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Effects of Thermal and Ultrasound Treatments on
L Ascorbic Acid of Grapes Juice

MIRABELA IOANA LUPU, CARMEN LILIANA BADARAU*, VASILE PADUREANU, CRISTINA MARIA CANJA
Transilvania University of Brasov, Faculty of Food and Tourism, 148 Castelului Str., 500014, Brasov, Romania

Improving the nutritional quality for non-alcoholic beverages (especially the content of valuable natural
antioxidants) by using modern ultrasound treatments represent a challenge for more and more food
scientists. The objective of this research work was to estimate the effect of some ultrasound treatments on
the total L ascorbic acid content and on several physicochemical characteristics of grape juice stored for
different time periods. In order to determine this influence, the sonication parameters chosen were the
amplitude (60%, 80%) and the treatment times (18, 36 min.). The samples treated by direct sonication
(amplitude 80%, 36 min.) and stored 17 days had higher values of  total L ascorbic acid content.

Keywords: L ascorbic acid, grapes juice, ultrasound treatments

Fruit intake is recommended as part of a healthy diet
and a practical way to do so is in form of juice. When fruit
juices are produced on an industrial scale, the inactivation
of microorganisms and enzymes is mandatory in order to
guarantee safety and stability.

Thermal processing has been quite useful for that
purpose. However, excessive heating induces physical and
chemical reactions that negatively affect the sensorial and
nutritional properties of this kind of food [1]. The application
of ultrasound-assisted extraction for plant materials and
its opportunities in the food industry has proved many
advantages [2-5].

Ultrasound is reported to have a minimal effect on the
quality of fruit juices [6].

One of the most important micronutrient present in the
fruits juice is the L ascorbic acid (vitamin C). Three main
biological functions have been identified for compound:
enzyme cofactor, free radical scavenger and donor/
acceptor of electrons. Humans have lost ability to
synthesize L ascorbic acid and depend on the diet to acquire
the necessary amounts required to maintain good health.
Deficiency of the vitamin C causes the disease scurvy
characterized by spots on the skin, spongy gums and
bleeding from mucous membranes. Is caused by deficient
synthesis of collagen in which L ascorbic acid is cofactor
[7-9]. Although, nowadays, scurvy is considered rare in
developed nations, the vitamin C intake of significant part
of the population of some of these countries may be below
recommended daily acceptance (80mg per day in
European Union EC) [10-12]. About 13% of the population
in the USA or 1 in 7 young adults in Canada have been
reported to be deficient in vitamin C with certain groups
such as smokers, pregnant women and people of low
socioeconomic status at a higher risk of deficiency is
common. L ascorbic acid is particular important because
it can reduce the chelating effect that some compound
could have on iron, increasing its bioavailability [11]. Data
reported by other researchers [13] revealed that the
ultrasound treatments applied to different jus could
inactivate microorganisms and increase antioxidants
compounds. Therefore, the purpose of this study was to
estimate the effect of ultrasound treatment on the level
content of L ascorbic acid and on some physicochemical
properties (pH, density, total soluble solids, titratable acidity,
tartaric acid) of grapes juice during different storage periods.

Experimental part
Material and methods
Samples preparation

The experimental variants of juices were obtained from
grape varieties Riesling (cultivated in the vineyard Dealu
Mare, Romanian region and harvest at the end of
September 2017). For obtain the juice, the grapes were
first removed from the bunch and crushed with a crusher
destemmer (Enoventa Tecnologie Enologiche, Italy). The
next step was pressing the juice and solid particles with a
hydraulic press machine (LU.C.M.E. Elettromeccanica,
Italy). The juice was left for clearing for 4 h before starting
the treatments.

Juice samples were treated by ultrasound (VCX-750,
Sonics & Materials, Inc. Newtown, CT, USA) at 750 W, with
constant frequency of 20 kHz at 60  and 80% amplitude for
time periods of 18 or 36 min using a sample of 500 mL
grape juice. This combination of amplitude and time was
established according results of previous study, where a
reduced of microbial count and release of antioxidant
compounds was obtained [13].

Untreated juice was selected as control and pasteurized
juice in a water bath at 70oC for 30 min [13], was also
included to compare results. Samples were stored at 4oC
and analyzed after 1, 4, 7, 10 and 17 storage days.

Determination of parameters quality, polyphenol and
vitamin C content

The pH was measured with a potentiometer (Consort
C1010, Consort, Belgium).

The density (g/L) was measured with a densitometer
standardized at 20oC.

Total soluble solids content (oBrix) was determined using
a refractometer (Brix/ ATC FG-113, Hangzhou Chinchan
Trading Co., China).

Titratable acidity was performing on aliquots of 10 mL
placed into a 250 mL beaker and titration with sodium
hydroxide 0.1N (Sigma-Aldrich, Dublin, Ireland). With a
pipette, on a porcelain plate for titration, a drop of juice
was removed and mix with two drops of indicator red
phenol 0.02%. The titration is continued drop to drop, after
each addition of the sodium hydroxide solution, until the
indicator turns in pink-orange. The results are expressed
as g tartaric acid/L. The titratable acidity (AT) was
calculated using the value of sodium hydroxide 0.1N
solution volume (V), as follows:
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The semnifications of symbols used in these relations
are:

Tartaric acid content (g/L) was determined following a
colorimetric sequential technique (HI83748, Hanna
Instruments).

The total phenols content was measured with an optical
system of Hanna’s HI 83000 series colorimeters.
Photometric chemical analysis is based on the possibility
to develop an absorbing compound from a specific
chemical reaction between sample and reagents.

Extraction of L ascorbic acid (L-AA) was carried out by
following steps (indicated by the manufacturer instructions
- Megazyme Ltd., Sigma Aldrich, USA, cod product
MAK074): adding 10 mL of 6% (w/v) aqueous solution of
meta phosphoric acid and 40 mL 1-octanol  to 10 mL sample
(variants of grapes juice treated and non-treated); vortex
this mixture for 1 min; adjust to pH 3.5-4; quantitatively
transferring to a 20 mL volumetric flask; centrifuge at
13.684 g (14.000 rot/min.) for 5 min. (a part of the mixture
was taken in 1.5 mL tubes).

Determination of the L ascorbic acid content was
carried out using the supernatant and an enzymatic method
(L-ascorbic acid test kit, Megazyme Ltd., Sigma Aldrich,
USA, cod product MAK074) following the instructions of
the manufacturer. This method is based on the color
change of the absorption caused by the reduction of 3-
(4.5-dimethylthiazol-2)-2.5-diphenyltetrazolium bromide
before and after ascorbic oxides is added, the concentration
of L ascorbic acid being proportional to this change. The
absorbance was measured at 570 nm (Tecan SunRise
micro plate reader, software Magellan). The determination
was made in 5 repetitions at different time periods of the
samples storage. The content of the L-AA was expressed
as mg L Ascorbic Acid per liter of juice (mg L-AA/L).

Results and discussions
All the grapes juice treated by ultrasound had higher

values of L ascorbic acid content compared to the
pasteurized and control samples (table 1). The juices
samples treated by sonication at 80% amplitude for 36
min presented the highest value of vitamin C content
(64.498 ± 4.022 mg L-AA/L). Pasteurized treatments led
to a significant decrease of L ascorbic acid content
(compared to the untreated control) and after 17 storage
days the juice had the lowest content in this phytochemical
compound (23.990 ± 6.509 mg L-AA/L).

Different researchers reported the most important
mechanisms for explain the evolution and variations of
vitamin C induced by the ultrasound during the storage.
Maybe, the vitamin C breakdown is prevented by the
elimination of dissolved oxygen (essential for ascorbic acid
degradation), during the cavitations produced by the
ultrasounds treatment [14]. Tiwari et al. [6] considered
that the extreme physical conditions existing inside the
cavitations bubbles collapsing in a micro scale and caused
some chemical reactions that occur either in the same
time or in isolation. Sonication cavities can be filled using
water vapor and different gases dissolved in the juice, such
as N2 which may aid oxidation reactions promoted by
interactions with free radicals formed during sonication
[15]. This oxidation could cause that ascorbic acid converts
to dehydroascorbic acid [16] explaining the variations
during storage.

Significant differences regarding the vitamin C content
were observed between the variants of treatment (table
1). So, the simple correlation coefficient Pearson revealed
significantly higher value regarding the vitamin C content
(as compared to the different treatment variants) (table
2).  Our results revealed that ultrasound treatments,
especially at 80% amplitude for 36 min. had a grate effect
on vitamin C content during storage. Ultrasound can be
considered as an alternative emerging technology for
grapes juice preservation, for increase the level of vitamin
C content, maintaining the antioxidant properties. However,

Table 1
TOTAL L-ASCORBIC ACID CONTENT OF THE GRAPES JUICE TREATED AND UNTREATED AFTER DIFFERENT STORAGE PERIODS

(DATA ARE MEAN OF THE VALUES ± STANDARD DEVIATION)

Table 2
THE CORRELATION BETWEEN THE CONTENT OF L ASCORBIC ACID (IN GRAPES JUICE TREATED AND UNTREATED

AFTER DIFFERENT DAYS) AND THE VARIANT OF TREATMENT
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further studies are required to establish the most efective
conditions to comply with specifications in terms of
microbial load  and other caracteristics of juice processed
by ultrasound.

Natural juices with high increase content of vitamin C
could have an important impact on human health and
therefore, would be of interest (for consumers, producers
and policymakers) to have more information about the
methods for improving the content of these valuable
antioxidant using modern methods like the ultrasound
treatments.

Ultrasound treatment had a significant effect on grapes
juice pH after all the storage time, compared with
untreated juice (table 3). Values of pH juice ranged
between 3.633 ± 0.006 to 3.447±0.006. During storage,
pH values and total acidity decrease in all treatment
variants. Our results regarding pH and total acidity of
sonicated samples are in accordance with observations
of sonicated kasturi lime juice [17] and apple juice [18].

Ultrasound treatments had significantly effect on the
total soluble solids (oBx) compared with the untreated and
pasteurized samples, the highest decrease was observed
in case of variant 80% amplitude for 18min, after 4, 10 and
17 storage days. For all variants of treatments, this
parameter decreased significantly during storage. The
values of total solids content of juice (oBx) ranged between
24.40 ± 0.000 for pasteurized variant and 11.13 ± 0.112
for variant A80%,18min (table 3). It has been reported that
sonication treatment cause a significant decrease in oBrix
also of kasturi lime juice [17].

During storage, tartaric acid content increased
significantly. A very strong increasement was observed
after each storage days in case of samples treated by
ultrasound 18 min at both amplitude (A60% and A80%).

After 10 and 17 storage days, the pasteurized juices
showed a similar increase. This increase of tartaric acid
content could indicate a start of fermentation none
recommended in our case.

As shown in table 3, a significant increase (p<0.05)
was observed in total phenolic content in the entire grape
juice sample sonicated at both amplitude and at both time,
also at untreated grape juice. The highest increase was
observed in the case of variant A80% 18 min; this increase
was in range from 0.687 mg GAE/L up to 1.592 mg GAE/L.
The exception is the pasteurized grape juices (in this case,
the increase was not significant). The increase of the total
phenolic content was found also in the apple juice [18].
The possible reason for significant increases in these
phenolic phytonutrients might be attributed to the
enhanced disruption of cell wall due to cavitations as a
result of rapid change in pressures of the liquid by shear
forces exerted during sonication which might lead to the
release of some chemically bound polyphenolic
phytonutrients and ultimately increased their availability in
the juice. Creation of hydroxyl radicals by bubble implosion
during sonication to the aromatic ring of phenolic
compounds might also be a cause of their improvement in
the apple juice. It has already been reported that increase
in antioxidant capacity of phenolic compounds might be
attributed to the addition of second hydroxyl group in
different positions of these compounds chemical structure
[17, 18].

Conclusions
Results of this study show a significant difference

between the total vitamin C content of the grapes juices
treated by different methods, minimally processed

Table 3
MEAN (±SD) VALUES OF PH, TOTAL SOLUBLE SOLIDS, TOTAL ACIDITY, TARTARIC ACID AND TOTAL PHENOL CONTENT OF GRAPES JUICES

(DIFFERENT VARIANTS OF TREATMENTS) DURING STORAGE
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technology (pasteurization / ultrasound used for improve
the product shelf life).

Ultrasound treatments, particullary at 80% amplitude
for 36 min. had a significant effect on vitamin C content
during the storage (ending up with values of 64.498 ± 4.022
mg L-AA/L after 17 storage days). However, the results
presented arise from working with a few of biological
samples. Also, it is necessary to continue this research
with extended experiments.
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Abstract: In juice processing, ultrasound treatment has been tested as a potential alternative to
conventional thermal methods to inactivate microorganisms and to enhance the nutritional status
of juice. In this study, the impact of pasteurization and high-power ultrasound treatment on the
quality of red grape juice was investigated in terms of the content of bioactive compounds such as
phenolic compounds and l-ascorbic acid as well as regarding the microbiological and physicochemical
properties. The grape juice was subjected to pasteurization (80 ◦C, 2 min) as well as to ultrasound
treatment with an amplitude of 50 and 70% for 5 and 10 min. The results indicated the same level
of total phenolic content for pasteurized and sonicated samples for 10 min with an amplitude of
70%, while the highest level of l-ascorbic acid was recorded for sonicated samples with an amplitude
of 70% for 10 min. pH of sonicated samples decreased with amplitude and treatment time while
total soluble solids and titratable acidity increased with amplitude and time. Moreover, the results
indicated the usefulness of juice sonication to enhance the inactivation of microorganisms. Thus, the
high-power ultrasound treatment might represent a viable technique to replace the conventional
thermal treatment in grape juice processing.

Keywords: red grape juice; pasteurization; high-power ultrasound treatment; phenolic compounds;
microorganisms

1. Introduction

Grapes are one of the largest fruit crops harvested around the world. However, grape juice is not
consumed worldwide in large amounts because of its higher sugar content or higher acidity, but it can
be mixed with apple or other juices [1–3]. The last decades were characterized by numerous studies
related to the chemical constituents of grapes, especially phenolic compounds that are secondary plant
metabolites with free radical scavenging activity [4,5]. The main phenols in grape belong either to
the flavonoid family or the non-flavonoid one. Among the flavonoid family, anthocyanins, flavanols,
flavonols and dihydroflavonols are considered to play an important role in the pigmentation and
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flavor of grapes berries, while non-flavonoid phenolic compounds such as resveratrol have a role in
the powerful biological activities of grape [6,7].

Many research studies have suggested that antioxidants might have positive effects on human
health due to their effects against oxidative stress. Thus, it was considered that a diet based on a high
daily intake of antioxidant dietary supplements from fruits and vegetables might result in a lower
incidence of atherosclerosis, Alzheimer’s disease, cancer, ocular disease, diabetes, rheumatoid arthritis
and motor neuron disease [8].

In order to reduce microbial grow and to extend their shelf-life, fruit juices are usually processed
by pasteurization. Besides the fact that this thermal procedure influences the quality of the products, it
also has the disadvantage of denaturing the bioactive compounds due to ionization, hydrolysis and
oxidation reactions [5,9]. Considering consumers’ need for high quality, flavor and taste of fruit juices,
producers are continuously looking for alternatives to the conventional thermal methods. Moreover,
the consumers demand for nutritious and safe food products has resulted in increasing interest in
non-thermal preservation techniques.

Recently, emerging technologies like ultrasound, microwave and pulsed electric field irradiation
have been tested in the food industry to develop various effective food processing applications [10].
Ultrasounds are sound waves of frequencies higher than 16 kHz (higher than usually detected by the
human ear). When transmitted through a liquid, solid or gas with elastic properties, the sound waves
are moving at a speed depending on the wavelength and the type of material. When acting on a liquid
medium, the fundamental effect of ultrasounds is to add to the hydrostatic pressure (Ph) an acoustic
pressure (Pa) dependent on time (t), wave frequency (f) and the maximum amplitude of wave PA. The
relationship among the above factors is illustrated by the Equation (1) [10]:

Pa = PA × sin(2 × π × f × t) (1)

The propagation of ultrasound waves in a medium generates physical and chemical effects
which can be exploited for improving the efficiency of various food processing operations. Thus, the
ultrasound technology was explored to enhance the food quality by reducing the process time, energy
and increasing shelf life [11,12]. It has been reported that ultrasound energy can be used to increase
extraction yields by disrupting cell tissues [12,13].

In terms of their applications, two approaches are usually used for ultrasound. Low-power
ultrasound (LPU), at frequencies above 100 kHz, is a non-invasive technique and might be applied
to monitor food processes and to evaluate the physico-chemical food properties, while high-power
ultrasound (HPU), with frequencies between 18–100 kHz, causes physical, mechanical and chemical
effects and might offer insight into the long term stability of fruit juices [14]. Most often, the
power ultrasound range is used in the extraction of biologically active compounds from biological
matrices, such as in the extraction of polyphenols from plant and waste food materials. Most of the
commercial ultrasonic probes or cleaning baths work at low ultrasound frequencies (20–40 kHz) [15].
Low frequencies have been observed to generate large cavitation bubbles in extraction solvents
which implode violently, generating high shear whiles creating microjets that ensure higher cellular
degradation, increased solvent penetration and higher extraction rates [15,16]. In juice processing, HPU
treatment might be used not only for controlling spoilage microorganisms, but also as an efficient and
environmentally friendly treatment for enhancing the nutritional status of juices in terms of increasing
the bioactive compounds [7,17]. It was reported that ultrasound was applied in extraction of plant
materials because of increased sugar content, total acid content, phenolics content as well as color
density of grape juice [2]. Moreover, the ultrasound treatment can influence the quality parameters of
cranberry juice and nectar in terms of aromatic profile and sensory properties [18], the stabilization of
cantaloupe melon juice [19] or the preservation of monomeric anthocyanins along with a significant
microbial load reduction during storage [20].

Therefore, our study represents an attempt to identity alternative fruit processing techniques in
order to reduce the microbial load and to improve the nutritional quality of the obtained products.
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Moreover, this research reflects the possibility to replace the conventional thermal treatment with
HPU treatment as a potential tool for setting up a more efficient and sustainable technology for
juice processing.

In line with the above-mentioned considerations, the goal of this research was to investigate
the impact of pasteurization and HPU treatment on the quality of red grape juice. In this purpose,
the content of bioactive compounds such as phenolic compounds and l-ascorbic acid as well as the
physicochemical attributes and the microbiological properties of pasteurized grape juice samples were
compared with those of the juice samples subjected to HPU treatments at different parameters such as
amplitudes of 50% (A50%) and 70% (A70%) for 5 and 10 min.

2. Results and Discussion

The effects of pasteurization and high-power ultrasound (HPU) treatments on the quality of
red grape juice are discussed in terms of bioactive compounds such as total phenolic (TP) content,
l-ascorbic acid (L-AsAc) or vitamin C content and the profile of polyphenolic compounds. Also, the
changes in physicochemical parameters such as pH, total soluble solids (TSS) and titratable acidity
(TA) as well as the microbiological quality expressed by total plate counts (TPC) and Enterobacteriaceae
count (ENT) were investigated in response to the applied treatments. All mentioned parameters were
investigated for untreated red grape juice, as a control sample (C), as well as for red grape juice samples
subjected to pasteurization at 80 ◦C for 2 min (P), respectively to sonication with an amplitudes of
50 and 70% for 5 and 10 min, as follows: HPU (A50%, 5 min), HPU (A50%, 10 min), HPU (A70%,
5 min) and HPU (A70%, 5 min). Some authors also found that ultrasound processing parameters like
amplitude and time plays a decisive role in both extraction and retaining of bioactive compounds and
in determining the effects on the quality attributes [21].

To provide an overview of the effects induced by pasteurization and HPU treatments on
investigated parameters, compared to untreated grape juice samples, the results obtained in this
study were processed by a one-way ANOVA test. Based on the data obtained through statistical
processing the significance of changes recorded in the investigated parameters in response to the
applied treatments, reported with respect to the control grape juice sample can be determined. Also, the
changes occurring in the investigated parameters as a result of HPU treatments were evaluated relative
to pasteurization for assessing the possibility of replacing the conventional thermal treatment currently
used in the grape juice processing, with HPU treatment, as a non-thermal food processing technique.

2.1. Effect of Operating Parameters of HPU Treatments on Temperature of Grape Juice Samples

The operating parameters used during the HPU treatments can impact the temperature of the grape
juice samples. The average temperature values measured every 2.5 min for ultrasound- treated juice
samples are shown in Table 1 while in the Figures 1 and 2 the values measured by a forward-looking
infrared (FLIR) camera at the end of sonication treatment with 50 and 70% amplitude can be seen.

During ultrasound treatment, additional attention was paid to measure the heat generated in the
samples as an effect of the sonication. To account for the heat issue and the corresponding increase of
the temperature, a thermovision camera was used to ensure the temperature of the sample did not
exceed 60–66 ◦C. Temperatures above 70 ◦C in particular have been shown to lead to rapid polyphenol
degradation, hence the need to select efficient extraction temperatures that ensure the stability of
phenolic compounds [15,22,23]. It is also important to mention that the sensitivity of a sample
to temperature-induced polyphenol degradation depends on the types of polyphenol compounds
available in the extract or plant matrix, and their physicochemical and biochemical characteristics, as
well as solvent-sample interactions [15].
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Table 1. Changes in temperature of juice samples as a result of ultrasound treatments parameters.

Time of Temperature Measuring
(min)

T(◦C)

HPU (A50%, 5 min) HPU (A70%, 5 min)

0 18.9 ± 0.85 19.7 ± 0.70
2.5 25.7 ± 0.90 36.9 ± 1.00
5 36.4 ± 1.20 50.1 ± 0.70

Time of Temperature Measuring
(min)

T(◦C)

HPU (A50%, 10 min) HPU (A70%, 10 min)

0 17.2 ± 0.85 19.9 ± 0.20
2.5 25.8 ± 0.70 34.9 ± 1.00
5 33.8 ± 1.30 51.4 ± 0.90

10 50.2 ± 1.20 66.0 ± 1.10

Results are expressed as the average value of three replicates ± standard deviation (SD).
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Preliminary studies related to the temperature increase mention that at a power of 100 W and a
frequency of 20 kHz, a treatment over 15 min in duration resulted in a temperature in the sample of
about 50 ◦C [21].

The results obtained by Lieu and Le revealed that temperature and time had positive effects on
yield of the treatment process [2]. We observed that the pattern of the average temperatures increasing
was linear for both 50 and 70% amplitudes. When the higher amplitude was applied, i.e. 70%, the
average temperatures increased by 13.7 ◦C for the same sonication treatment of 5 min and by 15.8 ◦C
after 10 min.

2.2. Effects of Pasteurization and HPU Treatments on Total Phenolic (TP) Content, l-ascorbic Acid (L-Asac)
Content and Polyphenolic Compounds Profile

In Table 2 the total phenolic (TP) and l-ascorbic acid (L-AsAc) contents of red grape juice samples
after pasteurization and HPU treatments are presented. These results reveal decreases in TP content,
with respect to the control sample, in response to pasteurization and ultrasound treatments.

Table 2. Effect of pasteurization and HPU treatments on the total phenolic (TP) and l-ascorbic acid
(L-AsAc) content.

Parameter
Grape Juice Sample

C* P** HPU (A50%,
5 min)

HPU (A70%,
5 min)

HPU (A50%,
10 min)

HPU (A70%,
10 min)

TP
(mg GAE/
100 mL)

72.86 ± 0.02a 70.64 ± 0.08b 50.68 ± 0.05c 54.56 ± 0.07d 50.71 ± 0.09c 69.88 ± 0.02e

L-AsAc (mg/L) 454.4 ± 0.11a 340.8 ± 0.09b 227.2 ± 0.04c 349.8 ± 0.05b 458.4 ± 0.10a 568 ± 0.08d

* Control sample; ** pasteurized juice sample. One-way ANOVA test was used to compare the means differences
among treatments; different superscripts in the same row indicate significant differences among the treatments
(Tukey’s test, p < 0.05). Results are expressed as the average value of three replicates ± standard deviation (SD).

The content of total phenols quantified as gallic acid equivalent (GAE) in treated red grape juice
samples varies from 50.68 to 70.64 mg GAE/100 mL. Another study reported a level of TP content
in red grape juices in the range 744–1177 mg GAE/L [24]. TP content among sonicated samples was
significantly affected by the amplitude level (p < 0.05) and not impacted by the treatment time (p > 0.05).

In Figure 3 the changes of TP content in juice samples in response to the applied treatments are
depicted. It can be noted that there were losses in the TP content of the grape juice samples in response
to pasteurization compared to ultrasound treatment. Thus, Figure 3a shows the losses of TP content
induced by pasteurization and HPU treatment with respect to the control sample while Figure 3b
reveals the losses in juice sampled subjected to HPU treatment compared to the pasteurized sample.

The first thing we could notice about the data from Figure 3a is that the pasteurization induced
the lowest decreases in TP content, compared to the control sample (3.05%), while the HPU treatments
(A50%, 5 min; A70%, 5 min and A50%, 10 min) led to the losses in the range 25–30%. It is worth noting
that the HPU treatment (A70%, 10 min) has an effect close to that obtained through pasteurization, as
regards the TP content losses (4.09%).

A closer look at Figure 3b reveals that that the losses of TP content induced by HPU treatments
(A50%, 5 min; A70%, 5 min and A50%, 10 min) were in the range of about 22–28%, compared to the
pasteurized sample. The HPU treatment (A70%, 10 min) induced the lowest losses in TP content, about
1% compared to the pasteurized sample. Therefore, by choosing an HPU treatment for 10 min with an
amplitude of 70%, the retention of total phenolic compounds in grape juice sample could be improved.

The initial content of l-ascorbic acid in untreated red grape juice sample was 454.4 mg/L. Decreases
in the l-ascorbic acid content in response to pasteurization and HPU treatment applied to red grape
juice were recorded, indicating that ascorbic acid is highly thermosensitive. The l-ascorbic acid content
in grape juice samples decreased by 25% in response to pasteurization and HPU treatment (A50%,
5 min) and by 53% by applying HPU treatment at a higher amplitude (A70%, 5 min).
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Figure 3. The changes in total phenolic (TP) content of juice samples in response to the applied
treatments: (a) reported to the control sample (C); (b) reported to the pasteurized sample (P).

The degradation of l-ascorbic acid is probably attributable to the oxidation processes that occur
during these treatments. The results were in agreement with other previous studies. Thus, data reported
by Cao et al. [25] reveals an initial content of ascorbic acid in fresh bayberry juice of 22.82 mg/100 mL
and a decrease of 25.16% in response to pasteurization. Adekunte et al. [26] also reported that the
content of ascorbic acid of tomato juice decreased by 96.9 to 60.7% in response to ultrasound treatment
of 24.4–61 µm for 2–10 min.

However, after HPU treatment (A70%, 10 min) an increase in L-AsAc content to 568 mg/L in
comparison with the untreated grape juice was recorded. An increase of ascorbic acid was also detected
by other authors at high amplitude [27–29]. An explanation could be the elimination of dissolved
oxygen, essential for ascorbic acid degradation, during the cavitation produced by the sonication
treatment [28] which prevents ascorbic acid breakdown.

Figure 4 provides information regarding the changes recorded in L-AsAc content in juice samples in
response to the applied treatments. It can be observed that by exposing the grape juice to pasteurization,
compared to ultrasound treatments, both losses and increases in the content of L-AsAc were recorded.
The effect of P and HPU treatment on L-AsAc content reported to the control sample is shown in the
Figure 4a. In addition, the changes in L-AsAc content recorded in juice samples subjected to HPU
treatment versus the pasteurized sample are presented in Figure 4b.

Our data reveal that pasteurization and the HPU treatments (A50%, 5 min; A70%, 5 min) induced
losses in L-AsAc content as follows: 25, 50 and 23.02% with respect to the control sample. Contrary to
this finding, by applying HPU treatments (A50%, 10 min; A70%, 10 min) increases in L-AsAc content
of 0.88, or 25%, were recorded compared to the control sample (Figure 4a). As regards the changes in
L-AsAc content induced by HPU treatment with regards to the pasteurized sample, the data depicted
in Figure 4b prove that only by HPU treatment (A50%, 5 min) were losses observed. By applying
the other HPU treatments (A70%, 5 min; A50%, 10 min; A70%, 10 min) increases in L-AsAc content,
compared to the pasteurized sample, were recorded as follows: 2.64, 34.51 and 66.67%,. These data
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highlight that the HPU treatment (A70%, 10 min) was the most effective among the investigated
treatments to ensure a high content of vitamin C in grape juice samples.
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Figure 4. The changes in l-ascorbic acid (L-AsAc) content of juice samples in response to the applied
treatments: (a) reported to the control sample (C); (b) reported to the pasteurized sample (P).

Polyphenols play an important role among red grape components as they determine the flavor
and color of the juice [30,31] and have several beneficial properties for human health [30,32]. The
evolution of individual phenolic compounds of red grape juice is shown in Table 3. Among phenolic
compounds, the most known is resveratrol. Significantly higher amounts of resveratrol were observed
in the grape juice samples exposed to ultrasound treatment, especially at A70%, 5 min (8.54 mg/L).
Resveratrol was not detected in the juice sample subjected to pasteurization that suggests that during
this thermal treatment it was destroyed. An increase of resveratrol in the ultrasound processing of
grape juice was also observed by Hasan et al. [33]. A slight increase in caffeic acid has been reported
in the clear apple juice treated with ultra-high pressure homogenization which is also a non-thermal
technique [34] and also in a study on apple juice treatment by ultrasound at 70% amplitude and 25 kHz
frequency [35]. An increase in gallic acid content from 2.15 mg/L recorded in the control sample to
2.16 mg/L in pasteurized samples and to 31.3 mg/L in a juice sample subjected to HPU treatment (A70%,
5 min) can be noted The highest level of protocatechuic acid (5.13 mg/L), epicatechin (76.80 mg/L),
p-coumaric acid (1.20 mg/L), rutin (63.31 mg/L), rosmarinic acid (25.93 mg/L), quercetin (5.62 mg/L)
and kaempferol (4.59 mg/L) were also detected in the grape juice samples subjected to HPU treatment
(A70%, 5 min). The phenolic compounds can be found both in soluble form in the vacuole or bound to
the other compounds such as cellulose, hemicellulose, pectin and lignin traces of the cell wall [28]. The
increase of polyphenolic compounds in sonicated juice samples might be ascribed to the increase in
the extraction efficacy by ultrasounds treatment causing disruption of cell walls and ultimately the
liberation of bound polyphenolic compounds [27,36]. Also, the ultrasound treatment might enhance
the release of phenolic compounds from the cell walls, due to the collapse through cavitation process
in the surroundings of colloidal particles found in juice [28].
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Table 3. Effect of pasteurization and HPU treatments on the polyphenolic compounds profile of grape
juice samples.

