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Abstract: Power ultrasound (US) could potentially be used in the food industry in the future.
However, the extent of anthocyanin degradation by US requires investigation. Cyanidin-3-glucoside
(Cy-3-glu) obtained from blueberry extracts was used as research material to investigate the effect of
power ultrasound on food processing of anthocyanin-rich raw materials. The effects of ultrasonic
waves on the stability of Cy-3-glu and on the corresponding changes in UV-Vis spectrum and
antioxidant activity were investigated, and the mechanisms of anthocyanin degradation induced
by ultrasonic waves were discussed. To explore Cy-3-glu degradation in different environments,
we kept the Cy-3-glu solution treated with ultrasonic waves in four concentrations (0%, 10%, 20%,
and 50%) of ethanol aqueous solutions to simulate water, beer, wine, and liquor storage environment
according to the chemical kinetics method. Results show that the basic spectral characteristics
of Cy-3-glu did not significantly change after power ultrasound cell crusher application at 30 ◦C.
However, with anthocyanin degradation, the intensity of the peak for Cy-3-glu at 504 nm significantly
decreased (p < 0.05). The degradation kinetics of Cy-3-glu by ultrasonic waves (200–500 W frequency)
fitted well to first-order reaction kinetics, and the degradation rate constant of Cy-3-glu under power
ultrasound was considerably larger than that under thermal degradation (p < 0.05). The sensitivity
of the anthocyanins of blueberry to temperature increased with increasing ethanol concentration,
and the longest half-life was observed in 20% ethanol aqueous solution.
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1. Introduction

Ultrasonic cavitation during food processing instantaneously produce high temperatures and
causes pressure changes in liquid solutions, which can kill some bacteria, inactivate viruses, and even
disrupt small microbe cell walls, thereby extending the freshness and maintaining the original flavor of
food [1,2]. Ultrasound-assisted extraction has many characteristics, such as shortened extraction time,
no heating, which can avoid the thermal damage of effective components in the crude extract, it is
suitable for extracting thermosensitive materials [3,4]. Meanwhile, the content of effective components
in crude extracts is higher, it can provide favorable conditions for further refining, it is conforms to
the principles of green extraction [5]. In addition, reducing the dosage of solvent can effectively
lower the cost in the extraction process. Physiological activity of most effective components is
basically unaffected, which can improve the quality of the product. Therefore, technology of ultrasonic
power-assisted extraction is widely used in the food industry [6].

Research shows that the anthocyanin-retaining effect of appropriate power ultrasound in juice was
remarkable. Chen reported that when raspberry anthocyanins were extracted with 400 W ultrasonic
power in 200 s, the total anthocyanin content reached 78.13% [7]. Compared with the traditional
method, it saved much time and solvent. Tiwari studied the effects of ultrasonic treatment on
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anthocyanins in grape juice. The retention rate of anthocyanins in grape juice reached the maximum at
20 kHz ultrasonic processing [8]. However, Stojanovic determined that high frequency ultrasound
had an adverse impact on blueberry anthocyanins and phenolic substances [9]. Tiwari’s research
showed that anthocyanins in strawberry juice would degrade when it is subjected to high frequency
ultrasound; however, the highest degradation rate was 3.2% or less [10]. High power ultrasound
propagates in liquids, which will then cause the bubble cavitation phenomenon due to the change
in pressure. High ultrasonic power can produce not only cavitation but also chemical reactions,
including free radicals and other reactions [11]. These reactions could result in the degradation of
anthocyanins and color changes in some products, especially in berry products (such as strawberry
juice, blueberry juice, and blueberry wine), which are rich in anthocyanins [12,13]. Therefore,
gaining further understanding on the effect of power ultrasound on the stability of anthocyanins is
necessary to protect anthocyanin-rich products and to induce the ultrasonic degradation mechanism
of anthocyanins.

Cyanidin-3-glucoside (Cy-3-glu), which is the major anthocyanin compound in blueberry was
used as research material to avoid the interference of other ingredients and of temperature [14,15];
in addition, we performed our experiments strictly at a temperature of 30 ◦C by using ice to
cool the solutions down. The influencing factors of ultrasonic degradation of Cy-3-glu according
to degradation phenomena were analyzed under the condition of low temperature, spectral
characteristic changes, degradation kinetics, concentration of free radicals, and antioxidant activity of
anthocyanin degradation.

2. Results and Discussion

2.1. HPLC Measurement of Cy-3-glu in Blueberries

The standard anthocyanin monomers (cyanidin-3-glucoside, delphinidin-3-rutinoside and
malvidin-3-galactoside) were used to identify the unknown peaks in the Cy-3-glu in blueberries
of blueberries (Figure 1). The concentration measurements of each sample were repeated three times,
and the peak area (Y) and concentration (X) were analyzed using linear regression analysis.
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2.2. Analysis of Spectral Characteristics of Cy-3-glu in Blueberries 

Figure 2 shows the wavelength scanning spectrum diagram of Cy-3-glu after power ultrasound 
application. The main absorption peaks were observed at 285 and 504 nm, and a small peak near 340 nm 
and a shoulder peak near 430–440 nm were noted. The characteristics of UV-Vis spectrum of Cy-3-glu 
were similar to those reported by Fa´ tima [16] and Torgils [17]. Studies have shown that the 285 nm 
spike peak and 400–600 nm wide peak are the characteristic absorptions of cationic anthocyanins, 
330–340 nm represents unsaturated carbonyl compounds in chalcone, and 440 nm spike peak is the 
characteristic absorption of a browning substance. 

Figure 1. (A) HPLC chromatogram of anthocyanin standards; (B) HPLC chromatogram of Cy-3-glu
in blueberries. Notes: delphinidin-3-rutinoside (D3R); cyanidin-3-glucoside (C3G); malvidin-3-
galactoside (M3G).

