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Ultrasound is considered as a potential novel technique for improving the quality of some wines. In this
paper, a model wine firstly was constructed with the standards of (�)-epicatechin gallate (ECG) and
bovine serum albumin (BSA) as target compounds. Then, the experiments were conducted to investigate
the effect of ultrasonic irradiation on the binding properties between ECG and BSA including quenching
mechanism, binding parameters, binding forces, energy transfer distance and conformational changes
determined by spectral analysis. The results indicate that ultrasound definitely has some regular effects
on the binding interaction of BSA and ECG, and can induced the conformation variation of BSA in the sim-
ulated wine, which may suggest that the ultrasound might be employed to modify the wine organoleptic
property by regulating the interaction between phenolic compounds and proteins from the autolysis of
yeasts, since they are similar to the standards of ECG and BSA, respectively.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Wine aging is an important procedure to obtain high quality
wine, during which complicated reactions were involved among
sugars, organic acids, phenols and yeast autolysis products, subse-
quently modifying the organoleptic properties of wine such as
astringency, bitterness and off-odour [1,2]. During aging, on the
one hand, monomeric flavonoids slowly combine with each other
together with procyanidins to generate polymers, which accounts
for the formation of coloration and specific flavour in white or
red wine [3–5]. On the other hand, yeasts, one of the main con-
stituents of lees (the residue formed at the bottom of vats of wine
during storage after fermentation), undergo autolysis triggered by
their own hydrolytic enzymes, and subsequently release the intra-
cellular constituents including proteins, polysaccharides and other
low molecular weight products [6–8]. As a result, the wine is
enriched by compounds released from yeast cell, which have been
developed to promote red wine sensory characteristics, such as
astringency, texture, colour and mouth-feel, due to their affinity
to the polyphenols in red wine. That is, to some extent, the
organoleptic characteristics of wine can be adjusted or improved
by influence the interaction between those compounds obtained
from yeast cell and phenols in wine. [9–11].
Among these compounds derived from yeasts, much lower
affinity exist between polyphenols and polysaccharides [12], while
the binding effects of the protein to phenols play a comparatively
more important role in the wine sensory. In the previous research,
it has been demonstrated that yeast proteins can adsorb phenolic
compounds [13,14], precipitate or bind with polyphenols, during
which the colour stability can be improved and astringency of
the wine can be reduced [15,16]. In addition, yeasts proteins play
important roles in unique flavour and foaming properties for wine,
especially sparkling wine [17], which could be modified by the
interaction between the proteins and phenols in wine. Therefore,
it is significant to investigate the mechanisms of interactions
between proteins and phenols in wine system (pH = 3.8, 12% (v/
v) ethanol), which is still controversial and demands a further
research [13,14].

Although natural aging in oak barrels is a traditional and reli-
able method to produce high-quality wine, this method is high-
cost, time-consuming and labour-intensive. In order to overcome
these defects above-mentioned in natural aging, some novel tech-
niques have been reported including addition of oak chips, aging
on lees, and the utility of different emerging physical methods
[18,19]. In comparison, among all those physical techniques stud-
ied, ultrasound, a relatively low-cost, non-hazardous and eco-
friendly technique, which has been widely applied in the field of
food processing, is regarded as one of the considerably promising
technology to obtain high-quality wines in a shorter time [18,20–
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22]. Some researchers have proposed the potential of ultrasound
for accelerating the aging of several kinds of wines, such as rice
wine and rice alcoholic beverage [23,24]. Masuzawa, Ohdaira and
Ide [25] had illustrated that a soft ultrasonic treatment could lead
to an increase of phenols in red wine, and subsequently could be of
assistance to accelerate wine maturation. Our previous studies
have also revealed that the ultrasonic frequency and exposure time
significantly affected the concentration of total phenolic com-
pounds and electrical conductivity of red wine [1,2]. Furthermore,
ultrasonic irradiation can also induce the generation of 1-
hydroxyethyl radicals in red wine and a model wine [26], which
is thought as an initiator for the complex reactions during wine
aging. Overall, given the effects of ultrasound on modifying the
wine properties, it can be expected that the interaction between
proteins and phenolic compounds in wine might be influenced or
even regulated by ultrasonic irradiation.

