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Abstract: The primary focus in the production of quality red wine is the extraction of grape com-
ponents, which can be achieved in a variety of ways. This work investigates the extraction yield
of biologically active compounds from crushed Merlot grapes, as a result of ultrasound treatment
applied before maceration, and optimizes the process parameters of a laboratory scale using response
surface methodology (RSM) within a central composite design (CCD) model. The two factors whose
response was studied were amplitude (A) % and treatment time (t), while the dependent variables
were the total phenolic compounds (TPC), monomeric anthocyanins (MA), and antioxidant activity
expressed as ferric reducing antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radical scavenging activity. The results showed that the application of high-power ultrasound
treatment to crushed grapes for a few minutes increased both the extraction rate of bioactive com-
pounds and the antioxidant activity by a maximum of 12 times for the TPC, 14 times for the MA, 3.6
times for the FRAP value, and 18.77% for the DPPH. The optimized solution had an amplitude of 90%
and a treatment time of 4 min and 24 s. The validation experiments yielded errors between—8.70%
and 3.14%, confirming the proposed model. Thus, the RSM model is recommended as a tool to
optimize a procedure for enhancing both the extraction rate of the bioactive compounds from grapes
and the antioxidant properties of grape must. Our results demonstrate the ultimate benefits of using
ultrasonic treatment on crushed grapes at the beginning of the winemaking process, as a highly
effective technique for improving the extraction of high-value bioactive chemicals, with significant
application potential.

Keywords: red grapes; bioactive compounds; antioxidant activity; ultrasound; extraction
optimization procedure

1. Introduction

Wine is a cultural emblem, whose function has evolved over time from being a vital
source of sustenance to becoming a social and cultural accompaniment to food. The
production of wine grapes of 33.8 million tons and the volume of wine produced globally
in 2022, which was between 257.5 and 262.3 million hectoliters of wine, with a midpoint
estimate of 259.9 million hectoliters, is anticipated to be comparable to the level seen in
2021. The worldwide output level can be regarded as somewhat below average for the
fourth year in a row [1].

To satisfy the varied sensory preferences of consumers, it is essential to be able to
manufacture several red wine types, and wine producers are continually changing their
winemaking techniques to this end. When making high-quality red wine, the extraction of
grape components, which can be conducted in a variety of ways, is the major focus [2].
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Due to their numerous positive health benefits, including antioxidant properties,
neuroprotective action, anti-inflammation, antiaging antimicrobial activity, and lowering
arterial blood pressure, phenolic compounds have attracted a lot of interest by the scientific
community and the general public in recent years [3–7].

Moreover, customers place a high value on the sensory quality of red wine’s color,
preferring it to be a deep red. The primary pigments responsible for the young wines’ vivid
red color are called anthocyanins, the main polyphenolics in red grapes [8]. The initial
monomeric anthocyanin profile is an element that affects the ultimate color of the wine
and, additionally, might have anti-cancer and anti-glycemic properties [9].

Because of the inherent drawbacks to conventional extraction techniques, the effective
extraction of these chemicals from natural sources continues to be a significant issue. The
rising need for novel technical solutions that can deliver the highest extraction yields, guar-
antee the stability of the target compounds, and also satisfy environmental requirements,
has been sparked by the growing interest in natural antioxidants [10].

Due to its eco-friendly nature, non-toxic behavior, and low energy usage, ultrasound
(US) may be regarded as a sustainable, green, and innovative technology [11,12]. There are
several uses for it in food technology, including analysis, preservation, and homogenization,
extraction, filtering, and drying. In order to achieve these objectives, ultrasound principally
employs acoustic waves, which cause mechanical and chemical reactions. These reactions
are fundamentally different from those produced by conventional methods. The main goals
of this technology are to speed up processing, save energy, and improve the quality, safety,
and shelf life of food products [12,13]. To sum up, this technique is a green alternative
for this industry, as it does not use toxic solvents. Additionally, it supports economic
sustainability through its use in efficient extraction procedures [14].

Ultrasound is divided into three categories: high frequency–low power US (between 1
and 10 MHz), intermediate frequency–medium power US (between 100 kHz and 1 MHz),
and low frequency–high power US (between 20 and 100 kHz). Strong physical effects are
primarily produced at a US frequency of about 20 kHz by fragmentary transitory cavitation,
promoting bioactive chemical release from plant matrices during cell disruption [15–17].
The effect of low frequency may be related, not only to cavitation bubble size, but also
to its effect on mass transfer resistance [13]. High-power US treatment on food matrices
can cause physical, chemical, and biological changes, and a variety of uses have been
documented [18,19]. Numerous studies have demonstrated that high-power ultrasound
is becoming more prevalent in the enological sector due to its ability to enhance a wine’s
organoleptic qualities, shorten processing times, and provide better microbial control in
wines [20–22]. Furthermore, the International Organization of Vine and Wine has included
ultrasonic treatment among the methods that can be used during winemaking [23].

Currently, adopting all the techniques designed to make color extraction and fragrance
dissolution easier, throughout the winemaking process, is desired. Through the application
of ultrasonic technology, the potential for the continuous extraction of qualitatively signifi-
cant substances from the exocarp is explored. This is conducted by taking advantage of the
phenomena caused by the transmission of ultrasound in a solid–liquid environment, such
as grape must [13].

However, taking into account the fact that most research was carried out at the
laboratory scale, and that the grape skins’ total phenolic content varies according to the
cultivar, soil type, climate, region of origin, and cultivation techniques, we consider that it is
vital to optimize the factors involved in this form of extraction in order to build a workable
ultrasound-assisted large-scale procedure. The extraction efficiency using high-power US
is significantly influenced by a variety of factors, such as the temperature of the samples,
the power of the ultrasonic device, the process frequency, the treatment’s intensity, as well
as the shape and size of the ultrasonic reactor [24].