2.2. Analysis of Spectral Characteristics of Cy-3-glu in Blueberries

Figure 2 shows the wavelength scanning spectrum diagram of Cy-3-glu after power ultrasound
application. The main absorption peaks were observed at 285 and 504 nm, and a small peak near
340 nm and a shoulder peak near 430–440 nm were noted. The characteristics of UV-Vis spectrum
of Cy-3-glu were similar to those reported by Fa’ tima [16] and Torgils [17]. Studies have shown
that the 285 nm spike peak and 400–600 nm wide peak are the characteristic absorptions of cationic
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anthocyanins, 330–340 nm represents unsaturated carbonyl compounds in chalcone, and 440 nm spike
peak is the characteristic absorption of a browning substance.Molecules 2016, 21, 1564 3 of 13 
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Figure 2 showed that the characteristics of the UV-Vis spectrum of Cy-3-glu after power ultrasound 
are similar to those of Cy-3-glu without treatment. However, with increasing ultrasonic power and 
prolonged treatment time, the absorption intensity of Cy-3-glu at 285 and 504 nm gradually declined, 
suggesting that power ultrasound degraded Cy-3-glu. Paula [18]studied the thermal degradation of 
cyanidin, delphinium, pelargonidin, and malvidin in acidic aqueous media and found that these 
anthocyanins generate chalcone during thermal degradation; the spectral characteristics at 285 and 
504 nm dropped significantly after degradation, whereas the absorption at 325 nm was enhanced, in 
which two isobestic points were observed in the spectral curve. As shown in Figure 2, the spectral 
curve also contains two isobestic points, and the other characteristics were consistent with those of the 
abovementioned research. No obvious enhancement in absorption at 325 nm was observed, suggesting 
that the intermediate degradation did not involve chalcone; 295 nm absorption was obtained, and no 
obvious enhancement was observed, suggesting that hydroxybenzoic acid and hydroxybenzaldehyde 

Figure 2. Effect of ultrasonic power and time on the spectral characteristics of Cy-3-glu (n = 3).
Note: (A) 30 min processing; (B) 300 watt power.

Figure 2 showed that the characteristics of the UV-Vis spectrum of Cy-3-glu after power ultrasound
are similar to those of Cy-3-glu without treatment. However, with increasing ultrasonic power and
prolonged treatment time, the absorption intensity of Cy-3-glu at 285 and 504 nm gradually declined,
suggesting that power ultrasound degraded Cy-3-glu. Paula [18]studied the thermal degradation
of cyanidin, delphinium, pelargonidin, and malvidin in acidic aqueous media and found that these
anthocyanins generate chalcone during thermal degradation; the spectral characteristics at 285 and
504 nm dropped significantly after degradation, whereas the absorption at 325 nm was enhanced,
in which two isobestic points were observed in the spectral curve. As shown in Figure 2, the spectral
curve also contains two isobestic points, and the other characteristics were consistent with those of the
abovementioned research. No obvious enhancement in absorption at 325 nm was observed, suggesting
that the intermediate degradation did not involve chalcone; 295 nm absorption was obtained, and no
obvious enhancement was observed, suggesting that hydroxybenzoic acid and hydroxybenzaldehyde
were not generated. All of these results indicated that the pathway for Cy-3-glu degradation by power
ultrasound is different from that under thermal treatment.
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2.3. Dynamic Analysis of Cy-3-glu in Blueberries

Dynamic model analysis of anthocyanin degradation could be used to predict the rate of
anthocyanin degradation to reduce loss of anthocyanins, which is useful in food quality control.
Scholars use different models to simulate anthocyanin degradation induced by different factors;
they found that anthocyanins in line with the degradation kinetics models were different under
different conditions. They mainly could be divided into the zero, primary, secondary, and complex
reaction kinetics. Tiwari [10] found that anthocyanin degradation in blueberry juice follows the
zero-order reaction kinetics under ozone condition. Turfan [19,20] reported that anthocyanin
degradation in blueberry juice, pomegranate juice, and cherry juice containing different concentrations
of hydrogen peroxide fitted with first-order reaction kinetics, whereas the effect of different ascorbic
acid concentrations on anthocyanin degradation in tart cherry juice is consistent with second-order
reaction kinetics. Anthocyanins in blood orange juice were studied at 70–90 ◦C, and degradation
of different concentrations of fructose, glucose, and sucrose could only be described by a complex
reaction [21].

Figure 3 showed the relationship among ultrasonic power, time, and Cy-3-glu degradation
as observed in our experiment. Under increasing ultrasonic power and extended reaction time,
the retention rate of Cy-3-glu significantly decreased, suggesting that Cy-3-glu was significantly
degraded (p < 0.05). Cy-3-glu degradation induced by power ultrasound fitted with first-order reaction
kinetics (R2 > 0.91), and the kinetics parameters are shown in Table 1.
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Figure 3. Kinetics analysis of Cy-3-glu after power ultrasound (n = 3).

Table 1. Kinetics parameters of Cy-3-glu degradation exposed to ultrasonic wave.

Parameters 200 W 300 W 400 W 500 W

K (min−1) 1.34 × 10−2 3.59 × 10−2 5.06 × 10−2 5.89 × 10−2

t1/2 (min) 51.7274 19.3077 13.6986 11.7682
R2 0.9709 0.9475 0.9491 0.9782

The effect of power ultrasound on anthocyanins is mainly caused by cavitation, which produces
high temperatures and pressures, converting water molecules into free radicals. These free radicals
are highly reactive owing to their unpaired electrons, resulting in their strong oxidizing effect, further
promoting anthocyanin degradation. Pyrolysis of water molecules requires much energy to generate
free radicals [2,22]; ultrasonic pulse energy was low under low power condition, producing low
amount of free radicals and thus increasing the retention rate of Cy-3-glu.



