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A B S T R A C T   

High-power ultrasound has recently been approved for the treatment of crushed grapes; it can be considered as a 
highly promising technology that can be adopted for several purposes in the winemaking process. The effect of 
ultrasound used at different amplitudes (30, 60, and 90%) and over different periods of time (2, 6, and 10 min) 
on the main polyphenols and other analytical indices relating to the sensory properties of red wines was studied. 
An increase in the amplitude and sonication time did not affect the initial polyphenol profile, and no degradative 
phenomena were revealed. A significant increase in the HCl index and a decrease in the astringency index and 
particle size were highlighted in all sonicated samples. The significant effects of ultrasounds were described well 
by the power law function, logistic, and Peleg’s model, with good fitting results obtained (R2 > 0.94). Some 
scale-up considerations were reported with regard to the acoustic energy density (AED), as an intensive 
parameter of ultrasound treatments.   

1. Introduction 

Polyphenols play a fundamental role in enology, especially in the 
color and flavor of red wines. This class of compounds can be found in 
different part of grape; they have different chemical structures and, 
consequently, different chemical properties and reactivities. Anthocya-
nins and tannins are two of the most important groups of polyphenols 
responsible for many of the sensory properties of red wines. 

Anthocyanins are the main compounds responsible for the color of 
young red wines. These molecules are unstable and the concentration of 
monomeric forms decreases constantly during wine maturation and 
aging. Several mechanisms might be involved, such as degradation; 
oxidation; precipitation with proteins, polysaccharides, or condensed 
tannins; and the progressive and irreversible formation of more complex 
and stable anthocyanin-derived pigments (He et al., 2012a, 2012b; 
Oliveira et al., 2014). 

Tannins can be subdivided in two classes: hydrolysable and 
condensed tannins. Condensed tannins, also known as proanthocyani-
dins, are more or less complex polymers of flavan-3-ols or catechins. 
These are the main compounds affecting the perception of the astrin-
gency of wine and its evolution throughout wine aging (Wei et al., 
2021). The initial aggressive astringency of young red wines is gradually 
softened throughout the aging process. This lessening of the perception 

of astringency is not solely due to a reduction in tannin concentration 
but may also be associated with condensation reactions with anthocy-
anins and changes in the mean degree of polymerization (Garcia-Estevez 
et al., 2017). During wine aging, proanthocyanidin compounds tend to 
polymerize, condense with anthocyanins, and combine with other 
polymers, such as proteins and polysaccharides. Condensation with 
anthocyanins is the main chemical reaction involved in the deepening 
and stabilization of the color of red wine, which changes from a bright 
red to reddish-brown tonality (Avizcuri et al., 2016). 

Wine aging is a long-term process that is sometimes incompatible 
with the consumers’ requirements and creates high costs for wineries 
(Carpena et al., 2020; GarcíaMartín et al., 2016). Several actions should 
be considered to accelerate the vinification processes and ensure the 
quality of the wine at the same time. The intentional and controlled 
addition of a small amount of oxygen into wine, known as 
micro-oxygenation, is a cheap and widespread technique used to 
improve the taste, aroma, and structural characteristics of red wine and 
reduce its aging time (Catania et al., 2021; Ćurko et al., 2021). Some 
other approaches are used by wineries, but these are strictly limited to 
specific specialty wines, such as Madeira wine, which undergoes a slow 
heating for several months during the vinification process (Tredoux & 
Silva Ferreira, 2012). 

Other different innovative technologies, such as ultrasound (Lukić 
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et al., 2019; Zhang & Wang, 2017), gamma irradiation (Harder et al., 
2013; KalkanYildiri & Dündar, 2017), and high pressure (Tao et al., 
2016), have been applied to accelerate the aging process and shorten the 
production cycle of wine. 

Ultrasound is regarded as the most promising technique for accel-
erating the wine aging process (García Martín & Sun, 2013), specifically 
considering its effectiveness in changing the chromatic characteristics 
and phenolic properties of red wines (Tiwari et al., 2010). Ultrasound 
can promote certain chemical reactions and encourage chemical and 
structural changes in wine that resemble those that occur after long 
periods of natural aging to take place (García Martín & Sun, 2013). 

Sonication at low frequency (20–100 kHz) has shown several bene-
ficial effects on numerous liquid and solid foods, especially fermented 
ones (Yu et al., 2021). Various investigations have suggested that ul-
trasound can increase the polysaccharide content of wine and reduce its 
ageing time (del Fresno et al., 2018). Generally, ultrasound can promote 
many chemical reactions involved in the maturation and aging of fer-
mented foods, such as oxidation, esterification, and proteolysis, as well 
as improving their quality by promoting a favorable texture, color, fla-
vor, and taste (Gao et al., 2020, 2021; Gavahian et al., 2021). 

The high localized temperature and pressure created by acoustic 
cavitation induce the formation of reactive radical species, which 
enhance the reaction rates of existing processes or start new reaction 
mechanisms (McKenzie et al., 2019). 