Thanks to its reliable design, the statistical method known as response surface method-
ology (RSM) is currently widely utilized for optimization. The RSM is a collection of
mathematical and statistical methods that are used to investigate the relationship between
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process input variables and outputs (responses). The methodology can be used for pro-
cess optimization in a variety of circumstances and is relatively affordable, practical, and
effective [25].

The objective of this work was to investigate the extraction yield of biologically active
compounds from crushed grapes, as a result of an ultrasonic treatment applied during
the first stages of the winemaking process, before maceration. In addition, the aim was
to identify the optimized process parameters in terms of amplitude (A) % and treatment
time (t) at the laboratory scale, as well as to develop a procedure that improves both the
extraction rate of bioactive compounds from grapes and the antioxidant properties of
grape must. To this end, we first evaluated the high-value phytochemicals, such as the
total phenolic compounds (TPC), which are generally associated with the organoleptic
properties of finished wines and (with) their stability. We also quantified the monomeric
anthocyanins (MA), which are responsible for the red color of red wines. In addition, the
antioxidant activity was assessed, from all the possible biological functions performed
by V. vinifera compounds, both the ferric reducing antioxidant power (FRAP) and the
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity assays are probably
the most important regarding human health.

2. Materials and Methods
2.1. Grapes

The Merlot variety employed for the experimental research is the second most planted
grape variety in the world, well-known for producing high-quality wines [26]. The red
grapes, vintage 2019, were hand-harvested (approximately 100 kg) from a vineyard in
Prahova, Romania (Pietroasa-Istrita Viticulture and Winemaking Research and Develop-
ment Station). The grapes were harvested at technological maturation when they reached
29.8◦ Brix, then quickly transported to the laboratory for processing. Only healthy, selected
bunches of grapes were used for the experimental research.

2.2. Ultrasonic Equipment

The sonication of all the experimental tests was performed using a probe-type ul-
trasonic device (Sonics VCX-750, Sonics and Materials Inc., Newtown, CT, USA). The
amplitude can be set as a percentage, between 10% and 100%. The device produces an
ultrasonic power of 750 W and frequency of 20 kHz. The most typical frequencies utilized
in the extraction procedures were between 20 and 100 kHz.

2.3. Optimization Design

The experimental design was developed with Design Expert® software version 13
(Stat-Ease, Inc., Minneapolis, MN, USA, 2022), to optimize the number of experiments and
operating conditions.

Based on the results of the single factor experiment, an optimization design was
created. For these experiments, the RSM was used within a central composite design (CCD)
model. The two factors whose response was studied were amplitude (A) % and treatment
time (t). The high and low levels of each variable were determined by preliminary research
that took place before carrying out of these experiments. The limits of the instrument were
also taken into account when choosing the ranges for all the variables. The intensity and
frequency of the waves were two of the most important operating parameters that affect
the performance of ultrasound technology in extracting bioactive chemicals. The results
of some studies indicated that the sonochemical effects in the treated fluids increase as
the amplitude increases. Moreover, the amplitude varies over a wide range, from 20% to
90% [27], to determine the ideal extraction configuration, while other studies used treatment
durations ranging from 2 to 10 min [28,29].

Furthermore, according to our preliminary research, there were no significant differ-
ences in the extraction of biologically active compounds between the control sample and
the ultrasound-treated samples, when ultrasound was applied at low amplitude levels
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(from 30% to 50%) for a maximum treatment time of 5 min. The extraction temperature
during ultrasound extraction was shown to be closely related to the extraction time, as it
was found that longer extraction times resulted in higher extraction temperatures. There-
fore, the extraction time selected should be within the appropriate range. However, it was
found that a maximum extraction time of 5 min was necessary because high temperatures
promote the oxidation and destruction of phenolic compounds.

Taking into account the aforementioned factors, the levels of the independent variables,
such as percent amplitude (A) and sonication time (t), were selected at 50%, 70%, and 90%
for the ultrasound time of 3, 4, and 5 min (Table 1), respectively. The dependent variables
were the TPC, MA, and antioxidant activity, expressed as the FRAP and DPPH free radical
scavenging activity.

Table 1. Ultrasonic extraction test treatment options.

Independent Variables
Dependent VariablesProbe Diameter

(mm)
Frequency

(kHz)
Amplitude

(A) %
Treatment Time (t)

min

13 20 50 3 TPC
70 4 MA
90 5 FRAP

DPPH

To choose the best statistical model, such as linear, quadratic, and cubic models,
the experimental data were examined based on the second-degree polynomial equation
(Equation (1)):

Yk = α0 +
n

∑
i=1

αiXI +
n

∑
i=1

IXi +
n

∑
i<j

αijXiXj (1)

where Yk is the dependent variable, α0, αi, αii, and αij are the regression coefficients
of the model, which are constants, and Xi and Xj are the independent variables of the
model. Response surface plots were generated using the expected values from the fitted
model. To illustrate the influence of the independent variables on each response, two- and
three-dimensional contour plots were generated for each response.

2.4. Sample Preparation

For the laboratory tests, randomly collected grape samples (100 g) were destemmed,
hand-crushed, and then treated using a probe-type ultrasonic device. The control sample (C)
that was not subjected to ultrasound treatment was evaluated separately. The samples were
treated in a 100 mL Pyrex glass beaker fitted with a counter-current water-cooling jacket.
The water used for cooling was kept at a constant temperature of 19 ◦C. The positioning of
the acoustic amplifier in the container was standardized at a distance of 20 mm from the
bottom. At the end of the ultrasonic treatment, the samples were vacuum filtered (Nalgene
Rapid-Flow Filter Units, 0.45 µm PES membrane). The filtrate was collected in a vial and
stored in a refrigerator at 4 ◦C for further use. All extraction experiments were conducted
in this manner.