Molecules 2016, 21, 1564 5 of 14

2.4. ·OH Determination

Figure 4 shows that under the same ultrasonic power, the ability of Cy-3-glu to remove ·OH under
increasing ultrasonic time gradually decreased; in addition, the greater the power, the stronger the
influence would be. This phenomenon was caused by cavitation during power ultrasound, causing
molecules to produce ·OH, which in turn attacked Cy-3-glu, resulting in the lost ability of the latter to
scavenge free radicals. Thus, the ability of Cy-3-glu to remove ·OH decreased [23,24]; the greater the
intensity of power ultrasound, the more severe the damage would be.

Molecules 2016, 21, 1564 5 of 13 

 

2.4. ·OH Determination  

Figure 4 shows that under the same ultrasonic power, the ability of Cy-3-glu to remove ·OH 
under increasing ultrasonic time gradually decreased; in addition, the greater the power, the stronger the 
influence would be. This phenomenon was caused by cavitation during power ultrasound, causing 
molecules to produce ·OH, which in turn attacked Cy-3-glu, resulting in the lost ability of the latter 
to scavenge free radicals. Thus, the ability of Cy-3-glu to remove ·OH decreased [23,24]; the greater 
the intensity of power ultrasound, the more severe the damage would be. 

 
Figure 4. Correlation between clearance rate of ·OH and ultrasonic power and treatment time (n = 3). 

2.5. Analysis of Antioxidant Activity 

The FRAP and DPPH methods are rapid, simple, sensitive, and reproducible, whereas the beta 
carotene-linoleic acid method uses only a small amount of samples and reagents, making these methods 
advantageous [25]. Therefore, this experiment combined the FRAP, DPPH, and beta carotene-linoleic 
acid systems, which comprehensively evaluated the changes of the degradation of the anthocyanins 
antioxidant activity after power ultrasound. FRAP (A) and DPPH (B) activity changes in Cy-3-glu 
solution system after power ultrasound are shown in Figure 5. Compared with that in the control, the 
FRAP and DPPH antioxidant activity of Cy-3-glu solution system after power ultrasound decreased, 
and the trend was more significant under increased power and prolonged treatment (p < 0.05).  

 

Figure 4. Correlation between clearance rate of ·OH and ultrasonic power and treatment time (n = 3).

2.5. Analysis of Antioxidant Activity

The FRAP and DPPH methods are rapid, simple, sensitive, and reproducible, whereas the beta
carotene-linoleic acid method uses only a small amount of samples and reagents, making these methods
advantageous [25]. Therefore, this experiment combined the FRAP, DPPH, and beta carotene-linoleic
acid systems, which comprehensively evaluated the changes of the degradation of the anthocyanins
antioxidant activity after power ultrasound. FRAP (A) and DPPH (B) activity changes in Cy-3-glu
solution system after power ultrasound are shown in Figure 5. Compared with that in the control,
the FRAP and DPPH antioxidant activity of Cy-3-glu solution system after power ultrasound decreased,
and the trend was more significant under increased power and prolonged treatment (p < 0.05).
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Figure 5. Effect of power ultrasound on the antioxidant activities of Cy-3-glu as measured by FRAP
(A) and DPPH (B) (n = 3).

Processing power and time would affect the antioxidant activity of beta carotene in anthocyanins.
Oxidation resistance declined under prolonged processing time, and such a decline became more
significant under 200 W (p < 0.05). In addition, the antioxidant capacity of the anthocyanin solutions
was considerably stronger than that of VC solution after power ultrasound (p < 0.05) (Figure 6).
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Figure 6. Effect of power ultrasound on the antioxidant activities of Cy-3-glu as measured by β-carotene
(n = 3).

The total antioxidant capacity is the sum of the effectiveness of different active ingredients to
remove all kinds of free radicals; thus, total antioxidant capacity is an important indicator in evaluating
the antioxidant function of bioactive substances [26,27]. Antioxidants in samples are positively
correlated with decreasing power (Figure 7). With increasing Cy-3-glu solution concentration, the total
antioxidant capacity also increased, although its capacity was weaker than that of ascorbic acid.
The total antioxidant capacity of ascorbic acid was nearly two times than that of Cy-3-glu solution.



Molecules 2016, 21, 1564 7 of 14Molecules 2016, 21, 1564 7 of 13 

 

 
Figure 7. Total antioxidant capacity of different concentrations of ascorbic acid and Cy-3-glu solutions 
(n = 3). 

In our experiment, Cy-3-glu was significantly degraded after power ultrasound application. 
Antioxidant activity also declined compared with that under thermal degradation, indicating that 
the pathway for ultrasonic degradation and thermal degradation differs. Consistent with the result 
of spectral analysis, the residual anthocyanins after power ultrasound remained to be in the form of salt 
cationic (AH+, red). The degradation products were not hydroxybenzoic acid, hydroxyl-benzaldehyde, 
and chalcone, so the antioxidant activity did not [22,23]. Turfan [19]found that the main mechanism 
of anthocyanin degradation by H2O2 includes three reactions: ·OH generation and induction of the 
benzene of anthocyanins to generate CO2 and H2O [24]. Similar to previous findings, we found that 
·OH concentration and Cy-3-glu degradation show a good correlation. Therefore, we concluded that 
the main mechanism of anthocyanin degradation induced by power ultrasound was cavitation, in 
which water molecules generate ·OH, which in turn attacked anthocyanins, leading to anthocyanin 
degradation: 

H2O2→H+ + HOO− (1) 

HOOH→·OOH + ·H (2) 

HOOH→2·OH (3) 

2.6. Degradation Anthocyanins of Blueberry in Ethanol Solutions 

Ethanol concentrations were set as 0%, 10%, 20%, and 50% to simulate the blueberry anthocyanins 
in water, beer, red wine, and white wine in a storage environment. Degradation dynamics of the residues 
of Cy-3-glu solution was analyzed at 4 (refrigeration), 25 (room temperature), 75 (pasteurization), and 
95 °C (boiling water sterilization). The results showed that Cy-3-glu degradation followed first-order 
reaction kinetics. 