Ultrasound is a relative low-cost and eco-friendly technology that 
can be applied for several purposes in food technology (Bhargava et al., 
2021). Despite the several studies on this topic, only a few experiments 
have been carried out on an industrial scale of operation due to the lack 
of unified design and scale-up strategies (Gogate et al., 2011). One 
extremely important aspect of the development of ultrasound technol-
ogy that must be taken into account is that laboratory-scale experiments 
must be able to be up-scaled for industry; this is an aspect of sono-
chemistry that has been of interest for many years. Energy is an intensive 
parameter and independent of scale; thus, any ultrasonic process can be 
made scalable using this parameter (Patist & Bates, 2011). 

In 2019, the International Organization of Wine (OIV) officially 
approved the use of ultrasound technology for the treatment of crushed 
grapes in order to increase the level of extraction of chemical com-
pounds. Several authors have reported that the use of ultrasound makes 
it possible to prevent the degradation of polyphenol compounds and can 
positively affect some stability and evolution mechanisms involved in 
wine aging processes, if it is appropriately modulated (Celotti et al., 
2020; Ferraretto & Celotti, 2016). It has also been highlighted that 
sonication can have positive effects on the protein stability of white 
wines (Celotti et al., 2021) and thiol precursors (Roman et al., 2020). 
Nevertheless, more detailed investigations on the effect of ultrasound on 
the main chemical compounds of wine are needed in order to define the 
right operating conditions for wine with different characteristics (grape 
variety, anthocyanin/tannin ratio, etc.). The aim of the present study 
was to evaluate the effect of ultrasounds on the polyphenolic com-
pounds, especially tannins, in red wine. The effects of different levels of 
amplitude and sonication time on the total polyphenol, anthocyanin, 
flavan-3-ols, and catechins contents were studied. Other analytical 
indices relating to the chemical and sensory properties of tannins were 
considered in our evaluation of the effect of cavitation phenomena. 

Moreover, some scale-up considerations were reported using the 
mathematical modelling of significant trends of some analytical indices 
highlighted after sonication treatments. 

2. Materials and methods 

2.1. Chemicals 

The chemicals used were of analytical reagent grade and included 
Folin-Ciocalteau, sodium carbonate, potassium bisulfite, potassium 
metabisulfite, gallic acid, tartaric acid, hydrochloric acid malvidin-3- 

glucoside, (+)-catechin, 4-(dimethylamino)-benzaldehyde, bovine 
serum albumin (BSA), and ferric sulfate. All chemicals were purchased 
from Sigma-Aldrich Co. (Milan, Italy). The solvents used, including 
ethanol, methanol, and butanol, were purchased from Carlo Erba 
(Milan, Italy) and were of analytical grade or the highest available pu-
rity. https://www.sigmaaldrich.com/catalog/substance/4dimethyla 
minobenzaldehyde1491910010711. 

2.2. Wine sample 

A young red wine, Cabernet Sauvignon (Vitis vinifera L.), vintage 
2019, from a winery in the Veneto region (Italy) was chosen and sub-
jected to sonication treatments. The wine had the initial physicochem-
ical characteristics of alcohol 12.5%, pH = 3.49, total acidity 5.3 g/L, 
and reducing sugars 3.8 g/L. 

2.3. Ultrasound treatments 

All the sonication treatments were carried out in an ultrasonic 
sonifier (ultrasonic processors UP200St, Hielscher Ultrasonics Gmbh, 
Teltow, Germany) equipped with a titanium alloy flat tip probe (13 mm 
diameter) (Sonotrode S26d14, Hielscher Ultrasonics Gmbh, Teltow, 
Germany). Aliquots of 100 mL of red wine were processed in a contin-
uous mode at a constant frequency of 26 kHz. The energy input was 
controlled by setting the amplitude of the sonicator probe and the total 
nominal output was 200 W. The ultrasound probe was placed at the 
center of a 150 mL beaker and submerged about 20 mm under the 
surface of the sample. The beaker was placed into an ice bath to avoid an 
excessive increase in temperature, which was continuously monitored 
using a temperature controller. The process conditions, including tem-
perature, amplitude, time, power, and energy, were continuously 
monitored and registered by the integrate operation software of an ul-
trasonic processor. Different levels of amplitude (30, 60, and 90%) and 
sonication times (2, 6, and 10 min) were studied. 

The experimental conditions are summarized in Table 1. All the ex-
periments were carried out in triplicate. 

2.4. Analytical methods 

2.4.1. Total polyphenol content (TPC) 
The total polyphenols content (TPC) in the untreated and sonicated 

samples was determined using Folin–Ciocalteau, reagent as reported by 
Arnous et al. (2001), with slight modifications. Briefly, the reaction 
mixture contained 100 μL of diluted sample, 500 μL of the 
Folin–Ciocalteau reagent, 4 mL of water, and 2 mL of a sodium carbo-
nate–water solution (15% w/v). After 2 h of reaction at room temper-
ature, the absorbance was read at 750 nm using a UV–Vis 
spectrophotometer (Shimadzu UV-1650, Italy) to calculate the TPC. 
Gallic acid was employed as the standard. A calibration curve was made 
with standard solutions of gallic acid in the range of 50–500 mg/mL (R2 

= 0.99). The results were expressed as the mg gallic acid equivalent 
(GAE) per liter (mg GAE/L). 

Table 1 
Experimental conditions of ultrasound treatments.  