2.5. Total Polyphenolic Content and Anthocyanins Determination

The total polyphenolic content (TPC) was determined by using the Folin–Ciocalteu
spectrophotometric method, with gallic acid as a reference and expressed as micrograms of
gallic acid equivalents per milliliter (µg GAE/mL) [30]. A 0.5 mL sample was treated with
1.25 mL of Folin–Ciocalteu reagent (Merck, Darmstadt, Germany), previously diluted 1:10
(v/v) with distilled water. After incubation for 5 min at room temperature, 1 mL Na2CO3
60 g/L was added. A UV–VIS spectrophotometer (Specord 205, Analytik Jena Inc., Jena,
Germany) was used to detect sample absorbance at 750 nm after 30 min of incubation at
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50 ◦C. The calibration curve was established using gallic acid as standard, at concentrations
ranging from 5 to 250 µg GAE/mL.

The monomeric anthocyanins (MA) were determined by the pH differential method [31].
Briefly, two dilutions of the same sample were prepared by adding 1 mL of wine to 14 mL
of potassium chloride buffer (0.025 M, pH 1.0) and 14 mL of sodium acetate buffer (0.4 M,
pH 4.5). After incubation for 15 min at room temperature, the absorbance was measured
at 520 and 700 nm against deionized water. The results were expressed in milligrams of
cyanidin-3-glucoside equivalents per liter (mg CGE/L). The total anthocyanin content of
the samples was calculated using a molar absorption coefficient of 26,900 L/mol × cm and
a molecular weight of 449.2 g/mol.

2.6. Antioxidant Activity

The antioxidant activity of the investigated samples was evaluated by FRAP and
DPPH assays.

2.6.1. FRAP Assay

The protocol for the FRAP test was based on the method of Benzie and Strain [32]. For
this purpose, 300 mM acetate buffer (pH = 3.6), 10 mM of 2,4,6-tris(2-pyridyl)-s-triazine
(TPTZ) solution in 40 mM HCl, and 20 mM FeCl3 × 6H2O solution were used as stock
solutions. The working solution was prepared by mixing 100 mL acetate buffer, 10 mL
TPTZ solution, and 10 mL FeCl3 × 6H2O solution, which was then heated to 37 ◦C before
use. Prior to analysis, the wine samples were diluted 1:50 (v/v) with distilled water, then a
0.5 mL aliquot of diluted samples was allowed to react with 2.5 mL of working solution for
30 min at 37 ◦C. The absorbance of the mixture was read at 593 nm against a blank sample
obtained under the same working conditions. The results were expressed in µmol of Fe2+

equivalents per milliliter of grape must (µmol Fe2+/mL).

2.6.2. DPPH Assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity of the
samples was measured following the procedure described by Kalita et al. [33], with some
minor adjustments. For this purpose, 20 µL of each investigated sample was mixed in a
microplate with 20 µL of distilled water, after which the resulting mixture was combined
with 200 µL of a 120 mg/L DPPH radical solution prepared in 96% (v/v) ethanol. The
microplate was left in the dark for 30 min, and the absorbance value (A sample) at 515 nm
was measured against a blank of 96% (v/v) ethanol, using a plate reader (Tecan SunRiseTM,
software MagellanTM, Tecan Group Ltd., Männedorf, Switzerland). The control was
prepared under the same working conditions, containing 20 µL of 96% (v/v) ethanol
instead of the investigated sample. The absorbance of the control (A control) was read
against 96% (v/v) ethanol.

The DPPH scavenging activity (%) was calculated according to Equation (2), as follows:

DPPH scavenging activity (%) = [(A control − A sample)/A control] × 100 (2)

2.7. Total Soluble Content and Acidity

The total soluble solids (TSS, ◦ Brix) and the titratable acidity (TA, g/L of tartaric
acid) were analyzed according to the standard procedure of Council Regulation EEC
2676/90 [34].

2.8. Statistical Analysis

All the measurements were performed in triplicate and the results are presented
as mean ± standard deviation (SD). The Design Expert® software version 13 (Stat-Ease,
Inc., Minneapolis, USA, 2022) was used for the statistical analysis. Significant differences
between the samples were assessed using a one-way ANOVA, with post-hoc analysis using
the HSD Tukey test.
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The Pearson correlation coefficient between the total phenolic content, monomeric
anthocyanins, and antioxidant activity was calculated using JASP software, version 0.17.1
(JASP Team, Amsterdam, The Netherlands, 2023).

3. Results and Discussion

The effects of an ultrasonic pre-treatment to improve the extraction rate of polyphenols
and, subsequently, to increase the antioxidant activity of several samples, with three
replicates each, all from red grapes, the Merlot variety, vintage 2019, were followed in the
laboratory. The experimental design provided for the randomized treatment of 13 samples
with 3 repetitions each, with 5 central points, as shown in Table 2.

Table 2. Design of the central composite experimental model and results.

Std Order Run Order

Factors Responses

A
(%)

B
(min)

TPC
(µg GAE/mL)

MA
(mg CGE/L)

FRAP
(µmol Fe2+/mL)

DPPH
Scavenging
Activity (%)

2 1 90 3 1396.06 ± 5.23 223.46 ± 2.32 41.78 ± 2.25 74.5 ± 0.2
9 2 70 4 947.92 ± 3.79 167.05 ± 1.46 27.52 ± 1.21 73.3 ± 0.6
1 3 50 3 124.5 ± 1.01 20.67 ± 0.72 15.02 ± 0.83 66.8 ± 0.5
6 4 90 4 1177.85 ± 4.87 214.97 ± 2.36 42.96 ± 1.98 75.9 ± 0.6
11 5 70 4 948.05 ± 4.56 169.7 ± 1.55 28.85 ± 1.09 73.2 ± 0.3
5 6 50 4 136.4 ± 1.08 25.49 ± 0.65 16.09 ± 0.78 68.2 ± 0.2
7 7 70 3 482.31 ± 3.82 108.37 ± 1.02 27.17 ± 0.94 72.1 ± 0.5
4 8 90 5 1172.1 ± 3.75 176.29 ± 2.45 48.32 ± 2.23 77.2 ± 1.0
12 9 70 4 949.23 ± 3.98 166.6 ± 1.47 28.02 ± 0.74 73.2 ± 0.9
10 10 70 4 951.19 ± 4.56 168.15 ± 1.62 29.15 ± 1.16 73.3 ± 0.8
3 11 50 5 148.3 ± 2.04 26.22 ± 1.23 18.68 ± 0.43 71.1 ± 0.6
13 12 70 4 950.24 ± 4.21 167.24 ± 1.74 27.97 ± 0.54 73.4 ± 0.5
8 13 70 5 1126.11 ± 2.01 137.74 ± 1.03 29.97 ± 0.81 73.5 ± 0.7

Amplitude (A); time (B); total polyphenol content (TPC); monomeric anthocyanins content (MA); antioxidant
activity: FRAP and DPPH. The results are expressed as the mean value of the three replicates ± the standard
deviation (SD).