However, previous research mainly focused on the changes of
physicochemical properties and macroscopic parameters of wine
under different ultrasonic conditions. There is still a lack of studies
concerning the changing mechanisms of wine organoleptic prop-
erty from the interaction between phenols and proteins, which is
initiated by ultrasonic irradiation. The aim of this study was there-
fore performed to investigate the interaction between proteins and
phenolic compounds in wine by analysing the effect of ultrasound
on the quenching mechanism, binding parameters, binding forces,
energy transfer distance and conformational changes, and the final
purpose is to promote the application of ultrasound in accelerating
wine aging. Considering the complexity of the phenolic com-
pounds and yeast proteins involved in wine, ECG, as a typical
monomeric phenol in wine, and BSA, a common and soluble pro-
tein, were selected to simulate the corresponding components.
Moreover, ultrasonic frequency was set as a critical parameter
investigated due to its significant influence on chemical reactions
[26,27].
2. Materials and methods

2.1. Materials

BSA was purchased from Sigma-Aldrich Chemicals Company
(USA). ECG was purchased from Chengdu Must Bio-technology
Co., Ltd, China. The double-distilled water was used throughout
the experiment. Other reagents were of analytical grade.

2.2. Model wine preparation

ECG was directly dissolved in 12% (v/v) ethanol solution and
then the pH was adjusted to 3.8 with tartaric acid to simulate a
model wine solution, which was freshly prepared in order to avoid
being oxidized. Similarly, BSA was also dissolved in the tartaric
acid solution (pH = 3.8) contained with ethanol (12%).

2.3. Fluorescence measurement

The samples at different temperatures (288, 298 and 308 K) and
frequencies (25, 40 and 59 kHz, 298 K) were performed in F-7000
fluorescence spectrophotometer (Hitachi, Japan) equipped with a
1.0 cm quartz cell and a thermostatic bath. For each experimental
group treated with ultrasonic irradiation or not, the BSA concentra-
tion was kept at 1.0 � 10�6 mol�L�1, while the concentration of ECG
varied from 0 to 4.0 � 10�6 mol�L�1 at regular intervals. The excita-
tion and emission slit width was set to 2.5 nm. The excitation
wavelength was set at 280 nm (excitation of the tryptophan
(Trp) and tyrosine (Tyr)), and the emission spectra were recorded
from 290 to 450 nm at a scan rate of 1200 nm�min�1. The
synchronous fluorescence spectra were measured from 265 to
350 nm (Dk = 15 nm) and from 240 to 350 nm (Dk = 60 nm),
respectively. Appropriate blanks corresponding to the model wine
solution (without BSA or ECG) were employed to subtract the flu-
orescence background.

2.4. Analysis of fluorescence quenching between ECG and BSA

In order to investigate the fluorescence quenching mechanism
between ECG and BSA, the following equations and parameters
were used. To be specific, fluorescence quenching is described by
the Stern-Volmer equation [28–31]:

F0

F
¼ 1þ kqs0½Q � ¼ 1þ KSV ½Q � ð1Þ

where F0 and F denote the fluorescence intensities in the absence
and presence of quencher, respectively. KSV is the Stern-Volmer
quenching constant; Kq is the bimolecular quenching rate constant;
s0 is the average lifetime of the molecular fluorescence in the
absence of quencher, which is around 10�8 s; [Q] is the concentra-
tion of the quencher. Therefore, Eq. (1) was applied to determine
KSV by linear regression of a plot of F0/F against [Q].

Furthermore, the temperature-dependent thermodynamic
parameters including free energy changes (DG0), enthalpy changes
(DH0) and entropy changes (DS0) can be studied on the basis of the
following equations (Eqs. (2)–(4)), if the DH0 does not vary signif-
icantly within a certain temperature range [32,33]:

DG0 ¼ �RT lnKb ð2Þ

ln
K2

K1
¼ 1

T1
� 1
T2

� �
DH0

R
ð3Þ

DG0 ¼ DH0 � TDS0 ð4Þ
where R is the gas constant, T stands for the experimental temper-
ature, Kb (Eq. (2)) refers to the binding constant at the correspond-
ing temperature, K1 and K2 (Eq. (3)) are the binding constants
corresponding to the temperature of T1 and T2, respectively.

Moreover, binding parameters, which is very useful to investi-
gate the binding effect of small molecules with proteins, can be
determined by the following equation [32]:

log
F0 � F

F

� �
¼ n logKb þ n log

1
½Q � � ðF0�FÞ½P�

F0

ð5Þ

where F0 and F are the fluorescence intensities before and after the
addition of the quencher, respectively; Kb is the binding constant
and n is the average number of binding sites per protein molecule;
[P] and [Q] are total protein concentration and total quencher con-
centration, respectively. Plots of log(F0�F)/F against log(1/([Q]�[P]
(F0�F)/F0)) are utilized to determine the values of Kb and n from
the intercept and the slope, respectively.

As for the energy transfer, based on the Förster theory [31,34],
the transfer efficiency is defined as follows:

E ¼ R6
0

R6
0 þ r6

¼ 1� F
F0

ð6Þ

where E can be determined experimentally from the donor fluores-
cence in the presence (F) and absence (F0) of the quencher, stan-
dardized to the same concentration of the donor; r is the donor-
to-acceptor distance, and R0 is the critical distance when the effi-
ciency of transfer is 50%.