With increasing temperature, the trendline fitting coefficient also increased and gradually 
approached 1. The Cy-3-glu solution was stable under low temperature and short supply heating. 
Among the four kinds of storage solvents, t1/2 was longest under normal temperature and 20% ethanol 
solution (wine) storage environment, suggesting that blueberry anthocyanins can be better preserved 
under this condition (Figure 8). 

Figure 7. Total antioxidant capacity of different concentrations of ascorbic acid and Cy-3-glu solutions
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In our experiment, Cy-3-glu was significantly degraded after power ultrasound application.
Antioxidant activity also declined compared with that under thermal degradation, indicating that
the pathway for ultrasonic degradation and thermal degradation differs. Consistent with the
result of spectral analysis, the residual anthocyanins after power ultrasound remained to be in
the form of salt cationic (AH+, red). The degradation products were not hydroxybenzoic acid,
hydroxyl-benzaldehyde, and chalcone, so the antioxidant activity did not [22,23]. Turfan [19] found that
the main mechanism of anthocyanin degradation by H2O2 includes three reactions: ·OH generation and
induction of the benzene of anthocyanins to generate CO2 and H2O [24]. Similar to previous findings,
we found that ·OH concentration and Cy-3-glu degradation show a good correlation. Therefore,
we concluded that the main mechanism of anthocyanin degradation induced by power ultrasound
was cavitation, in which water molecules generate ·OH, which in turn attacked anthocyanins, leading
to anthocyanin degradation:

H2O2→H+ + HOO− (1)

HOOH→·OOH + ·H (2)

HOOH→2·OH (3)

2.6. Degradation Anthocyanins of Blueberry in Ethanol Solutions

Ethanol concentrations were set as 0%, 10%, 20%, and 50% to simulate the blueberry anthocyanins
in water, beer, red wine, and white wine in a storage environment. Degradation dynamics of the residues
of Cy-3-glu solution was analyzed at 4 (refrigeration), 25 (room temperature), 75 (pasteurization),
and 95 ◦C (boiling water sterilization). The results showed that Cy-3-glu degradation followed
first-order reaction kinetics.

With increasing temperature, the trendline fitting coefficient also increased and gradually
approached 1. The Cy-3-glu solution was stable under low temperature and short supply heating.
Among the four kinds of storage solvents, t1/2 was longest under normal temperature and 20% ethanol
solution (wine) storage environment, suggesting that blueberry anthocyanins can be better preserved
under this condition (Figure 8).
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Figure 8. Thermal degradation of Cy-3-glu solution at different heating temperatures in different
ethanol concentrations (n = 3). Note: deionized water (A); 10% ethanol (B); 20% ethanol (C); and 50%
ethanol (D).



Molecules 2016, 21, 1564 9 of 14

3. Experimental Section

3.1. Materials and Reagents

Blueberries (bluecrop variety) were provided by Dandong Organic Food Co., Ltd. (Shenyang,
Liaoning, China). Analytical-grade methanol, trifluoroacetic acid, bromocresol purple, ethanol, FeSO4,
sodium phosphate, ammonium molybdate, sulfuric acid, anhydrous methanol, ascorbic acid, H2O2,
HCl, beta carotene, chloroform, linoleic acid, Tween-20, 1,1-diphenyl-2-picrylhydrazyl radical (DPPH),
acetate buffer, 2,4,6-tri-2-pyridinyl-1,3,5-triazine (TPTZ) and ethyl acetate were purchased from Beijing
Chemical Reagent Co. (Beijing, China). Anthocyanin standard monomer, namely, cyanidin-3-glucoside
(Chromadex 00011605, purity 98.5%) delphinidin-3-rutinoside (Chromadex 00016371, purity 98%)
and malvidin-3-galactoside (Chromadex 00017345, purity 99%), were obtained from Polyphenol AS
(Sandnes, Norway). and chromatographic grade formic acid and methanol, were obtained from
Sigma-Aldrich Co. (Billerica, MA, USA). Amberlite XAD-7 resin column and Sephadex LH-20 gel resin
were purchased from Polyphenol AS. Deionized water was used throughout the experiment.

3.2. Separation and Purification of Cy-3-glu

Blueberries (100 g) were crushed in a pounding machine; extraction was performed using 2 L
of methanol containing 0.5% trifluoroacetic acid (TFA) for 24 h at 0 ◦C following centrifugation;
rotary evaporation was performed to remove methanol at 38 ◦C, and concentrated anthocyanins
were obtained. The concentrate containing ethyl acetate at 1:1 ratio (v:v) was subjected under
liquid–liquid extraction for three times to remove fat soluble component. Amberlite–XAD 7 column
chromatography was used for preliminary separation to remove impurities, such as sugar and the acid
contained in pigment mixtures. Methanol containing 0.5% TFA was used to eluent concentration before
rotary evaporation, and Sephadex LH-20 column chromatography was used for further purification.
The chromatographic conditions were as follows: 5 mL of sample; methanol and water (7:3, v: v)
containing 0.5% TFA were used as eluent; purification was performed below 4 ◦C; and eluent velocity
was 0.3 mL/min. Four ribbons separated from the column and were collected in a brown bottle.
The purity of the collected components was determined by HPLC, and component 3 (with 33.32 min
peak time) was identified as Cy-3-glu by comparing with standard monomers (with 32.7–33.9 min
peak time) [25,26].