Polyphenolic
Compounds

(mg/L)

Grape Juice Sample

C* P** HPU (A50%,
5 min)

HPU (A70%,
5 min)

HPU (A50%,
10 min)

HPU (A70%,
10 min)

Gallic acid 2.15 ± 0.03a 2.16 ± 0.05a 15.23 ± 0.04b 31.30 ± 0.07c 12.82 ± 0.11b 19.49 ± 0.09c

Protocatechuic acid n.d. 2.08 ± 0.35a n.d. 5.13 ± 0.05 b 0.79 ± 0.44c n.d.
Caffeic acid 0.93 ± 0.21a 2.62 ± 0.37a 1.30 ± 0.52a 14.31 ± 0.06ab 4.41 ± 0.08ab 23.27 ± 0.04ab

Epicatechin 3.70 ± 0.16a 10.70 ± 0.33a 5.45 ± 0.15a 76.80 ± 0.07ab n.d. 35.31 ± 0.54ab

p-cumaric acid 0.28 ± 0.03a 0.1 ± 0.11a 0.04 ± 0.04a 1.20 ± 0.04a 1.13 ± 0.05a n.d.
Ferulic acid 0.27 ± 0,01a 0.32 ± 0.03a n.d. n.d. n.d. 0.81 ± 0.12b

Rutin 2.09 ± 0.11a 2.51 ± 0.06a 9.61 ± 0.1a 63.31 ± 0.02b n.d. 39.02 ± 0.1ab

Rosmarinic acid n.d. n.d. 1.19 ± 0.06a 25.93 ± 0.21b 0.39 ± 0.08a 4.31 ± 0.05b

Resveratrol 0.21 ± 0.12a n.d. 0.65 ± 0.13ab 8.54 ± 0.14b 0.80 ± 0.06ab 2.48 ± 0.04b

Quercetin 0.38 ± 0.07a n.d. n.d. 5.62 ± 0.02b 0.31 ± 0.08a 0.71 ± 0.03ab

Kaempferol 0.83 ± 0.05a 0.92 ± 0.06a n.d. 4.59 ± 0.12b n.d. n.d.

* Control sample; ** pasteurized juice sample; n.d. - not detected. One-way ANOVA test was used to compare the
means differences among treatments; different superscripts in the same row indicate significant differences among
the treatments (Tukey’s test, p < 0.05). Results are expressed as the average value of three replicates ± standard
deviation (SD).

We can appreciate that the overall polyphenolic profile of the red grape juice samples is given
by the contribution of a multitude of individual polyphenolic compounds. It is well known that red
grapes are recognized for the significant amount of anthocyanins in their composition (300–7500 mg/kg
fresh weight) and less for the content of monomeric flavanols such as epicatechin (30–175 mg/kg fresh
weight) or flavonols as quercetin or kaempferol (15–40 mg/kg fresh weight) [37]. Antocyanins, the most
relevant polyphenolic compounds in red grapes, with flavonoid-like glycoside structures, show similar
behavior under heating and their degradation depends on the temperature and pH [38]. At pH = 1 all
the glycosidic bonds are susceptible to hydrolysis, while at a pH values in the range 2–4, specific for
grape juice, aglycone-sugar bond is the most labile of the glycosidic bonds [38]. This means that under
our working conditions the anthocyanins are less susceptible to destruction compared to flavonoids,
which might justify the tendency of total phenolic content to increase, compared to the investigated
individual polyphenolic compounds. In addition, the increase of total polyphenols content can also be
attributed to hydroxycinnamic acids whose content can increase with the amplitude, respectively with
the temperature.

The increase of HPU treatment time from 5 to 10 min, for a constant amplitude of 50 and 70%, leads
to a significant increase in the temperature of the process, as was shown in Figures 1 and 2. The HPU
treatment (A70%, 5 min) produces a heating from 23.1 up to 66.2 ◦C with an average value of 50.1 ◦C,
while for HPU (A70%, 10 min) the temperature increases from 23.9 up to 85.5 ◦C with an average value
of 66 ◦C. At a higher temperature, exceeding 60 ◦C, especially over extended periods, some phenolic
compounds suffer oxidative degradation. It is also important to mention that the sensitivity of a
sample to temperature-induced polyphenol degradation depends on the types of available polyphenol
compounds [15]. Sharma et al. [39], highlighted that after heating, a decrease in total flavonoids was
observed, which indicates that some flavonoids were probably destroyed, however, the total phenolics
were increased [39]. In most fruits and vegetables, flavonoids contain C-glycoside bonds and exist
as dimers and oligomers. Thermal food processing methods such as heating or boiling result in the
formation of monomers by the hydrolysis of C-glycosides bonds [39]. Ross et al. [40], have shown that
catechin and epicatechin content decreased with increasing heating temperature, but the content of
some hydroxycinnamic acids increased.

According to the reported results it can be observed that both the ultrasound processing time
and amplitude are influential factors for preserving the content of active principles. Our data reveal
that HPU treatment with an amplitude of 70% for 10 min led to an increase in the TP and L-AsAc
content, compared to 5 min, while HPU treatment (A70%, 5 min) might favor an increase of the levels
of flavonoids such as rutin, quercetin, epicatechin and kaempferol as well as resveratrol, a natural
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stilbene found in grape juice. At the same time, some hydroxycinnamic acids such as ferulic and
caffeic acid are found in higher concentrations after exposing the grape juice to HPU treatment (A70%,
10 min).

2.3. Effects of Pasteurization and HPU Treatments on Ph, Total Soluble Solids (TSS) and Titratable Acidity (TA)

Physicochemical parameters such as pH, total soluble solids (TSS) and titratable acidity (TA) of
untreated and pasteurized grape juice along with grape juice treated for 5 and 10 min with different
ultrasound amplitudes (A50% and A70%) are shown in Table 4.

Table 4. Effects of ultrasound and pasteurization treatments on the pH, total soluble solids (TSS) and
titratable acidity (TA).

Parameter
Grape Juice Sample

C* P** HPU (A50%,
5 min)

HPU (A70%,
5 min)

HPU (A50%,
10 min)

HPU (A70%,
10 min)

pH 3.62 ± 0.01a 3.59 ± 0.01b 3.52 ± 0.01c 3.51 ± 0.01c 3.50 ± 0.01d 3.50 ± 0.01 d

TSS (◦Brix) 30.18 ± 0.13a 30.73 ± 0.09a 26.47 ±
0.09bc 27.73 ± 0.09b 27.13 ± 0,05abc 29.67 ± 0.09ab

TA
(g of tartaric acid /L) 3.75 ± 0.07a 4.23 ± 0.08b 3.79 ± 0,03a 3.97 ± 0.12abc 3.94 ± 0.16ab 4.18 ± 0.11bc

* Control sample; ** pasteurized juice sample. One-way ANOVA test was used to compare the means differences
among treatments; different superscripts in the same row indicate significant differences among the treatments
(Tukey’s test, p < 0.05). Results are expressed as the average value of three replicates ± standard deviation (SD).

The results suggested that HPU treatment causes changes in samples as the pH decreased with
increasing amplitude and treatment time. However, the pH value among sonicated samples was found
to be significantly influenced by the treatment time (p < 0.001) and not influenced by the amplitude
level (p > 0.05). Also, the pH values recorded for all juice samples subjected to HPU treatments were
significantly different than those recorded for C and P samples (p < 0.001).

TSS of samples treated with different amplitudes and treatment times indicate a decrease compared
with pasteurized juice. For sonicated samples, results suggested that TSS increased with amplitude
and time, the value of sample sonicated with amplitude 70% for 10 min being 1.71% lower than for
pasteurized juice. Although HPU treatment induced slight changes in samples, statistically the TSS
content among sonicated samples was significantly influenced by amplitude level (p < 0.001) and not
influenced by treatment time (p > 0.05). Also, all HPU samples were significantly different than the P
sample (p < 0.001).

A higher value of TA was observed for pasteurized samples. For sonicated samples, results
suggested that TA increased with amplitude and time, the value of sample sonicated with an amplitude
of 70% for 10 min being 1.18% lower than the value recorded for the pasteurized juice sample. TA
among sonicated samples was significantly influenced by both amplitude level and treatment time (p <

0.05).
As mentioned earlier, it is clear from the data that the different assayed combinations of ultrasound

frequency and exposure time exert slight effects on the pH, TSS and TA of grape juice. Sugars are the
main components of the fruit juices, being an important quality attribute and influencing consumers to
accept or reject a product.

As regards the total soluble solids, around 80% are constituted by sugars [21]. The results indicated
that pasteurization and sonication treatments had different effects on the total soluble solids of the
grape juice. Our results related to TSS are similar to the results of sonicated sweet lime [21] and kastuni
juice [41] and in contrast with the ones of sonicated orange juice and carrot [21]. However, Gao and
Rupasinghe [42] obtained similar results as of both lower TSS of the sonicated sample compared with
pasteurized one for an apple-carrot ratio of 60:40 and 90:10 and lower pH for an apple-carrot ratio of
90:10. Other authors found no significant changes in pH, TSS and TA due to the sonication treatment of
grape juice using an ultrasonic treatment of 25 kHz at a constant temperature [27], or any changes [43]
using an ultrasonic treatment of 28 kHz, respectively.
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Regarding the TA, our results are not similar with the results observed by different authors in
grape mash [2], apple-carrot juice [42] and grapes [44], which suggests that ultrasound treatment
augmented the tartaric acid extraction. This may be attributed to the fact that we used high power
ultrasound at a fixed frequency of 20 kHz.

2.4. Microbiological Quality

The application of sonication treatments has been recognized as a potential innovative technology
that can meet Food and Drug Administration’s (FDA’s) requirements for achieving a 5-log reduction in
the contaminant microorganisms (or pathogens) associated with fruit juices [45,46]. The microbiological
quality of the grape juice samples was assessed on the basis of two indicators, namely the total plate
count (TPC) and the Enterobacteriaceae count (ENT).

The total plate count (TPC) is used as a reliable indicator for the bacterial populations of a food
sample. It is also called the aerobic colony count, the standard plate count, the mesophilic count or
the aerobic plate count. TPC provides information about the total microbial load in a food sample.
TPC quantifies the aerobic, mesophillic organisms that grow under aerobic conditions at a moderate
temperature in the range 20–45 ◦C. The TPC includes all pathogens and non-pathogens and is used to
assess the hygiene status of a food product [47]. The Enterobacteriaceae count (ENT) is considered by food
producers as an indicator of hygiene practices, being useful to monitor the effectiveness of implemented
preventive measures. The indicator microorganisms are commonly used to measure the quality of
the practices used in order to ensure a proper processing of food products. The Enterobacteriaceae or
Escherichia coli are used for assessing the enteric contamination of a food [48].

In Table 5 a reduction in the microbial load after pasteurization and sonication treatments of
red grape juice can be observed. The control sample showed values of 4.53 log colony forming units
(CFU)/mL for TPC and 1.51 log CFU/mL for ENT. The microorganisms were reduced in the pasteurized
juice sample (TPC was 2.53 log CFU/mL and ENT 0.73 log CFU/mL) as well as in all samples exposed
to HPU treatments. ENT and TPC of the sonicated samples were significantly influenced by the
treatment time and the amplitude level (p < 0.001). As the data from Table 5 reveal, TPC and ENT
recorded a decrease versus the control sample by increasing the amplitude level from 50 to 70% as
well as by increasing the sonication time from 5 to 10 min. The lowest bacterial counts (TPC: 1.13 log
CFU/mL and ENT: 0.53 log CFU/mL) were recorded after exposing the red grape juice sample to HPU
treatment (A70%, 10 min). Similar results have been reported by other authors [41,45,49], revealing
that the microbial load was lowered by increasing the ultrasound processing time. This indicates that
the microbial cells might be resistant to sonication treatment and the cell destruction occurs only as the
sonication treatment time is increased to a longer duration. Cell disruption may be caused by several
factors such as combined physical and chemical mechanisms that occur during cavitation (caused by
the changes in pressure), the formation of free radicals and hydrogen peroxide [49,50], leading to a
thinning of microbial cell membranes, and the localized mild heating that occurs during sonication
treatments [45,49].

Table 5. Impact of pasteurization and HPU treatments on the total plate count (TPC) and the
Enterobacteriaceae count (ENT) of grape juice.

Parameter

Grape Juice Sample

C* P** HPU (A50%,
5 min)

HPU (A70%,
5 min)

HPU (A50%,
10 min)

HPU (A70%,
10 min)

TPC
(log CFU/mL) 4.53 ± 0.01a 2.53 ± 0.07b 2.18 ± 0.03cd 1.42 ± 0.02cd 1.63 ± 0.02c 1.13 ± 0.04c

ENT
(log CFU/mL) 1.51 ± 0.01a 0.73 ± 0.04ab 1.45 ± 0.05ab 0.69 ± 0.03ab 1.27 ± 0.02acd 0.53 ± 0.0acd

* Control sample; ** pasteurized juice sample. One-way ANOVA test was used to compare the means differences
among treatments; different superscripts in the same row indicate significant differences among the treatments
(Tukey’s test, p < 0.05). Results are expressed as the average value of three replicates ± standard deviation (SD).
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3. Materials and Methods

3.1. Grape Juice Preparation

Fresh red grapes (Merlot, from the Pietroasa Development Research Station for Viticulture and
Winery, Buzau County, Romania) were split from bunches and crushed with a crusher-destemmer
(Enoventa Technologies Enologiche, Piazzola sul Brenta, Italy) followed by the pressing process with a
hydraulic press machine (L.U.C.M.E. Elettromeccanica, Verona, Italy). Only fruits without external
injuries were used. Juice extraction and filtration were performed in a cold room at a temperature of
10 ± 1 ◦C. The obtained red grape juice was further subjected to pasteurization and HPU treatments.
As a control sample was used the red grape juice before applying of any treatments. The control sample
as well as the pasteurized and HPU treated juice samples were kept in sterilized, airtight container
(bottles) and were stored at 4 ◦C until further analysis. All sample preparations and treatments were
carried out in triplicate [45].

3.2. Pasteurization Process

Pasteurization of the grape juice samples was carried out on a hotplate with a magnetic mixer
(IKA RTC Basic, Ika-Werke GmbH & Co. KG, Janke & Kunkel, Staufen, Germany) where the samples
(150 mL) were placed in glass containers covered with aluminium foil over hot water bath at a
temperature of 80 ◦C for 2 min. This temperature was chosen based on the previously reported
results [18].

3.3. Ultrasound Equipment and Processing

The ultrasound treatments were conducted using a 750 W ultrasonic processor for small and
medium volume applications (VCX 750, Sonics & Materials, Inc., Newtown, CT, USA) with a 1/2”
(13 mm) probe used for ultrasound at a constant frequency of 20 kHz. A sample of 150 mL was
placed in a glass beaker and the ultrasound probe was fixed at 45 mm depth in the juice sample. The
amplitude was set at 50% (A50%) and 70% (A70%) and for each of these amplitudes, the grape juice
samples were exposed to ultrasounds for 5 and 10 min. The main variables that are influencing the
sonication are the intensity and the frequency of the waves. The amplitude of vibration of the ultrasonic
source is proportional with the intensity of sonication that is the power dissipated per unit of surface
area (W/cm2) of the sonotrode. Thus, an augmentation of the amplitude induces an increasing of the
sonochemical effects in the treated liquids. In order to identify the best extraction configuration, the
amplitude may vary over a wide range [10]. Thus, depending on the amplitude and duration, four
ultrasounds treatments were applied to the grape juice samples, as follows: HPU (A50%, 5 min), HPU
(A50%, 10 min), HPU (A70%, 5 min) and HPU (A70%, 5 min). These combinations of amplitude and
time of the applied HPU treatments were established according to the results of other previous studies,
where a reduction of microbial count was obtained [28,49].

3.4. pH, Total Soluble Solids (TSS) and Titratable Acidity (TA)

The pH was measured using the electrochemical method [51] with a potentiometer (Consort C1010,
Consort, Turnhout, Belgium). Titratable acidity (TA) and total soluble solids (TSS) of red grape juice
samples were determined following OIV reference methods [52]. Total soluble solids (◦Brix) were
measured with an ABBE refractometer (ORT 1RS, KERN & SOHN GmbH, Balingen, Germany). Titratable
acidity tests were performed on aliquots of 50 mL of the sample, 30 mL of boiled distilled water and
1 mL of bromothymol blue solution placed into a 250 mL beaker and titrated with standardized 0.1 mol/L
NaOH (Sigma-Aldrich, Dublin, Ireland) until the same color was obtained as in the preliminary test
(end-point color determination). The results were expressed as g of tartaric acid/L of juice.
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3.5. l-ascorbic Acid Content (L-AsAc)

l-ascorbic acid (L-AsAc) or vitamin C determination of investigated grape juice samples was
carried out by the 2,6-dichloroindophenol titrimetric method [53]. For this purpose, 10 mL of each
sample was diluted with 10 mL oxalic acid 2% (Sigma-Aldrich), then, the mixture was filtered through
Whatman filter paper and the clear extract was used for analysis. Further, 10 mL of the clear extract was
taken and 1 mL hydrochloric acid 1N (ReAgent Chemicals, Runcorn, UK) was added. The obtained
mixture was titrated with 2,6-Dichloroindophenol sodium salt (Sigma-Aldrich). A control sample
titration was also performed. The results were expressed as mg/L of juice.

3.6. Determination of Total Phenolic (TP) Content and Polyphenolic Compounds Profile

The total phenolic content was determined by Folin-Ciocalteu assay [54]. For this purpose, 0.5 mL
sample was treated with 1.25 mL reagent Folin-Ciocalteu (Merck, Darmstadt, Germany) diluted
1:10 with water. The sample was incubated for 5 min at room temperature and then 1 mL Na2CO3

60 g/L was added. After 30 min of incubation at 50 ◦C the absorption of samples was measured at
750 nm using a UV-VIS spectrophotometer (Specord 205, Analytic Jena, Jena, Germany). The calibration
curve was prepared using gallic acid as standard in the concentration range 5-250 µg/mL. The results
were expressed in mg gallic acid equivalents (GAE)/100 mL of juice.

The polyphenolic compounds profile was determinate by high performance liquid
chromatography coupled with mass spectrometry (LC-MS) according to the method described by
Abdel-Hameed et al. [55]. Thus, the main polyphenols from red grape juice samples were determined
by LC-MS using SPD-10A UV (Shimadzu, Kyoto, Japan) and LC-MS 2010 detectors, and an EC
150/2 NUCLEODUR C18 Gravity SB 150 × 2 mm × 5 µm column (Macherey-Nagel, Düren, Germany).
Chromatographic conditions were as follows: mobile phases A: water with formic acid at pH-3, B:
acetonitrile with formic acid at pH-3, gradient program: 0.01–20 min 5%B, 20.01–50 min 5–40%B,
5–55 min, 40–95%B, 55–60 min 95%B. Mobile phase 0.2 mL/min, temperature 20 ◦C. The monitoring
wavelength was 280 nm and 320. Calibration curves were performed between 20–50 µg/mL. Results
were expressed in mg/L.

3.7. Microbiological Analysis

Total plate counts (TPC) and Enterobacteriaceae count (ENT) were carried out to evaluate the
microbiological quality of the samples. The analyses were performed in triplicate according to the
methodology established by the American Public Health Association. The samples were collected
aseptically in a sterile vessel, immediately after processing. For sample preparation, mixing was
performed using a stirrer to ensure a uniform distribution of the microorganisms in the mass product,
followed by five dilutions consecutively (10–5). As dilution liquid was used sterile distilled water.
TPC determination was performed according to SR EN ISO 4833 [56] using Plate Count Agar (PCA)
medium and the detection of Enterobacteriaceae was performed according to ISO 21528-1,2, [57] using
VRBG medium (agar with purple red ball glucose). The PCA medium allows the growth of all aerobic
germs and the other two culture media have selective character, containing inhibitory factors for the
development of other microorganisms, other than Enterobacteriaceae, respectively yeasts and molds.
After sowing of two Petri plates from each consecutive serial dilution, they were incubated for a
different period of time, namely: 72 h for TPC at 30 ◦C and 37 ◦C and 24 h in the case of Enterobacteriaceae
at 37 ◦C [58]. The results were expressed as log colony forming units per milliliter of juice (log CFU/mL).

3.8. Data Analysis

All values were obtained from three independent experiments and each red grape juice sample
was analyzed in triplicate. All obtained results are presented as average values followed by the
standard deviation (SD) of three replicates. The one-way analysis of variance (ANOVA) test was
used to analyze the data and differences among means obtained in response to the applied treatments
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were compared by a Tukey test with a level of significance of p < 0.05. The statistical data analysis
was performed using the JASP (Version 0.11.1, 2019) computer software (JASP Team, University of
Amsterdam, Amsterdam, The Netherlandss).

4. Conclusions

The obtained results reveal that compared to pasteurization, the HPU treatment significantly
improved the individual polyphenolic compounds and the L-AsAc content, without any significant
effect on pH, TA and TSS. Also, important decreases in microbial counts without affecting the
investigated bioactive compounds and physicochemical parameters of grape juice samples were
induced by HPU treatment, compared to pasteurization. The TPC and ENT analysis results of
the sonicated samples were significantly influenced by treatment time and amplitude level. The
quality of red grape juice is influenced by choosing appropriate ultrasound treatment parameters.
The ultrasound treatments with an amplitude of 70% were more efficient than those with A50% in
terms of all investigated parameters. As for the processing time, our results reveal that while HPU
treatment (A70%, 5 min) is recommended for enhancing the level of flavonoids such as rutin, quercetin,
epicatechin, kaempferol as well as resveratrol, the HPU treatment (A70%, 10 min) was the most efficient
in the reduction of the microbial load and obtaining the highest content of L-AsAc and TP together
with a high level of some hydroxycinnamic acids as ferulic and caffeic acid. The data reported in this
study suggest that HPU treatment might be used as an alternative emerging technique to successfully
replace the pasteurization for improving the quality of the red grape juice. Nevertheless, we could go
further in the experiments to establish the most adequate operating conditions of HPU treatment to be
in agreement with national and international requirements in terms of microbial load for extending the
self-life of grape juice.
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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].



Sustainability 2023, 15, 6697 13 of 22

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.
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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.
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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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RESEARCH ARTICLE  
 

Abstract 
The objective of this work was to investigate, at a laboratory scale, the effect of ultrasound treatment (frequency 

20 kHz) on the extraction of total phenolic compounds and monomeric anthocyanins from crushed Merlot grapes 

in order to reduce maceration time. Antioxidant capacity expressed as ferric reducing antioxidant power (FRAP) 

and chromatic properties were also investigated. Microvinification was performed on samples both sonicated 

with a probe-type ultrasonic instrument and untreated (control) and the maceration operation was carried out 

with sequential extraction (after 3, 5 and 7 days) to evaluate the effect of two factors such as amplitude (A), 70 

and 90% and treatment time (t), 3, 4 and 5 minutes on the extraction kinetics of bioactive compounds and 

chromatic characteristics of the samples. The results showed that throughout the maceration process, the 

sonicated samples exhibited higher levels of bioactive compounds and chromatic characteristics compared to 

the control, with the values obtained correlating with maceration time, US treatment time and amplitude. 

Improvement in all investigated characteristics is evident for ultrasound treated samples compared to untreated 

ones. Our study provided useful data concerning the impact of ultrasound on the bioactive properties and 

sensory attributes of red wine, thus offering a theoretical basis for the implementation of this technique in 

winemaking. 
 

Keywords: ultrasound, red winemaking, maceration, phenolic compounds, chromatic properties. 

 

INTRODUCTION 

Wine is one of the oldest traditional alcoholic beverages in the world. Red wine is 
generally high in polyphenols and can be regarded as a significant dietary source 
of polyphenols (Castaldo et al., 2019). Polyphenols are essential compounds that 
contribute to the color, flavor, aroma, and potential health benefits of wine (Banc 
et al., 2014). The phenolic content in red wine can be broadly divided into two 
categories: flavonoids - which include anthocyanins and tannins that contribute 
to the color and mouthfeel of the wine, flavan-3-ols (or catechins), flavonols, and 
their derivatives, and non-flavonoids – which include stilbenoids such as 
resveratrol and phenolic acids such as benzoic, caffeic, and cinnamic acids 
(Gutiérrez-Escobar et al., 2021). However, most of the phenolic content of wine 
falls under the classification of flavonoids. Of these, up to 90% of the phenolic 
content in red wine comes from the stems, seeds, and skins of the grape (Nemzer 
et al., 2021). In terms of specific compounds, polyphenol composition in one-year-
old red wine includes around 60-80% polymeric polyphenols, 10-15% of 
anthocyanidins, 5-10% dimer procyanidins, 5-8% of catechins, 3-6% phenolic 
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acids, less than 1% of flavonols, and less than 0.3% of resveratrol (Buljeta et al., 2023). Phenolic compounds in red 
wine are known to have several health benefits: antioxidant properties, anti-inflammatory effects, cardioprotective 
effects, anticarcinogenic effects, neuroprotective effects, effects on gut microbiota (Nardini, 2022). The type of 
polyphenols found in red wine depends on several factors, such as environmental factors, grape variety and 
maturity, pre-fermentation practices, fermentation and aging conditions, or technological practices (Luzzini et al., 
2021). It is also important to note that these factors can interact in complex ways to determine the final polyphenol 
profile of a given wine. Thus, the specific role and impact of polyphenols can vary depending on factors such as the 
type of polyphenols present, the duration of maceration, and the intended characteristics of the final product 
(Gómez-Plaza et al., 2020a). A good diffusion of the phenolic compounds from the grape to the must or must-wine 
is required to produce wines with good chromatic quality. In order to achieve the release of the desired chemicals 
into the medium, this extraction procedure is carried out during the maceration step and is based on the breakdown 
of the cell walls of the grape skin and seeds. Consequently, the length of the maceration process affects the wine's 
quality (Alencar et al., 2018a). 
 Advanced techniques for extracting plant bioactive compounds from foods and food-related matrices include 
ultrasound-assisted extraction (Aadil et al., 2015;  Yusoff et al., 2022), microwave-assisted extraction (KHAN et al., 
2022), cold plasma (Ahmadian et al., 2023; Heydari et al., 2023), supercritical fluid extraction (Molino et al., 2020), 
pressurized liquid extraction (Zia et al., 2022), high-voltage electric discharge (Molino et al., 2020), pulse electric 
field extraction (Ranjha, Kanwal, et al., 2021), microfluidization (Mukhtar et al., 2022) and enzyme-assisted 
extraction (Noranizan et al., 2020). These advanced techniques are 32–36% more efficient with approximately 15 
times less energy consumption and producing higher-quality extracts (Sridhar et al., 2021).  
 High-power ultrasound (HPU) is a technology that utilizes sound waves with frequencies greater than 20 
kilohertz (Ali et al., 2023; Hussain et al., 2023; Ranjha, Irfan, et al., 2021). The basic effect of ultrasound on a fluid is 
to add acoustic pressure to the hydrostatic pressure already present in the medium (Patist and Bates, 2011). 
 Previous research on red grapes and wines of different varieties has yielded very encouraging results regarding 
the HPU's extraction capacity and the resulting physico-chemical quality of the wines (Zhang et al., 2023). Plaza et 
al. found that utilizing ultrasound during the grape fermentation process produced wine with favorable color 
properties, a reduced impregnation time, and a heightened extraction of phenolic compounds from the grapes 
(Gómez-Plaza et al., 2020b; Plaza et al., 2019). Similarly, Romero-Díez et al. found that the application of ultrasound 
enhanced the anthocyanin extraction rate from wine lees, resulting in a reduced extraction time (Romero-Díez et 
al., 2019). Ferraretto et al found an improvement in the extraction of polyphenolic compounds from grapes, 
resulting in a reduction of the classical maceration time. Additionally, using ultrasound-assisted yeast lysis resulted 
in the release of various fractions into wine (Ferraretto et al., 2013). Numerous research determined the 
 International Organization of Vine and Wine (OIV, 2021) to approve this technology for use in wineries in 2019. 
However, the following issues with utilizing basic research and implementing the technology in industry still 
require resolution. The different research groups used very different ultrasound equipment, tested very different 
parameters, and produced very different results, so they cannot serve as a standard for future research. 
 The objective of this work was to evaluate, at laboratory scale, the effect of ultrasound treatment (frequency 20 
kHz) on facilitating the extraction of phenolic compounds from crushed grapes Merlot variety, and subsequent on 
having shorter maceration times. To achieve this, total phenolic compounds (TPC), which are frequently linked to 
the organoleptic characteristics of finished red wines and their stability, were first assessed. Monomeric 
anthocyanins (MA), which make a decisive contribution to the specific colour of red wines, were also measured as 
well as chromatic characteristics (colour intensity and hue). In addition, antioxidant capacity was assessed by ferric 
reducing antioxidant power (FRAP) assay. Our study enables a comprehensive and systematic inquiry into the 
process that underlies the impact of ultrasound on the quality measurements and sensory attributes of wine, 
thereby offering a theoretical basis for the commercial implementation of ultrasound during winemaking. 
 

MATERIALS AND METHODS 

 Materials  

 Approximately 100 kg of red grapes, Merlot variety, from the 2019 vintage were used in the experimental 
research. The grapes were hand-harvested at Prahova, Romania (Pietroasa-Istrita Viticulture and Winemaking 
Research and Development Station). The grapes were quickly brought to the lab for processing after being 
harvested at technological maturity when they reached 29.8 °Brix. Only sound grape bunches that were chosen at 
random for the experiment were used. 

  

 Ultrasonic equipment 

 Sonication was done on all experimental experiments utilizing a probe-type ultrasonic equipment (SONIX 
VCX750, Sonics and Materials Inc., Newtown, USA). The amplitude can be specified as a percentage ranging from 
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10% to 100%. The device has a 750 W ultrasonic power and a frequency of 20 kHz. The most common frequencies 
used in extraction methods range between 20 and 100 kHz. 

  

 Sample preparation 

 For the laboratory testing, samples of 1000 g of Merlot red grapes, vintage 2019, were made. Grape samples (60 
specimens of 100 g each), were randomly collected, destemmed, hand-crushed, and then treated with a probe-type 
ultrasonic instrument. After sonication, we formed 6 samples of 1000 g each (10 specimens of 100 g. each). After 
destemming and crushing, microvinification was performed on the untreated sample (Control, C) and ultrasound 
treated samples. The arithmetic mean of the determinations made on the 10 specimens of each sample represents 
the characteristics of the respective sample. An untreated control sample (C) consisting of 10 specimens of 100 g 
each was tested separately because it had not been subjected to ultrasonic treatment (Figure 1). The specimens 
were processed in a 100 mL Pyrex glass beaker with a counter current water-cooling jacket. The cooling water was 
kept at a constant temperature of 19 °C. The acoustic amplifier was placed in the container at a normal distance of 
20 mm from the bottom. The maceration-fermentation duration of the tests was set at 3 days (D3), 5 days (D5) and 
7 days (D7), respectively. In this way, all extraction experiments were carried out. 