R6
0 ¼ 8:79� 10�25K2n�4/J ð7Þ
In Eq. (7), K2 stands for the orientation factor, n is the refracted

index of medium and u refers to the fluorescence quantum yield of
the donor. In this research, K2 = 2/3, n = 1.36 and u = 0.118 [35]. J is



Fig. 1. Emission spectra of BSA (1.0 � 10�6 mol�L�1) in the presence of different
concentrations of ECG (a–i: 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0, 10�6 mol�L�1) at
298 K and pH = 3.8. (a) without ultrasound irradiation; (b) with ultrasound
irradiation of 59 kHz, 500 W and 30 min.
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the overlap integral which expresses the degree of spectral overlap
between the donor emission and the acceptor absorption, and can
be calculated from the following equation:

J ¼
R1
0 FðkÞeðkÞk4dkR1

0 FðkÞdk ð8Þ

where F(k) is the corrected fluorescence intensity of the donor at
wavelength k, and e(k) is the molar absorption coefficient of the
acceptor at the wavelength k.

2.5. Measurement of UV–Vis spectra about ECG and BSA

UV–Vis spectra were recorded from 195 to 450 nm with a TU-
1810 spectrophotometer (PERSEE Analytical Instrument Ltd., Bei-
jing, China) equipped with a 1.0 cm quartz cell.

2.6. Circular dichroism (CD) measurement of BSA

The CD spectra of BSA solution in the absence or presence of
ECG with different ultrasonic treatment were recorded in the range
of 200–260 nm at 298 K by the Chirascan CD spectroscopy instru-
ment (Applied Photophysics Ltd., UK) with a 1 mm cell. The con-
centration of BSA was kept at 1.0 � 10�6 mol�L�1 and the molar
ratios of ECG to BSA were varied from 0:1 to 2:1. The correspond-
ing contribution of the model wine solution to the spectra was
recorded and digitally subtracted to the spectra at the same ultra-
sonic conditions. The compositions of the secondary structure on
free proteins and ECG-binded complex were estimated according
to the CD spectra [33].

2.7. Effect of ultrasonic treatment on the interaction between BSA and
ECG

Experiments were carried out in an ultrasonic bath (SB-500 DTY,
Ningbo Scientz Biotechnology Co., Ltd, China), which can work at
the frequencies of 25, 40 and 59 kHz with a variable power output.
Ultrasonic energy was transferred from the bottom to the medium
within the bath by ten transducers and the maximum power was
500W. The temperaturewasmaintained constant during treatment
by means of Xiangya DLSB-5/20 circulation pump of closed-loop
cryogenic refrigerator (Shanghai, China). Different ultrasonic fre-
quencies, namely 25, 40 and 59 kHz, were employed to investigate
its effect on the binding interaction between BSA and ECG with the
total electric power of 500 W for 30 min at the temperature of
298 K, and its affecting mechanism was analysed by the above-
mentioned parameters. It should be noted that even though the
power of ultrasonic bath was set to 500W, only a part of the total
electric power could be transferred into ultrasonic power (ultra-
sonic wave form), among which a large portion of the ultrasonic
wave would be reflected on the surface of the vessel or weakened
by the material of vessel. Therefore, this total electric power was
selected in order to clearly present the modification of the interac-
tion initiated by ultrasound. All the experiments were performed in
duplicates.

3. Results and discussion

3.1. Effect of ultrasound frequency on the fluorescence quenching
spectra between ECG and BSA

As can be observed in Fig. 1, the fluorescence intensity of BSA
decreased with the increasing of ECG concentration in the model
wine with or without ultrasonic irradiation. A characteristic fluo-
rescence emission spectrum of BSA is displayed with a maximum
value at the wavelength of 336 nm, which is mainly attributed to
the tryptophan (Trp) residues [34]. By comparing the two top
curves (fluorescence spectra) in Fig. 1a and b, only very little differ-
ence exist between them, while the curves decreased significantly
with the increasing concentration of ECG. Similarly, only extremely
limited difference can be observed when comparing the fluores-
cence data obtained from the samples including BSA solely treated
with ultrasound at three different frequencies with untreated ones
(data not shown). Therefore, these results indicate that ECG plays a
major role in the fluorescence quenching process under the exper-
imental condition. Although previous studies suggested that the
fluorescence of Trp would be destroyed by intensive ultrasound
[36], comparatively mild ultrasonic irradiation provided by ultra-
sonic bath preserved fluorescence signal of BSA well in the exper-
imental condition, which would be attributed to scattered
ultrasonic wave energy throughout the whole bath and the energy
loss throughout the ultrasound wave propagation, especially
energy reflection on the surface of the vessel and energy decline
by the vessel material.