3.3. Determination of Cy-3-glu Content of Cy-3-glu in Blueberries

Cy-3-glu solutions (10, 20, 30, 40, and 50 µmol/L) were mixed with formic acid, methanol,
and water (3:47:50, v:v:v). Cy-3-glu content was detected with HPLC-DAD after 0.2 µm organic
membrane filtration and darkening after 1 h. A drawing standard curve was then obtained. Sample
determination was performed as follows: 1 mL of sample was analyzed on a Waters-e2695-HPLC-DAD
system from Waters Co. (Milford, MA, USA) Agilent 1100 workstation from Aglilent Co. (Denver,
CO, USA) equipped with 0.2µm organic membrane filter. The chromatographic conditions were as
follows: The analyses were performed on a Diamonsil C18 column (250 mm × 4.6 mm, 5 µm), the flow
rate was 1.0 mL/min, the column temperature was set at 35 ◦C, 20 µL of sample was analyzed at
520 nm; mobile phase A contains 5% formic acid aqueous solution, and mobile phase B consists of
formic acid, methanol, and water (5:45:50, v:v:v). The elution program was as follows: 40% B gradient
elution for 3 min at 0.4 mL/min flow rate; then B phase was increased from 40% to 60% within 24 min
at 0.4 mL/min flow rate; B phase gradient was subsequently increased from 60% to 100% within 5 min
at 0.8 mL/min velocity; finally, B phase gradient was reduced to its original concentration of 40%;
baseline was balanced for 8 min [27].

3.4. Power Ultrasound of Cy-3-glu in Blueberries

Cy-3-glu in blueberries (5 mL) was placed in a Scientz-IID power ultrasound cell crusher from
Ningbo biotechnology Co. (Ningbo, Zhejiang, China); the entire process was performed strictly at 30 ◦C
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to eliminate the effect of temperature on anthocyanin degradation. Four power gradients (200–500 W)
and six time gradients (15–90 min) were set [28,29]; samples without power ultrasound were prepared
for comparison in terms of dynamics, spectral characteristics, antioxidant activity, and hydroxyl radical
(·OH) concentration.

3.5. Spectral Feature Analysis of Cy-3-glu in Blueberries

Solution of Cy-3-glu in blueberries was spectrally scanned three times before and after power
ultrasound at room temperature. The scanning wavelength ranged from 200 nm to 800 nm, and the
scan interval was 1 nm [30,31].

3.6. Dynamic Analysis of Cy-3-glu in Blueberries

First-order reaction kinetics model was used to analyze ultrasonic degradation of Cy-3-glu in
blueberries [32,33]:

Ln (Ct/C0) = −k × t (4)

t1/2 = −Ln 0.5 × k−1 (5)

where Ct: retention rate for Cy-3-glu in blueberries after power ultrasound at time t; C0: Cy-3-glu in
blueberries content of untreated sample. k: rate constant for the first-order reaction kinetics; t1/2: half
time of degradation of Cy-3-glu in blueberries.

3.7. In Vitro Antioxidant Activity of Cy-3-glu in Blueberries

3.7.1. Removal of ·OH by Cy-3-glu in Blueberries

Bromocresol purple (50.0 mg) was accurately weighed and diluted in 95% ethanol solution up
to 100 mL; FeSO4 (273.6 mg, 1.8 mmol/mL) was dissolved in distilled water in a 100 mL volumetric
flask; 30% H2O2 (6 mL) was accurately measured and diluted with heavy steam water up to 100 mL.
Subsequently, 0.05% bromocresol purple solution (0.4 mL), 0.1 mol/L HCl (0.5 mL), and 1.8 mmol/mL
FeSO4 (0.5 mL) were placed in separate test tubes, diluted with heavy steam water under vigorous
shaking, and then reacted with water for 8 min at 30 ◦C. The absorbance of the solution was determined
three times at 420 nm and then averaged, denoted as A0. Afterward, 0.5 mL of 0.1 mol/L H2O2 was
added into 1 mmol/L FeSO4 solution, and absorbance was determined three times; the average was
denoted as A. Low absorbance value was calculated as follows [29,31]:

4A = A0 − A (6)

3.7.2. Removal of DPPH by Cy-3-glu in Blueberries after Power Ultrasound

About 2 mL of 2 × 10−4 mol/LDPPH solution (prepared with 95% ethanol) was added to 2 mL
Cy-3-glu solution after ultrasound application with varying power frequencies. The solutions were
mixed and reacted away from the light at room temperature. The absorbance values of the mixed
solution at 517 nm were determined for three times in parallel, with 2 mL ethanol solution + 2 mL
DPPH solution as the control group:

DPPH clearance rate = [(A0 − A1)/A0] × 100% (7)

where A0 was the absorbance of control group and A1 was the absorbance of Cy-3-glu group.

3.7.3. Determination of Ferric Reducing Antioxidant Potential Assay of Cy-3-glu in Blueberries after
Power Ultrasound

At pH 3.6, 300 mmol/L acetate buffer (3.1 g trihydrate sodium acetate and 16 mL acetic acid
soluble were dissolved in 1 L distilled water) and 10 mmol/L TPTZ solution (prepared with 40 mmol/L



Molecules 2016, 21, 1564 11 of 14

HCl and 20 mmol/L FeCl3 solution) were blended according to the volume ratio of 10:1:1 and insulated
at 37 ◦C for 30 min to obtain the ferric reducing antioxidant potential assay (FRAP) solution. Afterward,
0.3 mL Cy-3-glu solution was added into 5.7 mL FRAP solution after ultrasound at varying frequencies.
The solution was then placed in 30 min in the dark after blending. The absorbance value at 593 nm
wavelength was determined for three times in parallel. The absorbance (A) was denoted as the x-axis,
whereas different molarities of FeSO4 (mmol/L) were used as the y-axis to draw the FeSO4 standard
curve, i.e., y = 0.2858 + 0.0294x, R2 = 0.9989. The FRAP values of the Cy-3-glu solution were according
to the FeSO4 standard curve with the same absorbance.

3.7.4. Role of Cy-3-glu in Blueberries in Beta Carotene–Linoleic Acid System

Beta carotene (5 mg) was accurately weighed, dissolved in chloroform (10 mL), and then mixed
with linoleic acid (0.25 mL) and Tween-20 (2.0 mL). The mixture was transferred into a round bottom
flask and subjected under rotary evaporation at 50 ◦C for 4.0 min. Next, 500 mL of distilled water was
added. The mixture served as reaction solution. In addition, 0.5 mg/mL VC solution was used for
comparison, and Cy-3-glu in blueberries was used as standard solution. The standard solution (1.0 mL)
and reaction solution (4.0 mL) were mixed in a test tube and allowed to react in a water bath at 50 ◦C.
Absorbance was measured at 470 nm every 25 min for a total of 150 min (distilled water instead of beta
carotene was used as blank). Antioxidant capacity was calculated by the following formula [26,31]:

Antioxidant capacity (%) = [1 − (A0 − At)/(A0’ − At’)] × 100% (8)

where A0 and At are the absorbance of Cy-3-glu in blueberries at 0 and 150 min, respectively; and A0’
and At’ are the absorbance in the absence of Cy-3-glu in blueberries at 0 and 150 min, respectively.