Exp.No◦ Sample code Amplitude (%) tUS (min) 

1 US1 30 2 
2 US2 30 6 
3 US3 30 10 
4 US4 60 2 
5 US5 60 6 
6 US6 60 10 
7 US7 90 2 
8 US8 90 6 
9 US9 90 10  

A. Natolino and E. Celotti                                                                                                                                                                                                                    

https://www.sigmaaldrich.com/catalog/substance/4dimethylaminobenzaldehyde1491910010711
https://www.sigmaaldrich.com/catalog/substance/4dimethylaminobenzaldehyde1491910010711


LWT 154 (2022) 112843

3

2.4.2. Anthocyanin content 
The anthocyanins content was determined as reported by 

Ribéreau-Gayon and Stonestreet (1965). One milliliter of sample was 
mixed with 1 mL of HCl/EtOH solution (0.1% v/v) and 20 mL of 
HCl/H2O solution (2% v/v). Then, 2.5 mL of sample mixture was added 
to 1 mL of deionized H2O and other 2.5 mL of sample mixture with 1 mL 
of potassium bisulphite solution (20% w/v). After 15 min of reaction, the 
absorbance of each solution was measured at 520 nm using a UV–Vis 
spectrophotometer (Shimadzu UV 1650, Milano, Italy), using distilled 
water as a control. The anthocyanin content, expressed as milligrams of 
malvidin-3-glucoside equivalent per liter (mg/L), was calculated 
considering a calibration curve, obtained with different solutions of 
malvidin-3-glucoside as a standard. 

2.4.3. Flavan-3-ols content 
The flavan-3-ols content was determined according to the method 

proposed by Zironi et al. (1992). The chromogen reagent was prepared 
with 1 g of 4-(dimethylamino)-cinnamaldehyde (DAC) dissolved in 250 
mL of 37% HCl and 750 mL of methanol. Next, 1 mL of diluted sample 
(1:25 v/v) was added to 5 mL of DAC solution. Then, the absorbance was 
read at 640 nm using a UV–Vis spectrophotometer (Shimadzu UV 1650, 
Tokyo, Japan) against a blank prepared by substituting the sample with 
1 mL of 10% ethanol solution. A calibration curve was prepared with 
several standard solutions of (+)-catechin and measurements were 
carried out at 640 nm. All analyses were performed in triplicate. Results 
were expressed as milligrams of (+)-catechin equivalents per liter 
(mg/L). 

2.4.4. Condensed tannins 
As reported by Bate-Smith (1954), two reaction mixtures were pre-

pared by mixing 2 mL of diluted sample and 6 mL of hydrochloric 
acid–butanol solution. Four milliliters of reaction mixture was placed in 
a water bath at 100 ◦C for 20 min. After cooling, the absorbance of the 
two mixtures at 550 nm was measured using a UV–Vis spectrophotom-
eter (Shimadzu UV 1650, Tokyo, Japan). The concentration of 
condensed tannins was then calculated using the following equation: 

TA= DAbs⋅DF⋅0.1736 (1)  

where TA is the concentration of tannins, expressed as grams per liter 
(g/L), and DF is the dilution. 

2.4.5. Polymerized pigments index (PPI) 
Polymerized Pigment Index (PPI) represents the contribution of 

condensed tannins to the red color and the polymerized form of an-
thocyanins insensitive to bleaching by sulfur dioxide (Glories, 1978). 
Two reaction mixtures were prepared as follows: (A) 5 mL of sample was 
mixed with 45 mL of tartaric buffer (pH = 3.2) and 0.2 mL of potassium 
metabisulfite solution (20% w/v); (B) 5 mL of sample were mixed with 
45 mL of tartaric buffer (pH = 3.2) and 0.2 mL of water. After 5 min, the 
optical density of each solution was read at 420 and 520 nm in a UV–Vis 
spectrophotometer (Shimadzu UV 1650, Tokyo, Japan) against water as 
a blank. The PPI was then calculated using the equation: 

PPI =
OD420(A) + OD520(A)

OD420(B) + OD520(B)
(2)  

2.4.6. HCl index 
The HCl index method is based on the instability of procyanidins in 

concentrated HCl medium, and their speed of precipitation depends on 
the degree of polymerization (Glories, 1978). Sample solutions were 
prepared by mixing 10 mL of sample, 15 mL of HCl (12 N), and 5 mL of 
water. The obtained mixture was then diluted 25 times and the optical 
density (d0) at 280 nm was measured immediately using a UV–Vis 
spectrophotometer (Shimadzu UV 1650, Tokyo, Japan). The same 
measurement of optical density at 280 nm (d1) was performed after 24 h 
after centrifuging the sample mixture at 3000 g for 10 min and diluting 

the supernatant solution 25 times. The HCl index is given by the 
equation: 

HCl index=
(d0 − d1)

d0
× 100 (3)  

2.4.7. Astringency index 
Astringency evaluation is based on the reactivity of tannins against 

bovine serum albumin (BSA). This method is more fast and reliable then 
the gelatin index. 