Besides, with increasing ECG additions, a slightly upward shift
of the wavelength could be observed, which may indicate that
the ECG can interact with BSA and quench its fluorescence together



Fig. 2. Stern-Volmer plots for the quenching of BSA by ECG in the model wine. (a) at
different temperatures; (b) with different ultrasound frequency at 298 K, 500 W
and 30 min.

Table 1
Stern-Volmer quenching constants for the ECG-BSA system, (a) at different temper-
atures without ultrasound; (b) with different ultrasound frequency.

Table 1a Stern-Volmer quenching constants for the ECG-BSA system at
different temperatures

T (K) KSV (104 L mol�1) Kq (1012 L mol�1 s�1) R2

288 9.620 9.620 0.9971
298 6.009 6.009 0.9962
308 5.198 5.198 0.9917

Table 1b Stern-Volmer quenching constants for the ECG-BSA system induced
by ultrasonic treatment at 298 K

Frequency (kHz) KSV (104 L mol�1) Kq (1012 L mol�1 s�1) R2

25 8.162 8.162 0.9974
40 6.883 6.883 0.9969
59 5.289 5.289 0.9964
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with the conformational changes of BSA in the model wine even
after ultrasonic irradiation, and ultrasonic treatment could hardly
overwhelm the change of immediate environment of the trypto-
phan residues induced by ECG. However, comparatively, it should
be noted that a general narrowed range or extent of fluorescence
quenching after ultrasonic irradiation might convey an intriguing
signal that ultrasound may play a considerable role in interaction
between ECG and BSA in the wine-like solution. Moreover, as the
ultrasonic frequency increases, the general range or extent of fluo-
rescence quenching declines (data not shown), which demon-
strates that fluorescence quenching capacity of ECG on BSA may
get weaker as receiving ultrasonic irradiation of higher frequency,
and a regular effect was triggered by different frequency of ultra-
sound irradiation on the interaction between ECG and BSA in
model wine. Due to the defects of rough information provided by
fluorescence quenching spectra, the quenching mechanism, bind-
ing parameters and other information are therefore required to
explain the effect of different ultrasound frequency on the interac-
tion of BSA and ECG in wine-like solution, which will be discussed
in the following section.

3.2. Mechanism of fluorescence quenching and the effects of
ultrasound frequency

The Stern-Volmer plots and the corresponding KSV values were
shown and listed in Fig. 2 and Table 1, respectively. In the studied
conditions, a linear Stern-Volmer plot is observed, which may
mean only one type of quenching mechanism occurring (static or
dynamic). Generally, the dynamic and static quenching can be dis-
tinguished by their different dependence on the temperature. For
the dynamic quenching, higher temperature leads to faster diffu-
sion and larger amounts of collisional quenching. The quenching
constant increases with the temperature rising, while the opposite
effect would be observed for the static quenching [28]. As shown in
Table 1, the KSV values present a decline trend with the increasing
of temperature, and the kq values are much greater than 2 � 1010 -
L�mol�1�s�1 which is the limiting diffusion rate constant of the bio-
molecule [37]. Therefore, we can conclude that the quenching
mechanism belongs to the static quenching.

In comparison, the quenching constants decrease with the
increasing of ultrasound frequency employed (Fig. 2b, Table 1b).
Considering the static quenching mechanism, that is, the fluores-
cence ismainly initiated by formation of the ECG-BSA complex. Fur-
thermore, the decreasing values of quenching constants imply a
receding stability for the complex. The results observed in Fig. 2b
and Table 1b can be attributed to the acoustic cavitation,which pro-
duces cavitation bubbles as well as the collapse of the cavity, and
subsequently causes locally instant high pressures and tempera-
tures, creating an extreme environment affecting the stability of
the generated complex between ECG and BSA. Generally, an
increased ultrasonic frequency would result in smaller bubbles.
Being size-dependent, the bubble burst occurs alongwith the down-
sizing of the bubble size distribution. The burst of a smaller bubble
gives a higher amount of energy, and such phenomena possibly do
much contribution to the decreased stability of the complex with
higher frequencies. Moreover, bubbles undergo nonlinear oscilla-
tions under the influencing of ultrasound, and the vibration would
be quicker with the increasing of frequency. Consequently, the
quicker vibration may have a negative effect on the stability of the
complex generated by ECG and BSA in the model wine solution.

