

activity of anthocyanidins in extracts increases with extraction
temperature until the critical temperature shown in Table 3 due to
the higher acquisition of anthocyanidins than its degradation in
MAE. The anthocyanidins content in BEE declines in the
condition of the degradation of anthocyanidins exceeding its
acquirement from blueberry in MAE. The rising antioxidant
capacity of anthocyanidins instead of decreasing one in BEE with
the increase of extraction temperatures under MAE is attributed as
1) rising temperature indicates sufficient thermal accumulation in
extracts breaking the bond between the sugars moieties and the
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3-hydroxyl position of the anthocyanidins to produce [References]
deglycosylation reaction, resulting in the deglycosylation of [1] Zia M P, Alibas I. Influence of the drying methods on color, vitamin C,

anthocyanidins to generate intermediate compounds as delphinidin,
cyaniding, petunidin, peonidin, malvidin with strongly antioxidant
capacity™®*”: 2) in MAE, the mechanism of thermal degradation of
anthcoyaninidins of blueberry caused by the hydrolysis of
C4-position of benzene ring or ring-opening reation of sugar adical,
followed by the generation of chalcone or a-dione, then final
substances as cyanidin—2.4.6 trihydroxybenzaldehyde at A-ring+
3.4 dihydroxybenzoic acid at B-ring, delphinidin—2.4.6
trihydroxybenzaldehyde at A-ring+3,4,5-trihydroxybenzoic acid at
B-ring, petunidin—2.4.6 trihydroxybenzaldehyde
A-ring+benzoic acid at B-ring,
trihydroxybenzaldehyde at A-ring+3,5-dimethoxybenzoic aci
where the accumulation of antioxidant capacity of these
substances®®Y enhances the total antioxidant activities of
extracts®? as listed in Table 4; 3) thermal decomposition of
anthocyanidins leads to the formation of polyphonic decomposition
products”!, which dominates antioxidant activity of extracts in
BEE under MAEP3!,

Therefore, the antioxidant activities in BEE increase in DPPH
and ABTS" radical scavenging capacity, reducing power and
a-Glucosidase inhibition with extraction temperature in MAE due
to the high anthocyanidins in extraction temperature below onset
temperatures and accumulation of antioxidant activities of
degradation substances of anthocyanidins from blueberry in
extraction temperature beyond onset level. = Compared to
conventional extraction of thermal convection, for example, hot
flux extraction, MAE has outstanding features in high great
extraction kinetic*® due to the interior generation of microwave
volumetric heating, other than the inward transfer of heat*®. The
volumetric heating results in high acquirement from blueberry
powder and obvious degradation in extracts for anthocyanins
exceeding critical temperature™.  Uniformity of temperature
distribution in extracts, in cold and hot spots, severely influences
the degradation of anthocyanins™™®. However, the degradation of
anthocyanins in extracts does not weaken their antioxidant activity.

at

malvidin—2.4.6
e840l

4 Conclusions

The content of total and each species of anthocyanidins
initially significantly increases, and then decreases with the
increase of extraction temperature.  Thirteen monomers of
anthocyanidins in BEE were identified. The critical temperature
of each species of anthocyanidins from the blueberry powder was
in the range of 42.57<C-48.50<C in MAE. Peonidin-3-arabinose
has great stability, and  Peonidin-3-galactoside  and
Malvidin-3-galactoside are sensitive to degradation in ethanol
extracts of anthocyanidins from blueberry powder in MAE. Both
anthocyanidin content and its degradation in MAE improve the
antioxidant capacities in terms of DPPH and ABTS® radical
scavenging capacity, reducing power, and a-Glucosidase inhibition
in ethanol extracts from blueberry powder. The research results
indicate the degradation of anthocyanidins may enhance the
antioxidant capacity in BEE under MAE, which provide a valuable
route for the application of ethanol extracts from blueberry powder.
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