Briefly, the sample was diluted 50 times and the initial turbidity was 
measured using a nephelometer (NTU 1). Subsequently, 20 mL of 
diluted sample were mixed with 1.5 mL of BSA solution (0.4 g/L) and 
vigorously homogenized. After 45 min of reaction, the turbidity was 
measured (NTU 2). The astringency index (AI) was then calculated as 
follows: 

AI =
(NTU 2 − NTU 1)

0.4
(4)  

2.4.8. Dynamic light scattering (DLS) measurement 
Dynamic light scattering measurements were carried out with a 

Nicomp 380 ZLS Nanoparticle Size Analyzer (Particle Sizing Systems, 
Santa Barbara, CA) equipped with a 10 mW He–Ne laser at a wavelength 
of 633 nm. Measurement occurred at 90◦ from the incident beam and 
gave an estimation of the particle mean diameter distribution, expressed 
in nanometers (nm). 

DLS measurements were performed at 20 ◦C for a period of 5 min. All 
assays were performed in triplicate. 

2.5. Absorbed energy density determination 

The absorbed energy density (AED) parameter indicates the total 
heating energy experienced by a unit volume of sample under ultrasonic 
cavitation and is expressed as Joules per milliliter (J/mL). The AED can 
be calculated easily using the following equation: 

AED=
Q
V

(5)  

where Q is the total heat absorbed during the sonication treatment (J) 
and V is the sample volume (mL). The total heat absorbed (Q) can be 
calculated from the temperature profiles of the sample during ultra-
sound treatment using the calorimetric method, as follows: 

Q=ms* cp*ΔT (6)  

where ms is the total mass of sample (g), cp is the specific heat capacity 
(J/kg◦C), and T (◦C) is the temperature change induced by the ultra-
sound treatment. 

2.6. Mathematical modelling 

The analytical parameters, which were significantly influenced by 
ultrasound treatments, were correlated with the absorbed energy den-
sity (AED). The trends obtained were mathematically described using 
three different models: power law function, logistic, and Peleg’s model. 
In Table 2, the equations related to each model and the descriptions of 
all the mathematical parameters are reported. Generally, ΔY is the 
variation in the analytical parameter; AED is the absorbed energy den-
sity (J/mL); and Y0 and Yi are, respectively, the initial value of the 
analytical parameter and the value at point i. 

2.7. Statistical analysis and model evaluation 

All the experimental trials and analytical determinations were per-
formed in triplicate and the results are represented by their mean ±
standard deviation (SD). The Minitab 17 software (Minitab Inc., State 
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College, PA, USA) was used for statistical analysis with one-way analysis 
of variance (ANOVA, with Tukey’s HSD multiple comparison), and the 
level of significance was set at p < 0.05. 

The values of the model parameters and graph plots were calculated 
using Matlab 2019b (MathWorks, Inc., USA). The agreement between 
the experimental values was assessed by means of correlation co-
efficients (R2 and R2-adj) and the normalized root means squared de-
viation (NRMSD) criterion, which is defined as: 

NRMSD=
RMSD
expmax

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1/n)⋅
∑n

p=1

(
expp − modp

)2
√

expmax
(9)  

where n is the number of experimental points composing a graph curve 
(n = 81), expp is the experimental value at point p, modp is the model 
value at point p, and exp mac is the maximum within the n experimental 
values. Higher values of R2 and lower values of NRMSD denote that the 
model fits the experimental values well. 

3. Results and discussion 

3.1. Effect of ultrasounds on polyphenol profile 

In Table 3, the results of total polyphenol content (TPC), total tannins 
(TA), flavan-3-ols (FL), anthocyanins content (AA), and polymerized 
pigments index (PPI) of untreated (Control) and sonicated samples at 
different levels of amplitude (30, 60 and 90%) and sonication time (2, 6 
and 10 min) are shown. 

As reported, no significant differences can be highlighted between 
the untreated (Control) and sonicated samples, considering the total 
polyphenol, tannin, flavan-3-ol, and anthocyanin contents. The increase 
in amplitude from 30 to 90% and sonication time from 2 to 10 min did 
not highlight any change in the main phenolic compounds. The ultra-
sound treatment carried out in this work permits to maintain the initial 
polyphenols content detected on the untreated sample and no degra-
dative phenomena can be highlighted. The same results have been re-
ported in our previous work, where other red wines were sonicated 

(Celotti et al., 2020; Ferraretto & Celotti, 2016). Other authors, instead, 
have reported that ultrasound induced a decrease in phenolic com-
pounds, color, and aroma composition, especially at higher process 
conditions, and lighter modifications at mild levels of frequency, 
amplitude, and probe diameter (Lukić et al., 2019). 

A possible explanation for the results reported in Table 3 could be 
found considering the temperature changes due to acoustic cavitation. 
In Table 4, the sample temperatures at the end of the sonication treat-
ment at different levels of amplitude and sonication time are reported. 
The initial temperature was fixed at 16 ◦C for all samples and, as can be 
seen, the maximum temperature achieved was 48 ◦C at 90% of ampli-
tude and 10 min (US9). Sólyom et al. (2014) have reported that thermal 
treatments at 80 ◦C for up to 250 min of a grape marc extract did not 
induce any degradation effect on phenolic compounds. The maintenance 
of the polyphenol profile is ensured also if the temperature has been 
increased up to 150 ◦C, but with a treatment time not higher than 1 min. 
Other studies have highlighted that polyphenol can be preserved from 
thermal degradation processes at temperatures of up to 50 ◦C (Dzah 
et al., 2020). 