 

 

 

Figure 1. Sample and specimen preparation for laboratory testing. Sonicated samples (SM) at 70 and 
90% amplitude for 3, 4, and 5 minutes: 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), SM90/5 (A: 90%, 
t: 5 min). 

 

Methods  

 Total polyphenolic content and anthocyanins determination 

 Using gallic acid as a reference, the total polyphenolic content (TPC) was calculated using the Folin-Ciocalteu 
spectrophotometric method and represented as micrograms of gallic acid equivalents per millilitre (g GAE/mL) 
(Singleton, Orthofer, and Lamuela-Raventos, 1999). Folin-Ciocalteu reagent (Merck, Darmstadt, Germany), 1.25 mL, 
was applied to a 0.5 mL sample after being diluted 1:10 (v/v) with distilled water. 1 mL of Na2CO3 60 g/L was added 
after the mixture had been incubated for 5 minutes at room temperature. The sample absorbance at 750 nm was 
measured using a UV-VIS spectrophotometer (Specord 205, Analytik Jena Inc., Jena, Germany) after 30 min of 
incubation at 50 °C. Gallic acid was used as the standard, with concentrations ranging from 5 to 250 g GAE/mL, to 
create the calibration curve. 
 The pH differential approach was used to identify monomeric anthocyanins (MA) (Lee, Durst, and Wrolstad, 
2005). In brief, 1 mL of wine was mixed with 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) to make two dilutions of the same sample. After 15 minutes at room 
temperature, absorbance at 520 and 700 nm was measured against deionized water. The findings were given in 
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milligrams of cyanidin-3-glucoside equivalents per liter (mg CGE/L). Using a molar absorbance coefficient of 26,900 
L/mol x cm and a molecular weight of 449.2 g/mol, the total anthocyanin content of the samples was determined. 

   

 Chromatic characteristics 

 The chromatic characteristics described by the intensity of color (IC) and hue (N)of the samples were 
determined by a spectrophotometric method in which the intensity of color is given by the sum of absorptions using 
a 1 cm optical path and radiation of wavelengths 420, 520 and 620 nm, and the hue is expressed as the ratio of 
absorbance at 420 nm to absorbance at 520 nm (OIV,2021). 

 

Ferric reducing antioxidant power (FRAP) assay  

 The Benzie and Strain method (Benzie and Strain, 1996) served as the foundation for the FRAP test methodology. 
As stock solutions, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) solution in 40 mM HCl and 20 mM FeCl3 x 6H2O solution 
in 300 mM acetate buffer (pH = 3.6) were utilized. Acetate buffer, TPTZ solution, and 10 mL of FeCl3 x 6H2O solution 
were combined to create the working solution, which was then heated to 37 °C before use. The wine samples were 
diluted 1:50 (v/v) with distilled water before being analyzed, and a 0.5 mL aliquot of the diluted samples was then 
allowed to react with 2.5 mL of the working solution for 30 minutes at 37 °C.  

 

 Statistical Analysis 

 All measurements were performed in triplicate, and the results are presented as the mean ± standard deviation 
(SD). DESIGN-EXPERT® VERSION 13 software (Stat-Ease Inc. 2022) was used for statistical analysis. One-way 
ANOVA with post hoc analysis using the HSD Tukey test was used to assess significant differences between samples. 
JASP software version 0.17.1 (JASP Team 2023) was used to calculate the Pearson correlation coefficient between 
TPC, MA, FRAP value, IC, and N. 

 

RESULTS AND DISCUSSIONS    

After destemming and crushing, microvinification was carried out on the control sample and the samples treated 
with ultrasound. The maceration operation was carried out with sequential extraction (after 3, 5 and 7 days) to 
evaluate the effect of the two factors: amplitude (A) and treatment time(t) on the extraction kinetics of polyphenols 
and anthocyanins during maceration, ferric reducing antioxidant power (FRAP) value, color intensity and hue in the 
sonicated samples compared to the untreated sample (C).  
 The effects of high-power ultrasound treatment on extraction kinetics are discussed in terms of bioactive 
compounds such as TPC total polyphenol content (mg GAE/L), MA monomeric anthocyanin content (mg CGE /L), 
FRAP value (μM Fe2+/mL wine), color intensity (IC) and hue (N).  
 All the above parameters were studied on untreated samples (C) after 3 (C3), 5 (C5), and 7 (C7) days of 
maceration, and on the samples subjected to ultrasound treatment at  70 and 90% amplitude for 3, 4, and 5 minutes, 
after 3, 5, and 7 days of maceration as follows: 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), each with 
three replicates. Since the possible increase in the temperature of the samples, as a result of the treatment, is an 
important factor on the possible effects of the treatment on the final quality of the product, it was monitored during 
the tests. The temperature at which the maceration took place was monitored daily and was in the range of 23-25°C. 
 The extraction of phenolic compounds is influenced by the maceration time, which affects both the total 
polyphenol content of the wine and the interactions between the different phenolic fractions (Bautista-Ortin et al., 
2017). Maceration is a solid-liquid extraction and it has been observed that anthocyanins and tannins, two 
polyphenolic substances that characterize red wines, have different affinities for the different solvents, particularly 
water and ethanol, with which the exocarp comes into natural contact during maceration (Setford et al., 2017). The 
amount of anthocyanins at the end of maceration depends on the strength of the extractive processes linked to the 
level of degradation of cellular structures on the one hand, and the phenomenon of fixing by adsorption on the other 
(Ferraretto et al., 2013). 

 Analytical determinations performed on crushed grapes treated with ultrasound and subjected to different 
maceration times on the skins of 3 days (D3), 5 days (D5) and 7 days (D7) respectively, compared to the control 
samples that followed the classic maceration, gave interesting results (Table 1). 
 At the beginning of the maceration, the sonicated samples had higher levels of bioactive compounds (Maier et 
al., 2023) and chromatic characteristics compared to the untreated sample, a difference that was also found at the 
end of the maceration. 
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Table 1. Effect of ultrasonic treatment on samples at the end of skin maceration  

Sample 
 

Maceration 
(days) 

TPC 
(µg GAE/mL) 

MA 
(mg CGE/L) 

FRAP 
(µmol 

Fe2+/mL) 
IC N 

C3  870.32±10.72 105.30±4.02 33.73±1.11 6.61±1.21 1.14±0.07 

SM70/3  1 407.78±11.09 240.59±3.97 43.79±0.99 23.39±1.75 1.24±0.09 

SM70/4  1 425.02±10.54 250.82±2.54 44.69±1.23 22.12±2.05 1.27±0.07 

SM70/5 3 1 715.31±9.63 224.51±2.45 43.96±1.19 21.46±1.97 1.21±0.04 

SM90/3  1 491.13±14.21 240.46±3.01 51.69±2.56 22.73±2.06 1.24±0.05 

SM90/4  1 778.54±11.58 239.89±3.65 61.51±3.01 22.42±2.37 1.20±0.10 

SM90/5  1 925.12±12.31 275.33±2.45 62.43±2.78 20.29±1.13 1.12±0.09 

C5  965.16±10.54 206.87±5.11 35.40±1.69 8.35±1.54 0.73±0.04 

SM70/3  1 169.23±11.23 234.28±6.02 47.37±3.47 9.54±1.50 0.69±0.03 

SM70/4  1 378.94±10.62 241.94±5.41 52.48±2.56 12.17±1.21 0.77±0.03 

SM70/5 5 1 795.79±9.36 318.14±3.98 52.52±2.53 19.46±1.74 0.81±0.02 

SM90/3  1 522.74±11.45 302.83±2.54 52.52±2.55 13.63±1.34 0.74±0.04 

SM90/4  1 562.98±10.35 337.15±3.87 57.66±3.04 13.93±1.49 0.71±0.06 

SM90/5  1 689.44±14.21 382.54±3.41 51.19±2.98 24.85±1.89 0.91±0.05 

C7  778.34±9.01 220.05±2.58 35.15±1.65 8.68±1.46 0.74±0.07 

SM70/3  1 209.46±10.36 191.97±4.05 40.85±2.55 16.98±2.03 0.79±0.03 

SM70/4  1 467.44±12.54 234.08±3.09 57.28±3.14 11.58±1.92 0.81±0.05 

SM70/5 7 1 618.21±11.87 215.04±2.96 58.49±2.85 17.31±1.47 0.81±0.02 

SM90/3  1 536.61±11.25 288.83±5.32 60.35±2.45 16.13±1.25 0.75±0.08 

SM90/4  1 434.61±9.89 275.78±4.58 51.45±1.95 14.5±1.07 0.78±0.07 

SM90/5  1 909.63±12.26 335.57±4.56 59.27±1.99 21.36±2.07 0.79±0.04 

Note: Untreated sample (C); 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); Total polyphenolic content (TPC); Monomeric anthocyanins content (MA); Ferric 
reducing antioxidant power (FRAP); Intensity of color (IC); Hue (N); The results are expressed as the mean value of the three replicates ± the 
standard deviation (SD). 

 

 Effects of Ultrasound Treatment on Total Polyphenol Content 

 At the end of maceration, the TPC varied from 870.32 micrograms gallic acid equivalents per millilitre (GAE/mL) 
to 1925.12 µg GAE/mL, as shown in Table 1. The lowest amount of TPC was found for the untreated sample C after 
3 days of maceration (C3), while the higher amount of TPC was found for the SM90/5 sample also after 3 days of 
maceration. It can be seen that there is an increase, generally proportional to the treatment conditions, for the TPC 
of the sonicated samples compared to the untreated sample C from 1.5 to 2 times in the case of 3 days maceration; 
from 1.01 to 2.06 times in the case of 5 days maceration; and from 1.11 to 2.45 times in the case of 7 days maceration. 
This shows that sonication has a positive effect on the extraction of phenolic compounds, as reported in other 
studies (Natrella et al. 2023, Lukić et al. 2019, Ranjha et al. 2020). In addition, the effect of ultrasound on grapes 
during the vinification process was investigated by (Ferraretto et al., 2013). These authors found that the disruption 
of the cell wall caused by pressure cycling and cavitation induced by ultrasound, which led to a reduction in the 
duration of traditional maceration, improved the extraction of polyphenolic chemicals from grapes. Other authors 
(Pérez-Porras et al., 2021) also reported the lowest amount of TPC for the control sample compared to sonicated 
samples at 20 and 28 kHz. According to the data, amplitude appears to play a significant role in the extraction of 
total phenols. 

 

 Effects of Ultrasound Treatment on Monomeric Anthocyanins 

 The MA content for sonicated samples varied from 105.3 mg cyanidin 3-glucoside equivalents (CGE)/L to 382.54 
mg CGE/L (Table 1). Similar to TPC, the lowest amount of MA was found for untreated sample C (C3) after 3 days of 
maceration (D3), while the higher MA content was found for SM90/5 sample extracted after 5 days of maceration 
(D5). It can be observed that there is an increase, generally proportional with the treatment conditions, from 1.43 
to 2.61 times in the case of 3-day maceration; from 1.13 to 1.85 times in the case of 5 days; and from 0.12 to 1.52 
times in the case of 7 days for the monomeric anthocyanins of the sonicated samples compared with untreated 
sample C. According to research made by Dalagnol et al. 2017, ultrasound-assisted extraction increased the rate at 
which anthocyanins were extracted. Although monomeric anthocyanins are not very stable, free anthocyanins are 
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the main source of red color in young red wines. Condensation with tannins to form stable anthocyanin/tannin 
adducts is one of the main strategies for their stabilization. At the end of alcoholic fermentation, about 25% of the 
anthocyanins are predicted to have polymerized with flavonoid molecules; after one year of aging, the percentage 
increases to more than 40% (He et al., 2012a, 2012b). 

 

 Effects of Ultrasound Treatment on Antioxidant Capacity 

 The maximum FRAP value, 62.43 µmol Fe2+/mL was observed in the sonicated samples SM90/5 extracted after 
3 days of maceration. The lowest FRAP value, 33.73 µmol Fe2+/mL was observed for control sample also after 3 
days of maceration. Moreover, the highest value of antioxidants was found in the same sample as for TPC and MA, 
respectively the sample sonicated at 90% amplitude for 5 minutes and extracted after 3 days of maceration (D3). It 
can be seen that the ferric reducing antioxidant power of the sonicated samples increases in proportion to the 
treatment conditions, from 1.3 to 1.85 times in the case of 3-day maceration; from 0.32 to 1.1 times in the case of 5 
days; and from 1.16 to 1.72 times in the case of 7 days compared to the untreated sample C. It can be observed that 
the presence of a significant amount of phenolic compounds in the sonicated samples as a result of the US treatment 
led to high FRAP values. 

 Other studies have reported that the phenolic composition is greatly influenced by the winemaking process and 
have shown a high correlation between phenolic composition and ferric reducing antioxidant power of samples 
(Lingua et al., 2016). It has also been concluded that the antioxidant capacity of wines is more closely related to the 
related to the nature of the individual phenolic compounds found in the wines rather than to the total phenolic 
content of the wines (Banc et al., 2020). 

 

 Effects of Ultrasound Treatment on Chromatic Characteristics 

 The IC varied from 6.61 to 24.85 at the end of maceration process. The maximum IC was observed in the 
sonicated samples SM90/5 extracted after 5 days of maceration and the lowest IC was observed for control sample 
after 3 days of maceration. It can be seen that the IC of the sonicated samples increases in proportion to the 
treatment conditions, from 3.07 to 3.54 times in the case of 3-day maceration; from 1.14 to 3 times in the case of 5 
days; and from 1.67 to 2.5 times in the case of 7 days compared to the untreated sample C. Other research (Pérez-
Porras et al., 2021) found that the control samples macerated for 48 hours had the lowest color intensity. However, 
the differences from the other control wines were not statistically significant. Moreover, the color intensity of the 
sonicated samples macerated for 48 hours was not significantly different from the control wine exposed to the skin 
for 7 days. 

 

 Evaluating the Effects of Ultrasound Treatment on Maceration Time 

 Analyzing each of the samples according to the different maceration periods on the skins, it can be observed that 
the TPC increases during the maceration process, reaching a maximum on the fifth day and then decreasing. Other 
authors found that wines made with a 6-day maceration period had the highest levels of phenolic compounds 
(Ivanova et al., 2012) while others reported that by the 15th day, maceration continued to promote increased 
phenolic compounds (Alencar et al., 2018b). The monomeric anthocyanin content also increases during the 
maceration process, reaching a maximum on the seventh day. The previous studies have highlighted the fact that, 
in general, the antocyanins content and the color intensity increase during the maceration period, reaching a 
maximum on the fifth or sixth day (Busse-Valverde et al., 2011), and then decrease as a result of hydrolysis or 
oxidation reactions, participate in cycloaddition processes with metabolites produced by the yeasts, are absorbed 
by the yeasts and precipitated in the lees, or are condensed with catechins (González-Neves et al., 2008; Setford et 
al., 2017). As a result of the increase in the content of extracted bioactive compounds, the FRAP value increases, 
reaching a maximum on the fifth day and then decreasing. The color intensity increases similarly to the 
anthocyanins, reaching a maximum on the seventh day. 
 Considering the average duration of maceration of 7 days, we compared the results obtained for the total 
polyphenol content, the monomeric anthocyanin content, the values obtained for the ferric reducing antioxidant 
power and the color intensity of the untreated sample extracted after 7 days with each of the samples subjected to 
ultrasound treatment after only 3 days of maceration (Figure 2). Regarding the duration of maceration-
fermentation, the advance, even after 4 days of maceration, is evident, both for the total content of polyphenols and 
monomeric anthocyanins, as well as for the FRAP value and color intensity, compared to the control sample. 
 Comparing the total polyphenol content of the samples, it can be seen that the samples treated with ultrasound 
and macerated for only three days (D3) recorded the highest TPC values (except for sample A 90%, 3 min, which 
recorded its maximum value on the seventh day). This was also the case when the control sample was macerated 
for four more days (D7). 
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(c) (d) 

Figure 2. Comparison between the bioactive compounds and the chromatic characteristics of the 
sonicated samples after 3 days of maceration in comparison to the untreated sample after 7 days of 

maceration: (a) Total phenolic content; (b) Monomeric anthocyanins; (c) Ferric reducing antioxidant 
power (FRAP); (d) Intensity of color. 

 

 Similarly, the samples treated with ultrasound and macerated for three days (D3) and five days (D5), 
respectively, recorded the highest values of monomeric anthocyanin content in the conditions in which the control 
sample was macerated for four and two days, respectively (D7). Also, the highest values of color intensity were 
observed for samples treated with ultrasound and macerated for only three days (D3), except for sample A 90%, 5 
min, whose maximum was recorded on day five. 
 Therefore, it is clear that the ultrasonic treatment of the crushed grapes caused a breakdown of the cellular 
structures, which facilitated the extraction of phenolic compounds during the maceration process. In addition, the 
duration of maceration-fermentation on the lees modified the final chromatic characteristics of the wine samples. 
As a result, it is clear that one of the issues now being addressed by wineries is the likelihood that ultrasonic 
treatment has advantageous extractive capabilities that allow time savings in the maceration phase. 
 Our results were in agreement with those of others who have included ultrasound-assisted extraction in the list 
of new technologies that have been developed with the aim of reducing the extraction time (Carrera et al., 2012; El 
Darra et al., 2013) and increasing the yield (Constantin and Istrati, 2022). Besides, Bautista-Ortin et al. 2017 studied 
the effect of ultrasonic treatment on the maceration stage and determined the color characteristics of the wine, as 
well as anthocyanin and tannin concentrations. The authors found that the use of ultrasound reduced the 
maceration time and increased the concentration of tannins and volatile compounds in the resulting red wine. 

 

 Correlation between maceration time, amplitude level and ultrasonic treatment time 

 The statistical analysis showed that the parameters studied were influenced by three factors: maceration time, 
amplitude level and ultrasonic treatment time, with single or interaction effects. The analysis of variance carried 
out on the analytical parameters in relation to the different durations of maceration, as well as the conditions of 
amplitude and treatment time, revealed significant differences in terms of the TPC, MA and FRAP, IC and N of the 
samples (Table 2). The model presented shows, for the observed parameters, values of coefficients of determination 
(R2>0.477) that indicate the validity of the method. 
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Table 2. Analysis of variance of the regression coefficients for the different parameters 

    Durbin-Watson   

Model 
summary 

R  R²  
Adjusted 

R²  
Autocorrelation  Statistic  p-value  F-value 

CTP 0.781 0.610 0.587 0.778 0.946 <0.001  26.109 

AM 0.703 0.494 0.463 0.540 0.975 <0.001 16.249 

FRAP 0.690 0.477 0.445 0.564 0.970 <0.001 15.171 

IC 0.603 0.480 0.476 0.572 1.037 <0.001 9.518 

N 0.806 0.649 0.628 0.287 1.401 0.009 30.854 

Note: Correlation coefficient (R); Determination coefficient (R2); Significance of each parameter (p-value); p<0.05 statistically significant and 
p<0.001 statistically highly significant; Ratio between the model sum of squares and the residual error (F-value). The larger the F-value, the 
better the model; Total polyphenolic content (TPC); Monomeric anthocyanins content (MA); Ferric reducing antioxidant power (FRAP); Intensity 
of color (IC); Hue (N). 

 

 It can be seen that the extraction kinetics increase with increasing maceration time, amplitude percentage and 
treatment time with a correlation coefficient (R) of 0.781 in the case of TPC and 0.703 in the case of MA, while the 
FRAP value increases with a correlation coefficient of 0.690. The adjusted R2 used for the three predictors: 
maceration time, amplitude and treatment time, shows that they can predict: 58.7% of the variation in the results 
obtained for CTP; 46.3% of the variation in the results obtained for MA; 44.5% of the variation in the results 
obtained for FRAP. The Durbin-Watson index checks for correlations between residuals that may invalidate the test. 
 It should be greater than 1 and less than 3, ideally around 2. In our case, the value of the index for all three 
parameters is very close to 1, so we can consider it to be in the range that validates the test. Previous research also 
concluded that the amplitude of the transducer was directly proportional to the intensity of the ultrasound. The 
intensity of the ultrasound increased along with the amplitude, which increased the sonochemical effects of the 
ultrasound (Mason and Lorimer, 2002). 
 The ANOVA shows that the model is significant and that the predictors included in the model, both individually 
and in the case of interaction between them, significantly influence (p<0.001) the content of total polyphenols, 
monomeric anthocyanins and FRAP. As for the color intensity, it is not significantly influenced by the interaction 
between the three predictors of the model, while the shade is not influenced by either the amplitude level or the 
treatment time, being influenced only by the duration of maceration (Table 3). 
 

Table 3. Effect of treatment amplitude and time, and maceration duration on TPC, MA, FRAP, IC and N 

p-value 

Factors TPC MA FRAP IC N 

Maceration time (days) <0.001 <0.001 <0.001 <0.001 <0.001 

Amplitude (%) <0.001 <0.001 <0.001 <0.001 0.276 

Ultrasound treatment time (min.) <0.001 <0.001 <0.001 <0.001 0.251 

Maceration time *Amplitude <0.001 <0.001 <0.001 0.003 0.107 

Maceration time *Ultrasound treatment time <0.001 <0.001 <0.001 <0.001 <0.001 

Amplitude *Ultrasound treatment time <0.001 <0.001 <0.001 0.038 0.302 

Maceration time *Amplitude *Ultrasound 

treatment time 
<0.001 <0.001 <0.001 0.394 0.280 

Significance of each parameter (p-value); p<0.05 statistically significant and p<0.001 statistically highly significant; Total polyphenolic content 
(TPC); Monomeric anthocyanins content (MA); Ferric reducing antioxidant power (FRAP); Intensity of color (IC); Hue (N). 

 

 It can be observed that there is a different response for similar treatment conditions (significant differences 
between R2). The tests performed show an increase in the total content of polyphenols and monomeric 
anthocyanins and FRAP correlated with the maceration time, treatment time and % amplitude. 

 

CONCLUSIONS 

Our data provide strong evidence that high-power ultrasound treatment applied to crushed Merlot grapes improved 
the extraction process of polyphenolic compounds during the maceration stage. The improvements recorded in 
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total polyphenolic content, monomeric anthocyanin content, ferric reducing antioxidant power and color 
characteristics are correlated with maceration time, ultrasound treatment time and % amplitude. In most cases, 
samples treated with ultrasound and left to macerate for only three days recorded the highest value of investigated 
characteristics, even though the control sample was left to macerate for a period of seven days. The analysis of 
variance of the results obtained after the period of maceration shows that the model is significant and the predictors 
introduced in the model (amplitude%, treatment time and duration of maceration), both individually and in the 
case of interaction between them, significantly influence (p<0.05) the total content of polyphenols, monomeric 
anthocyanins and antioxidant capacity. As regards the intensity of color, it is not significantly influenced by the 
interaction between the three predictors of the model, while hue is influenced by neither by the amplitude level nor 
by the treatment time, being influenced only by the duration of maceration. High-power ultrasound treatment can 
improve both phenolic compound extraction and ferric reducing antioxidant power, but also has the effect of 
reducing maceration time by 2 or even 4 days, which is a promising result for one of the challenges currently facing 
wineries. Therefore, ultrasound treatment could save time during the maceration phase, thus representing a 
solution for optimizing management in a winery. 
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Abstract 
 
The objective of this study was to assess the impact of applying high-power ultrasonic treatment (HPU) on crushed 
Merlot grapes, at a laboratory scale, on the phenolic matrix of red wines, particularly anthocyanins, which are crucial 
for color, stability, and sensory profile. The ultrasonic treatment (US) was carried out using two amplitudes, 70% and 
90%, and three treatment times, namely, 3, 4, and 5 minutes, while maceration was conducted via sequential extraction 
after 3, 5, and 7 days. After a bottling period of three months, there was a decrease in total polyphenol content observed 
compared to the content found at the end of maceration. Treatment with ultrasound caused significant variations in the 
optical density at 420, 520, and 620 nm, and in the content of monomeric anthocyanins. All the sonicated samples, 
including those extracted after three days of maceration, exhibited significantly higher color intensity values than the 
maximum color intensity value in the untreated samples. It is noteworthy that the change in color was a positive 
outcome of this treatment. The Random Forest algorithm was used to identify the most distinct variables among wines. 
The most significant variable was found to be the total polyphenol content, followed by antioxidant capacity and the 
color intensity of the wines. The algorithm grouped all the samples into 5 clusters based on three fixed factors that 
influenced their characteristics: amplitude, treatment time, and maceration duration. Based on these results, it can be 
inferred that the effects of ultrasound treatment vary significantly depending on the parameters used. 
 
Key words: high-power ultrasound treatment, red wines, bioactive compounds, chromatic characteristics 
 
INTRODUCTION 
 
One of the world's earliest known alcoholic 
beverages is wine. Red wine can be considered 
a major dietary source of polyphenols due to its 
generally high polyphenol content (Castaldo et 
al., 2019). Essential substances called 
polyphenols give wine its color, flavor, and 
aroma as well as some possible health 
advantages (Banc et al., 2014). Red wine's 
phenolic content can be broadly classified into 
two groups: non-flavonoids, which include 
phenolic acids like benzoic, caffeic, and 
cinnamic acids and stilbenoids like resveratrol, 
and flavonoids, which include anthocyanins 
and tannins that contribute to the color and 
mouthfeel of the wine, flavan-3-ols (or 
catechins), flavonols, and their derivatives 
(Gutiérrez-Escobar et al., 2021). Nonetheless, 
flavonoids account for the majority of wine's 
phenolic component. Of these, the grape's 
stems, seeds, and skins account for up to 90% 
of the phenolic content found in red wine 

(Nemzer et al., 2021). One-year-old red wine's 
polyphenol composition is composed of 
approximately 60–80% polymeric polyphenols, 
10-15% anthocyanidins, 5–10% dimer 
procyanidins, 5-8% catechins, 3-6% phenolic 
acids, less than 1% flavonols, and less than 
0.3% resveratrol, among other particular 
components (Buljeta et al., 2023). Red wine's 
phenolic components are known to provide a 
number of health advantages, including anti-
inflammatory, cardioprotective, anticarcino-
genic, neuroprotective, and gut microbiota 
impacts (Nardini, 2022). Many variables, 
including grape variety and age, pre-
fermentation techniques, fermentation and 
aging circumstances, and technological 
procedures, influence the kind of polyphenols 
present in red wine (Luzzini et al., 2021). It is 
also crucial to remember that these elements 
may interact in intricate ways to affect how a 
particular wine's ultimate polyphenol profile is 
determined. Accordingly, the precise function 
and influence of polyphenols can change based 
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on things like the kind of polyphenols present, 
how long they macerate for, and the desired 
qualities of the finished product (Gómez-Plaza 
et al., 2020). Wines with good chromatic 
quality must have a good dispersion of the 
phenolic compounds from the grape to the must 
or must-wine. This extraction process, which is 
based on the disintegration of the grape skin 
and seed cell walls, is carried out during the 
maceration step to attain the release of the 
intended compounds into the medium. As such, 
the quality of the wine is influenced by the 
length of the maceration process (Alencar et 
al., 2018).  Ultrasound-assisted extraction 
(Aadil et al., 2015; Yusoff et al., 2022), 
microwave-assisted extraction (Khan et al., 
2022), cold plasma (Ahmadian et al., 2023; 
Heydari et al., 2023), supercritical fluid 
extraction (Molino et al., 2020), pressurized 
liquid extraction (Zia et al., 2022), high-voltage 
electric discharge (Molino et al., 2020), pulse 
electric field extraction (Ranjha, Kanwal, et al., 
2021), microfluidization (Mukhtar et al., 2022), 
and enzyme-assisted extraction (Noranizan et 
al., 2020) are some of the advanced techniques 
for extracting plant bioactive compounds from 
foods and food-related matrices. These 
improved procedures are 32-36% more 
efficient, using roughly 15 times less energy 
and yielding higher-quality extracts (Sridhar et 
al., 2021). A technique known as high-power 
ultrasound (HPU) makes use of sound waves 
with frequency higher than 20 kilohertz (Ali et 
al., 2023; Hussain et al., 2023; Ranjha, Irfan, et 
al., 2021). The fundamental way that 
ultrasound affects a fluid is by increasing the 
hydrostatic pressure that already exists in the 
medium with acoustic pressure (Patist & Bates, 
2011). The HPU's extraction capacity and the 
subsequent physico-chemical quality of the 
wines have been the subject of highly 
encouraging results in previous studies on red 
grapes and wines of various types (Q. A. Zhang 
et al., 2023). 
Research has shown that ultrasound can be a 
valuable tool in winemaking, particularly in the 
extraction of polyphenols from grapes (Gómez-
Plaza et al., 2020; Plaza et al., 2019). Studies 
have found that ultrasound treatment of grape 
marc can enhance the accumulation of 
polyphenols and anthocyanins, as well as 
influence the quantity of monomeric fraction of 

anthocyanins (Khmelev et al., 2015). High-
power ultrasounds have been shown to modify 
the physical characteristics of grape skin, 
facilitating phenolic extraction and improving 
wine chromatic characteristics (Pérez-Porras et 
al., 2021). The application of high-power 
ultrasounds during red wine vinification has 
been found to be effective in increasing the 
extraction of polyphenols, particularly in 
certain grape cultivars (Bautista-Ortin et al., 
2017). These findings suggest that ultrasound 
can play a significant role in enhancing the 
quality and characteristics of wine. The 
International Organization of Vine and Wine 
decided after much investigation that this 
technology might be used in wineries in 2019 
(OIV - International organisation of vine and 
wine, 2021).  
However, the following concerns regarding 
basic research and technological implement-
tation in industry need to be addressed. The 
different research groups used very different 
ultrasonic equipment, studied very different 
parameters, and obtained very different results, 
so they cannot be used as a standard for future 
research. 
The objective of this study was to assess the 
impact of applying ultrasonic treatment (US) 
on crushed Merlot grapes, at a laboratory scale, 
on the phenolic matrix of red wines, particu-
larly anthocyanins, which are crucial for color, 
stability, and sensory profile. Furthermore, to 
identify the most distinguishing variables 
among wines, we utilized the Random Forest 
clustering algorithm that indicates the most 
significant variables for grouping the samples 
in descending order. 
 