In terms of the content of bioactive compounds, such as the TPC and MA, as well as the
antioxidant activity measured by the FRAP and DDPH assays, the effects of the high-power
ultrasonic treatment on extraction kinetics were explored. All the above parameters were
studied in untreated red grapes must as a control sample (C) and on the samples subjected
to ultrasound treatment at 50, 70, and 90% amplitude for 3, 4, and 5 min, respectively, as
follows: SM50/3 (A: 50%, t: 3 min), SM50/4 (A: 50%; t: 4 min), SM50/5 (A: 50%; t: 5 min),
SM70/3 (A: 70%; t: 3 min), SM70/4 (A: 70%; t: 4 min), SM70/5 (A: 70%; t: 5 min), SM90/3
(A: 90%; t: 3 min), SM90/4 (A: 90%; t: 4 min), and SM90/5 (A: 90%, t: 5 min).

Analytical determinations were performed immediately after crushing for the control
sample and immediately after treatment for the ultrasound-treated samples.

Two factors, the amplitude level and the duration of the ultrasound treatment, were
found to have an effect on the parameters studied, with single or interaction effects. The
ANOVA analysis of variance performed on the analytical parameters, in relation to the
different conditions of amplitude and treatment time, revealed significant differences in
the total polyphenolic content, the monomeric anthocyanins, and the antioxidant activity.
Using the RSM and ANOVA, the best extraction parameters were statistically examined.

The process of sonication results in the development of cavitation bubbles, which
have the potential to violently collapse, releasing energy and increasing the temperature
and pressure. These bubbles may burst close to a solid surface or interact chemically
with molecules, harming cell structures and altering the selectivity or permeability of cell
membranes [20].
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To monitor the corresponding temperature rise, the temperature of the sonicated
samples was measured at 1 min intervals, using a thermovision camera. The mean value
of the untreated sample (C), and the mean values recorded by a forward-looking infrared
(FLIR) camera for each sample when the sonication treatment ended are illustrated in
Figure 1.
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Figure 1. Changes in the temperature of the samples treated with US compared to the control
sample (C).

An increase in the temperature of the samples following the ultrasound treatment
was evident, compared to the reference sample, C (20 ◦C), correlated with the intensity
and time of the treatment. The minimum and maximum average temperatures reached
in the samples were 26.20 ◦C for SM50/3 and 60.17 ◦C for SM90/5, respectively. The
results confirmed the fact that the increasing temperature of the must samples depends
on the operating parameters used during the ultrasound treatments, as it was established
that the device’s real input power was transformed into heat that was released into the
medium [26].

It can be observed that the increasing temperature in the sonicated samples was influ-
enced to a higher measure by increasing the amplitude compared with the treatment time.
Thereby, the temperature reached in SM70/5 (54.23 ◦C), treated with a lower amplitude but
the maximum time (5 min), was close to that of SM90/3 (51.53 ◦C) treated with a higher
amplitude but the minimum time (3 min).

Increased temperature often results in higher extraction yields. Temperature optimiza-
tion can be performed to obtain the best yield of the target compounds without degradation,
as this parameter can vary depending on the type of product [35].

It was also concluded that the intensity of the ultrasound was directly related to the
amplitude of the transducer. Increasing the amplitude increased the ultrasound intensity
and resulted in an increase in the sonochemical effects [36].

Using different levels of device power, intensity, frequency, amplitude, and treatment
time, previous research on red grapes and wines of various types has yielded very encourag-
ing findings on the ability of ultrasound to extract and improve the physicochemical quality
of wines, as well as its ability to accelerate wine aging or control microorganisms [37–41].

In addition, other authors reported that the application of US produced interesting
findings on the recovery of bioactive compounds from marc and lees, and the extraction of
various aromatic compounds from wines [42–44].
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Table 3 depicts the results for the physicochemical and analytical determinations of
the untreated red grape must.

Table 3. Characteristics of the red grape must.

Sample TSS
(◦ Brix)

TA
(g Tartaric

Acid/L)

TPC
(µg GAE/mL)

MA
(mg CGE/L)

FRAP
(µmol

Fe2+/mL)

DPPH
Scavenging
Activity (%)

C 29.9 ± 0.1 3.4 ± 0.03 114.42 ± 2.67 16.06 ± 0.9 13.43 ± 1.02 65.0 ± 0.4

Untreated red grape must (C); total soluble solids (TSS); total acidity (TA); total polyphenolic content (TCP);
monomeric anthocyanins content (MA); antioxidant activity: FRAP and DPPH. The results are expressed as the
mean value of the three replicates ± the standard deviation (SD).

3.1. Total Polyphenolic Content

The TPC extraction yields were observed to rise with any increase in temperature.
This impact might primarily be ascribed to the cavitation phenomenon, which is preferred
at lower temperatures, and which makes it easier to release extractable chemicals and
enhances mass movement via diffusion or by rupturing plant cell walls [23,32,45].

The TPC for sonicated samples varied from 124.5 micrograms of gallic acid equivalents
per milliliter (GAE/mL) to 1396.06 µg GAE/mL, as shown in Table 2. The lowest amount
of TPC was found in the SM50/3 sample (run order three) using 50% amplitude for 3 min,
while the higher TPC content was found for the SM90/3 sample (run order one) using 90%
amplitude for 3 min. It can be seen that there was an increase, generally proportional with
the treatment conditions, of 9% to 12 times for the total polyphenol content of the sonicated
samples compared with untreated sample (C). These findings indicate that amplitude is a
significant factor in the extraction of total phenols.