Wine aging is a complex process that involves several compounds, 
with changes on color and sensorial properties of red wine. Polyphenols 
are the main compounds that can undergo several reactions, such as 
degradation, condensation, structural changes, polymerization, and 
oxidation. In the literature, it has been reported that significant effects 
could be induced by ultrasound cavitation on these aging processes, 
according to amplitude, frequency, and sonication time (Lukić et al., 
2019). If accurately modulated, ultrasound could enhance the conden-
sation reaction rate between anthocyanin and tannins, decreasing the 
conventional times of wine color evolution (García Martín et al., 2016; 
Masuzawa et al., 2000) and potentially reducing the red wine aging 
period. Several analytical methods can be exploited to give valuable 
information on aging reactions. Polymerized pigment index (PPI) rep-
resents an analytical tool that indicates the degree of condensation 

Table 2 
Mathematical model equations and constants.  

Model Equation Model parameters 

Power law function 
model 

ΔY = k⋅AEDn 

or Yi = Y0 ±  k  ⋅ 
AEDn  

k = constant related to the 
variation rate 
n = exponential term (<1) 

Logistic model Yi =
K

(1 − a⋅ e− b⋅ AED)

K, a, b = estimated model 
coefficients 

Peleg’s model Yi = Y0 −

AED
(a + (b⋅AED) )

a, b = estimated model 
coefficients  

Table 3 
Effect of amplitude and sonication time (tUS) on total polyphenol content (TPC), tannins (TT), flavan-3-ols (FL), anthocyanins (AA) and polymerized pigment index 
(PPI).  

Sample Amplitude tUS TPC TT FL AA PPI 

(%) (min) (mgGAE/L) (g/L) (mg/L) (mg/L) (—) 

Control – – 1812 ± 55 a* 1.83 ± 0.03 a 256 ± 22 a 81.46 ± 1.77 a 83.38 ± 0.24 b 
US1 30 2 1805 ± 67 a 1.84 ± 0.04 a 223 ± 11 a 75.54 ± 3.13 a 83.13 ± 3.08 ab 
US2 30 6 1772 ± 37 a 1.85 ± 0.11 a 231 ± 7 a 83.86 ± 1.31 a 83.23 ± 2.99 ab 
US3 30 10 1799 ± 32 a 1.95 ± 0.12 a 225 ± 25 a 83.13 ± 2.33 a 84.76 ± 1.16 ab 
US4 60 2 1793 ± 28 a 1.94 ± 0.13 a 231 ± 18 a 76.53 ± 9.35 a 84.44 ± 1.13 ab 
US5 60 6 1873 ± 22 a 1.87 ± 0.09 a 248 ± 18 a 72.92 ± 2.14 a 82.71 ± 3.06 ab 
US6 60 10 1894 ± 48 a 1.89 ± 0.07 a 242 ± 11 a 81.35 ± 2.20 a 87.00 ± 3.76 ab 
US7 90 2 1857 ± 41 a 1.87 ± 0.03 a 237 ± 32 a 81.32 ± 3.46 a 83.33 ± 1.91 ab 
US8 90 6 1860 ± 41 a 1.90 ± 0.10 a 250 ± 14 a 84.35 ± 4.34 a 85.09 ± 3.92 ab 
US9 90 10 1874 ± 48 a 1.94 ± 0.16 a 248 ± 13 a 89.95 ± 5.98 a 85.07 ± 0.73 a 

* Each data represent the mean of three replicates ± standard deviation. 
Values with different letter within column indicate significative difference (p < 0.05). 

Table 4 
Wine temperatures after sonication treatments (Tfin.) and acoustic energy den-
sity (AED) values.  

Sample Amplitude tUS Tfin. AED  

(%) (min) (◦C) (J/mL) 

US1 30 2 17.7 ± 0.6 3.96 ± 0.02 
US2 30 6 20.7 ± 0.6 11.88 ± 0.04 
US3 30 10 21.3 ± 0.7 17.16 ± 0.02 
US4 60 2 27.0 ± 1.3 46.20 ± 0.12 
US5 60 6 37.3 ± 0.6 74.48 ± 0.08 
US6 60 10 38.3 ± 0.7 83.16 ± 0.21 
US7 90 2 33.0 ± 1.0 62.04 ± 0.15 
US8 90 6 46.3 ± 0.6 120.12 ± 0.47 
US9 90 10 48.0 ± 1.1 122.76 ± 0.38  
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between tannins and anthocyanins. As shown in Table 2, no effect of 
sonication treatments on the PPI index can be highlighted between 
untreated and sonicated samples at conditions below 90% and 10 min. 
Only at higher ultrasound conditions (90% and 10 min) can a slight 
increase in PPI be detected, from 83.38 ± 0.24 (Control) to 85.07 ± 0.73 
(US9). Acoustic cavitation can generate radical species in water me-
dium, which can enhance the polymerization and condensation re-
actions of chemical species (Kentish & Ashokkumar, 2011; McKenzie 
et al., 2019). 