MATERIALS AND METHODS 
 
Grapes  
The experimental study used about 100 kg of 
Merlot-varietal red grapes from the 2019 
harvest. At the Pietroasa-Istrita Viticulture and 
Winemaking Research and Development 
Station in Buzau, Romania, the grapes were 
gathered by hand. The grapes were harvested at 
29.8 °Brix, which is considered technological 
maturity, and were then promptly transferred to 
the lab for processing. For the investigation, 
only sound grape bunches selected at random 
were used. 
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Ultrasonic instrument  
All experimental procedures were sonicated 
using SONIX VCX750, a probe-style 
ultrasonic apparatus from Sonics and Materials 
Inc. in Newtown, USA (SONIX VCX750, 
Sonics and Materials Inc., Newtown, USA). 
One way to express the amplitude is as a 
percentage, with values between 10% and 
100%. The device operates at a frequency of 20 
kHz and has an ultrasonic power of 750 W. The 
20-100 kHz range is the most often utilized 
frequency range for extraction techniques. 
 
Preparation of the sample 
Samples of 1000 grams of 2019 vintage Merlot 
red grapes were prepared for laboratory testing. 
Sixty specimens, each weighing 100 grams, 
were randomly selected, de-stemmed, manually 
ground, and subjected to ultrasonic probe 
treatment. After sonication, we created six 
1000 g samples, each containing ten 100 g 
specimens.  The characteristics of each sample 
are represented by the average of the 
conclusions drawn from its ten instances. Ten 
specimens weighing 100 g each were used as 
the untreated control sample (C) since they had 
not undergone ultrasonic treatment. The 
specimens were evaluated independently. To 
treat the specimens, a 100 mL Pyrex glass 
beaker with a counter current water-cooling 
jacket was used. The cooling water was 
maintained at a consistent temperature of 19 
°C. The acoustic amplifier was positioned 20 
mm above the bottom of the container to ensure 
consistent treatment. The untreated sample 
(Control, C) and the ultrasound-treated samples 
underwent microvinification. After maceration, 
samples were sequentially extracted at 3 (D3), 
5 (D5), and 7 (D7) days, pressed, and then 
underwent alcoholic fermentation. To ensure 
winemaking control, 20 g of Viniferm 
Saccharomyces cerevisiae Agrovin, Spain, 
fermentation yeast was added per 100 liters. 
The temperature was monitored daily during 
alcoholic fermentation, with variations ranging 
from 19.7 to 21.3°C. After completing 
alcoholic and malolactic fermentation, the 
samples were separated from the yeasts and 
clarified using 30 g of bentonite per 100 liters. 
Following clarification, the samples were cold-
stabilized at 9°C before being bottled. All 
experiments were conducted in this manner. 

Total polyphenolic content and anthocyanins 
determination 
The Folin-Ciocalteu spectrophotometric 
method was used to calculate the total 
polyphenolic content (TPC), which was then 
expressed as micrograms of gallic acid 
equivalents per milliliter (µg GAE/mL) using 
gallic acid as a reference (Singleton et al., 
1999). A 0.5 mL sample was treated with 1.25 
mL of Folin-Ciocalteu reagent (Merck, 
Darmstadt, Germany), which had been diluted 
1:10 (v/v) with distilled water. After the 
mixture had been incubated for five minutes at 
room temperature, one milliliter of Na2CO3 60 
g/L was added. After 30 minutes of incubation 
at 50 °C, the sample absorbance at 750 nm was 
measured using a UV-VIS spectrophotometer 
(Specord 205, Analytik Jena Inc., Jena, 
Germany). The calibration curve was made 
using gallic acid as the standard, which was 
utilized in values ranging from 5 to 250 g 
GAE/mL.  
Monomeric anthocyanins (MA) were found 
using the pH differential method (Lee et al., 
2005). To make two dilutions of the same 
sample, 1 mL of wine was combined with 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). The absorbance at 520 and 700 nm 
was measured against deionized water after 15 
minutes at room temperature. The results were 
expressed in milligrams (mg CGE/L) of 
cyanidin-3-glucoside equivalents per liter. The 
total anthocyanin content of the samples was 
calculated using a molecular weight of 449.2 
g/mol and a molar absorbance coefficient of 
26,900 L/mol x cm. 
 
Ferric reducing antioxidant power (FRAP) 
assay 
The FRAP test methodology was built upon the 
Benzie and Strain approach (Benzie & Strain, 
1996). Two stock solutions were used: 20 mM 
FeCl3 x 6H2O solution in 300 mM acetate 
buffer (pH = 3.6) and 2,4,6-tris(2-pyridyl)-s-
triazine (TPTZ) solution in 40 mM HCl. The 
working solution was prepared by mixing 
acetate buffer, TPTZ solution, and 10 mL of 
FeCl3 x 6H2O solution. It was then heated to 37 
°C before to use. Prior to analysis, a 0.5 mL 
aliquot of the diluted wine samples was 
allowed to react with 2.5 mL of the working 
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solution for 30 minutes at 37 °C. The wine 
samples had been diluted 1:50 (v/v) with 
distilled water.  
 
Chromatic characteristics 
The intensity of color (IC) and hue (N) of the 
samples were determined using a 
spectrophotometric method. The intensity of 
color was calculated by summing the 
absorptions at wavelengths 420, 520, and 620 
nm with a 1 cm optical path. The hue was 
expressed as the ratio of absorbance at 420 nm 
to absorbance at 520 nm (OIV (International 
organisation of vine and wine), 2021). 
 
Statistical analysis 
The results, which were all measured in 
triplicate, are presented as mean ± standard 
deviation (SD). Statistical analysis was 
performed using DESIGN-EXPERT® 
VERSION 13 software from Stat-Ease Inc. 
(Stat-Ease Inc., 2020). To assess statistically 
significant differences between samples, we 
used one-way ANOVA with post hoc analysis 
employing the HSD Tukey test. The Pearson 
correlation coefficient was computed using 
JASP software version 0.17.1 (JASP Team, 
2023) for TPC, MA, FRAP value, IC, and N. 
The wines were grouped based on the 
parameters of ultrasound treatment using 
Random Forest Clustering (JASP Team, 2023). 
This algorithm partitions data into distinct 
clusters, with each observation belonging to 
only one group. 
 
RESULTS AND DISCUSSIONS 
 
Following destemming and crushing, the 
samples treated with ultrasound and the control 
sample underwent microvinification. The 
sequential extraction method was used to carry 
out the maceration operation over a period of 3, 
5, and 7 days.  
After fermentation and bottling, the purpose 
was to assess the impact of high-power 
ultrasound treatment parameters: amplitude (A) 
and treatment time (t) on wine quality 
parameters, specifically bioactive compounds 
such as TPC (total polyphenol content), MA 
(monomeric anthocyanin content), FRAP 
value, color intensity (IC), and hue (N) in the 
sonicated samples in comparison to the 

untreated sample (C). The study analyzed the 
above parameters on untreated samples (C) 
after 3 (C3), 5 (C5), and 7 (C7) days of 
maceration. Additionally, the study examined 
samples that underwent ultrasound treatment at 
70% and 90% amplitude for 3, 4, and 5 minutes 
after 3, 5, and 7 days of maceration. The 
samples were labeled as follows: SW70/3 (A: 
70%; t: 3 min), SW70/4 (A: 70%; t: 4 min), 
SW70/5 (A: 70%; t: 5 min), SW90/3 (A: 90%; 
t: 3 min), SW90/4 (A: 90%; t: 4 min), and 
SW90/5 (A: 90%, t: 5 min). Each sample was 
replicated three times. 
Analytical determinations performed on the 
samples treated with ultrasound and control 
samples (untreated), subjected to different 
durations of maceration of 3, 5, and 7 days, 
respectively, and microvinified and bottled for 
three months showed interesting results (Table 
1). As these are red wines, it is important to 
consider the potential impact of ultrasonic 
treatment on the coloring matter. 
The sonicated samples showed distinct 
chromatic features and higher concentrations of 
bioactive chemicals from the beginning of the 
maceration than the untreated samples. This 
difference persisted until the end of the 
maceration (Maier et al., 2023; Margean et al., 
2020). 
 
Effects of ultrasound treatment on wine 
parameters 
After a bottling period of three months, both 
the wines made from crushed grapes subjected 
to ultrasonic treatment and the control wines 
showed a decrease in total polyphenol content 
compared to the content found at the end of 
maceration. However, the TPC values found in 
the sonicated samples remained higher than 
those of the controls, regardless of the duration 
of maceration (Table 1). 
The total polyphenol content registered a 
maximum for all samples at the end of 
maceration and a decrease after bottling for all 
samples, with values ranging from 1.12% for 
sample SW70/3 extracted after 5 days (1169.23 
µg GAE/mL at the end of maceration) to 
64.62% for sample C3 (870.32 µg GAE/mL at 
the end of maceration).  
High-power ultrasound applied to grapes or 
during winemaking has been shown in previous 
research to produce a greater extraction yield of 
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TPC (Ferraretto et al., 2011; Pérez-Porras et al., 
2021). Other authors have reported no 
significant degradation of polyphenols after 

sonication of red wine (Natolino & Celotti, 
2022). 

 
Table 1. Effects of the ultrasonic treatment on the parameters of the wine 

Sample Maceration 
(days) 

TPC (µg 
GAE/mL) 

MA (mg 
CGE/L) 

FRAP (μM 
Fe2+/mL) 

IC N 

C3 

3 

307.91±2.36 63.19±1.6 39.1±2.4 4.8±0.3 0.56±0.02 
SW70/3 893.47±19.6 129.51±3.6 55.97±0.9 16.86±0.88 0.6±0.03 
SW70/4 876.24±12.1 153.15±3.9 57.70±2.25 16.87±1.1 0.6±0.01 
SW70/5 1 115.26±15.4 131.07±2.8 55.22±1.7 16.65±2.3 0.6±0.01 
SW90/3 946.24±15.2 137.59±6.5 61.57±2.3 15.93±1.1 0.57±0.02 
SW90/4 1 648.75±24.9 152.04±4.6 69.00±2.3 17.56±0.83 0.61±0.08 
SW90/5 1 333.94±16.98 158.63±2.2 68.13±2.04 15.98±1.47 0.54±0.01 

C5 

5 

415.76±3.8 95.99±3.7 54.64±2.6 5.63±0.76 0.57±0.02 
SW70/3 1 156.14±11.9 138.79±2.6 52.77±1.6 11.6±1.2 0.57±0.05 
SW70/4 1 094.92±13.1 171.06±2.5 52.07±2.1 8.47±1.5 0.72±0.09 
SW70/5 1 304.79±12.4 125.51±6.3 57.46±2.8 14.36±1.4 0.64±0.02 
SW90/3 1 159.05±11.3 123.68±5.6 57.61±3.0 11.36±1.2 0.67±0.04 
SW90/4 1 243.58±10.8 126.74±4.9 68.52±4.9 11.49±1.3 0.67±0.05 
SW90/5 1 605.02±21.7 122.86±4.8 56.06±2.7 15.13±0.9 0.63±0.05 

C7 

7 

439.08±8.9 119.18±6.1 46.65±3.7 6.44±1.1 0.58±0.1 
SW70/3 1 043.58±18.4 121.63±3.8 58.89±2.1 13.66±1.1 0.64±0.07 
SW70/4 1 269.82±13.8 156.28±4.2 61.39±1.8 9.06±0.8 0.65±0.03 
SW70/5 1 418.47±21.3 121.66±3.6 68.04±2.9 14.76±1.2 0.65±0.07 
SW90/3 1 261.07±19.2 159.61±4.1 68.84±1.9 13.53±1.0 0.68±0.02 
SW90/4 1 296.05±23.1 200.36±2.7 59.91±1.8 11.92±1.2 0.70±0.04 
SW90/5 1 596.28±25.4 132.43±2.8 61.36±1.9 16.54±0.7 0.67±0.01 

Untreated sample (C); SW70/3 (A: 70%; t: 3 min), SW70/4 (A: 70%; t: 4 min), SW70/5 (A: 70%; t: 5 min), SW90/3 (A: 90%; t: 3 min), SW90/4 (A: 
90%; t: 4 min), and SW90/5 (A: 90%, t: 5 min); Total polyphenolic content (TPC); Monomeric anthocyanins content (MA); Ferric reducing 
antioxidant power (FRAP); Intensity of color (IC); Hue (N); The results are expressed as the mean value of the three replicates ± the standard 
deviation (SD). 
 
Moreover, high-power ultrasound has been 
shown to have a significant impact on the 
phenolic structure of red wines, particularly in 
accelerating the aging process (Ferraretto & 
Celotti, 2016). It can also enhance the 
extraction of polyphenols from grapes during 
winemaking, with varying effects depending on 
the grape variety (Gambacorta et al., 2017). 
However, the specific effects on polyphenols in 
wine during storage are still being explored (Q. 
Zhang & Wang, 2017b). 
As can be observed in Table 1, the treatment 
with HPU caused significant variations in the 
optical density (420, 520, and 620 nm) and in 
the monomeric anthocyanin content. After a 
period of three months of bottling, there was a 
significant decrease in the color intensity 
values of the wines for all the samples, 
compared to the values obtained at the end of 
the maceration, with the greatest decrease 
being recorded for the sample SW90/5 
extracted after 5 days (24.85 at the end of 
maceration).  

However, based on the data analyzed, it is 
evident that the ultrasonic treatment had a 
positive effect on the color content. All 
ultrasound samples, including those extracted 
after 3 days of maceration, recorded 
significantly higher color intensity values 
compared to the untreated samples (C7), 
ranging from 31.52% (SW70/4 sample, 
extracted after 5 days) to 172.67% (SW70/4 
sample, extracted after 3 days). Other authors 
found that ultrasound treatment affects the 
evolution of color properties and major 
phenolic compounds in wine during storage, 
showing similar effects in treated and untreated 
wines, with quicker changes observed in 
treated wines (Q. Zhang & Wang, 2017a). 
According to additional research, it was found 
that the control samples that were macerated 
for 48 hours had the lowest color intensity. 
However, the differences from the other control 
wines were not statistically significant. 
Furthermore, the color intensity of the 
sonicated samples macerated for 48 hours was 
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not significantly different from the control wine 
that was exposed to the skin for 7 days (Pérez-
Porras et al., 2021). 
The monomeric anthocyanin content was also 
measured for all samples immediately after 
maceration stage. After three months of 
bottling, the quantities present in the wine 
samples were smaller, with a decrease between 
27.35% and 73.03%. The smallest decrease 
was observed in the case of sample SW90/4, 
which was extracted after 7 days (275.78 mg 
CGE/L at the end of maceration). This decrease 
in monomeric anthocyanin content is likely 
caused by factors such as polymerization with 
other phenolic compounds and oxidation 
reactions. 
The influence of ultrasonic treatment on the 
monomeric anthocyanin content of wine 
samples is similar to its effect on their color 
content. The untreated samples had the highest 
content of monomeric anthocyanins in the C7 
sample. However, the sonicated samples 
showed significant variations in the monomeric 
anthocyanin content compared to the untreated 
samples (Table 1). The increase ranged from 
2.05% (sample SW70/3, extracted after 7 days) 
to 68.1% (sample SW90/4 min, extracted after 
7 days). According to (Dalagnol et al., 2017), 
ultrasound-assisted extraction was found to 
accelerate the rate of anthocyanin extraction. It 
is worth noting that free anthocyanins are the 
primary source of red color in young red wines, 
despite the instability of monomeric 
anthocyanins. To stabilize these anthocyanins, 
one of the main methods is to condense them 
with tannins to generate stable 
anthocyanin/tannin adducts. It has been 
estimated that approximately 25% of the 
anthocyanins may undergo polymerization with 
flavonoid molecules towards the end of the 
alcoholic fermentation process. Following a 
year, this percentage is observed to increase to 
over 40% (He et al., 2012a, 2012b). 
The antioxidant capacity increased for all 
samples after the bottling period compared to 
the values found at the end of maceration. The 
increase in antioxidant activity ranged from 
3.52% for sample SW90/5, which was 
extracted after 7 days (59.27 µmol Fe2+/mL at 
the end of maceration), to 47.1% for sample 
SW70/4 min, which was extracted after 5 days 
(52.48 µmol Fe2+/mL at the end of maceration). 

Nevertheless, it appears that the sonicated 
samples may have contained a notable quantity 
of phenolic compounds as a result of the US 
treatment, which led to elevated FRAP values. 
Previous studies have indicated that the 
phenolic composition of wine can be 
influenced by the winemaking process. 
Moreover, a significant correlation has been 
found between the phenolic composition and 
the ferric reducing antioxidant power of 
samples (Lingua et al., 2016). It has also been 
concluded that the antioxidant capacity of 
wines is more closely related to the individual 
phenolic compounds present in the wine, rather 
than the total phenolic content (Banc et al., 
2020). 
The shade of wines after three months of 
bottling varies between 0.54 for sample 
SW90/5, extracted after 3 days, and 0.72 for 
sample SW70/4, extracted after 5 days (Table 
1). A smaller shade indicates a larger red 
component compared to yellow, while high 
shades indicate an orange color. It is likely that 
anthocyanins degrade and condense with 
tannins, forming complexes that contribute to 
color stabilization.  
 
Correlation of maceration duration, 
amplitude level, and sonication time 
The statistical analysis of the data reveals that 
the investigated parameters were affected by 
three factors: amplitude level, ultrasonic 
treatment time, and maceration duration, either 
independently or in combination. The analysis 
of variance conducted on the analytical 
parameters for different maceration durations, 
amplitude, and treatment time conditions 
showed significant differences in the total 
content of polyphenols, monomeric 
anthocyanins, antioxidant capacity, color 
intensity, and hue of wines. The evolution of 
the analyzed parameters appears to be 
influenced by changes in maceration duration, 
percentage of amplitude, and treatment time. It 
is worth noting that the correlation coefficient 
(R) is 0.791 for CTP and 0.208 for AM. 
Additionally, the antioxidant activity also 
appears to vary, with a correlation coefficient 
of 0.518. The adjusted R2 used for the three 
predictors: maceration duration, amplitude and 
treatment time shows that they can predict: 
60.4% of the variation in results obtained for 
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CTP; 46.3% of the variation in results obtained 
for AM; 22.4% of the variation in FRAP 
results; 26.2% of the variation in results 
obtained for IC; and 22.3% of the variation in 
results obtained for hue. Previous research has 
also established a direct proportionality 
between the amplitude of the transducer and 
the intensity of the ultrasound. The 
sonochemical effects of the ultrasound were 
observed to increase with increasing intensity 
and amplitude (Mason & Lorimer, 2002). 
ANOVA shows that the model is significant, 
and the predictors introduced into the model, 
both alone and in the case of interaction 
between them, significantly influence (p<0.05) 
the total content of polyphenols, monomer 
anthocyanins, and FRAPs (Table 2).  
 

Table 2. Exploring the impact of various factors  
on wine parameters 

 p-value 
Factors TPC MA FRAP IC N 

Amplitude 
(%) 

<0.001 <0.001 <0.001 <0.05 0.564 

US treatment 
time (min) 

<0.001 <0.001 <0.05 <0.001 <0.05 

Maceration 
time (days) 

<0.001 <0.001 <0.001 <0.001 <0.00
1 

Maceration 
time 

*Amplitude 

<0.001 <0.001 <0.001 <0.05 0.162 

Maceration 
time *US 
treatment 

time 

<0.001 <0.001 <0.001 <0.001 0.549 

Amplitude 
*US 

treatment 
time 

<0.001 <0.001 <0.001 <0.05 0.288 

Maceration 
time 

*Amplitude 
*US 

treatment 
time 

<0.001 <0.001 <0.001 0.976 0.164 

Significance of each parameter (p-value); p<0.05 statistically 
significant and p<0.001 statistically highly significant; Total 
polyphenolic content (TPC); Monomeric anthocyanins content (MA); 
Ferric reducing antioxidant power (FRAP); Intensity of color (IC); Hue 
(N).  
 
The color intensity appears to be minimally 
impacted by the interaction between amplitude 
level, treatment time, and maceration duration. 
However, it is worth noting that the hue of 
wines is significantly influenced by treatment 
time and duration of maceration. 
 
Identifying the most distinguishing variables 
between wines by grouping them 
Random Forest clustering is a hard-partitioning 

algorithm that divides data into multiple 
clusters (groups), with each observation 
belonging to only one group (JASP Team, 
2023). This clustering approach uses the 
Random Forest algorithm in an unsupervised 
manner, with the output variable 'y' set to 
NULL.  
The wine dataset contains the results of 
analytical determinations of wines produced 
according to the traditional technology (control 
samples) and wines obtained from crushed 
grapes treated with ultrasound before the 
maceration stage. Two types of wine are 
represented in the 63 samples (21 samples 
analyzed in triplicate), with the results of 5 
analytical determinations recorded for each 
sample. The variables recorded are TPC (µg 
GAE/mL), MA(mg CGE/L), FRAP (μM 
Fe2+/mL), IC and N. 
The purpose of using the Random Forest 
algorithm is to identify the most distinct 
variables among wines. Specifically, the 
Random Forest cluster model is optimized 
against its BIC value, which can be inspected 
in the Elbow Curve Diagram. 
Table 3 and Table 4 present summary and 
performance statistical data, such as the Akaike 
Information Criterion (AIC) and Bayesian 
Information Criterion (BIC) of the model.  
 

Table 3. Statistical data on cluster grouping 
Number 

of 
clusters 

Number 
of 

samples 

R² AIC BIC Silhouette 

5 63 0.638 162330 215910 0.220 

Determination coefficient (R2); Akaike Information 
Criterion (AIC); Bayesian Information Criterion (BIC); 
The model is optimized with respect to the BIC value. 
 
AIC is an estimator of prediction error and 
provides a means for model selection. BIC is a 
criterion for model selection from a finite set of 
models. The preferred model is the one with 
the lowest BIC. BIC is closely related to the 
AIC criterion and is partly based on the 
probability function. When the models match, 
adding parameters can increase the probability, 
but this can lead to overlap. Both BIC and AIC 
introduce a penalty term for the number of 
parameters in the model to solve this problem. 
However, the penalty term is higher in BIC 
than in AIC. The silhouette value of the model 
ranges from -1 to 1, with 1 representing a 
perfect score. The sum of squares of each 
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cluster indicates the spread within the cluster, 
while R2 indicates the amount of variance 
explained by the model (Table 4). Silhouette 
scores describe the degree of separation 
between groups. 
 

Table 4. Grouping and sizes of clusters 

Cluster 1 2 3 4 5 
Dimension 
(number of 
samples) 

9 11 16 14 13 

Sum of 
squares 

within the 
group 

19170 5998 36059 28188 22917 

Silhouette 
score 

0.468 0.498 0.003 0.108 0.177 

 
Table 5 displays the Random Forest algorithm's 
ranking of variables in descending order of 
importance for grouping samples. The most 
significant variable is the total polyphenol 
content, followed by antioxidant capacity and 
the color intensity of the wines. 
 

Table 5. Importance of variables in sample grouping 

Parameter Importance 
value 

Total polyphenol content  13796  
Antioxidant capacity 12996  

Color intensity 12952  
Monomeric anthocyanins 12628  

Hue 10089  
 

The Elbow diagram indicates the point at 
which adding another cluster would be 
unnecessary, also known as the kink in the 
curve. The red dot represents the minimum BIC 
value, which is the metric optimized by the 
model (Figure 2). 
 

 
Figure 2. Elbow Diagram 

 
Figure 3 displays the two-dimensional t-SNE 
graph, which provides a comprehensive 
overview of the various characteristics 
determined for the samples. However, the 
disadvantage is that the axes become 
uninterpretable. This t-SNE graph illustrates 
how the different clusters are grouped together. 
Moreover, Figure 3 displays the sample 
grouping into clusters based on three fixed 
factors that influenced their characteristics: 
amplitude, treatment time, and maceration 
duration. 

 
Figure 3. Two-dimensional t-SNE plot illustrating clustering of samples 

 
Compared to all samples that underwent 
ultrasonic treatment, the control samples, 

regardless of maceration duration, recorded 
significantly lower values for all determined 
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parameters (refer to Table 1). These control 
samples were grouped in a separate cluster 
(Cluster 1). 
A cluster (Cluster 2) was identified among the 
samples treated with ultrasound. This cluster 
was influenced by both the lower amplitude 
(70%) used during treatment, regardless of the 
treatment time (3, 4, or 5 minutes), and the 
increased amplitude (90%) used during a short 
treatment time (3 minutes). As a result, 
significantly lower values were recorded for all 
determined parameters compared to the other 
samples subjected to ultrasonic treatment. 
Cluster 3 confirms the positive influence of 
amplitude and treatment time on the properties 
of wines. It also shows the influence of 
maceration duration. The samples in Cluster 3 
were extracted after 5 days, which is 2 days 
longer than the samples in Cluster 2. The same 
cluster also includes another sample that 
underwent maceration for 7 days but was 
treated with lower amplitude (70%) for only 3 
minutes. 
Cluster 4 and Cluster 5 group samples that 
underwent ultrasonic treatment with increased 
amplitude (90%) for 4 or 5 minutes, regardless 
of the duration of maceration, and additionally 
two samples that were treated with lower 
amplitude (70%) for 4 or 5 minutes, but with a 
maceration duration of 7 days. Clusters 4 and 5 
recorded the highest values for all analyzed 
parameters of the wine samples obtained. 
It can be inferred from these results that the 
effects of ultrasound treatment are subject to 
significant variation based on the parameters 
employed. 
 
CONCLUSIONS 
 
After a bottling period of three months, a 
decrease in the total polyphenol content was 
observed compared to the content found at the 
end of maceration, both in the wines made 
from crushed grapes treated with ultrasound 
and in the control samples, with the values 
found in the ultrasound-treated samples 
remaining higher than those of the control 
samples, regardless of the duration of 
maceration-fermentation of the latter. However, 
within each series (D3, D5 and D7), the 
decrease was influenced by the variation of the 
ultrasonic treatment parameters. The positive 

effect of the ultrasonic treatment on the color 
content can be observed since all the 
ultrasonically treated samples, including those 
extracted after 3 days of maceration, showed 
significantly higher color intensity values than 
the maximum color intensity value of the 
control samples (C7), ranging from 31.52% 
(sample SW70/4, extracted after 5 days) to 
172.67% (sample SW70/, extracted after 3 
days). In conclusion, the ultrasonic treatment 
significantly modified the color of the wine, an 
effect that is very beneficial to the quality, 
especially for young wines, where color is one 
of the most important evaluation factors. The 
monomeric anthocyanin content of the 
sonicated samples showed significant variation 
compared to the maximum of the untreated 
samples, with an increase ranging from 2.05% 
(sample SW70/3 min, extracted after 7 days) to 
68.1% (sample SW90/4 min, extracted after 7 
days). The maximum anthocyanin content of 
the untreated samples was determined for the 
one extracted after 7 days. The data, subjected 
to statistical analysis, show that amplitude 
level, ultrasound treatment time and maceration 
duration significantly (p<0.05) influence the 
total polyphenol content, monomeric 
anthocyanins and antioxidant capacity. In 
addition, colour intensity is not significantly 
influenced by the interaction between 
amplitude level, treatment time and maceration 
time, while wine hue is significantly influenced 
only by treatment time and maceration time. 
Furthermore, to identify the most 
distinguishing variables among wines, we 
utilized the Random Forest clustering 
algorithm. The Random Forest algorithm 
indicates the most significant variables for 
grouping the samples in descending order. Our 
results display that the total polyphenol content 
is a distinguishing feature, followed by 
antioxidant activity and the color intensity of 
the wines. All untreated samples, regardless of 
maceration time, consistently recorded 
significantly lower values for all determined 
parameters, in contrast to all samples exposed 
to ultrasound treatment, and were grouped in a 
separate cluster. The ultrasound-treated 
samples were categorized into four clusters, 
confirming that the effects of ultrasound 
treatment vary considerably depending on the 
parameters used (amplitude and time). 
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However, further research is needed to fully 
understand the implications of ultrasound on 
wine color and organoleptic characteristics, as 
well as the economic feasibility and scalability 
of implementing high-power ultrasound in 
winemaking processes. 
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SUMMARY 

Ultrasound has been used as a successful tool in food industry but only in the 
last years its benefits started to be analyzed and implemented in processing, 
among which winemaking. Even though several studies have been performed 
regarding how ultrasound is influencing the extraction, fermentation or 
ageing, the subject is still of interest. Ultrasound offers the potential for 
improving existing processes and the developing of new process options. The 
demand for good quality wines has encouraged the use of ultrasound 
technology in winemaking process, consecutive to the research that shows 
ultrasound can play an important role in food technology in processing, 
preservation and extraction. This review summarizes the application of high 
and low intensity ultrasound in winemaking process in order to reveal 
whether this tool might be a feasible method for improving the quality in 
winemaking process.  

Key words: ultrasound, winemaking, fermentation, maturation 

INTRODUCTION 

A product rich in phenolic compounds that have antioxidant properties, wine is an 
important component in many traditions. The crucial factors during winemaking include 
grape quality and variety, winemaking process and practices, wine storage (Clodoveo et al., 
2016, Di Lorenzo et al., 2016).  

Traditionally, red wine is made starting from crushing and destemming grapes, and the 
must remaining in contact with skins and seeds lead to starting the maceration.  During this 
period, the extraction of the coloring and tannic components into the future wine takes place 
in the presence of alcohol produced during fermentation. When the macerating period ends, 
the fermented must is separated by skins and seeds using a press and the alcoholic 
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fermentation can continue until the parameters of the chosen wine are reached. Afterwards, 
spontaneously or through inoculation of selected lactic acid bacteria strains wine may 
undergo malolactic fermentation that confer a rounder and fuller mouthfeel to the wine. 
Then, the stage of wine ageing follows and consists in maturation in oak barrels (oxidative 
aging) and bottling (reductive aging). Also, clarification processes had to be carried out 
(Clodoveo et al., 2016). 

Food industry became aware of the importance in implementing new technologies that 
study and monitor properties of food during processing as a reaction to consumers demand 
for higher quality and food safety products. Nowadays, the industry is searching for 
innovative techniques that might enhance or complement the conventional practices.  

Ultrasound is such an emerging, efficient, environment friendly, green technology and the 
methods upon which ultrasound applications are based on include direct application to the 
product, coupling with the device and submerge in an ultrasonic bath (Chemat et al., 2011). 

In winemaking, high frequency ultrasound can be used for monitoring and accelerating 
the fermentation processes. Another potential use of ultrasound in winemaking is for the 
improved extraction of coloring matter and the tannins from the initial processing of the 
fruit. The bacteria and yeast plays an important role in the winemaking process. High power 
ultrasound may be used to control wine spoilage organisms (Luo et al., 2012). Also, the 
ultrasound treatment on wine lees accelerates the protective colloids release (Cacciola et al., 
2013). Ultrasound might be employed as a method to change the physicochemical properties 
of red wine including the electric conductivity, total phenolic compounds and chromatic 
characteristics and might be used to accelerate the ageing process of the wine with a longer 
effect on the evolution of both, color characteristics and phenolic compounds of wine during 
storage (Ferraretto et al., 2013, Martin and Sun, 2013, Ferraretto and Celotti, 2016, Zhang et 
al., 2016, Bautista-Ortin et al., 2017).  