3.3. Thermodynamic parameters and the interacting force between
ECG and BSA in model wine

The interaction forces between small molecules and macro-
molecules mainly include the electrostatic interaction, multiple
hydrogen bonds, van der Waals force and hydrophobic force
[29,33]. The signs and magnitudes of the thermodynamic parame-
ters can account for the main forces involved in the interaction,
which can provide some basic information of the binding process
and contribute to a better understanding for the effect of ultra-
sound on the interaction between BSA and ECG in the model wine.
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It can be observed in Table 2a that the binding of ECG to BSA in
the model wine is an exothermic process accompanied by the val-
ues of positive DS0 and negative DG0. The binding process is there-
fore spontaneous based on the negative values of DG0. The positive
entropy probably accounts for hydrophobic interaction, and the
negative enthalpy may derive from electrostatic interactions [38].
However, owning to the relatively acidic condition used here, the
contribution of the electrostatic interaction to association process,
in general, would be limited as little charge existed on phenols for
experimental pH, and, therefore, more importance should be
attached to hydrophobic interaction. In addition, according to the
thermodynamic laws summed up by Ross and Subramanian [39],
van der Waals interaction and hydrogen bond may also make neg-
ative contribution to the enthalpy. Considering the structure of the
ECG, especially the galloyl group, each galloyl group provides three
hydroxyl groups and a benzene ring, which can establish hydrogen
and hydrophobic bonds, respectively, increasing the binding affin-
ity to BSA.
Fig. 3. Double-log plots for BSA quenched by ECG in the model wine. (a) at different
temperatures; (b) with different ultrasound frequency at 298 K, 500W and 30 min.
3.4. Effect of ultrasound frequency on the binding parameters between
ECG and BSA

Binding parameters are very useful to investigate the binding
effect of small molecules with proteins. The results for the binding
process with ultrasonic irradiation in the model wine were shown
in Fig. 3b and Table 2c, whereas the data for the binding process in
the absence of ultrasonic treatment was demonstrated in Fig. 3a
and Table 2b. The correlation coefficients are higher than 0.99,
indicating the interaction between ECG and BSA fits well to Eq.
(5). Therefore, the binding parameters can be calculated according
to Eq. (5).

From Fig. 3a and Table 2b, it can be observed that the binding
constant (Kb) decreased with the temperature increasing, indicat-
ing that the increasing temperature raises the diffusion coefficient
of the system, and consequently leads to a weaker binding effect,
which is consistent with the results of static quenching. From
Table 2c and Fig. 3b, an interesting declining trend of the binding
constant (Kb) can be observed when the ultrasound frequency
increased at a constant ultrasonic temperature of 298 K, which
implies that the higher ultrasound frequency plays a negative role
Table 2
Thermodynamic parameters and binding parameters for the ECG-BSA system, (a)
thermodynamic parameters at different temperatures; (b) binding parameters at
different temperatures without ultrasound; and (c) binding parameters with different
ultrasound frequency at 298 K.

Table 2a Thermodynamic parameters for the ECG-BSA system at different
temperatures

T (K) DH (kJ mol�1) DG (kJ mol�1) DS (kJ mol�1)

288 �21.617 �27.350 0.020
298 �27.084 0.018
308 �27.748 0.020

Table 2b Binding parameters for the ECG-BSA system at different
temperatures

T (K) Kb (L mol�1) n R2

288 9.135 � 104 0.9112 0.9963
298 5.593 � 104 0.9343 0.9966
308 5.083 � 104 0.9575 0.9948

Table 2c Binding parameters for the ECG-BSA system induced by ultrasonic
treatment at 298 K

Frequency (kHz) Kb (L mol�1) n R2

25 9.995 � 104 1.0908 0.9920
40 7.343 � 104 0.9974 0.9974
59 4.707 � 104 0.9234 0.9975
in the binding process. This result may be directly derived from the
nonlinear oscillations of the cavitation bubbles, because higher
ultrasound frequency means more rapid oscillation of the
microbubbles and, therefore, increases the frequency of inter-
molecular collision, which could disrupt the weak acting force
and reduce the stability of the ECG-BSA complex. In addition,
higher frequency would lead to, in general, smaller bubbles, and
owning to the energy released from the burst bubble is size-
dependent, the burst of smaller bubbles would provide a higher
amount of energy, which would also do much negative contribu-
tion to the stability of the complex. Moreover, the higher frequency
of the pressure/temperature pulse in the microenvironment gener-
ated by the collapse of the cavity could enhance diffusion coeffi-
cient, and subsequently have a negative effect on the stability of
the complex, which is consistent with the results obtained from
the temperature increasing process. Furthermore, the higher ultra-
sound frequency could lead to an increase of free radicals, espe-
cially 1-hydroxyethyl radicals identified in our previous studies
[26], and the radicals may interact with ECG around the bubble-
liquid interface, and hence result in a competition with the binding
interaction, which may interfere or disrupt the binding process. In
addition, compared with the binding constant derived from the
model system without ultrasound irradiation, the relatively higher
binding constants (Kb) obtained from the ultrasonic treatment of
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25 kHz and 40 kHz indicate that lower frequency ultrasonic irradi-
ation may promote or facilitate the binding process between the
ECG and BSA. These results may be attributed to the increasing
possibility of intermolecular collision initiated by ultrasound cavi-
tation, hence promoting the binding process, and, meanwhile, the
negative effects on binding interaction are relatively minor at
lower ultrasound frequency. As for the binding sites number, the
values of n are roughly equal to 1 in all conditions, implicating that
there is only one suitable site of BSA to form the ECG-BSA complex
and the binding interaction is exclusive to 1:1 (BSA: ECG) whether
ultrasound was involved or not. The declining trend of the n with
the increasing frequency, apart from the reasons existing in the
binding constants decreasing, may be attributed to the conforma-
tional changes in BSA triggered by ultrasonic cavitation, and hence
change the accessibility of ECG to the binding sites. Generally, the
effect of ultrasound cavitation could be reduced at higher fre-
quency due to the insufficient negative pressure to produce cavita-
tion during rarefaction period or insufficient time for the collapse
of bubbles during compression period. However, given the relative
low ultrasound frequencies assayed, a cycle of the ultrasonic wave
in each frequency assayed provides enough time for the enlarge-
ment, compression and ultimately collapse of the bubbles. Thus,
the negative effects of higher frequency on the cavitation phe-
nomenon are relatively limited, and only play a minor role in the
binding interaction at the studied situation.