Previous studies have shown a higher extraction yield of TPC when high-power
ultrasound was applied to grapes or during winemaking [27,46]. Other authors have
reported that no degradation of the polyphenols was observed after the sonication of red
wine [29].

Moreover, the ultrasound treatment with an amplitude of 90% for 3 min determined
the highest extraction of TPC in the sample SM90/3, while lower values were recorded
when applied at the same amplitude of 90% for 4 min and 5 min, by 15.63% in the sample
SM90/4 and 16.04% in the sample SM90/5, respectively. The possible explanation for
this decrease might be the high temperatures reached in the immediate vicinity of the
ultrasonic probe, as well as the average temperatures of 55.71 ◦C and 60.17 ◦C reached in
samples SM90/4 and SM90/5, respectively, that could lead to the degradation of phenolic
compounds. Other research has shown that polyphenol can be protected against thermal
breakdown processes at temperatures as high as 50 degrees Celsius [47].

Despite their benefits, many phenolic compounds quickly hydrolyze and oxidize at
higher temperatures, particularly when extracted for extended periods of time [48,49]. At
extraction temperatures over 60 ◦C, Akowuah, Mariam, and Chin demonstrated that the
total polyphenol content of the extracts reduced as a result of oxidative degradation [50].
The vulnerability of phenolic compounds to high temperatures was demonstrated, as
early as three decades ago, by Havlikova and Mikova [51]. They demonstrated that
high temperatures and prolonged extraction times enhanced the rate at which phenolic
components oxidized and lowered the yield of the extracts. For instance, during maceration,
the extraction of polyphenols is typically carried out between 20 and 50 ◦C, never over this
range [52].

Furthermore, it is important to remember that the sensitivity of a sample to temperature-
induced polyphenol degradation is influenced by the types of polyphenolic compounds
present in the plant extract or matrix, as well as their physicochemical and biochemical
properties [47].
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However, additional variables such as plant species, geographical origin, or culti-
vars may also have an impact on the quantity of phenolic chemicals recovered using an
ultrasound-assisted approach [10].

The optimal extraction parameters for the TPC were statistically investigated using
the RSM and ANOVA (Table 4).

Table 4. ANOVA and coefficient table for the quadratic model. Response 1: total phenolic compounds.

Source F-Value p-Value R2 Adjusted R2 Coefficients

Model 13.40 0.0018 0.9054 0.8378

Intercept 921.98
A 60.33 0.0001 556.13
B 1.07 0.3361 73.94

AB 0.4989 0.5028 61.94
A2 3.47 0.1049 −196.5
B2 0.2193 0.6538 −49.42

Lack of fit 36229.38 <0.0001
Amplitude (A); time (B).

As Table 4 shows, the amplitude term is significant for the enhanced extraction of
polyphenols. The model F-value of 13.40 means that the model is significant. Due to the
noise, there is only a 0.18% chance that such a large F-value could occur. Moreover, p-values
less than 0.0500 indicate that the model terms are significant. In this case, amplitude is a
significant model term. Values greater than 0.1000 indicate that the model terms are not
significant. A high R2 value (0.9054) indicates a good level of model fit. The lack of fit
F-value of 36,229.38 indicates that the lack of fit is significant. There is only a 0.01% chance
that such a large lack of fit F-value could occur due to noise.

The final equation in terms of the actual factors for the TPC is shown in Equation (3).
The equation can be used to make predictions about the response for given levels of
each factor.

YTPC = −5385.266 + 108.970 × A + 686.076 × B − 3.097 × A × B − 0.491 × A2 − 49.418 × B2 (3)

where A is the amplitude and B represents the time.
The influence of the process parameters A and B on the extraction rate of the TPC in

samples treated with US is shown in Figure 2.
Figure 2 clearly illustrates that the amplitude of ultrasonic waves has a greater impact

on the outcomes than the time of the treatment. A higher treatment time with smaller
amplitudes (50%) has a detrimental effect, and less TPC is extracted. Higher amplitude
values (90%), on the other hand, greatly improve the TPC extraction yield.

The potential of ultrasonic waves to have a detrimental effect on biomass, aiding the
extraction of cell contents, has been ascribed to ultrasound assisted extraction, having an
improving influence on extracting phenolics from plants. Using ultrasound and different
operating conditions, previous studies have shown increased yields of phenolic extracts
as plant bioactive compounds, when applied to blueberry pomace, mango peels, or coffee
beans [53–55].

In addition, it was observed that heat breakdown of the polyphenols may take place
at high temperatures. A reduction in the extraction yield owing to temperature might be
attributed to phenolic components degrading at high temperatures [56].

In the described situation, the optimal circumstances would be a higher amplitude,
and a reduced duration of the treatment.
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3.2. Monomeric Anthocyanins

Anthocyanins are a major family of phenolic compounds found in red wine. The
treatment tests showed a strong interaction of the cavitation phenomena with the cells of the
exocarp, with an increase in the concentration of anthocyanins. Our results were consistent
with others that include ultrasound-assisted extraction on the list of new technologies that
have been developed with the goal of reducing extraction times and enhancing yields [57].

The MA content for the sonicated samples varied from 20.67 mg cyanidin 3-glucoside
equivalents (CGE)/L to 223.46 mg CGE/L, as shown in Table 2. Similar to the TPC, the
lowest amount of MA was found for the SM50/3 sample (run order three) using 50%
amplitude for 3 min, while the higher MA content was found for the SM90/3 sample (run
order one) using 90% amplitude for 3 min. It can be observed that there was an increase,
generally proportional with the treatment conditions, of 28.7% to about 14 times for the
MA of the sonicated samples compared with untreated sample (C).