PRINCIPLE AND MECHANISM OF ULTRASOUND 

Ultrasound is sound waves with frequencies higher than the upper audible limit of 
human hearing (16–20 kHz). In the food industry, the sound ranges employed can be 
divided into high frequency diagnostic ultrasound and low frequency ultrasound. High 
frequency diagnostic ultrasound (above 100 kHz) is a non-destructive technique and causes 
no physical or chemical alterations. They are successfully used for monitoring of food 
processes. The low frequency ultrasonic waves (18 – 100 kHz) are capable of altering material 
properties: physical disruption, acceleration of chemical reactions (Dolatowski et al., 2007). 
Into a liquid, ultrasound achieves chemical and physical effects, while the mechanical effects 
lead to increasing the extraction of nutraceutical components and disrupt or damage the 
cellular membrane (Jiranek et al., 2008, Clodoveo et al., 2016). Ultrasound assisted extraction 
is a simple and efficient alternative to conventional extraction techniques. The enhancement 
in extraction obtained by using ultrasound is mainly attributed to the effect of acoustic 
cavitations produced in the solvent by the passage of an ultrasound wave (Wang et al., 2008). 
The forces generated by acoustic cavitations determine the mechanism responsible for the 
ultrasonic deactivation effect. The application of ultrasound through intracellular cavitations 
determines a bactericidal effect in liquid foods (Dolatowski et al., 2007). 

In food processing, the application of ultrasound includes freezing/crystallization, drying, 
degassing, extractions, induction of oxidation/reduction reactions, enzyme inactivation, 
filtration and defoaming (Jiranek et al., 2008, Chemat et al., 2011). 
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ULTRASOUND IN WINEMAKING PROCESS  

In the literature, the latest research showed the potential uses of ultrasound in 
winemaking including: reducing the fermentation time and increasing the extraction of 
phenolic compounds (Sacchi et al., 2005, Vilku et al., 2008, Tiwari et al., 2010, Tudose-Sandu-
Ville et al., 2012, Coletta et al., 2013, Bautista-Ortin et al., 2017), controlling a variety of wine 
spoilage organisms (Jiranek et al., 2008, Luo et al., 2012), or wine maturation and ageing 
(Ferraretto and Celotti, 2016, Zhang et al., 2016). However, when applying ultrasound in 
winemaking process, changes in aroma profile and sensory properties of beverages might 
occur, like a slight “burnt” flavor, or a slight metallic character (Nolan, 2016). 

During the winemaking, the ultrasound variables are power, frequency, exposure time, 
amplitude and temperature (Clodoveo et al., 2016, Zhang et al., 2016). The properties of the 
medium, treatment parameters and ultrasound parameters are critical processing factors 
(Dolatowski et al., 2007, Jiranek et al., 2008). 

The main stages during traditional winemaking are fermentation and maturation or 
ageing (Di Lorenzo et al., 2016, Zhang et al., 2016). However, the process starts with the 
maceration on the skins that is enhancing the extraction of the color and active compounds 
(Di Lorenzo et al., 2016). Thus, improving extraction using ultrasound during maceration is 
of great interest to increase their quantity (Coletta et al., 2013). 

During the harvest time, the wineries are trying to reduce the maceration time and 

consequently the quality of the wine would be influenced. Alternatives to accelerate the 

reactions within the wine and to enhance the extraction of phenolic compounds includes 

ultrasound, pulsed electric field and high voltage electrical discharges, while the variables 

includes fermentation temperature, thermovinification, must freezing, enzyme treatments 

and extended maceration (Sacchi et al., 2005, Martin and Sun, 2013, Bautista-Ortin et al., 

2017). 

Recently, Bautista-Ortin et al. (2017) studied the application of high power ultrasound 
(HPU) on reducing the maceration time and increasing the extraction of phenolic compounds 
from red grapes. They observed that the treated must (2500 W, 28 kHz) had the highest 
values for phenols, anthocyanins and color intensity and a double concentration of the 
tannin. They also reported that the ultrasound treatment facilitated the extraction of phenolic 
compounds from the crushed grapes. In their opinion, the application of ultrasound might be 
an optimizing technique that allows wineries to reduce the maceration time while keeping 
the same quality characteristics of the wines.  

On the other hand, Tudose-Sandu-Ville et al. (2012) studied the phenolic compounds in 
Merlot wines obtained through different technologies, including ultrasound. They found that 
the phenolic extraction was not increased after ultrasound maceration (2000W, 35 kHz, 15 
min.) and the quantities of anthocyanins and tannins in the wine were low. Moreover, the 
influence of ampelotechnical practices and winemaking technologies on phenolic 
composition and sensory characteristics of red wines have been assayed by (Coletta et al., 
2013). They observed that ultrasound treatment on destemmed grapes (37 kHz, 150 W, 15 
min at 30 °C) improved the extraction of all phenolic compounds, especially anthocyanins 
and lead to improved sensory characteristics of wine.  

Color, as the easily recognized aspect of a quality red wine together with the astringency, 
hardness and flavor are influenced by phenolic compounds (Sacchi et al., 2005, Tudose-
Sandu-Ville et al., 2012). Phenolic compounds that are located in skins, pulp and seeds of 
grapes are partially extracted during winemaking (Coletta et al., 2013) and include non-
flavonoids and flavonoids among which anthocyanins are responsible for sensory properties 



A. MĂRGEAN, V. PĂDUREANU, M. I. LUPU 

460 

and for chemical stability and tannins that entail astringency (Martin and Sun, 2013, Di 
Lorenzo et al., 2016). 

Other studies (Tiwari et al., 2010) explored effects of amplitude level and treatment time 
on anthocyanins and color parameters. Variating the amplitude level (24.4–61.0 μm) and 
treatment time (0–10 min) at a constant frequency of 20 kHz and pulse durations of 5 s on 
and 5 s off, the authors concluded that a high degree of anthocyanin retention was found in 
grape juice, considering thus this technique as a preservation one for processing of fruit juice 
products where is desired a high retention of anthocyanins. 

Also, Vilkhu et al. (2008) showed that ultrasonic technology improves the extraction of 
polyphenols, anthocyanins, aromatic compounds, polysaccharides and functional 
compounds. High values of amplitude and longer times of treatment lead to a significant 
increase of catechins (Ferraretto and Celotti, 2016). Ghafoor and Choi (2009) found that 
compared with other extraction methods ultrasound shortened the extraction time. The 
optimum extraction conditions for total phenols were 53.14% ethanol concentration, 46.03 °C 
extraction temperature and 24.03 min extraction time and 53.06% ethanol, 50.65 °C 
temperature and 25.58 min time for maximum antioxidant activity.  

Other authors, Cacciola et al. (2013) observed that the ultrasound treatments on wine lees 
(5 min and 60 % amplitude and 3 and 5 min at 90 % amplitude) lead to greater effects in 
terms of colloids and proteins due to an increased release of colloids from the yeast.  They 
concluded that the effects of using ultrasound for few minutes can be comparable to 
traditional aging on lees by obtaining a rapid extraction of macromolecules from the yeast 
lees. 

Also, Jiranek et al. (2008) mentioned ultrasound technology as potential application 
during different stages of winemaking process for reduction of spoilage organisms and 
enhancing extraction of color and flavor compounds. Appling 20 min exposure to HPU 
influenced the viability of almost all organisms – yeast and bacteria commonly associated 
with wine spoilage, with different response of genus. Cell numbers decreased for all yeast 
and bacteria studied, except Pediococcus sp. (Luo et al., 2012). However, it was suggested that 
yeast cells are more susceptible to the effects of cavitations while bacteria are more resistant 
(Chandrapala et al., 2012). 

Cho et al. (2006) reported that compared to conventional solvent extraction, the 
application of ultrasound-assisted extraction in grape skin can enhance the recovery of 
functional compounds up to 30% and also prevents the possible chemical degradation of 
targeted compounds (Wang and Weller, 2006).  

Wine ageing consist in maturation that is an oxidative ageing that takes place in tanks or 
barrels and bottling that is a reductive ageing (Martin and Sun, 2013). Traditional ageing in 
barrels has some disadvantages including time needed, high cost, thus innovative 
winemaking and ageing technologies are currently assayed. Ferraretto and Celotti (2016) 
evaluate the effect of HPU in wine aging. The authors reported that after the treatment (20 
kHz frequency, 1, 3 and 5 min. time and 51, 102 and 153 μm amplitude), the anthocyanins 
suffered no negative consequences, confirming thus their stability. Also, an increase in tannic 
compounds was observed. The results obtained by the authors suggested that the HPU uses 
might accelerate the aging process of wines with best results in young, well-colored wines.  

Other assays evaluate the influence of ultrasound on physicochemical parameters of red 
wine (Zhang et al., 2016). By variation of power (120, 150, 180, 210, 240, 270 and 300 W), 
frequencies (45, 80 and 100 kHz), exposure time (20, 40, 60, 80 and 100 min.) and temperature 
(20 °C, 30 °C, 40 °C, 50 °C and 60 °C), they concluded that ultrasound can change some 
physicochemical properties of red wine. The significantly changes were observed on the 
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concentration of total phenolic compounds and electrical conductivity and the suggested 
parameters were 240 W, 80 kHz, 20 °C and 80 min. However, the exposure time seem to be 
the main factor that leads to changes in red wine.  

CONCLUSIONS 

Ultrasound technique has been used by the 1960’ in the industry and it still is a subject of 
interest for enhancing or complements the conventional or traditional practices. Ultrasound 
has been assayed on different stages of the winemaking with different aims including 
accelerating chemical reactions and increase extraction of the compounds from grape to 
must. However, in the winemaking, most of the researchers have been carried out 
experiments at laboratory scale, where the conditions assayed were still limited and thus the 
results were not standardized related to operating conditions and makes the comparison 
within studies difficult.   

Despite the results that demonstrated the potential application of this emerging technique 
in winemaking, the complete effect of ultrasound is still to be assayed due to some 
undesirable reactions or effects that might occur, like off odors in wine. Still, the application 
of ultrasound in winemaking represents a possibility to optimize maceration, fermentation 
and maturation stages. 
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Abstract: As one of the most widely used acidic condiments in the world, vinegars have demonstrated
physiological functions. Due to their polyphenol content, blueberries (Vaccinium myrtillus L.) are a
valuable source of natural flavours and antioxidants for vinegar production. Ultrasound treatment
is recognized as an effective technique for improving the extraction yield of bioactive compounds
from various plant materials. The aim of this research was to investigate the antioxidant properties of
experimental vinegar variants obtained by an innovative manufacturing recipe using an alcoholic
substrate containing blueberry juice for a rapid initiation of acetic fermentation. The substrate was
subjected to ultrasound treatment at a frequency of 20 kHz and an amplitude (A) of 40%, 60%, and
80% for 3, 4, and 5 min. Under these conditions, total polyphenol content (TPC), total anthocyanins
content (TAC), antioxidant activity based on ABTS and DPPH assays, as well as the sensory attributes
in blueberry-vinegar formulations, were evaluated. The level of TPC and TAC and the antioxidant
activity of the developed vinegar variants were optimized using response surface methodology (RSM).
The obtained results revealed that ultrasound treatment resulted in increased TPC and TAC and
improved antioxidant properties and sensory characteristics of blueberry vinegar. Our data revealed
that the optimum values of the ultrasound treatment parameters were amplitude A: 78.50% and time
t: 3.96 min. The following predicted values were determined for the main parameters: TPC: 628.01
mg GAE/L, TAC: 22.79 mg C3G/L, ABTS: 391.7 µmol/100 mL, and DPPH: 229.17 µmol/100 mL. The
results of this study recommend the integration of both the use of an alcoholic substrate containing
blueberry juice and the application of ultrasound treatment in vinegar production as innovative
technological interventions with practical applicability for a rapid initiation of acetic fermentation and
for improving the antioxidant properties of blueberry vinegar. In addition, RSM can be considered
a valuable tool to optimize the ultrasound treatment’s effect on the antioxidant properties of the
vinegar formulations.

Keywords: blueberry vinegars; ultrasound treatment of alcoholic substrate; antioxidant activity;
phenolic compounds; anthocyanins; response surface methodology
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1. Introduction

Vinegar is used as a fermented flavouring ingredient and as a special culinary con-
stituent preservative, and also to give flavour to many food products such as salad dress-
ings, mayonnaise, mustard, ketchup, and other food [1]. Due to its vitamins, phenolic
compounds, and organic acids in its constitution, vinegar has multiple positive effects on
health, especially for appetite stimulation, blood-sugar control, blood-pressure regulation,
digestive, antimicrobial, body-weight management, antidiabetic, and lipid metabolism
regulation [2–5].

Fruits such as grapes, apples, bananas, lemons, strawberries, rice, orange, pineapple,
mulberry, blueberry, blackberry, or vegetables can be used as raw material for vinegar
production all around the world [6]. Vinegars are named according to their raw material
origin and uptake the properties of the corresponding raw material [7]. Berry vinegar
contains numerous bioactive compounds, including phenolic components. The synergic
effect of the acetic acid and these bioactive compounds could give to this product its ability
to reduce the availability of carbohydrates, which is good for people with diabetes [8].
Vinegars obtained from fruit juices conserve just a fraction of these health-connected
compounds [9].

According to the ‘Global Vinegar Market Report and Forecast 2021–2026’, the global
vinegar market reached USD 1.32 billion in 2020. Meanwhile, the global vinegar market it
is expected to grow at a Compound Annual Grow Rate (CAGR) of 1.6% between 2021 and
2026. It is expected to grow in the forecast period of 2021–2026 at a CAGR of 1.6% to attain
USD 1.43 billion in 2026 [10]. The global vinegar market is led by the rising consumption
of food globally. Europe is the largest vinegar market, representing nearly half of the
global market. Within Europe, Italy is the leading market for vinegar as well as its major
exporter [10,11].

The production of fruit vinegars as a way of making use of fruit byproducts is widely
employed by the food industry since it allows them to exploit surplus and low-quality
fruits without compromising the quality of the final product. The acetic nature of fruit
vinegars and the high sensory impact that this acid produces on the sensorial properties
of the product allow almost any type of fruit to be used for its elaboration. Every year,
large amounts of fruits are produced and wasted since the excess cannot be consumed or
because the fruits are considered of a second- or third-quality category [11].

In line with the Food and Agriculture Organization of the United Nations (FAO) [11],
21.6% of the fruit produced in the world is wasted, starting from the postharvest stage until
its distribution. Very often, fruit is rejected simply because of its “imperfect” appearance
or inadequate size, even if the fruit is edible. These actions lead to both ecological and
economic problems [12]. Considering the functional properties and the perishability of
these fruits, the use of such raw material in the production of high-value-added products
such as vinegars could be a valuable strategy [13]. Usually, this vinegar is produced from
raw materials containing sugar via sequential ethanol and acetic acid fermentations [14,15].

In the last few years, in food production, ultrasonic processing was considered a benefi-
cial method for improving the nutritional properties of products regarding the enhancement
of their biologically active compounds level, mostly the phenolic compounds [16]. It was
outlined that the use of ultrasonic extraction for vegetable extracts could raise sucrose
content, acidity content, phenolic compounds level, and pigmentation of liquid foods [17].
Data reported by other researchers [16,18] demonstrated the increase of the antioxidant
potential of different liquid food products, such as tomato juice or cider, after the use of
the ultrasound treatment. Currently, the reports of ultrasound treatment effects on the
antioxidant potential of vinegars obtained from berry juices are limited, despite its potential.

Response surface methodology (RSM) can reduce workloads and the time consump-
tion of the research work [3,19]. Therefore, RSM was used in this study, being successful
in “predicting the model of various process factors in a convenient manner such as food
science and engineering, chemical engineering and technology, and environment fields,
etc.” [19–21].
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In this study, an alcoholic substrate containing blueberry juice treated with ultrasound
was used to obtain blueberry vinegar. Under these conditions, the intention was to rapidly
initiate acetic fermentation. The degree of innovation of this study refers to a new recipe
used for obtaining blueberry vinegar and identifying a treatment formula for this product in
order to improve the polyphenols and anthocyanins content and the antioxidant properties.
Consequently, the goal of this study was to optimize (using RSM) the extraction of polyphe-
nols and anthocyanins, and the antioxidant activity of some vinegar variants obtained from
an alcoholic substrate containing blueberry juices treated by ultrasound. Optimization is
used in food processes, especially to minimize losses of bioactive ingredients, with RSM
being preferred for this purpose. Thus, we aimed to apply the ultrasound treatment for the
first time in blueberry-vinegar production by a new method and to optimize the bioactive
components (TPC, TAC, DPPH, and ABTS) using RSM.

2. Results and Discussion

The effects of high-power ultrasonic treatment were explored in terms of the content
of bioactive compounds such as TPC and TAC, as well as antioxidant activity measured
by ABTS and DDPH assays. All the above parameters were studied on blueberry fruits,
blueberry juice, juice diluted with water, and blueberry vinegar (B), as well as on the
samples subjected to ultrasound treatment at 40, 60, and 80% amplitude for 3, 4, and
5 min, as follows: B403 (A = 40%; t = 3 min), B404 (A = 40%; t = 4 min), B405 (A = 40%;
t = 5 min), B603 (A = 60%; t = 3 min), B604 (A = 60%; t = 4 min), B605 (A = 60%; t = 5 min),
B803 (A = 80%; t = 3 min), B804 (A = 80%; t = 4 min), and B805 (A = 80%; t = 5 min).

2.1. Analysis of the Raw Material (Blueberry) and Blueberry Juices Obtained

The titratable acidity (TA), pH, and total soluble solids (TSS), expressed in ◦Brix, of
fruit raw material, blueberry juice, and blueberry juice diluted with water are presented
in Table 1.

Table 1. Titratable acidity, pH and total soluble solids of blueberry fruits, blueberry juice, and
blueberry juice diluted with water.

Sample Titratable
Acidity (%) TSS (◦Brix) pH TSS/TA

Ratio

Blueberry 1.29 ± 0.02 12.28 ± 0.47 3.02 ± 0.14 9.44
Blueberry juice 0.94 ± 0.01 13.02 ± 0.26 3.17 ± 0.29 12.48

Juice diluted with water 0.75 ± 0.01 10.00 ± 0.00 3.3 ± 0.00 11.76
Each value represents average ± standard deviation (n = 3).

According to Saftner et al. [22], for consumption, the blueberries should have TSS
values above 10%, total titratable acidity values between 0.3% and 1.3%, pH values from
2.25 to 4.25, and a TSS/TA ratio between 10 and 33. In our case, the titratable acidity varied
around the value of 1.29% with a pH of 3.02, which is acceptable for fresh consumption.
However, in relation to acidity and TSS/TA ratio, the value is less than 10% and, hence,
their destination for the production of vinegars could be of interest for being explored. The
results for pH (3.02) and titratable acidity (1.29%) indicated the fruits were quite acidic.
Similar values for titratable acidity (1.58%) were reported for blueberries cultivated in
Turkey [23]. Likewise, mature blueberries cultivated in Nova Scotia (Canada) were much
less acidic than the blueberries used in this work [24]. High values of blueberry acidity
were also reported by de Souza et al. [25] and by da Silva Fonseca et al. [13] for blueberries
grown in Brazil (2.56% and 2.04%).

The results for total soluble solids content (12.28 ◦Brix) were similar to that reported
by da Silva Fonseca et al. [13] for Brazilian blueberries and by Almenar et al. [26] who
found a value of 12.67 ◦Brix for high bush blueberries (V. corymbosum L.).
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Total phenolic content (TPC), total anthocyanin content (TAC), and antioxidant po-
tential, expressed as ABTS and DPPH assay of the berry fruits raw material are presented
in Table 2.

Table 2. Total phenolic content, total anthocyanin content, and antioxidant potential of berry fruits.

Fruit Raw Material TPC
(mg GAE/100 g)

TAC
(mg C3G/100 g)

ABTS
(µmol TE/g)

DPPH
(µmol TE/g)

Blueberry 642.37 ± 0.24 1 80.28 ± 0.82 1 38.36 ± 6.03 1 27.58 ± 0.5 1

5246.94 ± 19.49 2 651.46 ± 6.67 2 312.38 ± 0.74 2 224.59 ± 5.94 2

1 Values specified at fresh weight FW; 2 Values specified at dry weight DW. Each value represents average ±
standard deviation (n = 3).

Table 3 contains data on the total phenolic content (TPC), total anthocyanin content
(TAC), and antioxidant potential of the blueberry juices used in the vinegar manufactur-
ing process.

Table 3. Total phenolic content, total anthocyanin content, and antioxidant potential of blueberry
juices used in the vinegar manufacturing process.

Raw Material
TPC

(mg GAE/L)
(mg GAE/100 g DW)

TAC
(mg C3G/L)

(mg GAE/100 g DW)

ABTS
(µmol TE/100 mL)
(µmol TE/g DW))

DPPH
(µmol TE/100 mL)
(µmol TE/g DW)

Blueberry juice 1364.52 ± 46.4 1 195.28 ± 11.54 1 798.2 ± 18.43 3 653.9 ± 25.18 3

1048.0 ± 3.56 2 149.98 ± 8.82 2 68.9 ± 7.40 4 50.22 ± 14.72 4

Juice diluted with water 972.18 ± 23.4 1 142.46 ± 2.80 1 600.3 ± 38.19 3 482.01 ± 28.30 3

972.1 ± 23.4 2 142.46 ± 2.80 2 60.03 ± 3.80 4 48.27 ± 16.50 4

1 Values expressed in mg GAE/L (FW). 2 Values expressed in mg GAE/100 g DW (specified at dry weight DW).
3 Values expressed in µmol TE/100 mL FW. 4 Values expressed in µmol TE/g DW.

Similar amounts of the total phenolic compounds of the blueberry used in the present
study (642.37 mg GAE/100 g) were reported by Bunea et al. [27] for the Bluecrop variety
(652.27 mg GAE/100 g) and by da Silva Fonseca et al. [13] when using ethanol as an
extraction solvent (697.49 mg GAE/100 g).

The results regarding the total anthocyanins tested in our study for the blueberry
(80.28 mg/100 g) were similar to those found by Jacques et al. [28] ranging from 72 to
128 mg/100 g and with those obtained by da Silva Fonseca et al. [13] (88.29 mg/100 g). In
the case of the anthocyanins content, the results were much less than those obtained by
Bunea et al. [27] for the Romanian blueberry V. corymbosum L. (100.58–163.40 mg/100 g).
The content of anthocyanins depends on many factors (growing area, climatic conditions,
harvest time, positioning conditions, etc.). These factors may have contributed to the
observed differences in anthocyanin content.

Regarding the antioxidant activity of the blueberry tested in this study using an ABTS
assay (38.36 µmol TE/g), higher values were found compared to the values reported by
Bunea et al. [27] for several blueberry varieties, ranging from 24.33 to 36.46 TE mmol/g.

2.2. Vinegars Variants Obtained (Acidity, TSS)

The average values of vinegar acidity obtained in this study are presented in Figure 1
and varied between 3.597 and 4.307% after 50 days of fermentation. Generally, the acidity
values were similar to the data presented by da Silva Fonseca et al. for blueberry vine-
gars [13]. The maximum value of acetic acid content (4.307%) was obtained for variant
B804 (Figure 1).
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Figure 1. The average value of acidity (acetic acid %) of the blueberry variants obtained using sub-
strates ultrasounds treated (graph of acetic acid formation in different stages of acetic fermentation).
Data were expressed as the average values of 3 determinations ± standard deviation. Values with
different letters differ significantly by ANOVA and Duncan’s test (p < 0.05).

According to Tarhon M.C and to Romanian legislation, fruit vinegars must have a
minimum acidity of 3.5 g/100 mL acetic acid and can present a maximum residual ethanol
content of 1 g/L [29].

The vinegars obtained in this study are in accordance with legislation (Figure 1). The
legislation does not establish the maximum value for the acetic acid content of the vinegar,
but a vinegar with an acidity exceeding 5.5% can be rejected by consumers [13].

2.3. Total Phenolic Content and Total Antocyanins Content of Blueberry Vvinegars

The average values of total polyphenol content, total anthocyanins content, and
antioxidant potential, expressed as ABTS and DPPH assay, of blueberry vinegars obtained
using the process described in the chapter material and methods are presented in Table 4.

Table 4. Average values of the total soluble solids, total polyphenol content, total anthocyanins
content, and antioxidant potential of blueberry vinegars.

TSS TPC TAC ABTS DPPH

(◦Bx) (mg GAE/L) (mg GAE/100 g DW) (mg C3G/L) (mg GAE/100 g DW) (µmol TE/100 mL) (µmol TE/g DW) (µmol TE/100 mL) (µmol TE/g DW)

B 8.6 431.33 ± 24.72 e 501.55 ± 28.74 e 13.46 ± 3.22 d 15.65 ± 3.72 d 209.18 ± 42.60 e 24.32 ± 49.53 e 137.41 ± 11.35 e 15.98 ± 13.20 e

B603 8.6 441.41 ± 51.11 e 513.27 ± 58.75 e 15.25 ± 1.32 cd 17.73 ± 1.52 cd 220.63 ± 37.22 e 25.65 ± 42.78 e 146.68 ± 16.42 e 17.06 ± 18.87 e

B803 8.6 455.45 ± 38.36 e 529.59 ± 43.44 e 16.07 ± 1.96 cd 18.69 ± 2.22 cd 244.29 ± 25.87 e 28.41 ± 29.30 e 150.66 ± 11.85 e 17.52 ± 13.42 e

B403 8.5 486.77 ± 25.30 de 572.67 ± 29.42 de 16.45 ± 2.18 cd 19.35 ± 2.53 cd 260.34 ± 18.00 de 30.63 ± 20.9 de 139.99 ± 19.07 e 16.47 ± 22.17 e

B604 8.7 475.88 ± 38.39 e 546.99 ± 44.13 e 16.05 ± 2.60 cd 18.45 ± 2.99 cd 300.62 ± 34.13 cd 34.55 ± 39.23 cd 155.02 ± 13.00 e 17.82 ± 14.94 e

B805 8.7 601.84 ± 30.26 ab 691.77 ± 33.62 ab 21.08 ± 2.44 ab 24.23 ± 2.71 ab 363.69 ± 14.50 b 41.80 ± 16.11 b 217.10 ± 12.02 ab 24.95 ± 13.36 ab

B605 8.5 547.63 ± 19.22 bc 644.27 ± 22.61 bc 18.61 ± 1.50 bc 21.89 ± 1.76 bc 350.51 ± 25.26 bc 41.24 ± 29.72 bc 187.56 ± 11.07 cd 22.07 ± 13.02 cd

B804 8.83 536.53 ± 24.00 cd 607.62 ± 26.67 cd 20.74 ± 1.86 ab 23.49 ± 2.07 ab 317.31 ± 25.04 bc 35.94 ± 27.82 bc 179.96 ± 12.04 d 20.38 ± 13.38 d

B404 9.0 643.05 ± 28.05 a 714.50 ± 32.62 a 23.29 ± 1.34 a 25.88 ± 1.56 a 417.19 ± 37.53 a 46.35 ± 43.64 a 238.04 ± 14.18 a 26.45 ± 16.49 a

B405 9.0 588.15 ± 27.39 abc 653.50 ± 32.22 abc 21.15 ± 2.38 ab 23.50 ± 2.80 ab 361.03 ± 17.93 b 40.11 ± 21.09 b 204.56 ± 11.33 bc 22.73 ± 13.33 bc

Data were expressed as the average of 3 determinations ± standard deviation. Values with different letters differ
significantly by ANOVA and Duncan’s test (p < 0.05).
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To understand the influence of ultrasound treatments on the biologically active com-
pounds of blueberry vinegars and to improve the levels of these valuable substances, the
response surface methodology (RSM) was used. All polynomial mathematical equations
concerning the indicators of the vinegars obtained in this study are given as the results of
RSM. Therefore, with the aim to optimize the process for increasing the level of TPC and
TAC, the following polynomial model was used:

TPC (mg GAE/L) = 601.81 + 57.73 × X1 + 30.90 × X2 − 28.46 × X1
2 − 55.83 × X2

2 + 1.57 × X1 × X2 (1)

TAC (mg C3G/L) = 21.08 + 2.55 × X1 − 0.6538 × X2 − 0.7289 × X1
2 − 1.90 × X2

2 − 0.1972 × X1 × X2 (2)

where X1 indicates the ultrasound amplitude and X2 refers to the time of the treatment.
These models indicate the effect of amplitude and time on the TPC and TAC values in

berry vinegar as a result of RSM, using the experimental design presented in Table 5. The
TPC values were the highest (643.2 mg GAE/L) for the ultrasound-treated samples using
an amplitude of 80% for 4 min. The lowest TPC value was found in the samples treated
with an amplitude of 40% for 3 min (441.4 mg GAE/L). Regarding the TAC of the samples,
the lowest value was reported at 3 min and with 40% amplitude in sample application
3 (B403) (15.31 mg C3GE/L). The highest TAC value was identified in the variant treated
with 80% amplitude for 4 min (23.29 mg C3GE/L) (Table 5).

Table 5. The measured responses in the experimental design (RSM).

Sample
Application

(ID)

Independent Variables Dependent Variables

Amplitude
(X1)

Time
(X2)

Response 1 Response 2 Response 2 Response 3

TPC
(mg GAE/L)

TAC
(mg C3G/L)

ABTS
(µmol TE/100 mL)

DPPH
(µmol TE/100 mL)

B - - 431.33 13.46 209.18 137.41
1 (B603) 60 3 475.88 16.05 300.62 155.02
2 (B803) 80 3 536.53 20.74 317.31 179.96
3 (B403) 40 3 441.41 15.31 220.63 146.68
4 (B604) 60 4 600.19 21.01 363.43 216.94
5 (B604) 60 4 605.32 21.11 364.44 217.88
6 (B805) 80 5 588.15 21.15 361.03 204.56
7 (B605) 60 5 547.63 18.61 350.51 187.56
8 (B604) 60 4 600.21 21.05 363.32 216.44
9 (B804) 80 4 643.05 23.29 417.19 238.04

10 (B604) 60 4 603.28 21.13 363.42 217.88
11 (B404) 40 4 455.45 16.07 244.29 150.66
12 (B604) 60 4 600.19 21.12 363.84 216.37
13 (B405) 40 5 486.77 16.45 260.34 139.99

The results regarding the analysis of variance (ANOVA) for the responses in the case
of TPC (mg GAE/L) and TAC (mg C3G/L) of the berry vinegar samples at different levels
of amplitude and time are presented in Table 6.