3.7.5. Determination of Total Antioxidant Capacity in Cy-3-glu in Blueberries

Ammonium molybdate was used to determine antioxidant capacity. Sodium phosphate (2.13 g),
ammonium molybdate (0.99 g), and sulfuric acid (0.99 mL) were dissolved in water (200 mL), mixed,
and diluted with anhydrous methanol; the concentration gradients of Cy-3-glu in blueberries ranged
from 50 µg/mL to 250 µg/mL. Diluted Cy-3-glu in blueberries (0.5 mL) was mixed into the ammonium
molybdate (5 mL) reaction system and heated at 90 ◦C for 90 min; and absorbance of the reaction
liquid at 695 nm was measured after the reaction system cooled to room temperature. The measured
total antioxidant capacity of anthocyanins was reflected with corresponding Vc concentration [30,31].

3.8. Degradation Test of Cy-3-glu in Blueberries

Cy-3-glu in blueberries powder (0.1 g) was weighed and dissolved up to a constant volume of
50 mL (pH = 3) in deionized water and 10%, 20%, 50% ethanol at 4 , 25, 75 , and 95 ◦C, respectively.
Samples (2 mL) were obtained from each group every 30 min and then immediately cooled in ice water.
As mentioned in Section 2.3, the degradation dynamics must be analyzed to determine the variation in
Cy-3-glu concentration [32,33].

3.9. Statistical Analysis

Experiments were performed in triplicate, final data were expressed as the mean ± standard
deviation (x ± s). ANOVA was employed to assess the differences among groups. Statistical analysis
was performed using SPSS 21.0 from IBM Co. (Armonk, NY, USA) .Significant differences were
denoted by p < 0.05.

4. Conclusions

The basic spectral characteristics of Cy-3-glu solution did not change obviously after power
ultrasound exposure, and the absorption at 501 nm decreased significantly with anthocyanin
degradation. Degradation of Cy-3-glu by power ultrasound fitted first-order kinetics. The rate
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of anthocyanin degradation induced by power ultrasound was consistently greater than that
observed under thermal degradation. Under prolonged power ultrasound and increased power,
·OH concentration increased, and the antioxidant activity of anthocyanins decreased. In addition,
·OH concentration showed a good correlation with Cy-3-glu degradation. This result indicated that
cavitation is the main mechanism of ultrasonic degradation of anthocyanins; cavitation caused water
molecules to produce ·OH, which attacked anthocyanins, resulting in open-loop degradation of
anthocyanins. Degradation of anthocyanins of blueberry followed first-order reaction kinetics, and the
anthocyanins of blueberry showed the longest storage time under 20% ethanol solution (wine) at
room temperature.

Acknowledgments: This research were supported by the National Natural Science Foundation of China
(31501497), Hainan University Research Funded Projects (kyqd1553) and Hainan Province Natural Science
Fund Project (20163053).

Author Contributions: G.-L.Y. and X.-H.M. conceived the experiments. X.-Y.C. analysed the results. J.C. wrote
the manuscript. All authors reviewed the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Cy-3-glu Cyanidin-3-glucoside
FRAP Ferric reducing/antioxidant power
DPPH 1,1-Diphenyl-2-picrylhydrazyl radical

References

1. Liu, J.J.; Liu, C.G.; Wang, F.; Song, Y.; Li, Z.L.; Ji, J. Preparation of pt nanocrystals on ultrasonic cavitation
functionalized pristine carbon nanotubes as electrocatalysts for electrooxidation of methanol. Ind. Eng.
Chem. Res. 2014, 53, 20099–20106. [CrossRef]

2. Li, L.; Song, S.T.; Zhang, X.X.; Chen, R.J.; Lu, J.; Wu, F.; Amine, K. Ultrasonic-assisted co-precipitation to
synthesize lithium-rich cathode Li1.3Ni0.21Mn0.64O2+d materials for lithium-ion batteries. J. Power Sources
2014, 272, 922–928. [CrossRef]

3. Schneider, Y.; Zahn, S.; Schindler, C.; Rohm, H. Ultrasonic excitation affects friction interactions between
food materials and cutting tools. Ultrasonics 2009, 49, 588–593. [CrossRef] [PubMed]

4. Yu, D.; Chen, M.S.; Yu, S.J. Effect of sugarcane molasses extract on the formation of 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP) in a model system. Food Chem. 2016, 197, 924–929. [CrossRef]
[PubMed]

5. Chemat, F.; Abert-Vian, M.; Cravotto, G. Review: Green extraction of natural products: Concept and
principles. Int. J. Mol. Sci. 2012, 13, 8615–8627. [CrossRef] [PubMed]

6. Alexandru, L.; Cravotto, G.; Giordana, L.; Binello, A.; Chemat, F. Ultrasound-assisted extraction of clove
buds with batch- and flow-reactors: A comparative study on a pilot scale. Innov. Food Sci. Emerging Technol.
2013, 20, 167–172. [CrossRef]

7. Chen, F.; Sun, Y.Z.; Liao, X.J. Optimization of ultrasound-assisted extraction of anthocyanins
in red raspberries and identification of anthocyanins in extract using high-performance liquid
chromatography-mass spectrometry. Ultrason. Sonochem. 2007, 14, 767–778. [CrossRef] [PubMed]