Theoretically, more free radicals derived from higher ultra-
sound frequency could accelerate the wine aging process, however,
the negative effect of higher frequency on the binding interaction
between ECG and BSA would not improve the quality of wine.
Hence, it is significant to elaborate the mechanism of ultrasonic
effects and select a suitable lower frequency for a specific wine
to make the advantage of ultrasound, as reported by Chang [24]
and Zheng [40].

3.5. Effect of ultrasound frequency on the energy transfer between BSA
and ECG

Energy transfer measurement has been widely used to estimate
the distances between sites (a donor and an acceptor) on macro-
molecules and the effects of conformational changes on these dis-
tances [31]. In light of the Eqs. (6)–(8), the overlap integrals and
critical distance at different temperatures and different ultrasound
frequencies were listed in Table 3.

As shown in Table 3a and b, the values of r (the critical distance)
were lower than 8 nm in all conditions, which indicates that the
energy transfer from the BSA to ECG occurs with high possibility.
The larger values of r with the temperature rising depicted in
Table 3a implicate that the increasing temperature could enlarge
the distance between the donor and the acceptor, which may be
attributed to the lager diffusion coefficient generated by higher
Table 3
Overlap integrals and the critical distance for the ECG-BSA system, (a) at different
temperatures without ultrasound; (b) with different ultrasound frequency at 298 K.

Table 3a Overlap integrals and the critical distance at different temperatures

T (K) J (cm3 L mol�1) R0 (nm) r (nm)

288 8.4916 � 10�15 2.35 3.41
298 8.4930 � 10�15 2.35 3.68
308 8.4879 � 10�15 2.35 3.83

Table 3b Overlap integrals and the critical distance with different ultrasound
frequencies at 298 K

Frequency (kHz) J (cm3 L mol�1) R0 (nm) r (nm)

25 8.4915 � 10�15 2.35 3.58
40 8.4793 � 10�15 2.35 3.66
59 8.4920 � 10�15 2.35 3.78
temperature hence moving the sites further apart. From Table 3b,
it can be observed that the r value increases with ultrasound fre-
quency rising at a constant temperature of 298 K, indicating that
ultrasound with higher frequency could result in a farther distance
between the donor and the acceptor. Apart from the lager diffusion
coefficient and the quicker nonlinear oscillations of the cavitation
bubbles provoked by higher ultrasound frequency, more energy
released from smaller bubbles initiated by higher ultrasonic fre-
quencies would also contribute to the disruption of hydrophobic
interaction and hydrogen bond, which would result in the confor-
mational change of the complex and, therefore, enlarge the dis-
tance between the donor and acceptor. Furthermore, the r value
of the sample treated at the ultrasound frequency of 25 kHz is
smaller than that of untreated one, implicating that lower fre-
quency may increase the binding affinity between ECG and BSA
in the model wine, which is consistent with the results derived
from binding parameters.

3.6. Effect of ultrasound irradiation on the conformation

The above results revealed that the interaction did happen
between ECG and BSA in the model wine, and ultrasonic irradiation
did have effects on the binding interaction. In order to investigate
the specific mechanism between them, experiments on conforma-
tion were performed to study the changes by three spectroscopic
methods.