For complying with the level, there was found a quadratic model (R2 = 0.9614 for TPC,
respectively, R2 = 0.9889 for TAC). The effect of the amplitude on the TPC and TAC of the
samples was statistically significant at p < 0.001.

The change of the TPC and TAC values, depending on the US time and amplitude is
presented in Figure 2.
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Table 6. Analysis of variance (ANOVA) for the responses regarding vinegars TPC and TAC.

Source SS DF MS F-Value p-Value Significance

Model for TPC
(mg GAE/L) 52,678.71 5 10,535.74 60.73 <0.0001 **

X1 = A-Amplitude 26,658.15 1 26,658.15 153.67 <0.0001 **
X2 = B-Time 4922.79 1 4922.79 28.38 0.0001 **

AB 9.80 1 9.80 0.0565 0.8190 -
A2 6520.57 1 6520.57 37.59 0.0005 *
B2 16,951.25 1 16,951.25 97.72 <0.0001 **

Lack of Fit 1192.03 3 397.34 71.32 0.0006 -
Total 53,893.02 12 -

R2 = 0.9775; Adjusted R2 = 0.9614; Std. Dev. = 13.17; Average = 552.62; C.V. % = 2.38

Model for TAC
(mg C3G/L) 82.45 5 16.49 214.12 <0.0001 **

X1 = A-Amplitude 52.02 1 52.02 675.51 <0.0001 **
X2 = B-Time 3.42 1 3.42 44.40 0.0003 *

AB 0.1560 1 0.1560 2.03 0.1976 -
A2 3.70 1 3.70 47.99 0.0002 *
B2 25.22 1 25.22 327.42 <0.0001 **

Lack of Fit 0.5284 3 0.1761 65.72 0.0007 -

R2 = 0.9935; Adjusted R2 = 0.9889; Std. Dev.= 0.2775; Average = 19.46; C.V. % = 1.43

SS: Sum of squares; DF: degree of freedom; MS: average squares; TPC: total polyphenols content; TAC: total
anthocyanin content; * significant at p < 0.05 and ** significant at p < 0.01

In the optimization model, TPC was determined to be 628.02 mg GAE/L and TAC was
found to be 22.79 mg C3G/L, after 3.96 min and 78.50% amplitude treatment
(Figure 2), an increase of 45.6% was found for TPC, compared with the untreated con-
trol, and, respectively, an increase of 69.3% was identified for the TAC amount value.

Similar results regarding the positive effects of ultrasonic treatments on vinegars TPC
were reported by Yikmis, et al. for apple [3] and tomato vinegars [9], by Lieu et al. [17] for
grape juice, by Brezan et al. [16] for apple cider, and by Bhat et al. [30] for lime juice.

2.4. Antioxidant Activity of Berry Vinegars

With the aim of optimizing the process to increase the level of ABTS and DPPH, the
following polynomial model was used:

ABTS (µmol TE/100 mL) = 363.69 + 55.23 × X1 + 19.25 × X2 − 26.06 × X1
2 − 28.64 × X2

2 + 1.01 × X1 × X2 (3)

DPPH (µmol TE/100 mL) = 217.1 + 27.68 × X1 + 9.64 × X2 − 14.55 × X1
2 − 28.41 × X2

2 + 7.82 × X1 × X2 (4)

where X1 indicates the ultrasound amplitude and X2 refers to the time of the treatment.
Table 7 presents the results of the ANOVA analysis for ABTS (µmol TE/100 mL) and

DPPH µmol TE/100 mL) values of the berry-vinegar samples. In this study, a quadratic
model was used (R2 = 0.8607 for ABTS and R2 = 0.9189 for DPPH) and the values obtained
are within the accepted limits.

The change of ABTS and DPPH values, depending on the US variables (amplitude
and time) is presented in Figure 3.

At the end of optimization, ABTS was found to be 363.69 (µmol TE/100 mL) and
DPPH respectively 217.102 (µmol TE/100 mL) for 3.96 min treatment at 78.50% amplitude
(Figure 4).

The lowest DPPH (µmol TE/100 mL) value was determined in the sample treated
for 5 min with 40% amplitude, application 13 (139.1 µmol TE/100 mL), while the highest
DPPH value was detected in the sample treated with 80% amplitude for 4 min (238.9 µmol
TE/100 mL).
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Figure 2. Response surface showing the effect of time (min) and amplitude (A%) of the ultrasound
treatments on bioactive compounds of the blueberry vinegars: (a) TPC (mg GAE/L); (b) TAC
(mg C3G/L).
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Table 7. Analysis of variance (ANOVA) of responses for antioxidant activity (evaluated by DPPH
and ABTS assays) of the vinegar samples.

Source SS DF MS F-Value p-Value Significance

Model for ABTS *
(µmol TE/100 mL) 36,608.95 5 7321.79 15.83 0.0011 *

X1 = A-Amplitude 24,406.97 1 24,406.97 52.77 0.0002 **
X2 = B-Time 2964.31 1 2964.31 6.41 0.0391 *

AB 4.04 1 4.04 0.0087 0.9282 -
A2 4723.21 1 4723.21 10.21 0.0152 *
B2 5707.83 1 5707.83 12.34 0.0098 *

Lack of Fit 3236.73 3 1078.91 5004.21 <0.0001 -
Total 39,846.54 12 -

R2 = 0.9187; Adjusted R2 = 0.8607; Std. Dev. = 21.15; Average = 330.03; C.V.% = 6.52

Model for DPPH *
(µmol TE/100 mL) 12,791.90 5 2558.38 28.21 0.0002 *

X1 = A-Amplitude 6128.57 1 6128.57 67.57 <0.0001 **
X2 = B-Time 511.31 1 511.31 5.64 0.0493 *

AB 244.77 1 244.77 2.70 0.1444 -
A2 1592.54 1 1592.54 17.56 0.0041 *
B2 4946.38 1 4946.38 54.53 0.0002 *

Lack of Fit 632.73 3 210.91 381.58 <0.0001 -

R2 = 0.9527; Adjusted R2 = 0.9189; Std. Dev. = 9.41; Average = 190.66; C.V. % = 4.94

SS: Sum of squares; DF: freedom degree; MS: average squares; * significant at p < 0.05 and ** significant at p < 0.01.

The antioxidant activity mentioned in this study is higher than those reported by
Arvaniti et al. [31] for commercial and homemade Greek vinegars (from apple cider) and
similar to those specified by da Silva Fonseca et al. [13] for the blueberry and honey vinegars
obtained using another fermentation process.

As stated by Wang et al. [32], ABTS and DPPH radicals have a different stereo-chemical
composition and consequently confer, after interaction with antioxidants, a qualitatively
different reaction for radical deactivation. In this context, more than a single assay is needed
to provide the amount of information needed to estimate the antioxidant potential.

Figure 4 showed that a satisfactory antioxidant range is likely to be obtained by
applying an ultrasound treatment with an amplitude of 78.50% and a period time of
3.96 min and this fact is most likely owing to the high responsiveness of phenolics to
these conditions.

2.5. HPLC Analysis of Phenolic Compounds

In this study, four phenolic compounds (ellagic acid, gallic acid, ferulic acid, and
chlorogenic acid) were identified in several samples chosen according to the results obtained
using the model optimization. The choice of the study of the four hydroxycinnamic acids
was made taking into account data from the literature that reported hydroxycinnamic
acids (gallic acid and caffeic acid) as the main phenolic compounds in most types of fruit
vinegars [33]. Chou et al. [34] highlighted that the number of flavonoids in vinegars is less.
The authors reported that only one flavonoid compound (catechin) was detected when 21
flavonoid standards were analyzed. In persimmon vinegar, hydroxycinnamic acids were
reported as major compounds [35], while in pomegranate vinegar, the protocatechuic acid
(28.88 ± 0.02 mg/L), followed by gallic acid, were the most abundant phenolic compounds
detected [36].

The level of these antioxidants in the vinegars obtained using the US treated substrates
A 80% and 60% for 4 and 5 min and the untreated substrate are presented in Table 8.
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Figure 3. Response surface showing the effect of time (min) and amplitude (A%) of the ultrasound
treatments on the antioxidant potential of the blueberry vinegars: (a) ABTS assay; (b) DPPH assay.

It can be observed that the level of all phenolics compounds identified by HPLC
analysis was the highest in the vinegar sample B804 (ID Table 5). This vinegar sample was
obtained using an amplitude of 80% for 4 min and the values of the treatment parameters
were very close to those recorded after applying the optimization model (A 78.5%, 3.96 min).
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Figure 4. Contour plots showing the optimum predicted values for all the responses (parameters
predicted values for amplitude 78.50% and 3.96 min time period of the US treatment): (a) desir-
ability; (b) predicted value for TPC (612.715; 643.31); (c) predicted value for TAC (22.4769; 23.1216);
(d) predicted value for ABTS (366.732; 416.689); (e) predicted value for DPPH (218.104; 240.227).
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Table 8. Phenolic compounds in the vinegar samples identified by HPLC.

Sample Ellagic Acid
(µg/100 mL)

Gallic Acid
(µg/100 mL)

Ferulic Acid
(µg/100 mL)

Chlorogenic
Acid (µg/100

mL)

B 1.781 ± 0.085 d 21.466 ± 2.72 d 1.506 ± 0.038 d 17.422 ± 1.083 b

B804 3.347 ± 0.026 a 35.22 ± 1.03 a 2.538 ± 0.116 a 18.801 ± 0.995 a

B805 3.271 ± 0.018 b 34.065 ± 0.85 b 1.967 ± 0.047 b 8.588 ± 0.084 d

B604 3.062 ± 0.104 c 28.215 ± 1.34 c 1.59 ± 0.062 c 14.238 ± 1.027 c

B605 2.353 ± 0.163 c 21.914 ± 2.78 d 1.536 ± 0.009 cd 8.447 ± 0.082 d

Data were expressed as the average of 3 determinations ± standard deviation. Values with different letters differ
significantly by ANOVA and Duncan’s test (p < 0.05).

2.6. Sensory Analysis

The results of sensory analysis of blueberry-vinegar samples, based on odour and
taste profiles (general impression, pungent sensation, aromatic intensity, taste, and ethyl
acetate odour) are presented in Figure 5. Among the judges, there were six experts (three
female and three male panellists). The score of the attribute “ethyl acetate odor” is only the
score of intensity.
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Table 5. There were significant differences between samples at p < 0.05 and n.s., no statistical difference.

Sensory analysis of the vinegar variants evaluated revealed no abnormal odours. It
was observed that there was no statistically significant difference between all samples in
the case of the vinegars taste. The intensely sour taste of vinegar led to similar results, with
the scores given by the tasters being close (there were no significant differences in taste).

The B804 (ID Table 5) sample was the most preferred sample regarding the evaluation
of colour (8.27), aromatic intensity (8.18), pungent sensation (7.07), and general evaluation
of impression (8.18) (p < 0.05).

The evaluation of the panellists highlights that the samples obtained using ultrasound-
treated substrates were generally more liked compared with the sample control (B). Similar
data were reported by Yikmus, et al. [4] for US-treated juice vinegars, products generally
admired by the panellists. Other researchers reported also an improvement in the sensory
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evaluations because of the ultrasound treatments used in the processing of various fruit
juices [37].

3. Materials and Methods
3.1. Materials, Reagents

Folin–Ciocalteu reagent, was acquired from Sigma-Aldrich (St. Louis, MI, USA). DPPH
(cat. no. D9132, purity 97%) and ABTS (cat. no. A1888, purity 98.6%) were acquired from
Sigma-Aldrich (St. Louis, MO, USA). Cyanidin 3 glycoside and gallic acid were acquired
from Karl Roth GmbH (Karlsruhe, Germany). Hydrochloric acid, sodium acetate, sodium
carbonate, and sodium hydroxide were acquired from POCH BBASIC (Glivice, Poland).
Trolox were acquired from Sigma-Aldrich (St. Louis, MO, USA).

Wild blueberry fruits (Vaccinium myrtillus L., Wild), sold at a local fruit market, were
used as raw materials. The berries were harvested in August from a hilly area situated in
Northeast Romania 45◦43′18′′ N 26◦20′15′′ E (Comandau, Covasna County, Romania).

3.2. Production of Berry-Vinegar Variants

Fresh blueberries were sorted, mechanically crushed (with a beater), and the berry
juice was obtained under laboratory conditions using a Bosch MES3500 (700 W) centrifugal
juice extractor (Bosch GmbH, Stuttgart, Germany) following a procedure typically applied
at home scale.

The clear blueberry juice obtained was used for the production of vinegar according to
the technological flow chart shown in Figure 6 but the method used was not the traditional
one. We have tried a new method, our intention being the faster initiation of acetic
fermentation, the use of treatments leading to the accentuation of the functional valences of
the finished product, and the identification of the optimal parameters of these treatments
in order to obtain vinegar with improved antioxidant properties.

First, the berry juices were diluted with water in order to obtain substrates having
total soluble substances of 10 ◦Brix. After that, these substrates were mixed with ethanol
(7%, v/v), glucose (4%, w/v), and apple vinegar (10%, v/v) for acidification. A commercial
mineral-salts blend (0.03%, w/v; Acetozym® (Heinrich Frings GmbH & Co. KG, Rheinbach,
Germany ) was used to supplement the substrates. After the ultrasound treatments, this
substrate having enough alcohol for the acetic fermentation was inoculated (in ratio 10%,
v/v) with a culture of acetic bacteria prepared according to da Cunha et al. [1] and da Silva
Fonseca [13]. A volume of 200 mL ultrasound-treated substrate was transferred to a 0.5 L
capacity glass jar and inoculated with 20 mL acetic bacteria culture inoculum. The acetic
bacteria culture and the inoculum were prepared according to da Cunha et al. [1]. The
acetic acid bacteria were isolated from red grape (Vitis vinifera L.) vinegar produced in the
faculty laboratory, by cultivating nonpasteurized vinegar in a GY medium (100 g/L glucose,
10 g/L yeast extract, and 100 mg/L natamycin). For obtaining the inoculum, in 500 mL
Erlenmeyer flasks there were mixed the acetic bacteria culture (25 mL) with blueberry wine
(150 mL), the dilution of the bacterial culture being 1:7. The flasks were incubated at 30 ◦C
for 24 h in an orbital shaker rotating at 120 rpm for growth and cell adaptation and then
added to the alcoholic substrates.

The fermentation temperature was set at 30 ◦C. During the process were determined
the acidity (% acetic acid) and the pH values. The fermentation process was stopped when
the acetic acid content was stable for a period of 7 days and until the alcohol content was
between 0.5% and 1%. The acetic fermentation experiments were completed in 50 days
after the inoculation. As a control (B sample), it used the untreated berry vinegar. Vinegar
samples were stored at 4 ◦C.

3.3. Titratable Acidity, pH, and Total Soluble Solids

The pH, titratable acidity (% acetic acid), and total soluble solids values were deter-
mined for the substrates (before fermentation) and for the vinegar samples. The pH was
measured using a pH meter (Consort C5020T, Consort, Turnhout, Belgium), the acidity
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(% acetic acid) was determined by titration with a solution of 1N NaOH in the presence
of phenolphthalein as an indicator and the total soluble solids content (TSS, ◦Brix) was
analysed using a refractometer (OE Germany/OE Swiss/MASS) at room temperature.
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3.4. Ultrasound (US) Treatments

The substrates were ultrasonically treated (VCX-750, Sonics & Materials, Inc.,
Newtown, CT, USA) using a continuous frequency of 20 kHz, an amplitude A of 40%, 60%,
and 80%, and a power of 750 W for periods of 3, 4, and 5 min for samples of 19 mm and
500 mL as a mixture [16].

3.5. Factorial Experimental Design

The berry vinegars’ parameters were analyzed using Minitab Statistical Analysis
Software (Minitab18.1.1) and response surface methodology (RSM) was employed in order
to optimize the ultrasound treatment’s effect on the antioxidant properties of the products.
Table 5 presents the test applications (ID samples) used for optimization.

The response surface method (RSM) was used to understand the effect of ultrasound
treatment of blueberry vinegar on bioactive components. Central composite design (CCD)
was chosen for RSM. Two factors and 3 levels were determined in the design. There were 13
trial points for RSM optimization. Model adequacy, R2 and corrected R2 coefficients, lack-
of-fit tests, and ANOVA results were evaluated. The independent variables were duration
(X1) and amplitude (X2). Dependent variables were total phenolic content (TPC), total
anthocyanins content (TAC), and total antioxidants (DPPH and ABTS). MINITAB statistical
software (Minitab 18.1, Minitab, Inc., State College, PA, USA, 2017) was used for RSM
and its graphs were developed with SigmaPlot 12.0 Statistical Analysis Software (Systat
Software, Inc., San Jose, CA, USA). A polynomial was used to create model equations.
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3.6. Total Phenolic Content (TPC) and Total Monomeric Anthocyanins Content (TAC)

Total phenolic content (TPC) of the samples was analyzed by the Folin–Ciocalteu
method [38] using a plate reader spectrophotometer (Tecan, SunRiseTM, software MagellanTM,
Männedorf, Switzerland). The TPC was calculated as milligrams of gallic acid equivalents
(GAE) per litre (L) and per 100 g dry weight (DW).

Total anthocyanins monomers were determined using the differential pH method and
the absorbance was measured by the use of a spectrophotometer DR2800 type (Hach Lange,
Loveland, CO, USA) [39]. The results were reported as mg cyanidin 3 glycoside (C3G) per
litre of vinegar, respectively, per 100 g DW.

3.7. Antioxidant Activity

The antioxidant activity was determined by two different methods, respectively, ABTS
and DPPH assays.

3.7.1. ABTS Assay

The antioxidant potential of vinegar variants in reaction with ABTS (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) radical (ABTS +) was determined by referring to
a method related by Re et al. [40]. Trolox standards were applied to generate the calibration
curve. Results were reported in µmol Trolox Equivalents per 100 mL of vinegar (µmol
TE/100 mL) and per g dry weight (µmol TE/g DW).

3.7.2. DPPH Assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was formulated by a method de-
scribed by Kumaran et al. [41]. Absorbance was analyzed at 517 nm (spectrophotometer
DR2800, Hach Lange, Loveland, USA) considering the methanol as a witness sample. The
antioxidant activity of the samples against DPPH radicals was expressed as micromoles of
Trolox equivalents per 100 mL of vinegar (µmol TE/100 mL) and per g dry weight (µmol
TE/g DW) using a calibration curve previously created.

3.8. Polyphenols Profiles by HPLC Analysis

The polyphenolic compounds profile was determined by high-performance liquid
chromatography (HPLC) according to the method described by Abdel-Hameed et al. [42].
Separations were performed using an Agilent Technologies 1200 chromatograph equipped
with a UV-DAD detector, using a 250 mm × 4 mm Licrocart (Licrospher PR-18 5 µm)
column (Merck, Darmstadt, Germany) operated at 30 ◦C. All recorded data were processed
using Agilent Chem Station B.04.03 software (Agilent, Santa Clara, USA). The mobile phase
consisted of water/acetic acid (97:3, v/v) (eluent A) and acetonitrile (eluent B) at the flow
rate of 1 mL/min. The linear gradient profile was as follows: 97% A (0 min), 97–91% A
(5 min), 91–84% A (5–15 min), 84–65% A (15–20.8 min), 65–64.5% A (20.8–36 min), 64.5–50%
A (36–37 min), 50% A (37–38 min), 50–97% A (38–39 min), and 97% A (42 min). The injection
volume was 20 µL.

3.9. Sensory Analysis

The overall acceptability of the vinegar samples was evaluated by considering odor
and taste profiles (general impression, pungent sensation, aromatic intensity, taste, and
ethyl acetate odor). Twelve female and ten male panellists participated in the vinegar
samples evaluation. Each sample was dosed in glass containers 20 ± 1 g and placed at
4–6 ◦C until serving. For performing the analysis, a 9–point hedonic scale was used. Scale
scores were the following: excellent, 9; very good, 8; good, 7; acceptable, 6; and poor, <6.

3.10. Statistical Analysis

In order to optimize the antioxidant potential of blueberry vinegar, the RSM (Minitab
18.1, Minitab, Inc.) was used. There were obtained three-dimensional graphs (Sigma
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Plot 12.0 Statistical Analysis Software, Systat Software, Inc.). Samples were prepared
in triplicate.

4. Conclusions

This study provides strong evidence for the integration of ultrasound treatment of
alcoholic substrate containing blueberry juices as an effective step in vinegar production
to increase the extraction of bioactive compounds and, consequently, to enhance the an-
tioxidant properties of the resulting products. The added value of this study consists
both in the use of a new recipe to obtain blueberry vinegar, using an alcoholic substrate
containing fruit juice and in the optimization, based on the response surface methodology,
of the extraction process of antioxidant compounds from blueberry. The obtained data
proved that the blueberry vinegars ultrasound-treated and optimized were of superior
quality in relation to the polyphenols and anthocyanins content having, at the same time,
better antioxidant properties. For the optimum values of all these parameters, the better
values found for US amplitude and duration were 78.50% and 3.95 min, respectively. The
sensory analysis of blueberry-vinegar variants revealed that the samples obtained using
ultrasound-treated substrates were generally more liked compared with the control sample.
The vinegar sample obtained following ultrasound treatment at 80% amplitude for 4 min,
which showed the highest TPC and TAC levels and the strongest antioxidant properties
assessed by the DPPH and ABTS tests, was the most preferred sample in terms of colour,
aromatic intensity, pungent sensation, and overall impression. Blueberry vinegars obtained
by ultrasound treatment of the raw material are a good source of polyphenolic compounds
that contribute to the daily intake of antioxidants. We plan to extend the research for a
more indepth analysis of polyphenolic compounds in blueberry-vinegar variants obtained
using ultrasound treatments. Our results highlight that the use of an ultrasonically treated
alcoholic substrate represents innovative items with practical applicability for a rapid start
of acetic fermentation and for improving the antioxidant properties of blueberry vinegar.

Limitations of this study could be due to the experimental design with only three levels
of variable design (multivariate). Therefore, future approaches are considered to improve
the design in order to meet the optimal condition for obtaining the best blueberry-vinegar
variant with a high level of valuable bioactive compounds. In addition, any study on the
antioxidant and TPC potential of blueberry vinegars should take into account the structure
of the antioxidants, their contribution, raw material, technology, and the ageing process. In
light of this approach, we intend to continue research on blueberry vinegars as products
with a promising antioxidant potential and multiple benefits for human health.
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Abstract: The aim of this research was to improve the physical-chemical properties and processability
of wheat durum pasta while adding supplementary nutritional benefits. This was accomplished
by incorporating carob powder into the conventional wheat pasta recipe. The study investigated
the properties of pasta made with different proportions of carob powder (2%, 4%, 6% w/w) and
evaluated its nutritional profile, texture, dough rheological properties and the content of bioactive
compounds such as phenolic compounds. The physical and chemical properties (total treatable
acidity, moisture content, and protein content), compression resistance, rheological properties of the
dough and sensory analysis were also analyzed. Results showed that incorporating up to 4% carob
powder improved the sensory and functional properties of the pasta. Additionally, the study found
that the pasta contained phenolic compounds such as Gallic, rosmarinic, rutin and protocatechuic
acids, ferulic, coumaric, caffeic acid, resveratrol and quercetin, and increasing the percentage of
carob powder improved the polyphenolic content. The study concluded that it is possible to create
innovative value-added pasta formulas using carob powder. Thus, the information revealed by this
study has the potential to expand the portfolio of functional pasta formulations on the food market.

Keywords: carob powder; pasta; bioactive compounds; pasta properties; compression resistance;
sensory analysis

1. Introduction

Pasta represents one of the most consumed food products throughout the world, being
distinguished by easiness and quickness of preparation [1]. It is an important source of
carbohydrates (mainly starch), it contains proteins, a variable number of fibers and a very
low concentration of fat [2].

The last report of the International Pasta Organization (IPO) indicated that 14.5 million
tons of pasta were produced worldwide in 2018 [3] and there is an expected growth rate of
2.7% annually until 2025 [4]. Pasta is a popular food product in Europe, with high rates of
consumption being reported in the Western region, in Italy, Spain and France; the Balkan
region, in Greece; and in the Southern region; as well as in Chile, Argentina, Peru and
Venezuela, according to a study conducted by Statista Global Consumer Survey [5] There
is an increasing demand for food products with functional properties. These dietary items,
also referred to as functional foods, can be enhanced, enriched or fortified.

To increase the nutritional value of the pasta, different studies have been carried out by
adding different cereals (e.g., barley and pigmented cereals) [6,7], maize bran, grape marc
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and brewers spent grain flour [8], legume and pseudocereal flours [9–11] and ingredients
from various origins, such as oregano and carrot leaf meal [12].

Plant phytochemicals and phenolic antioxidants, such as those found in fruits, vegetables,
herbs and spices, have been identified as active ingredients for use in functional foods [4]. This
aspect launched the opportunity to create new types of pasta, involving novel ingredients [13].

Therefore, in our study, we wanted to highlight the influence and benefits of carob
powder on the quality of pasta. Carob, scientifically denominated Ceratonia siliqua L., is an
ancient crop, cultivated in countries located in the Mediterranean area. The plant belongs
to the Leguminosae (Fabaceae) family, being used by humans for nourishment since early
times, according to archeologists. Carob powder can be used as an additive for enhancing
the aromatic profile of products, as a coloring thickener agent, as a sweetener and as an
anticoeliac agent [14] in the pharmaceutical industry. The nutritional value of carob was
considered relevant due to its high content of dietary fiber and phenolic compounds [15].
Several studies have investigated the effect of the addition of carob flour in bread and
bakery products, revealing the functional profile of the products [16–19].

Due to its sweetness and flavor similar to chocolate, as well as its low price, the carob
milled into flour is widely used in the Mediterranean region as a cocoa substitute for sweets,
biscuits and processed drinks production [20–23]. Additionally, the advantage of using
carob powder as a cocoa substitute is that it does not contain caffeine and theobromine [24].
In the last years, carob pods have gained considerable attention because of their high
carbohydrate and mineral content: many high-value-added products, such as lactic acid,
mannitol, citric acid and pullulans, were produced from carob fermentation [25]. In parallel,
carob pods have been used as a resource for bioethanol production. In Lebanon, carob pulp
is mainly used for the preparation of carob syrup or carob molasses denoted “dibs”, which
is consumed by the Lebanese population as a sweetener [26].

The idea behind this study focused on the fact that, to date, little information is
available on the usefulness of carob as an unconventional ingredient for improving the
physicochemical, biochemical and nutritional properties of durum wheat pasta. Only a
few attempts to use carob flour as an alternative source of polyphenolic compounds to
design new pasta formulations have been reported. In this respect, the studies by Biernacka
et al. [27] and Seczyk et al. [28] are a valuable starting point for our research. In terms of
dough processability and sensory properties of the pasta, a major influence is given by
the level of ingredients incorporated and requires in-depth studies in order to optimize
formulations. It has also been noted that the fortification of pasta with functional ingredients
rich in polyphenolic compounds allows for increasing the content of bioactive compounds,
but this effect may be limited to a different extent by several factors, including the binding
of polyphenolic compounds with food matrix constituents as a result of interactions of
these compounds with proteins and starch. [29].

Following the above information, the goal of this research was to highlight the beneficial
properties of carob powder by using it in the production of composite flours in the proportions
of 2%, 4% and 6% (w/w) to develop functional wheat durum pasta. For this purpose, the content
of bioactive compounds such as individual phenolic compounds were studied, as well the
physicochemical properties (total titratable acidity, moisture content, protein content), dough
rheological properties and compression resistance, and the sensory analysis was conducted.

2. Materials and Methods
2.1. Raw Materials

The raw material used in the technological process of carob pasta is durum wheat
semolina flour produced by Valse Mollen Denmark. Premium semolina is a grist of coarse,
relatively uniformly sized particles (200–425 µm) of the endosperm with minimal fines
(flour) and bran content. In the process of milling durum wheat to obtain flour of particle
size 300–500 µm, wheat bran and germ are removed from the flour [30].

The commercial profile of semolina, according to the common European semolina
specifications, included: moisture 15%, protein 12%, ash 0.88%, granulation: over 500 µm
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(0%), over 355 µm (20%), over 250 µm (45%), over 180 µm (20%), under 180 µm (15%) [30].
Supplementary nutritional parameters were provided by the producer: 1.9% fat, 68%
carbohydrates, 3.5% fibers and 0.01% salt.

Carob (Ceratonia siliqua L.) flour used for sample preparation produced by Sanovita
Valcea was purchased from a local specialized shop and stored in a dry place until use. The
nutritional profile offered by the producer was: proteins (5.1%), lipids (0.3% of which was
saturated), carbohydrates (80.7%) and fibers (10.8%).

Iodized salt used in pasta production was purchased from a local market and tap
water used was collected from the national water distribution. Eggs were achieved from a
local farm, produced in an organic method.

2.2. Pasta Preparation

The recipes of pasta with the addition of carob included mixtures in which the share
of the mass of carob powder was 2%, 4% and 6% (m/m) of the mass of the mixture (100 g).
A control sample with no addition of carob powder was also prepared. Thus, four pasta
formulations were prepared. The recipe of the control sample consists of 100 g wheat flour,
37.5 mL of water, 1 g salt and 21 g egg. In pasta formulas with added carob, the wheat
flour was replaced by a mixture of 98 g wheat flour and 2 g carob powder, 96 g wheat flour
and 4 g carob powder and 94 g wheat flour and 6 g carob powder. Pasta sample coding is
released in Table 1.

Table 1. Sample coding.

Type Coding Percentage (%) of Carob Flour Used in the
Pasta Formulations

Control sample PM 0
Sample with 2% carob flour P2CP 2
Sample with 4% carob flour P4CP 4
Sample with 6% carob flour P6CP 6

The pasta manufacturing process is shown in Figure 1.

Figure 1. Pasta production method. PM: control sample; P2CP: sample with 2% (w/w) carob powder;
P4CP: sample with 4% (w/w) carob powder; P6CP: sample with 6% (w/w) carob powder.



Appl. Sci. 2023, 13, 3788 4 of 14

The raw materials and ingredients were dosed, weighted and scaled before being
mixed at 250 rpm for 15 min in a laboratory mixer (Tefal Wizzo–QB307, Tefal, Rumilly,
France) until a homogenous and firm dough was obtained. The dough was then divided
into two 50 g pieces and laminated with a laminating machine (Laica PM2000, LAICA
S.p.A., Barbarano Mossano (VI), Italy), pressed to eliminate air bubbles and excessive water
deposit until the moisture content of the dough was 12 percent and the thickness of 2.5 mm
was achieved. Then, the dough sheet was cut into tagliatelle shapes with a width of 4 mm
and then dried by using a drying rack (KitchenAid—Pasta Drying Rack 5KPDR) and a
laboratory drying oven at 50 ◦C (Deca PT-40) until pasta moisture reached the value of 12%
moisture/100 g of pasta. The samples were carried out in triplicate for each type of flour.