8. Tiwari, B.K.; Patras, A.; Brunton, N. Effect of ultrasound processing on anthocyanins and color of red grape
juice. Ultrason. Sonochem. 2010, 17, 598–604. [CrossRef] [PubMed]

9. Stojanovic, J.; Silva, J.L. Influence of osmotic concentration, continuous high frequency ultrasound and
dehydration on antioxidants, colour and chemical properties of rabbit eye blueberries. Food Chem. 2007, 101,
898–906. [CrossRef]

10. Tiwari, B.K.; O’donnell, C.P.; Patras, A. Anthocyanin and ascorbic acid degradation in sonicated strawberry
juice. J. Agric. Food Chem. 2008, 56, 10071–10077. [CrossRef] [PubMed]

11. Floros, J.D.; Liang, H.H. Acoustically assisted diffusion through membranes and biomaterials. Food Technol.
1994, 48, 79–84.

http://dx.doi.org/10.1021/ie503632s
http://dx.doi.org/10.1016/j.jpowsour.2014.08.063
http://dx.doi.org/10.1016/j.ultras.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19342070
http://dx.doi.org/10.1016/j.foodchem.2015.11.052
http://www.ncbi.nlm.nih.gov/pubmed/26617035
http://dx.doi.org/10.3390/ijms13078615
http://www.ncbi.nlm.nih.gov/pubmed/22942724
http://dx.doi.org/10.1016/j.ifset.2013.07.011
http://dx.doi.org/10.1016/j.ultsonch.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/17321780
http://dx.doi.org/10.1016/j.ultsonch.2009.10.009
http://www.ncbi.nlm.nih.gov/pubmed/20015673
http://dx.doi.org/10.1016/j.foodchem.2006.02.044
http://dx.doi.org/10.1021/jf801824v
http://www.ncbi.nlm.nih.gov/pubmed/18828602


Molecules 2016, 21, 1564 13 of 14

12. Jordens, J.; Bamps, B.; Gielen, B.; Braeken, L.; van Gerven, T. The effects of ultrasound on micromixing.
Ultrason. Sonochem. 2016, 32, 68–78. [CrossRef] [PubMed]

13. Slavin, M.; Lu, Y.; Kaplan, N.; Yu, L. Effects of baking on cyanidin-3-glucoside content and antioxidant
properties of black and yellow soybean crackers. Food Chem. 2013, 141, 1166–1174. [CrossRef] [PubMed]

14. Serra, D.; Paixao, J.; Nunes, C.; Dinis, T.C.P.; Almeida, L.M. Cyanidin-3-glucoside suppresses
cytokine-induced inflammatory response in human intestinal cells: Comparison with 5-aminosalicylic
acid. PLoS ONE 2013, 8, e73001. [CrossRef] [PubMed]

15. Bai, L.X.; Lin, W.J.; Wu, P.F.; Deng, J.J.; Li, C.; Xu, D.L.; Wang, D.; Chen, L.S. Memory effect and redistribution
of cavitation nuclei in a thin liquid layer. Ultrason. Sonochem. 2016, 32, 213–217. [CrossRef] [PubMed]

16. Da Silva, F.L.; Escribano-Bailón, M.T.; Alonso, J.J.P.; Rivas-Gonzalo, J.C.; Santos-Buelga, C. Anthocyanin
pigments in strawberry. LWT-Food Sci. Technol. 2007, 40, 374–382. [CrossRef]

17. Torgils, F.; Luis, C.; Oyvind, M.A. Colour and stability of pure anthocyanins influenced by pH including the
alkaline region. Food Chem. 1998, 63, 435–440.

18. Paula, F.; Paulo, F.; Higuinaldo, C.D.N.; Fernando, P. Photochemical and thermal degradation of
anthocyanidins. J. Photochem. Photobiol. A Chem. 1993, 75, 113–118.

19. Turfan, O.; Turkyilmaz, M.; Yemis, O.; Ozkan, M. Effects of clarification and storage on anthocyanins and
color of pomegranate juice concentrates. J. Food Qual. 2012, 35, 272–282. [CrossRef]

20. Li, Z.; Han, J.S.; Lu, J.J.; Zhou, J.S.; Chen, J.M. Vibratory cavitation erosion behavior of AISI 304 stainless
steel in water at elevated temperatures. Wear 2014, 321, 33–37. [CrossRef]

21. Cao, S.; Liu, L.; Lu, Q.; Xu, Y.; Pan, S.; Wang, K. Integrated effects of ascorbic acid, flavonoids and sugars
on thermal degradation of anthocyanins in blood orange juice. Eur. Food Res. Technol. 2009, 228, 975–983.
[CrossRef]

22. Kendziorra, C.; Meyer, H.; Dewey, M. Implementation of a phase detection algorithm for dynamic
cardiac computed tomography analysis based on time dependent contrast agent distribution. PLoS ONE
2014, 9, e116103. [CrossRef] [PubMed]

23. Puga, C.D.; Hilario, M.C.; Mendoza, J.G.E.; Campos, O.M.; Jijon, E.M.; Martinez, M.D.; Izazaga, M.A.A.;
Solano, J.A.L.; Chaverri, J.P. Antioxidant activity and protection against oxidative-induced damage of
Acacia shaffneri and Acacia farnesiana pods extracts: In vitro and in vivo assays. BMC Complement. Altern. Med.
2015, 15. [CrossRef]

24. Dimitrova-Dyulgerova, I.; Zhelev, I.; Mihaylova, D. Phenolic profile and in vitro antioxidant activity of
endemic bulgarian Carduus species. Pharmacogn. Mag. 2015, 11, S575–S579. [PubMed]

25. Al-Mamary, M.; Al-Habori, M.; Al-Zubairi, A.S. The in vitro antioxidant activity of different types of palm
dates (Phoenix dactylifera) syrups. Arab. J. Chem. 2014, 7, 964–971. [CrossRef]

26. Kumar, M.S.; Chaudhury, S.; Balachandran, S. In vitro callus culture of Heliotropium indicum Linn. for
assessment of total phenolic and flavonoid content and antioxidant activity. Appl. Biochem. Biotechnol. 2014,
174, 2897–2909. [CrossRef] [PubMed]