3.6.1. UV–Vis spectra
Spectroscopy is a common and qualitative method to observe

conformational changes in proteins, since it allows non-invasive
measurements of substances with lower concentration under mild
conditions [29]. As shown in Fig. 4, the spectrum of BSA has two
typical absorption peaks, the stronger peak at 215 nm accounts
for the peptide bonds in the protein, and the weaker one at about
279 nm reflects the aromatic amino acid (Trp, Tyr, and Phe) [41].
With the addition of ECG, the peak intensity of BSA at 215 nm
declined with a slight bathochromic shift (from 215 nm to
217 nm), and the peak at 279 nm had a very small decrease with-
out obvious shift. These results indicated the formation of a com-
plex between ECG and BSA in the model wine, confirming the
static quenching. Furthermore, the red shift for the peak could be
attributed to the loosening and unfolding of the protein skeleton,
hence increasing the stability of the complex. As for the ultrasonic
effect on the UV–Vis spectra, however, it is hard to differentiate the
Fig. 4. UV–Vis spectra of BSA (1.0 � 10�6 mol�L�1) in the presence of different
concentrations of ECG (a–h: 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5, 10�6 mol�L�1) at
298 K and pH = 3.8.
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spectra obtained without ultrasound irradiation from those
obtained by ultrasound at different frequencies (data not shown)
due to the limitation of sensitivity of this method.

3.6.2. Synchronous fluorescence
Synchronous fluorescence spectroscopy is one of the most com-

monly used methods to study the conformation of proteins, which
can provide the characteristic information about molecular envi-
ronment in the vicinity of fluorophores, such as tryptophan (Trp)
and tyrosine (Tyr), and have several advantages, such as spectral
simplification, reduction of the spectral bandwidth and avoidance
of different perturbing effects [33]. Therefore, simultaneous scan-
ning of the excitation and emission monochromators was per-
formed to obtain the synchronous fluorescence spectra while
maintaining a constant interval wavelength (Dk) between them.
The characteristic information of Tyr and Trp residues derived from
synchronous fluorescence can be conveyed when the Dk is set at
15 nm and 60 nm, respectively.

It can be observed from Fig. 5 that the emission strengths of
both Trp and Tyr residues decreased with the addition of ECG,
and maximum emission wavelength of Trp and Tyr showed a slight
red shift in all studied conditions. This phenomenon indicates that
the polarity in the vicinity of Trp and Tyr residues was slightly
increased, and therefore the hydrophobicity decreased around
the residues in the presence of ECG. As for the effects of ultrasonic
irradiation on the synchronous fluorescence spectra, it is apparent
from Fig. 5c and d that the emission strengths of the samples
exposed to ultrasound at 25 kHz decreased much more than those
of untreated ones (Fig. 5a and b). Furthermore, as the ultrasonic
frequency increases, the extent of emission strengths decrease pre-
sented a declining trend, and the phenomenons of red shift for the
residues are similar in all conditions (data not shown). Overall, it
Fig. 5. Synchronous fluorescence spectra of BSA (1.0 � 10�6 mol�L�1) in the presence
10�6 mol�L�1) at 298 K, and pH = 3.8. (a) Dk = 60 nm without ultrasound irradiation;
irradiation at 25 kHz, 500 W and 30 min; (d) Dk = 15 nm with ultrasound irradiation at
can be inferred that regular conformational changes may occur
with the ultrasonic frequency variation which could explain the
regular change of the above mentioned binding parameters and
critical distance from one side, whereas, meanwhile, ultrasound
may only have few minor effects on the polarity of micro-
environment around Trp and Tyr residues.

3.6.3. CD spectra
CD is a sensitive technique to observe the secondary structural

changes of proteins, in order to further investigate the conforma-
tional changes induced by ultrasonic irradiation, the CD spectra
of BSA and ECG-BSA complex in the absence and presence of ultra-
sonic treatment were measured in the range of 200 nm to 260 nm.

Two negative bands in the far UV regions at 208 nm and 222 nm
can be observed in Fig. 6, which is indicative of a-helix for proteins
[42]. There was a slight decrease of the values in both of these
bands when higher ultrasound frequency was adopted for the
model wine, which may indicate regular changes in the secondary
structure of both free BSA and the complex. The secondary struc-
ture information was calculated and listed in Table 4 about the free
BSA and the ECG-BSA complex affected by different ultrasound fre-
quencies. It is apparent from Table 4 that, with the ultrasonic fre-
quency increasing from 0 kHz to 59 kHz, the a-helix ratio of the
ECG-BSA complex increased from 66.90% to 74.90%, along with a
slight reduction in b-turn, parallel, antiparallel and random coil,
which indicates a slight secondary conformation change of the
complex. This phenomenon may be attributed to the changes of
force acting within the complex, such as the hydrophobic interac-
tion and hydrogen bond which could be interfered or disrupted by
the quicker nonlinear oscillation of the cavitation bubbles com-
bined with the more frequent pulses of the local instant high tem-
perature (>5000 �C) and pressure (>1000 atm) with ultrasonic
of different concentrations of ECG (a–i: 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0,
(b) Dk = 15 nm without ultrasound irradiation; (c) Dk = 60 nm with ultrasound
25 kHz, 500 W and 30 min.