In a previous work, different results regarding the effect of sonication 
on copigmentation reactions have been reported (Celotti et al., 2020). In 
some cases, the cavitation phenomena showed a positive effect and, in 
others, no differences could be highlighted. The effect of ultrasounds 
could be affected by the ratios between different polyphenol classes and 
higher tannin-anthocyanins ratio could positively affect the copigmen-
tation reactions. 

3.2. Effect of ultrasound on HCl and astringency index 

During wine aging, tannins undergo to structural modifications, such 
as polymerization reactions, and an increase in polymerization degree 
can be highlighted. The HCl index is a useful method for detecting some 
structural changes; higher values indicate a higher polymerization de-
gree of tannins. Fig. 1(A) shows box plots of the HCl index of untreated 
and sonicated samples at different levels of amplitude and sonication 
time. 

As can be seen, ultrasound enhances the HCl index for all the soni-
cated samples from 68.06 ± 1.72 of the untreated sample, to 73.78 ±
1.52 as the mean value of treated samples. No clear trend could be 
highlighted between increasing amplitude and sonication time, though 
it is possible to observe a significant increase in the HCl index between 
sonicated samples at 30% and 2 min (71.59 ± 1.06) and at 90% and 10 
min (74.25 ± 1.53). 

The use of ultrasound as an external stimulus for promoting poly-
merization reactions has received increasing attention in recent years. 
Water represents the most well-studied liquid for sonochemical frag-
mentation, and can generate a wide range of radical and non-radical 
species including hydroxyl radicals, peroxyl radicals, and hydrogen 
peroxide. Any species dissolved in water may then undergo a chemical 
reaction with these generated reactants (McKenzie et al., 2019). 
Generally, in food processing a depolymerization effect of ultrasounds 
on several polymeric compounds, such as carbohydrates, proteins, and 
starch, has been reported (Bhargava et al., 2021). Interestingly, some 
authors have reported a constructive and destructive effect of ultrasound 
on polymer reactions, depending on the operating conditions adopted 
(Kubo et al., 2018). A formation of narrowly dispersed polymers by 
degradative reactions induced by ultrasounds, following 
radical-induced chain growth mechanism, has also proposed (Xia et al., 
2002). 

Tannins, especially proanthocyanidins, are related to the perception 
of astringency. In Fig. 1(B), box plots of the astringency index, evaluated 
by the bovine serum albumin (BSA) method, for untreated and sonicated 
samples are depicted. As can be seen, the ultrasound treatment showed a 
decrease in astringency for all amplitudes and sonication times, from 
91.8 ± 1.2 for untreated wine to 82.7 ± 3.7 as mean value for sonicated 
samples. No differences can be detected comparing the treated samples 
and no significant effects were detected with an increase in the ampli-
tude and time. 

The increase in polymerization degree generally induces an increase 
in the perception of astringency (Sun et al., 2013). Despite this, the ul-
trasound treatments showed an increase in HCl index and, in addition, a 
decrease in the perception of astringency. The intensity of astringency 
sensation is related to the chemical structural characteristics of proan-
thocyanidins, involving not only the degree of polymerization but also 
galloylation, B-ring trihydroxylation. and stereochemistry (Ma et al., 
2014). As has been reported, conformational arrangements and 

aggregation processes of larger tannins to more condensed or folded 
structures can “hide” the hydrophobic functional groups responsible for 
tannin–protein affinity (McRae & Kennedy, 2011). High-power ultra-
sound could induce a conformational change in proanthocyanidins 
structures. The conformational modifications induced by the cavitation 
phenomena of several compounds, such as proteins, pectin, and other 
polysaccharides have been reported (Qiu et al., 2019; Vera et al., 2019). 

3.3. Effect of ultrasound on particle size 

Wine contains many types of colloidal substances, such as tannins 

Fig. 1. HCl index (A), Astringency index (B), and Particle size (C) - box plots of 
untreated (Control) and sonicated samples at different levels of amplitude (30, 
60 an 90%) and sonication time (2, 6 and 10 min). 
*Different letters indicate significant differences (p <
0.05). 
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and polysaccharides, which contribute to stability and final sensorial 
perceptions. Condensed tannins are among the most abundant macro-
molecules in red wine and they can aggregate and form colloidal dis-
persions, with hydrodynamic diameters in magnitudes of a few hundred 
to over a thousand nanometers (Li et al., 2019). Colloidal status and its 
evolution can be monitored by the determination of particle sizing using 
several methods, such as dynamic light scattering. In Fig. 1(C), box-plots 
of the mean particle size of untreated (Control) and sonicated samples at 
different levels of amplitude and sonication time are reported. 

It is notable that ultrasound treatments induced a decrease in mean 
particle size, from 880 ± 16 of untreated sample to 590 ± 62, as mean 
value of sonicated samples. The increase in amplitude and sonication 
time did not affect significatively the mean particle size and no signifi-
cant differences can be highlighted. 

The particle size reduction observed could be due to the cavitational 
forces of the ultrasonic treatment exerted by the probe, as well as micro- 
streaming and turbulent forces (Jambrak et al., 2009). During sonicat-
ion, aggregates are violently agitated, colliding frontally and tangen-
tially, resulting in smaller broken particles with a narrower size 
distribution (Lu et al., 2002). The particle size reduction could be related 
to conformational changes induced by ultrasound waves, as well as the 
decrease in astringency shown in Fig. 1(B), but more detailed in-
vestigations are necessary. 