27. Kadir, F.A.; Kassim, N.M.; Abdulla, M.A.; Yehye, W.A. Pass-predicted vitex negundo activity: Antioxidant
and antiproliferative properties on human hepatoma cells-an in vitro study. BMC Complement. Altern. Med.
2013, 13. [CrossRef] [PubMed]

28. Altunkaya, A.; Gokmen, V.; Skibsted, L.H. Ph dependent antioxidant activity of lettuce (L. Sativa) and
synergism with added phenolic antioxidants. Food Chem. 2016, 190, 25–32. [CrossRef] [PubMed]

29. Hong, S.; Wu, Y.P.; Zhang, J.F.; Zheng, Y.G.; Zheng, Y.; Lin, J.R. Synergistic effect of ultrasonic cavitation
erosion and corrosion of WC-CoCr and FeCrSiBMn coatings prepared by hvof spraying. Ultrason. Sonochem.
2016, 31, 563–569. [CrossRef] [PubMed]

30. Chen, P.X.; Dupuis, J.H.; Marcone, M.F.; Pauls, P.K.; Liu, R.H.; Liu, Q.; Tang, Y.; Zhang, B.; Tsao, R.
Physicochemical properties and in vitro digestibility of cooked regular and nondarkening cranberry beans
(Phaseolus vulgaris L.) and their effects on bioaccessibility, phenolic composition, and antioxidant activity.
J. Agric. Food Chem. 2015, 63, 10448–10458. [CrossRef] [PubMed]

31. Ourique, A.F.; Chaves, P.D.; Souto, G.D.; Pohlmann, A.R.; Guterres, S.S.; Beck, R.C.R. Redispersible
liposomal-N-acetylcysteine powder for pulmonary administration: Development, in vitro characterization
and antioxidant activity. Eur. J. Pharm. Sci. 2014, 65, 174–182. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ultsonch.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/27150747
http://dx.doi.org/10.1016/j.foodchem.2013.04.039
http://www.ncbi.nlm.nih.gov/pubmed/23790899
http://dx.doi.org/10.1371/journal.pone.0073001
http://www.ncbi.nlm.nih.gov/pubmed/24039842
http://dx.doi.org/10.1016/j.ultsonch.2016.02.024
http://www.ncbi.nlm.nih.gov/pubmed/27150763
http://dx.doi.org/10.1016/j.lwt.2005.09.018
http://dx.doi.org/10.1111/j.1745-4557.2012.00451.x
http://dx.doi.org/10.1016/j.wear.2014.09.012
http://dx.doi.org/10.1007/s00217-009-1015-2
http://dx.doi.org/10.1371/journal.pone.0116103
http://www.ncbi.nlm.nih.gov/pubmed/25545863
http://dx.doi.org/10.1186/s12906-015-0959-y
http://www.ncbi.nlm.nih.gov/pubmed/27013797
http://dx.doi.org/10.1016/j.arabjc.2010.11.014
http://dx.doi.org/10.1007/s12010-014-1235-1
http://www.ncbi.nlm.nih.gov/pubmed/25248992
http://dx.doi.org/10.1186/1472-6882-13-343
http://www.ncbi.nlm.nih.gov/pubmed/24305067
http://dx.doi.org/10.1016/j.foodchem.2015.05.069
http://www.ncbi.nlm.nih.gov/pubmed/26212937
http://dx.doi.org/10.1016/j.ultsonch.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26964984
http://dx.doi.org/10.1021/acs.jafc.5b04005
http://www.ncbi.nlm.nih.gov/pubmed/26479447
http://dx.doi.org/10.1016/j.ejps.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25263567


Molecules 2016, 21, 1564 14 of 14

32. Floegel, A.; Kim, D.O.; Chung, S.J.; Koo, S.I.; Chun, O.K. Comparison of ABTS/DPPH assays to measure
antioxidant capacity in popular antioxidant-rich us foods. J. Food Compos. Anal. 2011, 24, 1043–1048.
[CrossRef]

33. Lu, M.; Yuan, B.; Zeng, M.M.; Chen, J. Antioxidant capacity and major phenolic compounds of spices
commonly consumed in China. Food Res. Int. 2011, 44, 530–536. [CrossRef]

Sample Availability: Samples of the compounds including cyanidin-3-glucoside, beta carotene–linoleic acid,
FRAP solution are available from the authors.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jfca.2011.01.008
http://dx.doi.org/10.1016/j.foodres.2010.10.055
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	HPLC Measurement of Cy-3-glu in Blueberries 
	Analysis of Spectral Characteristics of Cy-3-glu in Blueberries 
	Dynamic Analysis of Cy-3-glu in Blueberries 
	OH Determination 
	Analysis of Antioxidant Activity 
	Degradation Anthocyanins of Blueberry in Ethanol Solutions 

	Experimental Section 
	Materials and Reagents 
	Separation and Purification of Cy-3-glu 
	Determination of Cy-3-glu Content of Cy-3-glu in Blueberries 
	Power Ultrasound of Cy-3-glu in Blueberries 
	Spectral Feature Analysis of Cy-3-glu in Blueberries 
	Dynamic Analysis of Cy-3-glu in Blueberries 
	In Vitro Antioxidant Activity of Cy-3-glu in Blueberries 
	Removal of OH by Cy-3-glu in Blueberries 
	Removal of DPPH by Cy-3-glu in Blueberries after Power Ultrasound 
	Determination of Ferric Reducing Antioxidant Potential Assay of Cy-3-glu in Blueberries after Power Ultrasound 
	Role of Cy-3-glu in Blueberries in Beta Carotene–Linoleic Acid System 
	Determination of Total Antioxidant Capacity in Cy-3-glu in Blueberries 

	Degradation Test of Cy-3-glu in Blueberries 
	Statistical Analysis 

	Conclusions 