Regarding the extraction of MA, US treatment with A 90% for 3 min led to the highest
extraction (sample SM90/3), while slightly lower values of 3.8% (sample SM90/4) and
significant lower values of 21.11% (sample SM90/5) were recorded when we used an
amplitude of 90% for 4 min and 90% for 5 min, respectively. It is observed that the
extraction of monomeric anthocyanins increases by a maximum value and then start to
decrease, probably also due to the influence of the final temperature reached in the treated
samples.

The anthocyanin content of grape juice was negatively impacted by higher amplitude
levels and longer treatment times, as other authors have shown [28]. Moreover, it was
observed that anthocyanins are susceptible to degradation due to a variety of variables
such as pH, temperature, oxygen, water activity, and co-pigments [58].

Other researchers revealed that the temperature has a substantial impact on antho-
cyanin extraction, with maximal extraction occurring at roughly 30 to 35 ◦C. However,
temperature increases enhance extraction by increasing the solubility of anthocyanins
and the diffusion coefficient. However, temperatures over a particular point resulted in a
reduction in anthocyanin output, e.g., at temperatures above 45 ◦C, anthocyanins decrease
dramatically [59].
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As it can be noticed, for the highest extraction of both the TPC and MA ultrasound
amplitude and treatment time are the same: 90% amplitude for 3 min.

The difference in behavior between the total phenolics and anthocyanins might be
explained by anthocyanins’ greater vulnerability to high temperatures [56].

According to Table 5, model terms for the monomeric anthocyanins A, A2, and B2 are
significant since their p-values are less than 0.0500, as shown. If the value is higher than
0.1000, the model terms are not considered relevant. An F-value this large might be caused
by noise just 0.01% of the time, but the model’s F-value of 44.35 suggests that the model is
important. The lack of fit is implied to be significant by the lack of fit F-value of 396.80.

Table 5. ANOVA and coefficient table for the quadratic model. Response 2: monomeric anthocyanins.

Source F-Value p-Value R2 Adjusted R2 Coefficients

Model 44.35 <0.0001 0.9694 0.9475

Intercept 162.77
A 190.42 <0.0001 90.39
B 0.0972 0.7644 2.04

AB 2.70 0.1444 –13.18
A2 9.71 0.0169 –30.08
B2 7.97 0.0257 –27.25

Lack of fit 396.80 <0.0001
Amplitude (A); time (B).

The adjusted R2 of 0.9475 and the predicted R2 of 0.8878 are in fair agreement (i.e.,
the difference is less than 0.2), indicating that the model makes accurate predictions.
Equation (4) displays the final equation in terms of the actual factors for monomeric an-
thocyanins. For specific levels of each element, predictions regarding the response can be
made using the equation.

YMA = −1134.49 + 17.683 × A + 262.123 × B − 0.659 × A × B − 0.075 × A2 − 27.254 × B2 (4)

where A is the amplitude and B represents the time.
The effect of the process parameters A and B on the extraction rate of the MA in

samples that underwent US treatment is shown in Figure 3.
According to Figure 3, which compares the effects of the treatment duration and

ultrasonic wave amplitude on the extraction of the monomeric anthocyanins from red
grape exocarp, the extraction yield of the MA increases with both up to a certain point
before starting to decline. However, as the treatment time increases over 3 min using the
ultrasound wave amplitude at the maximum level (90%), the extraction rate of the MA
decreases. Excessive cavitation occurs at high amplitudes, raising the temperature around
the probe, creating more hydroxyl radicals, and resulting in excessive degradation [60].
Moreover, as a smaller amplitude may not deliver enough energy to break the cell wall,
the lowest extraction yields of the MA were observed in the samples where the minimum
amplitude level was used (A = 50%).

Using ultrasound and different working conditions, previous studies have also shown
increased yields for anthocyanin extractions from blueberry marc, mulberry wine residues,
or purple sweet potatoes [61–63].

Similar to the TPC, the optimal circumstances for the MA enhanced extraction would
be a higher amplitude, and a reduced duration of the treatment.
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3.3. Antioxidant Activity

The antioxidant properties of the phenolic compounds from grapes have been ex-
tensively researched, including the scavenging of free radicals, the suppression of lipid
oxidation, the decrease of hydroperoxide production, and so on. These properties are
especially significant in terms of bioactivity. Moreover, antioxidants can stop the oxidation
process by preferentially interacting with an oxidizing agent, rather than the desired target
molecules or cells [64].

In addition to the FRAP assay, the DPPH scavenging activity was evaluated to further
support our research findings. Both the DPPH and FRAP assays could be used to determine
the antioxidant activity, as both showed high reproducibility [65].

The maximum antioxidant activity, 48.32 µmol Fe2+/mL and 77.2%, as measured
by the FRAP and DDPH assays, respectively, was observed in the sonicated samples of
run order 8, acquired at 90% amplitude for 5 min (sample SM90/5) (Table 2). The lowest
activity, 15.02 µmol Fe2+/mL or 66.8% (run order 3) was observed at 50% amplitude for
3 min (sample SM50/3).

It was noted that the greatest extraction of antioxidants required the same ultrasonic
amplitude (90%) as for the TPC and MA, but the maximum time was 5 min, not 3 min
as for the TPC and MA. Moreover, the fact that antioxidants also include non-phenolic
chemicals, which may require a higher temperature for extraction, may help to explain a
slightly higher extraction temperature of 60.17 ◦C for the maximum value of antioxidant
compounds. Previous studies that claimed antioxidants required a higher temperature for
extraction are consistent with this conclusion [25]. Moreover, the results might suggest that
the antioxidant activity of the samples was significantly influenced by the TPC levels.

It can be seen that the antioxidant activity of the sonicated samples increases in
proportion to the treatment conditions, from 11.84% to about 3.6 times as measured by the
FRAP and from 2.77 to 18.77% as measured by the DPPH free radical scavenging assay,
compared to the untreated sample (C).