3.4. Mathematical modelling and scale-up considerations 

In laboratory investigations, it is generally desirable that an ultra-
sonic process be transferrable to an industrial-scale production envi-
ronment. During the scale-up, it is essential to make sure that all 
processing conditions remain the same: this will ensure that the final 
product quality is unchanged while the productivity rate is increased. 
Scaling up ideally requires an understanding of the appropriate design 
parameters (Prado et al., 2017). The energy dissipated per volume of 
treated sample is an intensive parameter that it is independent of the 
equipment scale. The energy introduced in the system by acoustic 
cavitation can be a useful guide for scale-up considerations. The level of 
energy introduced into the system can be expressed as the acoustic en-
ergy density (AED in J/mL) and can be determined by calorimetric 
methods based on the temperature variation induced by acoustic cavi-
tation. Plotting AED against the HCL index, astringency, or particle size, 
as depicted in Fig. 2, it is notable that the experimental data can be 
mathematical well described by all the models considered. The criteria 
adopted to evaluate how well the empirical model represent the 
experimental data were the magnitudes of the coefficients of determi-
nation (R2 and R2-adj) and normalized root-mean-square deviation 
(NRMSD). Higher values of R2 and R2-adj and lower values of NRMSD 
denote a better goodness of fit and suggest that the model represents the 
experimental values well (Table 5). Peleg’s model best described the HCl 
and Astringency index, based on a high R2 (0.9662–0.9724) and low 
NRMSD (%) (0.46–0.62), confirming the model’s accuracy and suit-
ability for describing the effect of acoustic energy. Instead, the power 
law function model best described the particle size trend against AED 
(R2 = 0.9793; NRMSD (%): 1.76). 

The AED parameter has been successfully adopted for the scaling up 
of ultrasound- and microwave-assisted extraction processes as a refer-
ence for calibrating the optimum nominal power or percentage ampli-
tude and treatment time (Chan et al., 2017). In view of the positive 
effects of ultrasound on some wine analytical indices and the good 
fitting results of the power law model, it is conceivable that this scale-up 
method could also be useful for determining the optimum operational 
conditions of ultrasonic systems for various scales of the US wine 
treatment process. Considering Fig. 2, it is notable that at AED levels of 
15–25 J/mL it is already possible to obtain 80–85% changes in wine 
properties at the maximum levels of energy densities considered in this 
work. 

4. Conclusions 

Ultrasound can be considered one of the most promising technolo-
gies for several purposes in winemaking processes and it was recently 
officially approved for use in crushed grape treatments. The effect of 
amplitude and sonication time was studied and no changes in the main 
polyphenol contents were detected. The sonication treatments carried 
out at the operating conditions adopted in the present work enabled us 
to maintain the initial phenolic profile and without degradative effects 
occurring. 

Significant results were obtained considering the HCl index, astrin-
gency index, and particle size. The increase in the amplitude and soni-
cation time induced an increase in the polymerization of tannins, as 
demonstrated by the HCl index, and a significant decrease in the 
perception of astringency, probably due to the conformation changes in 
the proanthocyanidin structure induced by acoustic cavitation. 
Furthermore, a decrease in particle size was detected due to the 

Fig. 2. Comparison between experimental mean values (•) and simulated (—) 
power law model for HCl index (A), Astringency index (B) and particle size (C) 
at different levels of acoustic energy densities (AED, J/mL). 
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potential shear stress effect of sonication waves on colloidal particles. 
The effect of acoustic cavitation at different levels of amplitude and 

time can be better described by Peleg’s model considering the acoustic 
energy density (AED). Good fittings results were achieved for the HCl 
index, astringency, and particle size. AED is an intensive parameter and 
can be useful for the optimization of operative sonication conditions and 
for the potential up-scaling of ultrasound technology at a commercial 
level. 

Ultrasound could be applied to finished red wines with the aim of 
accelerating aging reactions; however, more investigations, sensory 
evaluations, and market research studies are needed to better under-
stand the potential industrial feasibility of this technology for this spe-
cific purpose. 
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& Jeliński, T. (2016). A preliminary study about the influence of high hydrostatic 
pressure processing in parallel with oak chip maceration on the physicochemical and 
sensory properties of a young red wine. Food Chemistry, 194, 545–554. https://doi. 
org/10.1016/j.foodchem.2015.07.041 

Tiwari, B. K., Patras, A., Brunton, N., Cullen, P. J., & O’Donnell, C. P. (2010). Effect of 
ultrasound processing on anthocyanins and color of red grape juice. Ultrasonics 
Sonochemistry, 17(3), 598–604. https://doi.org/10.1016/j.ultsonch.2009.10.009 

Tredoux, A. G. J., & Silva Ferreira, A. C. (2012). Fortified wines: Styles, production and 
flavour chemistry. In Alcoholic beverages (pp. 159–179). Elsevier. https://doi.org/ 
10.1533/9780857095176.2.159.  