2.3. Rheological Properties of the Dough

The biaxial stretching rheological properties of the dough at constant hydration were
determined with a Chopin alveograph (Chopin Technologies, F Model Alveographe NG,
Chopin, France). The method is based on the tensile strength of a dough sheet that is rested
for 20 min and then subjected to a constant air pressure current until it forms a bubble
and subsequently breaks. The air pressure inside the bubble is recorded until the bubble
breaks and is then extrapolated graphically as a curve that reflects the dough’s resistance to
deformation [31].

The following parameters were recorded for each dough formulation: maximum
overpressure P [mmH2O], swelling index G (mm) and deformation energy W (J). The indi-
cator L (mm) represents the dough extensibility (mm), estimating its handling properties.
The P/L ratio indicates the ratio between the dough’s toughness and its extensibility and
is an important indicator along with W for characterizing flours for different bread and
pastry products.

2.4. Extraction of Polyphenolic Compounds

The extraction of polyphenolic compounds was performed according to the method by
Gaita et al. [29] by grinding the dry pasta samples and then performing in a hydroalcoholic
medium with ethanol 45% (v/v). The solid ratio: solvent of 1:20 was stirred at a temperature
of 25 ◦C for one hour, using the shaker Heidolph Promax 1020 (Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany). The extraction was filtered, and the obtained
clear fractions were used for further analysis.

2.5. Determination of Total Phenolic Content and Polyphenolic Compounds Profile

Folin–Ciocalteu assay was used to determine the total phenolic content [32]. We used
0.5 mL from the extraction of each type of pasta treated with 1.25 mL of Folin–Ciocalteu
reagent (Merck, Darmstadt, Germany) diluted 1:10 with water for this purpose. After
incubating the sample for 5 min at room temperature, 1 mL Na2CO3 60 g/L was added. A
UV-VIS spectrophotometer was used to measure sample absorption at 750 nm after 30 min
of incubation at 50 ◦C (Analytic Jena Specord 205). The calibration curve was created with
Gallic acid as the standard at concentrations ranging from 5–250 g/mL.

The results of total phenolic content (TPC) were expressed in micrograms of Gallic
acid equivalents (GAE) per g of investigated sample.

The profile of polyphenolic compounds was determined using high-performance
liquid chromatography coupled with mass spectrometry (LC-MS) as described by Abdel-
Hameed et al. [33]. The main polyphenols in carob flour pasta samples were determined
using LC-MS with SPD-10A UV (Shimadzu) and LC-MS 2010 detectors, column EC 150/2
NUCLEODUR C18 Gravity SB 150 × 2 mm × 5 µm. The following were the chromato-
graphic conditions: mobile stages A: water with formic acid at pH-3, B: acetonitrile with
formic acid at pH-3, gradient program: 0.01–20 min 5% B, 20.01–50 min 5% B, 5–55 min
5% B, 55–60 min 5% B. Temperature 20 ◦C, mobile phase 0.2 mL/min The monitoring
wavelengths were 280 nm and 320 nm. The curve calibration was drawn between 20 and
50 µg/mL. The results were given in µg/mL.
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2.6. Determination of Total Titratable Acidity (TTA)

The samples of pasta were weighed to 15 g and chopped into small pieces for an
easement of the homogenization process. The resulting samples were mixed with 100 mL
of distilled water in a glass flask until homogenization. Meanwhile, the titration agent
was formulated (Sodium Hydroxide 0.1 N Belle Chemical LLC, Billings, MT, USA). Three
drops of phenolphthalein 1% in alcoholic solution were added and the titration started
drop by drop, continuing until the indicator turned light pink and persisted for 30 s. The
results were the average value of the two measurements. Total titratable acidity (acidity
degrees/100 g product) was evaluated using the relationship presented in Equation (1):

Total Titratable Acidity (acidity degrees/100 g products) =
V × 0.1

m
× 100 (1)

2.7. Determination of Moisture Content

The moisture content of pasta samples was determined by using the gravimetric
method reported by Rios et al. [34] and detailed in ISO 712:2009 [35]. Samples were
weighed to 5 g using an analytical balance into a weighting vial and dried using a drying
stove at 130 ◦C until reaching constant weight. Each sample was analyzed in triplicate and
the results were expressed as average. The results were reported as weight percentage (%).

2.8. Determination of Compression Resistance

The crushing resistance of pasta was performed using a compression kit tester (Zwick-
Roell Z005, Zwick, Ulm-Einsingen, Germany) [27]. Each sample was tested in triplicate and
the results were expressed as averages. Measurements were carried out using cooked pasta
and chilled until reaching the room temperature of 22.5 ◦C. Each sample was placed on
the inferior machine pan (Zwich Z005) and compressed using a compression kit (2.5 mm
thick) at a speed of 25 mm/min. The test was performed for determining the maximum
force necessary for sample compression until the structure is smashed at 70% strain.

2.9. Determination of Protein and Fiber Content

The protein content of obtained pasta samples was evaluated by using the Kjeldahl
mineralization method after nitrogen analysis using spectrophotometric analysis, according
to the method reported by Heeger et al. [36] and Rios et al. [34]. The calibration was
performed using ammonium chloride (NH4Cl) and a conversion factor corresponding to
the analyzed category was applied (5.7) to determine the protein content of the samples.
The analysis was performed in triplicate and the results were expressed as the average of
the three trials. The result was expressed as weight percentage (%). The fiber content was
calculated taking into account the fiber content of raw materials and the recipe of pasta
fabrication according to [37].

2.10. Sensory Evaluation

The overall acceptability of the pasta was evaluated by considering two profiles—
visual profile and taste profile [28]. The visual profile included attributes such as color,
appearance, attractiveness and overall acceptability, and the taste profile included flavor,
taste, texture, consistency and aftertaste.

For performing the analysis, a 9-point hedonic scale was used. Each scale corresponded
to a perception in order to facilitate data processing as follows: 1—“Dislike extremely”;
2—“Dislike very much”; 3—“Moderately dislike”; 4—“ Slightly dislike”; 5—“Neither like
nor dislike”; 6—“ Slightly like”; 7—“ Moderately like”; 8—“Like very much”; and 9—“Like
extremely”.

Sensory analysis was performed at the Faculty of Food and Tourism, Brasov, Romania.
Panelists who declared suffering from different digestive problems were excluded from the
study due to the high risk of aggravation of the diseases. While performing the analysis,



Appl. Sci. 2023, 13, 3788 6 of 14

the panelists were presented with a total of four samples of the product, as indicated in
Table 1.

A number of 30 panelists aged 18–60 were requested to evaluate the samples. The
participants in the study are persons with experience and competencies in sensory analysis,
teachers and students who have studied and taught the mentioned subject. Panelists were
asked to evaluate each sample for the assessed parameters. Panelists received the samples
by turn in order to diminish the similarity and interdependence between samples with a
5-min rest before each sample tasting. Samples were coded accordingly to the codification
mentioned above and each sample was distributed in glass containers at 20 ± 1 g and
placed at a temperature in the range of 18–20 ◦C until serving. Panelists were served a glass
of water as a palate cleanser. Consent for each panelist was required.

2.11. Statistical Analysis

Data analyses were performed using SPSS software (Statistical Package for Social
Sciences Statistics, version 25.0.0, IBM, 2009, New York, NY, USA) and analyzed by ANOVA
and Duncan’s multiple range test (scored as significant if p < 0.05). The analysis was made
in triplicate and the results were reported as mean value ± standard deviation.

3. Results and Discussion
3.1. Dough Rheological Properties

The rheological behavior of doughs and the quality attributes of final goods are greatly
influenced by the water absorption capacity of flours, which varies among different flour
sources [38].

The rheological parameters of pasta dough formulations are given in Table 2.

Table 2. Rheological data for the pasta dough formulations.

Parameter PM P2CP P4CP P6CP

P (mmH2O) 170 ± 0.15 a 103 ± 0.09 b 101 ± 0.03 b 93 ± 0.01 c

L (mm) 22 ± 0.05 a 33 ± 0.12 b 33 ± 0.09 b 27 ± 0.06 c

G (mm) 10.4 ± 0.11 a 12.8 ± 0.13 b 12.8 ± 0.07 b 11.6 ± 0.05 c

W (10–4 J) 169 ± 0.25 a 130 ± 0.28 b 125 ± 0.21 c 100 ± 0.14 d

P/L 7.73 ± 0.13 a 3.12 ± 0.09 b 3.06 ± 0.18 b 3.44 ± 0.05 b

PM: control sample; P2CP: sample with 2% (w/w) carob powder; P4CP: sample with 4% (w/w) carob powder;
P6CP: sample with 6% (w/w) carob powder. P: the maximum overpressure; L: extensibility; G: swelling index; W:
strain energy; P/L: indicates the ratio between the tenacity of the dough and its extensibility. Values followed by
different letters differ significantly by ANOVA test (p < 0.05).

In the case of using 4% w/w carob flour, it can be noticed that there was an improve-
ment in the extensibility (L) of the dough and the swelling index (G) by up to 33%. The
extensibility of the dough is influenced by the raw materials of the dough preparation.
Dube et al. [39] reported that the extensibility of 100% wheat control dough progressively
decreased from 156 mm to 77 mm for 40% sorghum wheat dough, while Sibanda et al. [40]
also recorded similar results of a decrease in extensibility from 132 mm for 100% wheat
control dough to 36 mm for 30%. The pasta supplemented with 10% carob fruit showed
better texture parameters (less hard, less sticky and less adhesive) [41].

Figure 2 illustrates the variation of rheological parameters P and W with the amount
of carob added to the pasta formulations.

Dough containing carob flour has the ability to retain gas and has a low capacity for
extension without breaking. The dough with a more extensible character is particularly
essential for improved gas retention during the process of baking which results in a good
loaf volume [40].
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Figure 2. Variation of rheological parameters P and W with the amount of carob.

The tenacity of the dough decreases by up to 40% with increasing carob content (the
P and W values, Figure 2 and Table 2), which is probably due to the higher fiber content
of the additive compared to neat semolina flour. However, this decrease is normal for a
non-gluten additive and does not significantly alter the processability of the dough. The
increased extensibility of the carob-containing flour can be attributed to the plasticizing
effect of the carbohydrates present in the product. The formulations with 2% and 4% carob
flour may offer a good balance between processability and extensibility [42].

The beneficial effects of enrichment with different flours/powders after frozen storage
conditions have been reported in the literature [43]. The physical characteristics of frozen
dough and semi-baked frozen samples with the addition of commercial soluble fibers or
whole oat flour were determined after baking and compared with the fresh samples. The
results highlighted that in semi-baked frozen samples the crumb elasticity increased by
18% in comparison to the respective fresh ones. Additionally, samples containing whole
oats presented an increased water adsorption capacity. Further studies are needed to assess
the influence of carob powder on the quality of frozen dough.

3.2. Physical and Chemical Properties

Titratable acidity, protein content, moisture and TPC of obtained samples are reported
in Table 3.

Table 3. Samples assessment after 2 h from the pasta production process (dry pasta).

Parameter
2 Hours

PM P2CP P4CP P6CP

Titratable acidity (%) 2.21 ± 0.015 a 1.80 ± 0.010 b 1.42 ± 0.015 c 1.21 ± 0.015 d

Protein content (%) 14.03 ± 0.058 c 14.17 ± 0.153 bc 14.30 ± 0.100 ab 14.45 ± 0.050 a

Moisture (%) 30.23 ± 0.257 c 32.03 ± 0.057 b 33.07 ± 0.057 b 35.87 ± 0.152 a

TPC (µg GAE/g) 239.07 ± 0.010 d 311.53 ± 0.025 c 406.80 ± 0.100 b 461.10 ± 0.100 a

Fiber (%) * 2.00 2.04 2.08 2.12
PM: control sample; P2CP: sample with 2% (w/w) carob powder; P4CP: sample with 4% (w/w) carob powder;
P6CP: sample with 6% (w/w) carob powder. Values followed by different letters differ significantly by ANOVA
test (p < 0.05), * the fiber content was calculated according to the fiber content of raw materials and the recipe of
pasta fabrication.

Samples assessed after 2 h containing different proportions of carob flour showed
higher titratable acidity contents compared to the control sample. It can be observed that,
between samples, the differences were notable, with the highest value being recorded for
the sample without carob powder (PM-2.21%) and the lowest value being recorded for
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the pasta with the highest concentration of carob powder P6CP—1.21%. Samples P4CP
and P2CP showed lower values of 1.42% and 1.80%. The protein content showed slight
differences between samples with the addition of carob flour and the blank sample. The
most relevant development was recorded for sample P6CP—14.45% protein content due to
the amount of carob flour added. Gopalakrishnan et al. [44] reported that the addition of
sweet potato and fish powder in pasta raised the protein content to 12.84%.

The highest moisture content was recorded in the case of the sample with the highest
content of carob powder, P6CP, (35.87%) and the lowest moisture content was recorded
in the case of pasta without carob powder, PM, with 30.23%. Biernacka et al. [27] have
stated that the pasta enriched with carob flour in various increasing proportions (1% to 5%)
showed a certain correlation between the total phenolic content and antioxidant activity
in pasta samples. The antioxidant profile of carob flour added in pasta samples revealed
that the greatest value of total polyphenol content was noted for the sample containing the
highest proportion of carob flour—6%—a fact that supports the statement that the addition
of carob flour improves the antioxidant profile of samples. Values were considerably
superior compared to the control sample. Similar to the present study, research developed
by Biernacka et al. [27], Boroski et al. [12] and Zhu et al. [45] showed that the addition of
carob powder in pasta in various proportions showed positive correlations concerning
the TPC value. Makris et al. [46] reported that carob powder contains a higher ratio of
antioxidants than red wines and can be considered a valuable source for pharmaceutical
products due to its polyphenolic content. Issaoui et al. [47] reported that carob flour
showed lower moisture values (13.40%, 13.50% and 13.700%) for carob pulp powder,
(14.0%, 14.20%) respectively, for carob seed powder that was reflected in the final product’s
moisture content.

It was observed that the higher the concentration of carob is in a food product, the
higher the phenolic concentration will be. For example, Aydin et al. [48] reported that the
addition of 42% carob flour in spread samples was 615.28 mg GAE/100 g, considerably
higher compared to the results obtained in the current study, in which the highest addition
content was 6% of carob powder. Additionally, Sebecic et al. [49] mentioned that the
total phenol content of biscuit samples obtained with the addition of 25% carob flour was
5.53 g/kg biscuit compared to the sample with wheat flour, with 1.10 g/kg biscuit, and
1.60 g/kg of wheat whole grain flour.

The present study reported a superior value of TPC for the sample containing carob
flour in proportion of 6% (461.10 mg GAE/100 g) in contrast with the control sample,
with 239.07 mg GAE/100 g. The increase in the total polyphenol content of the samples
containing carob powder was closely related to the method for obtaining the carob powder,
the amount of carob powder introduced into the products, the methodology used to obtain
the products and the biochemical reactions developed in the product matrix [50–52].

The results shown in Table 4 show that fortifying pasta with carob increased the level
of individual phenolic compounds.

All analyzed compounds are present in the P6CP sample, which contains the highest
level of carob. Similar values were obtained when pasta was fortified with grape po-
mace [53]. The addition of 3–9% grape marc to the pasta recipe resulted in an increase of
individual polyphenolic compounds depending on the percentage added. For example,
Gaita et al. [29] reported the following values for individual polyphenols in pasta enriched
with grape marc: gallic acid (27.95–88.22 µg/g), caffeic acid (0.66–58.11 µg/g), epicate-
chin (10.29–14.92 µg/g), coumaric acid (0. 32–0.85 µg/g), ferulic acid (6.33–15.75 µg/g),
rutin (0.14–18.56 µg/g), rosmarinic acid (26.1–38.53 µg/g), resveratrol (31.15–34.38 µg/g),
quercetin (2.89–7.3 µg/g), kaempferol (19.73–54.24 µg/g).

The addition of carob flour has been found to increase the content of polyphenols;
however, the increase is not linear but exponential.
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Table 4. Polyphenolic compounds identified in the dry pasta samples.

Compound Ion Mode
Polyphenolic Compounds (µg/g d.s.)

PM P2CP P4CP P6CP

Gallic acid 169 nd nd 6.97 ± 0.07 a 31.44 ± 0.18 b

Protocatechuic acid 153 nd nd 19.93 ± 0.16 a 51.14 ± 0.08 b

Caffeic acid 179 nd nd 0.86 ± 0.05 a 8.56 ± 0.11 b

Epicatechin 289 nd nd 17.15 ± 0.13 a 24.31 ± 0.17 b

p-Coumaric acid 163 nd nd 0.30 ± 0.03 a 0.30 ± 0.09 a

Ferulic acid 193 nd nd nd 0.23 ± 0.13 a

Rutin 609 nd nd 1.07 ± 0.06 a 1.41 ± 0.16 b

Rosmarinic acid 359 nd nd nd 224.24 ± 0.32 a

Resveratrol 227 nd nd nd 0.85 ± 0.07 a

Quercetin 301 nd 0.54 ± 0.02 a 11.49 ± 0.11 b 243.66 ± 0.25 c

Kaempferol 285 nd nd 63.76 ± 0.17 a 231.51 ± 0.32 b

nd—not detected; PM: control sample; P2CP: sample with 2% (w/w) carob powder; P4CP: sample with 4% (w/w)
carob powder; P6CP: sample with 6% (w/w) carob powder. Values followed by different letters differ significantly
by ANOVA test (p < 0.05).

This has been determined for quercetin, for which detectable values are available for
all compositions. The increase may depend on the degree of mixing of the carob flour with
the semolina dough and the distribution of these compounds in the flour.

Our findings are consistent with those of other authors such as Gaita et al. [29], who
have stated that the improvement with natural phenolics can be influenced by a lot of
factors, among which includes binding with food matrix components. In addition, Gaita
et al. [29] and Sęczyk et al. [28] specified that the content of bioactive compounds may
be influenced by the combination of proteins and phenolics content, such as hydropho-
bic interactions and hydrogen and ionic bonding. Frühbauerova et al. [54] conducted a
study on the bioaccessibility of phenolics from carob pod powder prepared by cryogenic
and vibratory grinding, and they showed that, from the 13 compounds involved in the
UHPLC analysis, three were phenolic acids (vanillic, ferulic and cinnamic), three flavons
(luteolin, apigenin and chrysoeriol), naringenin (flavanone) and quercitrin (glycoside form
of flavonoid quercetin). The highest amount of quercitrin (44.54–64.68 µg/g), cinnamic
acid (27.48–31.40 µg/g) and chrysoeriol (8.60–9.82 µg/g) have been found. The amount of
the rest of the phenolic constituents ranged from 1.88 to 10.14 µg/g [55–57].

In our study, the highest number of compounds is also found in quercitrin, in P6CP
(243.66 µg/g). The results shown in Table 4 show that fortifying pasta with carob increased
the level of phenolic compounds.

3.3. Compression Resistance

The textural characteristics of products are crucial for fulfilling the acceptance of
the consumers. During mastication, the brain processes the food’s physical features and
evaluates its texture. The sensation of food texture is important in influencing consumers’
liking and preference for a food product [58].

Analyzing the values from the chart in Figure 3, it can be observed that the evolution
of the values required for the crushing force of carob pasta is similar.

The differences were observed for the maximum values of crushing force, with the
highest value being recorded for the sample with the lowest amount of carob powder
added—P2CP with 2% of carob powder. The lowest value of the crushing force was
recorded for the sample containing 6% carob powder—P6CP—compared to the control
sample, where the crushing force was lower.

Regarding the pasta with 6% added carob powder, the elastoplastic curve remains
constant for a longer period of time and the deformation of the carob pasta reaches 2.12 mm.
After exceeding the flow area, the distinctive curves develop a new ascending tendency,
the gradient being approximately identical.
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Figure 3. Crushing resistance of pasta samples with the addition of carob powder. PM: control
sample; P2CP: sample with 2% (w/w) carob powder; P4CP: sample with 4% (w/w) carob powder;
P6CP: sample with 6% (w/w) carob powder.

Some researchers [58] used seedless carob flour for obtaining pastry filling and ob-
served that the major content of carob flour added to the samples’ composition resulted
in an increase in consistency and firmness, a fact that can be compared to the results of
the crushing test from the current study, where the greatest deformation of samples was
observed for the highest addition of carob powder—2.12 mm for samples with 6% carob
powder addition. Additionally, a linear decrease in pasta cutting force was observed as
the proportion of carob fiber increased. The same findings regarding the decreasing of
crushing resistance from 1315.32 N in control to 1084.53 N in P6CP were observed in our
study and can be attributed to the increase in the fiber content in the sample by 6% carob.
The fiber content increased from 2.00 to 2.12% (Table 3) with the addition of carob powder
in the pasta manufacturing recipe.

Research conducted by Biernacka et al. [27] showed that the cutting force required for
carob flour pasta decreased while the content of carob flour in samples increased. In line
with the current research, it can be stated that the high fiber content contributes to a weaker
structure of the products due to the addition of fiber in the starch structure.

3.4. Sensory Analysis

Figure 4 illustrates the sensory characteristics in terms of overall acceptability, consis-
tency, attractiveness, aftertaste, appearance, color, flavor, taste and texture of pasta samples
with different percentages of carob flour.

It can be observed that the pasta with a medium carob powder, P4CP, with the addition
of 4% of carob powder was the most preferred due to its attributes, with a mean value
of 8.62 ± 3.8 out of 9 points. This indicates that the consumer prefers a small amount of
carob powder in pasta. The addition of a higher amount of carob powder was rejected;
samples with 6% carob flour were undervalued by panelists. Based on texture, taste, color
and consistency, sample P4CP was the most appreciated, being ranked with the highest
value out of a possible 9 points. This was very close to sample P6CP, which had flavor,
color and texture scoring 8 ± 7.3 points. Samples with 6% carob powder addition received
the lowest scores due to the affected attractiveness and appearance. The sensory analysis
is an important parameter to evaluate the adaptation of several pulses’ capacity in fresh
pasta and if the addition of novel constituents in the structure of products influences the
properties of final products and consumers’ perception.
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Figure 4. Sensory analysis score of pasta samples with the addition of carob powder. PM: control
sample; P2CP: sample with 2% (w/w) carob powder; P4CP: sample with 4% (w/w) carob powder;
P6CP: sample with 6% (w/w) carob powder.

It has been demonstrated that the addition of gluten-free flour to a pasta recipe
alters the gluten network and reduces the overall structure of the pasta, resulting in a
negative effect on sensory properties [53,55]. Furthermore, it may result in increased
solid substance losses from pasta in cooking water. Darker color was observed when
pasta was supplemented with 10% carob fruit which negatively influenced consumers’
perceptions [41]. Consumers rejected products with excessively high concentrations due to
their dark color and bitter taste [58]. According to Dulger Altiner, D. and Hallac, S., 2020,
the highest values in terms of sensory analysis were determined in the 20% carob flour
addition to pasta [41].

4. Conclusions

The addition of 2%, 4% and 6% (w/w) carob flour to pasta recipes resulted in an
increase in total polyphenol content. A more significant increase in the individual polyphe-
nolic content is observed from the concentration of 4% carob flour. At a concentration of
2%, compared to the control sample, the increase was very small. It was also found that all
the individual polyphenolic compounds analyzed are present in the P6CP sample, which
contains the highest concentration of carob. Up to 6% carob flour in durum wheat flour
strongly influenced the color of pasta. However, due to the difficulties that could arise
during pasta processing, it is not recommended to use a concentration of carob flour greater
than 6% in the pasta recipe because the consistency of the pasta dough will no longer be
achieved based on the recipe used. In order to use a larger amount of carob flour, the basic
recipe must be modified and more flour added, as the pasta dough becomes softer as the
concentration of carob flour increases. Carob flour affects the kneading, modeling and
drying processes due to a reduction in the elasticity of the dough caused by a reduction
in the gluten content. The sample with a medium carob flour addition (4%) was the most
appreciated for its properties, with an average score of 8.62 out of 9 points. At a lower
concentration (2%), the color was much more intense compared to the sample without
carob flour, but the taste was not very permeating. At a concentration of 6% carob flour,
the color of the pasta was very intense and the taste was very carob. The results of the
physico-chemical analyses carried out on all the pasta types were within the limits set by
the standards.

Regarding the recommended amount of carob flour to be used in the pasta technologi-
cal process, correlating the results of the physico-chemical properties, dough rheological
properties, compression resistance and sensory analysis, a concentration of 4% is the
most recommended. It can be concluded that carob flour has enhanced health-promoting
properties and could be a useful additive for the production of pasta from common wheat.

In order to improve the functionality of carob pasta, future studies will be considered
to supplement the fiber intake, but also to improve the sensory properties by adding natural
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aromatic compounds. The synergism created by the active principles of the ingredients
will also be another direction for future research.
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 ABSTRACT 

The objective of this study was to evaluate the impact of chokeberry powder 

on the properties of white tea, with the aim of developing a new product with 

high bioactive compounds.  Initially, the influence of the infusion 

technique on the characteristics of white tea was investigated.  A 

comparative analysis was conducted between hot and cold infusion methods 

for both plain white tea and white tea with chokeberry powder at varying 

concentrations (0.6%, 0.8%, 1%). In the course of the experimental research, 

the total polyphenol content, antioxidant activity, viscosity, and pH of the 

tea were evaluated. A sensory analysis was also conducted on all varieties 

of tea presented in this paper. The experimental research demonstrated that 

the incorporation of chokeberry powder has a beneficial impact on the 

properties of white tea, resulting in a notable increase in polyphenol content 

(1% chokeberry powder in a cold infusion resulted in a total phenol 

concentration of 12.7 ± 0.6 mg GAE/100 mL). This enhancement in 

polyphenol content was accompanied by an increase in the beneficial effects 

of tea on the human body. Additionally, the sensory analysis indicated that 

the 1% chokeberry powder cold infusion (TC3) was the most preferred tea 

among consumers. This suggests that the TC3 sample exhibited the optimal 

balance between bioactive properties and consumer acceptance. 

Keywords:  

Chokeberry powder;  

White tea;  

Infusion method. 

 

 

1.Introduction  

Tea is a beverage with a global popularity 

that transcends geographical boundaries. It is 

consumed in a variety of forms, including hot 

and cold. The most commonly consumed teas 

(green tea, black tea, oolong tea, white tea, and 

yellow tea) are derived from the leaves and buds 

of the Camellia sinensis (L.) plant, belonging to 

the Theaceae family. These teas are 

distinguished by variations in harvesting, 

processing, and the degree of oxidation of the 

polyphenols present in fresh tea leaves 

(Sharangi, 2009; Unachukwu et al., 2010). As 

stated by some authors (Damiani et al., 2014), 

the two most prevalent grades, Silver Needle 

and White Peony, are commercially accessible. 

However, there are numerous other varieties 

with diverse trade names. 

The Silver Needle (Bai Hao Yinzhen in its 

traditional name) is manufactured exclusively 

from the unopened buds of the plant, without 

any leaves. As its name indicates, it is 

characterized by a silver-white hue and 

comprises long, thin needles. The buds are 

initially sun-dried on sieves or drying mats for a 

period of approximately 24 hours, representing 

the initial phase of the processing method. This 

is then followed by baking over a low fire until 

the buds are fully desiccated. The final product 

exhibits a subtle flavor profile and a pale-yellow 

http://chimie-biologie.ubm.ro/carpathian_journal/index.html
https://doi.org/10.34302/crpjfst/2024.16.4.3
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hue. The White Peony (traditional name Bai 

Mudan) is manufactured from the bud and one 

or two leaves derived from the plant's vegetative 

apex. The processing of the leaves involves two 

simple phases: withering (sun drying/airing/low 

temperature) and basket drying. The resulting 

tea exhibits a light golden-brown color and a 

pleasant roasted aroma. The flowers and leaves 

of the Camellia sinensis plant contain a variety 

of bioactive substances, including nutrients 

(carbohydrates, proteins, and minerals), 

alkaloids (methylxanthines), and phenolic 

compounds (phenolic acids, flavonoids, and 

tannins) (Sharma et al., 2021). White tea (WT) 

is described as "tea for one year, medicine for 

three years, and treasure for seven years" (Cheng 

et al., 2021), which indicates the increasing 

nutritional and functional values of aging WT. 

White tea (WT) has been demonstrated to exert 

beneficial effects on human health, including the 

prevention and treatment of diabetes, cancer, 

bacterial infections, and obesity (Olcha et al., 

2022).  

The chokeberry, also known as Aronia, is a 

Rosaceae shrub that is native to North America 

and was introduced to Europe approximately a 

century ago (Chrubasik et al., 2010; Sidor et al., 

2019). Black chokeberries are a rich source of 

polyphenols, which contribute to their high 

biological activity. The polyphenols present in 

these berries include anthocyanins, flavonols, 

flavanols, proanthocyanidins, and phenolic 

acids (Tolić et al., 2017). A previous study 

conducted by Kokotkiewicz identified the 

phenolic chemicals present in chokeberry fruit, 

including procyanidins (0.7-5.2%) and 

anthocyanins (0.6-2.0%), as the primary classes 

with therapeutic characteristics (Kokotkiewicz 

et al., 2010). The high concentrations of 

anthocyanin and polyphenols may exert a 

protective effect against the development of 

cancer, diabetes, gastrointestinal disease, and 

cardiovascular disease (Burdejova et al., 2020). 

Given the popularity of chokeberry and its 

associated health benefits, a variety of 

preparations have been developed on an 

industrial scale, including concentrated extracts, 

juices, and Aronia food products. One 

particularly valuable product is fruit powder, 

which is obtained by drying and grinding the 

fruit. The primary advantage of fruit drying is 

the extension of the product's shelf life. 

Given the numerous advantages offered by 

both white tea and chokeberry powder, our 

objective is to enhance the biological activity of 

white tea by developing a new product. This will 

be achieved by incorporating chokeberry 

powder into white tea, thereby investigating the 

impact of this addition on the tea's properties, 

including pH, acidity, and viscosity. 

Additionally, a sensory analysis of the teas was 

conducted. 

 

2. Materials and methods  

2.1. Materials  

2.1.1. Raw materials 

    The white tea utilized in the experimental 

research is a dry white peony tea procured from 

the supermarket and produced by the Basilur 

company. The chokeberry powder is an organic 

powder from the Aronia Charlottenburg 

company, procured from a commercial 

establishment. The nutritional information, as 

indicated on the product label, is as follows: The 

energy value is 1013kJ/242kcal, with fat 

comprising 2.5g-6.0g, of which saturated fatty 

acids account for 0.4g. Carbohydrates constitute 

40-8.0g, with sugars amounting to 1.8-2.8g. 