According to the mechanism of action exhibited by antioxidant compounds, the
methods used to measure antioxidant activity evaluate the ability of antioxidant species to
scavenge free radicals or the ability of antioxidants to reduce an oxidant compound [65].
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FRAP values quantify the ability of the antioxidant compounds contained in red grape must
samples to donate electrons and, thus, reduce the oxidized species. A relevant indicator of
a compound possessing potential antioxidant activity may be its reducing power [66].

It can be observed that the presence of a significant amount of phenolic compounds in
red grape must, as a result of US treatment, led to high FRAP values.

The DPPH radical scavenging activity reflects the hydrogen-donating capacity of
the samples, thanks to the presence of bioactive substances. When the DPPH radical
scavenging activity of the samples was examined, the same conclusion was reached as in
the FRAP evaluation, namely that the antioxidant potential was higher after treatment with
ultrasound.

A closer examination of the results obtained from the FRAP and DPPH tests revealed
that the increase in the electron-donating capacity or reducing power of the samples in
response to US treatment was greater than that recorded for their free radical scavenging
capacity.

The study performed by Rajurkar and Hande [67] revealed that the phenolic com-
pounds exhibited a much higher correlation with the reducing power than with the DPPH
free radical scavenging activity. Thus, it is estimated that the phenolic compounds extracted
from red grapes provide antioxidant protection directly through the mechanism of reducing
the oxidized intermediates in the chain reaction.

Our results suggest that the FRAP and DPPH assays could be used to distinguish
the dominant mechanism, by which polyphenolic compounds from grape must act as
antioxidants.

Other results showed that the antioxidant activity of phenolic compounds may have a
concentration saturation limit, beyond which the activity cannot be increased by concentra-
tion. However, some results showed that there are factors other than concentration that
influence the antioxidant properties of phenolic compounds, as the relationship between
the phenolic compounds and the antioxidant activity was inconsistent [8,68]. Furthermore,
other research showed a significant relationship between the polyphenolic compounds
assessed in the various samples and the outcomes of the antioxidant activity tests [69].

As their p-values are less than 0.0500, Table 6 shows that the model parameters A,
B, and A2 are significant for the antioxidant activity measured by both the FRAP and
DPPH assays. Values greater than 0.1000 indicate that the model terms are not decisive.
The model significance is indicated by the model F-value of 330.16 and 58.81, respectively.
The F-values for lack of fit, 2.40 and 102.78, respectively, indicate that the lack of fit is not
significant.

Table 6. ANOVA and coefficient table for the quadratic model. Response 3: antioxidant activity.

Source F-Value p-Value R2 Adjusted R2 Coefficients

FRAP DPPH FRAP DPPH FRAP DPPH FRAP DPPH FRAP DPPH

Model 330.16 58.81 <0.0001 <0.0001 0.9958 0.9767 0.9928 0.9601

Intercept 28.14 73.17
A 1587.16 246.65 <0.0001 <0.0001 13.88 3.58
B 33.68 37.65 0.0004 0.0005 2.17 1.40

AB 2.85 2.05 0.1354 0.1954 0.7200 –0.4000
A2 12.04 6.08 0.0104 0.0431 1.78 –0.8293
B2 2.59 0.0556 0.1515 0.8203 0.8266 –0.0793

Lack of fit 2.40 102.78 0.2085 0.0003

Amplitude (A); time (B).

The predicted R2 (0.9727 FRAP and 0.7829 DPPH) and the adjusted R2 (0.9928 FRAP
and 0.9601 DPPH) are in good agreement (i.e., the difference is less than 0.2), indicating
that the model makes accurate predictions.
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Equations (5) and (6) display the final equations in terms of the actual factors for the
antioxidant activity as measured by the FRAP and DPPH assays. For specific levels of each
element, the equation can be used to predict the response.

YFRAP = 16.030 − 0.074 × A − 6.965 × B + 0.036 × A × B + 0.004 × A2 + 0.826 × B2 (5)

YDPPH = 37.996 + 0.549 × A + 3.434 × B − 0.020 × A × B − 0.002 × A2 − 0.079 × B2 (6)

where A is the amplitude and B represents the time.
Figure 4 shows the kinetics of the antioxidant activity in samples treated with US, as

well as the 3D response surfaces and contour plots.
From Figure 4, which compares the effects of the treatment time and ultrasonic wave

amplitude on the antioxidant activity of the samples, it can be seen that both the FPAP and
DPPH values increase with both factors, up to a maximum value of 48.32 µmol Fe2+/mL
and 77.2% in sample SM90/5.

Other researchers came to the conclusion that the antioxidant activity of wines is more
closely related to the type of individual phenolic compounds found in the wines than to
the TPC. It has also been proposed that the antioxidant activity is mostly attributed to the
flavan-3-ol fraction, rather than anthocyanins [70].

However, the grapes and wines showed a strong link between their phenolic com-
position and the antioxidant activity. The main substances involved in this bioactivity
varied depending on the type of sample examined. The primary category, with a significant
contribution to this feature, was identified as anthocyanins. Additionally, variations in the
phenolic component quantities may account for the variations in the antioxidant efficacy
between grape cultivars [71].

In the situation described, the optimal circumstances for antioxidant activity would be
a higher amplitude and a longer duration of treatment compared to the TPC and MA.
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3.4. Correlations between Total Phenolic Content, Monomeric Anthocyanins and
Antioxidant Activity

The results of our study show that the higher the amplitude and the longer the
duration of the ultrasound treatment, the higher the antioxidant activity, expressed both
as the FRAP or DPPH free radical scavenging activity, as the maximum values for the
antioxidant activity were found when an ultrasonic amplitude of 90% was applied for
5 min (sample SM90/5): 48.32 µmol Fe2+/mL and 77.2%, respectively.

It can also be observed that the antioxidant activity of the sonicated samples, expressed
by both the FRAP and DPPH tests, increased in proportion to the total polyphenol and
monomeric anthocyanin content.