Vera, A., Valenzuela, M. A., Yazdani-Pedram, M., Tapia, C., & Abugoch, L. (2019). 
Conformational and physicochemical properties of quinoa proteins affected by 
different conditions of high-intensity ultrasound treatments. Ultrasonics 
Sonochemistry, 51, 186–196. https://doi.org/10.1016/j.ultsonch.2018.10.026 

Wei, X., Ju, Y., Ma, T., Zhang, J., Fang, Y., & Sun, X. (2021). New perspectives on the 
biosynthesis, transportation, astringency perception and detection methods of grape 
proanthocyanidins. Critical Reviews in Food Science and Nutrition, 61(14), 2372–2398. 
https://doi.org/10.1080/10408398.2020.1777527 

Xia, H., Wang, Q., Liao, Y., Xu, X., Baxter, S. M., Slone, R. V., Wu, S., Swift, G., & 
Westmoreland, D. G. (2002). Polymerization rate and mechanism of ultrasonically 
initiated emulsion polymerization of n-butyl acrylate. Ultrasonics Sonochemistry, 9 
(3), 151–158. https://doi.org/10.1016/S1350-4177(01)00118-3 

Yu, Z., Su, Y., Zhang, Y., Zhu, P., Mei, Z., Zhou, X., & Yu, H. (2021). Potential use of 
ultrasound to promote fermentation, maturation, and properties of fermented foods: 
A review. Food Chemistry, 357, 129805. https://doi.org/10.1016/j. 
foodchem.2021.129805 

Zhang, Q.-A., & Wang, T.-T. (2017). Effect of ultrasound irradiation on the evolution of 
color properties and major phenolic compounds in wine during storage. Food 
Chemistry, 234, 372–380. https://doi.org/10.1016/j.foodchem.2017.05.022 

Zironi, R., Buiatti, S., & Celotti, E. (1992). Evaluation of a new colorimetric method for 
the determination of catechins in musts and wines. Wein-Wissenschaft, 47, 1–7. 

A. Natolino and E. Celotti                                                                                                                                                                                                                    

https://doi.org/10.3390/molecules17021571
https://doi.org/10.3390/molecules17021571
https://doi.org/10.3390/molecules17021483
https://doi.org/10.3390/molecules17021483
https://doi.org/10.1016/j.jfoodeng.2009.02.001
https://doi.org/10.1051/bioconf/20170902012
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref27
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref27
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref27
https://doi.org/10.1016/j.ultsonch.2017.08.011
https://doi.org/10.1016/j.ultsonch.2017.08.011
https://doi.org/10.3390/molecules24112100
https://doi.org/10.1016/j.ultsonch.2019.104725
https://doi.org/10.1016/S1350-4177(02)00076-7
https://doi.org/10.1016/j.tifs.2014.08.001
https://doi.org/10.1143/JJAP.39.2978
https://doi.org/10.1002/chem.201803771
https://doi.org/10.3390/molecules16032348
https://doi.org/10.1016/j.phytochem.2014.05.006
https://doi.org/10.1016/j.phytochem.2014.05.006
https://doi.org/10.1007/978-1-4419-7472-3_24
https://doi.org/10.1007/978-1-4419-7472-3_24
https://doi.org/10.1016/j.foodchem.2019.125021
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref40
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref40
https://doi.org/10.3390/foods9010104
https://doi.org/10.1016/j.foodchem.2014.03.021
https://doi.org/10.1016/j.foodchem.2014.03.021
https://doi.org/10.1021/jf303704u
https://doi.org/10.1016/j.foodchem.2015.07.041
https://doi.org/10.1016/j.foodchem.2015.07.041
https://doi.org/10.1016/j.ultsonch.2009.10.009
https://doi.org/10.1533/9780857095176.2.159
https://doi.org/10.1533/9780857095176.2.159
https://doi.org/10.1016/j.ultsonch.2018.10.026
https://doi.org/10.1080/10408398.2020.1777527
https://doi.org/10.1016/S1350-4177(01)00118-3
https://doi.org/10.1016/j.foodchem.2021.129805
https://doi.org/10.1016/j.foodchem.2021.129805
https://doi.org/10.1016/j.foodchem.2017.05.022
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref52
http://refhub.elsevier.com/S0023-6438(21)01996-4/sref52

	Ultrasound treatment of red wine: Effect on polyphenols, mathematical modeling, and scale-up considerations
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Wine sample
	2.3 Ultrasound treatments
	2.4 Analytical methods
	2.4.1 Total polyphenol content (TPC)
	2.4.2 Anthocyanin content
	2.4.3 Flavan-3-ols content
	2.4.4 Condensed tannins
	2.4.5 Polymerized pigments index (PPI)
	2.4.6 HCl index
	2.4.7 Astringency index
	2.4.8 Dynamic light scattering (DLS) measurement

	2.5 Absorbed energy density determination
	2.6 Mathematical modelling
	2.7 Statistical analysis and model evaluation

	3 Results and discussion
	3.1 Effect of ultrasounds on polyphenol profile
	3.2 Effect of ultrasound on HCl and astringency index
	3.3 Effect of ultrasound on particle size
	3.4 Mathematical modelling and scale-up considerations

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of interests
	Acknowledgements
	References