Fig. 6. CD spectra of ECG-BSA complex (a) or BSA (b) induced by ultrasonic
treatment with different frequencies at 298 K in the model wine. Conditions: c
(BSA) = 1.0 � 10�6 mol�L�1, c(ECG) = 2.0 � 10�6 mol�L�1, ultrasonic frequencies/kHz,
a–d: 0, 25, 40 and 59, respectively.
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frequency increasing. Apart from the above reasons, higher fre-
quency may result in quicker shift or alternation between the rar-
efaction cycle and compression cycle, during which the collapse of
bubbles occurs more rapidly, generating a higher amount of cavita-
tion bubbles and subsequently releasing more hydrogen and oxy-
gen radicals from bubbles to the model wine. Therefore, these
Table 4
Percentage of secondary structure of the free BSA and its ECG complex with and without

Frequency 0 kHz

c(ECG) = 0 a-Helix,% 63.65 ± 0.53a

Antiparallel,% 3.25 ± 0.04a

Parallel,% 3.55 ± 0.04a

b-Turn,% 12.50 ± 0.07a

Random coil,% 15.70 ± 0.21a

c(ECG) = 2 � 10�6 mol L�1 a-Helix,% 66.90 ± 0.07a

Antiparallel,% 2.90 ± 0.00a

Parallel,% 3.20 ± 0.00a

b-Turn,% 12.00 ± 0.00a

Random coil,% 14.20 ± 0.21a
free radicals may attack the covalent bonds in the BSA resulting
in conformational change of the protein. Furthermore, compared
with the data obtained from the samples of complex without ultra-
sonic irradiation, the secondary structural variation of the complex
with ultrasound of 25 kHz is extremely limited, which may
account for the relatively larger binding constant and shorter crit-
ical distance. Furthermore, as shown in Fig. 6b and Table 4, a sim-
ilar variation trend for BSA can be observed which was solely
exposed to ultrasound with different ultrasonic frequencies, indi-
cating that ultrasound would have a regular effect on the sec-
ondary structure of BSA and, therefore, influence the affinity of
BSA to ECG, which is consistent with the results derived from the
synchronous fluorescence study. Considering the relatively limited
influence of ultrasonic irradiation on the ECG in the experimental
condition (data not shown), the structural change of BSA induced
by ultrasonic treatment would play a major role in the ultrasonic
modification of the interaction.
4. Conclusions

As discussed above, the binding interaction between ECG and
BSA in the model wine was definitely influenced by the ultrasonic
irradiation. From the binding parameters, the increase of ultrasonic
frequency resulted in a decrease of binding stability, and could
enlarge the distance between the fluorophore of BSA and ECG, as
proved by the binding parameters. However, compared with the
model wine untreated with ultrasound, it should be highlighted
that the sample exposed to ultrasound of 25 kHz possessed a larger
binding constant and shorter critical distance, which might indi-
cate that the binding interaction could be promoted by the ultra-
sonic treatment. Furthermore, a regular conformational change
was observed after ultrasound irradiation of different frequency,
which might account for the change of the binding interaction
induced by ultrasound. Overall, these results suggest that ultra-
sonic treatment at lower frequency might be a potential and sim-
ple technique to facilitate the interaction between proteins and
phenols in wine during aging process, thus modifying the
organoleptic property of wine. Nevertheless, the effect of other
parameters of ultrasound irradiation on the binding interaction
should be further studied in the future, such as ultrasound power
and ultrasound time. In summary, these results do contribute to
understand the mechanism of ultrasonic irradiation on modifica-
tion of some wines and produce high quality wine with this novel
technique in winery.
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ultrasonic treatment in the model wine system.

25 kHz 40 kHz 59 kHz

64.80 ± 0.30b 70.73 ± 1.05c 74.03 ± 0.94d

3.15 ± 0.05a 2.53 ± 0.13a 2.20 ± 0.08a

3.45 ± 0.05a 2.80 ± 0.10a 2.50 ± 0.08a

12.25 ± 0.05a 11.50 ± 0.15ab 11.03 ± 0.12b

15.40 ± 0.10a 12.93 ± 0.37b 11.50 ± 0.33c

66.90 ± 0.70a 72.10 ± 0.37b 74.90 ± 0.23c

2.90 ± 0.11a 2.37 ± 0.05b 2.10 ± 0.02c

3.20 ± 0.07a 2.67 ± 0.05b 2.40 ± 0.02c

12.00 ± 0.12a 11.30 ± 0.08b 10.90 ± 0.04c

14.50 ± 0.21b 12.30 ± 0.14c 11.30 ± 0.16d



Q.-A. Zhang et al. / Ultrasonics Sonochemistry 37 (2017) 405–413 413
Appendix A. Supplementary data
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