For the maximum values observed for the total polyphenol content (1396.06 µg
GAE/mL) and the monomeric anthocyanins (223.4 mg CGE/L), when an ultrasonic am-
plitude of 90% was applied for 3 min (sample SM90/3), the antioxidant activity was 3.11
times higher when measured with the FRAP test and 14.62% higher when measured as
DPPH radical scavenging activity (%) compared to the control sample (C). These improved
values confirmed the greatest influence of phenolics and anthocyanins on the antioxidant
activity.

These results are in agreement with those reported by some authors who have shown a
positive correlation between the TPC and the antioxidant activity evaluated by DPPH [72],
or who have linked the high antiradical power of the samples to their anthocyanin concen-
tration [73], but are in contrast to others [74,75].

The current analysis shows a very good correlation (p < 0.01) between the TPC and
antioxidant activity as the FRAP (Pearson’s r = 0.917) and as the DPPH radical scavenging
activity (%) (Pearson’s r = 0.878). The same, very good, Pearson correlations were found
between the MA and the antioxidant activity as the FRAP (Pearson’s r = 0.928) and as the
DPPH radical scavenging activity (%) (Pearson’s r = 0.888).

Finally, our results showed that the antioxidant activity of the sonicated samples was
influenced by the TPC and MA, although the samples with the highest TPC and MA did
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not always show the highest values for antioxidant activity expressed either as the FRAP
or as the free radical scavenging activity, DPPH %.

3.5. Optimization of the Experimental Model for Increasing the Extraction Rate of Biologically
Active Compounds and the Antioxidant Activity in Grape Must

Aiming to maximize the extraction of biologically active compounds in grape must, as
well as to enhance its antioxidant activity, we investigated the optimization function of the
model made with the Design Expert® software version 13, (Stat-Ease, Inc., Minneapolis,
USA, 2022). For numerical optimization, any combination of one or more objectives was
optimized. The goals we applied to either factors or responses were as follows: amplitude
and treatment time in range; TPC, MA, FRAP, and DPPH maximized.

The optimization function of the software gave us 20 found solutions, indicating
the solution with the highest value of desirability, which was 0.918 (Figure 5), namely
an amplitude of 90% and a treatment time of 4 min and 24 s, as the solution selected to
maximize the extraction of the TPC, MA, and antioxidant activity as the FRAP and DPPH
scavenging activity.

Sustainability 2023, 15, x FOR PEER REVIEW 17 of 22 
 

 

 

Figure 5. Graphical view of the optimal solution: the optimal factor settings are shown as red bars 

and the optimal response predictions are shown in blue. 

To identify the factor settings that meet specified objectives, numerical optimization 

searches the design space using the models built during the analysis (Figure 6). Under 

certain conditions, the model can accurately predict the extraction rate of compounds. 

  

(a) (b) 

Figure 5. Graphical view of the optimal solution: the optimal factor settings are shown as red bars
and the optimal response predictions are shown in blue.

To identify the factor settings that meet specified objectives, numerical optimization
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Figure 7 shows the optimization graph for the optimal displayed solution, highlighting
the point at which the response criteria is met.

3.6. Confirmation of the Model

The optimization analysis was used to guide the validation trials, which were con-
ducted using the same methodology at the ideal selected amplitude—90% and treatment
of time 4 min and 24 s. The predicted data were found to be TPC—1278.52 (µg GAE/mL),
MA—212.64 (mg/L), FRAP—45.09 (µmol Fe2+/mL) and DPPH—76.31%, as observed in
Figures 6 and 7.

The observed response data and the predicted data from the modelled response were
compared under the extraction conditions. The errors for the TPC, MA, FRAP, and DPPH
were −8.70%, −0.99, 3.14 and 0.25%, respectively, as shown in Table 7, indicating the
confirmation of the model.
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Table 7. Confirmation table of the model.

Response Data TPC
(µg GAE/mL)

MA
(mg CGE/L)

FRAP
(µmol Fe2+/mL)

DPPH
Scavenging
Activity (%)

Observed 1176.16 210.56 46.55 76.5
Predicted 1278.52 212.64 45.09 76.31
Error (%) –8.70 –0.99 3.14 0.25

Total polyphenol content (TPC); monomeric anthocyanins content (MA); antioxidant activity (FRAP).

The small differences between the predicted and observed values showed that the
extraction optimization model obtained with the RSM in this study had a high degree of
fit, and has the potential to be used even for large-scale extraction of phenolics and other
antioxidant compounds from grapes using high-power ultrasound.

4. Conclusions

The acceleration of extraction kinetics using a physical technique can be important
when the levels of physiologically active compounds in grapes are high. The use of
ultrasound reduces the extraction times, while intensifying and almost maximizing the
extraction yield and antioxidant activity. Overall, the use of ultrasound in winemaking
opens up the possibility to optimize and better manage the vinification of red grapes. Due
to the relatively short time required for ultrasound exposure, the application of ultrasound
can be considered as a continuous pre-treatment for crushed red grapes prior to filling the
winemaking tank. High-power ultrasound treatment of crushed grapes for a few minutes
increases both the extraction rate of the bioactive compounds and the antioxidant activity
by 12 times for the TPC, 14 times for the MA, 3.6 times for the FRAP and by 18.77% for
the free radical scavenging activity, DPPH. However, a treatment time of 5 min and an
amplitude of 90% led to a decrease in the TPC and MA, while the FRAP and DPPH values
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increased with the same operating parameters. The optimal solution to develop a procedure
that maximizes the TPC and MA extraction rate and the antioxidant activity during the
first stage of winemaking seems to be an A of 90% and a t of 4 min and 24 s. The use of
high-power ultrasound in the winemaking process for the treatment of crushed grapes
has proved to be a very promising and effective technique for the extraction of high-value
bioactive compounds, with great potential for commercial use. For this reason, considering
the optimal solution found in this study, our further research on the impact of ultrasound
treatment will include an in-depth investigation related to the content of the individual
polyphenolic compounds of samples during the winemaking process, namely grape must,
maceration, fermentation and bottling, with the aim of reducing the maceration period and
better managing the whole process.
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