Fiber is present in quantities of 70.0-80.0g, 

while proteins are found in amounts of 5.0-

10.0g. Salt is present in quantities of less than 

0.01g. 

2.1.2. Sample preparation 

    In the experimental research, two infusion 

methods were employed in accordance with the 

methodology illustrated in Figure 1: hot infusion 

and cold infusion. Hot tea infusions were 

prepared by adding 100 mL of water at 70° C to 

2.5 g of white tea and allowing the infusion to 

proceed for seven minutes (Damiani et al., 

2014). The cold infusion was prepared by 

adding 100 mL of water at room temperature to 

2.5 g of white tea and allowing the infusion to 

stand at room temperature (20–25 °C) for two 

hours, agitating continuously using a magnetic 

stirrer (IKA, RET basic, Germany) (Damiani et 
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al., 2014). The same recipes were used for both 

types of infusion, with the same chokeberry 

powder concentrations. The concentrations of 

the chokeberry powder were 0%, 0.6%, 0.8%, 

and 1%. Prior to analysis, all samples were 

filtered through a 0.45 μm membrane filter. 

Figure 1. Diagram of the infusion process of white tea with chokeberry powder. THC -White tea 

hot infusion; TH1- White tea with chokeberry powder 0.6% hot infusion; TH2- White tea with 

chokeberry powder 0.8% hot infusion; TH3- White tea with chokeberry powder 1% hot infusion; TCC 

-White tea cold infusion; TC1 - White tea with chokeberry powder 0.6% cold infusion; TC2 - White 

tea with chokeberry powder 0.8% cold infusion; TC3 - White tea with chokeberry powder 1 % cold 

infusion. 

 

2.2. Methods  

2.2.1. Total polyphenolic content 

    Using gallic acid as a reference, the total 

polyphenolic content (TPC) was calculated 

using the Folin-Ciocalteu spectrophotometric 

method and represented as milligrams of gallic 

acid equivalents per milliliter (µg GAE/mL) 

(Singleton et al., 1999). Folin-Ciocalteu reagent 

(Merck, Darmstadt, Germany), 1.25 mL, was 

applied to a 0.5 mL sample after being diluted 

1:10 (v/v) with distilled water. 1 mL of Na2CO3 

60 g/L was added after the mixture had been 

incubated for 5 minutes at room temperature. 

The sample absorbance at 750 nm was measured 

using a UV-VIS spectrophotometer (Specord 

205, Analytik Jena Inc., Jena, Germany) after 30 

min of incubation at 50 °C. Gallic acid was used 

as the standard, with concentrations ranging 

from 5 to 25 mg GAE/mL, to create the 

calibration curve.  

2.2.2. Antioxidant activity (ABTS assay) 

    The ABTS assay measurement of the 

different teas was performed according to the 

method described by (Damiani et al., 2014; Re 

et al., 1999). A 7.0 mmol/L aqueous ABTS 

[2,20-azinobis-(3-ethylbenzothiazoline-6)-

diammonium salt] solution was mixed in a 

0.9:0.1 ratio with a 2.45 mmol/L aqueous 

solution of potassium persulfate as an oxidizing 

agent to quantify the radical cation (ABTS•+). 
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Prior to use, the combination was stored at room 

temperature in the dark for 12–16 hours. To get 

an absorbance at 734 nm ranging from 0.6 to 0.8, 

the ABTS•+ solution stock was 80-fold diluted 

with water before to use. 0.025 mL of previously 

diluted tea, adequately diluted Trolox (6-

hydroxy-2,5,7,8-tetramethylchro- man-2-

carboxylic acid) standard ethanolic solution, or 

water as a control were added to 2.475 mL of 

this ABTS•+ solution, and the mixture was then 

added. The samples were kept at room 

temperature in the dark for two hours, and the 

samples' absorbance was measured against 

water at 734 nm. The following equation was 

used to compute inhibition percentage values 

(Equation 1):  

 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑜𝑓𝐴734(%) = (1 −
𝐴𝐶

𝐴0
) ∙ 100     (1) 

 

where Ac is an absorbance of the samples, A0 is 

an absorbance of the control. Antioxidant 

activity was expressed as mmol/L Trolox 

Equivalents (TE) using the linear regression 

value obtained from the Trolox calibration 

curve. 

2.2.3. pH measurement 

The pH was measured using the 

electrochemical method (Webster, 2003) with a 

potentiometer (Consort C1010, Consort, 

Turnhout, Belgium). 

2.2.4. Viscosity 

The viscosity (ɳ [cP]) was determined using 

the Brookfield rheometer (Brookfield 

Engineering Laboratories, Inc., Middleborough, 

MA, USA). The torque required to drive a disk, 

immersed at a predetermined depth, in the liquid 

whose viscosity is to be determined, into a 

rotational movement with a certain speed, will 

be measured. It is established that a thin layer of 

liquid adheres to the surface of a body in contact 

with a liquid due to adhesion forces. This layer, 

known as the boundary layer, moves as a single 

entity with the surface to which it has adhered, 

thus exhibiting the same velocity. The molecular 

cohesion forces exerted by the molecules in the 

layer under consideration will cause the 

molecules in the neighboring layer to move at a 

slower speed due to the sliding between the 

layers of molecules. 

The accuracy of the Brookfield viscometer 

was evaluated using a standard-viscosity liquid 

provided by the Cannon Instrument Company 

(State College, PA). The results demonstrated 

that the viscosity measurement data shear rate of 

300 s⁻¹ from the Brookfield viscometer was 

found to be within 5% of the standard viscosity 

value. The torque output became unstable at the 

shear rate of 300 s⁻¹, which equaled 40 rpm. This 

instability is likely due to secondary flow caused 

by centrifugal force in the gap between the cone 

and plate geometries (Lee et al., 2012). 

2.2.5. Sensory analysis 

A total of one hundred evaluators, 

comprising both male and female participants 

between the ages of 21 and 60, were invited to 

score the tea samples on a 5-point hedonic scale, 

ranging from least favored (1, "dislike very 

much") to most liked (5, "like very much"). This 

was done in order to ascertain consumer 

preference for the tested tea samples. Infusions 

were evaluated considering the criterion of 

color, brightness, clarity, astringency, aroma 

and bitterness. The panelists received eight 

distinct tea samples in 150-ml tea cups, each 

bearing a randomly assigned number. Tea 

samples were interspersed with opportunities for 

participants to rinse their palates with water. The 

sensory analysis was conducted at room 

temperature in a facility equipped with LED  

lighting. The evaluators were selected from the 

personnel and student body at Transilvania 

University of Brașov.  

2.2.6. Statistical analysis 

Each tea sample was tested in triplicate, and 

the results of the three separate tests were 

averaged to yield a single value for each sample. 

All data are presented as the mean of the three 

replicates, followed by the standard deviation 

(SD). The significance of mean differences was 

assessed by one-way ANOVA. Tukey's test 

(p≤0.05) was used to compare mean differences. 

The correlation analysis was employed to 

estimate the degree of correlation between the 

data sets, while the regression analysis was 

utilized to model the relationship between the 



 Lupu et al. / Carpathian Journal of Food Science and Technology, 2024, 16(4), 28-39 

 

32 
 

predictor variables and the investigated 

parameters (JASP Team, 2023).  

 

3.Results and discussions 

As illustrated in Figure 1, eight distinct tea 

varieties were obtained through both cold and 

hot infusion methods. These teas were then 

subjected to comprehensive analysis, evaluating 

their polyphenol content, antioxidant activity, 

viscosity, and pH. The findings from this 

experimental research were collated and 

presented in Table 1. 

 

 

 

 

Table 1. The properties of white tea 

Analysis 
Hot infusion 

 

Cold infusion 

THC TH1 TH2 TH3 TCC TC1 TC2 TC3 

TPC 

[mg/mL] 

4.05± 

0.02a 

8.28± 

0.78b 

9.11± 

0.56b 

11.13± 

0.27bc 

8.25± 

0.21b 

19.4± 

0.09c 

21.9± 

0.20c 

33.4± 

0.71d 

Antioxidant 

activity 

[mmol/L] 

Eq] 

 

14.98± 

1.76a 

31.27± 

1.23c 

33.03± 

1.02c 

36.31± 

1.76c 

26.3± 

1.01b 

71.78± 

1.98d 

74.32± 

1.65d 

82.45± 

1.89d 

 

pH 
7.82± 

0.76a 

7.78± 

0.98ab 

7.75± 

0.02b 

7.73± 

0.98b 

8.08± 

0.09c 

7.97± 

0.97d 

7.95± 

0.1d 

7.92± 

0.12d 

ɳ [cP] 
1.11± 

0.97a 

1.14± 

0.21ab 

1.15± 

0.05ab 

1.21± 

0.87b 

1.23± 

0.11b 

1.27± 

0.78c 

1.31± 

0.23d 

1.34± 

0.55d 

THC-White tea hot infusion; TH1-White tea with chokeberry powder 0.6% hot infusion; TH2- White tea with chokeberry 

powder 0.8% hot infusion; TH3-White tea with chokeberry powder 1% hot infusion; TCC-White tea cold infusion; TC1-

White tea with chokeberry powder 0.6% cold infusion; TC2-White tea with chokeberry powder 0.8% cold infusion; TC3-

White tea with chokeberry powder 1 % cold infusion; TPC-Total polyphenolic content; ɳ-Viscosity. The results are expressed 

as the mean value of the three replicates ± the standard deviation (SD). Data with different superscripts reported in the same 

row are significantly different (one-way ANOVA, p < 0.05). Data within a row with the same superscripts are not significantly 

different (one-way ANOVA, p > 0.05). 

 

3.1. Total polyphenolic content 

Table 1 presents a summary of the total 

phenol contents (TPC) of the tea infusions, as 

determined by Folin-Ciocalteu's reagent. A 

comparison of the total phenol contents (TPC) 

of hot and cold teas reveals that the latter 

consistently exhibits a significantly higher TPC, 

a phenomenon particularly pronounced in the 

case of the higher concentration of chokeberry 

powder TC3, with a TPC of 33.4 ± 0.71 mg 

GAE/mL.   A comparison of the control samples 

(THC and TCC) revealed that the TPC of white 

tea obtained by cold extraction (8.25±0.21 mg 

GAE/mL) was significantly different (p˂0.05) 

than that of white tea obtained by hot infusion 

(4.05±0.02 mg GAE/mL). This suggests that 

thermal treatment has a significant impact on 

total phenol content. These values are consistent 

with those reported in the literature (Damiani et 

al., 2014; Dasdemir et al., 2023; Perera et al., 

2015; Ramalho et al., 2013). The infusion 

method and fruit concentration have a 

significant impact on the total phenol content 

(TPC). Furthermore, an examination of the 

samples with varying chokeberry powder 

content revealed a significant increase (p˂0.05) 

in total polyphenol (TPC) content in those 

obtained through both hot and cold infusion 

methods. 

Research on white and green tea infusions 

reveals that brewing conditions significantly 

impact the extraction of bioactive compounds 

and antioxidant capacity. Cold infusion (20-

25°C) was found to be more efficient in 

extracting bioactive compounds compared to 
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hot infusion (80°C) (de Carvalho Rodrigues et 

al., 2015). However, brewing at 98°C for 7 

minutes yielded optimal antioxidant 

polyphenols in white tea (Pérez-Burillo et al., 

2018). White teas exhibited the highest 

concentrations of chlorophylls, carotenoids, and 

total phenolic compounds (Popoviciu & 

Mălureanu, 2022). Total catechin content varied 

widely among white and green teas, with some 

white teas containing comparable levels to green 

teas (Unachukwu et al., 2010). Particle size also 

influenced extraction, with milled leaves 

producing greater antioxidant activity than 

whole leaves (Castiglioni et al., 2015). Cold 

brewing for 120 minutes or hot brewing at 90°C 

resulted in maximum extraction efficiency, 

particularly for whole, large leaves (Castiglioni 

et al., 2015). 

White teas exhibited the highest 

concentrations of chlorophylls, carotenoids, and 

total phenolic compounds (Popoviciu & 

Mălureanu, 2022). 

 

3.2. Antioxidant activity (ABTS assay) 

The antioxidant activity of the tea infusions 

was evaluated using the ABTS method. As 

evidenced in Table 1, the ABTS assay results 

demonstrate that all hot tea infusions exhibit 

significantly diminished antioxidant activity 

(14.98-36.31 mmol/L TE) in comparison to cold 

tea infusions (26.3-82.45 mmol/L TE). The 

highest antioxidant activity was observed in the 

case of the cold tea infusion with a 1% 

chokeberry powder concentration, which 

exhibited an antioxidant capacity of 82.45 ± 1.89 

mmol/L TE.  This evolution of antioxidant 

capacity in cold tea in comparison with hot tea 

was also observed by other authors (Damiani et 

al., 2014). Moreover, the antioxidant activity of 

the samples obtained through hot and cold 

infusion with an identical chokeberry powder 

content was found to be significantly different 

(p˂0.05). 

Research on white tea's antioxidant activity 

in cold and hot infusions reveals varying results 

across studies. White tea generally demonstrates 

high antioxidant capacity, with some studies 

finding prolonged hot steeping or cold 

extraction to be most effective (Castiglioni et al., 

2015; Hajiaghaalipour et al., 2016). However, 

one study reported optimal antioxidant activity 

at 70°C for white tea, decreasing at higher 

temperatures (Chernousova et al., 2018). Cold 

extraction (20-25°C) was found to be more 

efficient in extracting bioactive compounds 

compared to hot extraction (80°C) in some cases 

(de Carvalho Rodrigues et al., 2015). Factors 

influencing antioxidant activity include steeping 

time, temperature, and particle size, with milled 

leaves generally yielding higher antioxidant 

activity than whole leaves (Castiglioni et al., 

2015). White tea often exhibits greater 

antioxidant capacity than black tea and 

comparable or higher levels than green tea 

(Chernousova et al., 2018; Hajiaghaalipour et 

al., 2016). Additionally, some white tea extracts 

have shown bacteriostatic activity against S. 

aureus and E. coli (de Carvalho Rodrigues et al., 

2015). 

 

3.3. pH measurement 

The pH values for both methods fell within 

the range of 7.73 to 8.08, exhibiting minimal 

discrepancy. A slight decrease in pH was 

observed in both types of infusion. The sample 

TCC exhibited the highest pH value. A 

reduction in pH was similarly documented by 

other authors (Lunkes & Hashizume, 2014; S. 

Zhang et al., 2023). The pH of the white tea hot 

infusion sample differs significantly from that of 

the white tea cold infusion sample (p˂0.05). The 

hot and cold infusion samples with chokeberry 

powder do not exhibit a significant difference in 

pH (p˃0.05), whereas a significant difference is 

observed between the hot and cold infusion 

samples with the same addition of chokeberry 

powder (p˂0.05). 

pH values of tea infusions were generally 

mildly acidic, ranging from 3.85 to 6.45 

(Kaczmarek, 2004), with white teas showing 

similar pH levels to other teas, except for highly 

acidic hibiscus tea (Popoviciu & Mălureanu, 

2022). 

 

 



 Lupu et al. / Carpathian Journal of Food Science and Technology, 2024, 16(4), 28-39 

 

34 
 

3.4. Viscosity 

In regard to viscosity, it was determined that 

as the concentration of chokeberry powder 

increases, the viscosity of the tea for both 

infusion methods also increase. The lowest 

viscosity was observed in the case of the hot 

infusion, with a value of THC, 1.11 ± 0.97 cP. A 

comparison of the control samples from the hot 

and cold infusions reveals that the viscosity of 

the cold tea (TCC: 1.23 ± 0.11) is higher than 

that of the hot tea (THC: 1.11 ± 0.97 cP). 

Viscosity decreases as temperature increases. 

This is due to the fact that the powder particles 

increase the viscosity of the tea, thus 

demonstrating that the viscosity of the tea is 

directly proportional to the concentration of the 

powder (Pérez et al., 2022). Another explanation 

is that, as tea heats up, the molecules within the 

liquid move more quickly, reducing the friction 

between them, and thus decreasing viscosity. 

Cold tea, by contrast, will have a slightly higher 

viscosity than hot tea. 

 

3.5. Correlation of infusion method and 

chokeberry powder concentration 

The statistical analysis of the data indicates 

that the investigated parameters were affected 

by two factors: infusion method and chokeberry 

powder concentration, either independently or in 

combination. The analysis of variance 

conducted on the analytical parameters for 

different infusion methods and chokeberry 

powder concentrations showed significant 

differences in total polyphenolic content, 

antioxidant activity, pH, and viscosity.  

It is noteworthy that the correlation 

coefficient (R) for TPC is 0.935, for pH it is 

0.992, and for viscosity it is 0.995. Furthermore, 

the antioxidant activity also appears to exhibit 

variability, with a correlation coefficient of 

0.958. The adjusted R² for the two predictors, 

infusion method and chokeberry powder 

concentration, indicates that they can predict 

70.8% of the variation in TPC results, 81% of 

the variation in antioxidant activity results, 

96.3% of the variation in pH results, and 97.8% 

of the variation in viscosity results. 

The results of the ANOVA indicate that the 

model is statistically significant. The predictors 

introduced into the model, both individually and 

in combination, exerted a notable influence on 

the analyzed parameters, as detailed below: The 

total polyphenolic content was found to be 

significantly influenced (p < 0.05) only by the 

infusion method, while antioxidant activity, pH, 

and viscosity were significantly influenced (p < 

0.05) by both the infusion method and the 

concentration of chokeberry powder. 

 

3.6. Correlation of the analyzed parameters 

Figure 2 illustrates a correlation heat map for 

Pearson r. Pearson's product-moment 

correlation coefficient is a measure of the linear 

relationship between two variables. The 

correlation analysis enables the estimation of the 

parameters of the correlation. As can be 

observed, the heatmap  

is symmetric along the diagonal. Furthermore, 

the color blue represents positive correlation 

coefficients, while the color red represents 

negative correlation coefficients. The saturation 

of colors is indicative of the absolute value of 

the correlation coefficient. The significant 

correlations are marked with: *p < 0.05 if the 

correlation is significant at alpha=0.05 level; 

**p <0.01 if the correlation is significant at 

alpha=0.01 level and ***p < 0.001 if the 

correlation is significant at alpha=0.001 level. 

 

3.7. Sensory evaluation of tea samples 

The success of a novel product or formula is 

primarily contingent upon consumer demand 

and acceptability based on sensory perception. 

To ascertain consumer approval and identify any 

shortcomings in sensory attributes, a sensory 

evaluation was conducted in conjunction with an 

assessment of the product's intrinsic qualities. 

The outcomes of the hot and cold infusion 

processes for all eight samples are presented in 

Figure 3.  The graph demonstrated a positive 

correlation between color, brightness, clarity, 

astringency, aroma, and bitterness. The tea with 

the highest level of appreciation was the one 

with a 1% concentration of chokeberry powder 

cold infusion (TC3), which received the 
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maximum score (5 points) for the majority of the 

analyzed properties, with the exception of 

clarity, which received 4 points.  

 

 
Figure 2. Heatmap for Pearson's r. TPC-Total polyphenolic content 

 

 
Figure 3. Sensory evaluation of tea samples. THC -White tea hot infusion; TH1- White tea with 

chokeberry powder 0.6% hot infusion; TH2- White tea with chokeberry powder 0.8% hot infusion; 

TH3- White tea with chokeberry powder 1% hot infusion; TCC -White tea cold infusion; TC1 - White 

tea with chokeberry powder 0.6% cold infusion; TC2 - White tea with chokeberry powder 0.8% cold 

infusion; TC3 - White tea with chokeberry powder 1 % cold infusion 
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White tea infusions have been studied for 

their sensory properties and antioxidant content 

under various brewing conditions. Cold brewing 

for 120 minutes or hot brewing at 90°C for 7 

minutes yielded the highest antioxidant activity, 

with milled leaves providing greater extraction 

(Castiglioni et al., 2015). However, whole leaf 

infusions were preferred in sensory evaluations, 

particularly for cold-brewed white teas 

(Castiglioni et al., 2015). Optimal conditions for 

both antioxidant content and sensory properties 

were found to be 98°C for 7 minutes (Pérez-

Burillo et al., 2018). For Fuding white tea, a 3-

minute infusion at 100°C with a 1:50 tea-to-

water ratio produced the highest sensory scores 

(H. Zhang et al., 2017). In cold infusions of 

Taiwanese teas, consumers could distinguish 

between unfermented/lightly fermented and 

heavily/fully fermented teas, with lightly 

fermented teas preferred for their balanced 

bitterness, astringency, fresh flavor, and late 

sweetness (Liu et al., 2021). 

 

4. Conclusion 

The findings of the experimental research 

indicated that cold tea infusion is an effective 

method for enhancing the active biological 

properties of tea. A comparison of the total 

phenol contents (TPC) of hot and cold teas 

indicates that cold teas consistently have a 

significantly elevated TPC, most notable in the 

greater concentration of chokeberry powder 

TC3, which has a TPC of 33.4 ± 0.71 mg 

GAE/mL. 

It was shown that the application of heat 

treatment leads to a reduction of these 

compounds,obtaining a TPC value of 

11.13±0.27 mg GAE/mL (TH3) for the highest 

concentration of aronia powder. 

The ABTS assay results indicate that all hot 

tea infusions display markedly reduced 

antioxidant activity (14.98-36.31 mmol/L TE) 

relative to cold tea infusions (26.3-82.45 

mmol/L TE). The pH values for both procedures 

ranged from 7.73 to 8.08, demonstrating 

negligible variation, with a small reduction in 

pH noted in both infusion modalities. A 

comparison of the control samples from the hot 

and cold infusions indicates that the viscosity of 

the cold tea (TCC: 1.23 ± 0.11 cP) surpasses that 

of the hot tea (THC: 1.11 ± 0.97 cP), 

demonstrating that viscosity diminishes with 

rising temperature. In the context of sensory 

analysis, the tea infused with a 1% concentration 

of chokeberry powder (TC3) achieved the 

highest score, attaining the maximum rating of 5 

points for most of the evaluated attributes. 

In conclusion, chokeberry fruits represent a 

valuable resource for the tea industry, offering 

multiple health benefits and a distinctive taste 

and aroma. The exploitation of these fruits can 

bring advantages from both an economic and a 

health and sustainability perspective, through 

the development of a prosperous chokeberry tea 

sector and the promotion of a healthy and 

sustainable lifestyle. 

 

5.References 

Burdejova, L., Tobolkova, B., & Polovka, M. 

(2020). Effects of Different Factors on 

Concentration of Functional Components of 

Aronia and Saskatoon Berries. Plant Foods 

for Human Nutrition, 75(1), 83–88. 

https://doi.org/10.1007/s11130-019-00780-

4 

Castiglioni, S., Damiani, E., Astolfi, P., & 

Carloni, P. (2015). Influence of steeping 

conditions (time, temperature, and particle 

size) on antioxidant properties and sensory 

attributes of some white and green teas. 

International Journal of Food Sciences and 

Nutrition, 66(5), 491–497. 

https://doi.org/10.3109/09637486.2015.104

2842 

Cheng, L., Wang, Y., Zhang, J., Zhu, J., Liu, P., 

Xu, L., Wei, K., Zhou, H., Peng, L., Zhang, 

J., Wei, X., & Liu, Z. (2021). Dynamic 

changes of metabolic profile and taste 

quality during the long-term aging of 

Qingzhuan Tea: The impact of storage age. 

Food Chemistry, 359, 129953. 

https://doi.org/10.1016/j.foodchem.2021.12

9953 

Chernousova, O. V., Krivtsova, A. I., & 

Kuchmenko, T. A. (2018). The study of 

antioxidant activity of white tea. 



 Lupu et al. / Carpathian Journal of Food Science and Technology, 2024, 16(4), 28-39 

 

37 
 

Proceedings of the Voronezh State 

University of Engineering Technologies, 

80(1), 133–139. 

https://doi.org/10.20914/2310-1202-2018-

1-133-139 

Chrubasik, C., Li, G., & Chrubasik, S. (2010). 

The clinical effectiveness of chokeberry: a 

systematic review. Phytotherapy Research, 

24(8), 1107–1114. 

https://doi.org/10.1002/ptr.3226 

Damiani, E., Bacchetti, T., Padella, L., Tiano, 

L., & Carloni, P. (2014). Antioxidant 

activity of different white teas: Comparison 

of hot and cold tea infusions. Journal of 

Food Composition and Analysis, 33(1), 59–

66. 

https://doi.org/10.1016/j.jfca.2013.09.010 

Dasdemir, Y., Findik, B. T., Yildiz, H., & 

Birisci, E. (2023). Blueberry-added black 

tea: Effects of infusion temperature, drying 

method, fruit concentration on the iron-

polyphenol complex formation, polyphenols 

profile, antioxidant activity, and sensory 

properties. Food Chemistry, 410, 135463. 

https://doi.org/10.1016/j.foodchem.2023.13

5463 

de Carvalho Rodrigues, V., da Silva, M. V., dos 

Santos, A. R., Zielinski, A. A. F., & 

Haminiuk, C. W. I. (2015). Evaluation of hot 

and cold extraction of bioactive compounds 

in teas. International Journal of Food 

Science & Technology, 50(9), 2038–2045. 

https://doi.org/10.1111/ijfs.12858 

Hajiaghaalipour, F., Sanusi, J., & Kanthimathi, 

M. S. (2016). Temperature and Time of 

Steeping Affect the Antioxidant Properties 

of White, Green, and Black Tea Infusions. 

Journal of Food Science, 81(1). 

https://doi.org/10.1111/1750-3841.13149 

Kaczmarek, U. (2004). [PH values and fluoride 

levels in some tea brands]. Annales 

Academiae Medicae Stetinensis, 50 Suppl 1, 

58–61. 

Kokotkiewicz, A., Jaremicz, Z., & Luczkiewicz, 

M. (2010). A Review of Traditional Use, 

Biological Activities, and Perspectives for 

Modern Medicine. Journal of Medicinal 

Food, 13(2), 255–269. 

https://doi.org/10.1089/jmf.2009.0062 

Lee, D. H., Jung, J. M., Kim, S. Y., Kim, K. T., 

& Cho, Y. I. (2012). Comparison tests for 

plasma viscosity measurements. 

International Communications in Heat and 

Mass Transfer, 39(10), 1474–1477. 

https://doi.org/10.1016/j.icheatmasstransfer

.2012.10.018 

Liu, S.-L., Jaw, Y.-M., Wang, L.-F., Chuang, G. 

C.-C., Zhuang, Z.-Y., Chen, Y.-S., & Liou, 

B.-K. (2021). Evaluation of Sensory Quality 

for Taiwanese Specialty Teas with Cold 

Infusion Using CATA and Temporal CATA 

by Taiwanese Consumers. Foods, 10(10), 

2344. 

https://doi.org/10.3390/foods10102344 

Lunkes, L. B. F., & Hashizume, L. N. (2014). 

Evaluation of the pH and titratable acidity of 

teas commercially available in Brazilian 

market. RGO, Rev. Gaúch. Odontol. 

(Online), 62(no.1 Porto Alegre). 

Olcha, P., Winiarska-Mieczan, A., Kwiecień, 

M., Nowakowski, Ł., Miturski, A., 

Semczuk, A., Kiczorowska, B., & 

Gałczyński, K. (2022). Antioxidative, Anti-

Inflammatory, Anti-Obesogenic, and 

Antidiabetic Properties of Tea 

Polyphenols—The Positive Impact of 

Regular Tea Consumption as an Element of 

Prophylaxis and Pharmacotherapy Support 

in Endometrial Cancer. International 

Journal of Molecular Sciences, 23(12), 

6703. https://doi.org/10.3390/ijms23126703 

Perera, G. A. A. R., Amarakoon, A. M. T., 

Illeperuma, D. C. K., & Muthukumarana, P. 

K. P. (2015). Effects of raw material on the 

chemical composition, organoleptic 

properties, antioxidant activity, physical 

properties and the yield of instant black tea. 

LWT - Food Science and Technology, 63(1), 

745–750. 

https://doi.org/10.1016/j.lwt.2015.03.060 

Pérez, E., Alviso, D., Manrique, E., & Artana, 

G. (2022). Estimation of the rheological 

curve of HPAM solutions from 

measurements using the Brookfield 

viscometer. Journal of Petroleum Science 



 Lupu et al. / Carpathian Journal of Food Science and Technology, 2024, 16(4), 28-39 

 

38 
 

and Engineering, 216, 110793. 

https://doi.org/10.1016/j.petrol.2022.11079

3 

Pérez-Burillo, S., Giménez, R., Rufián-Henares, 

J. A., & Pastoriza, S. (2018). Effect of 

brewing time and temperature on 

antioxidant capacity and phenols of white 

tea: Relationship with sensory properties. 

Food Chemistry, 248, 111–118. 

https://doi.org/10.1016/j.foodchem.2017.12

.056 

Popoviciu, D. R., & Mălureanu, R. A. (2022). 

Comparative quantitative analysis of some 

classes of bioactive compounds in some tea 

sortiments and tea like infusions available 

on the Romanian market. Annals of The 

University of Craiova, Biology, 

Horticulture, Food Products Processing 

Technology, Environmental Engineering, 

27(63). 

https://doi.org/10.52846/bihpt.v27i63.52 

Ramalho, S. A., Nigam, N., Oliveira, G. B., de 

Oliveira, P. A., Silva, T. O. M., dos Santos, 

A. G. P., & Narain, N. (2013). Effect of 

infusion time on phenolic compounds and 

caffeine content in black tea. Food Research 

International, 51(1), 155–161. 

https://doi.org/10.1016/j.foodres.2012.11.0

31 

Re, R., Nicoletta, P., Anna, P., Ananth, P., Min, 

Y., & Catherine, R.-E. (1999). Antioxidant 

activity applying an improved ABTS radical 

cation decolorization assay. Free Radical 

Biology and Medicine, 26((9-10)), 1231–

1237. 

Sharangi, A. B. (2009). Medicinal and 

therapeutic potentialities of tea (Camellia 

sinensis L.) – A review. Food Research 

International, 42(5–6), 529–535. 

https://doi.org/10.1016/j.foodres.2009.01.0

07 

Sharma, R., Verma, S., & Kumar, D. (2021). 

Polyphenolics and therapeutic insights in 

different tissues extract and fractions of 

Camellia sinensis (L.) Kuntze (Kangra Tea). 

Food Bioscience, 42, 101164. 

https://doi.org/10.1016/j.fbio.2021.101164 

Sidor, A., Drożdżyńska, A., & Gramza-

Michałowska, A. (2019). Black chokeberry 

(Aronia melanocarpa) and its products as 

potential health-promoting factors - An 

overview. Trends in Food Science & 

Technology, 89, 45–60. 

https://doi.org/10.1016/j.tifs.2019.05.006 

Singleton, V. L., Orthofer, R., & Lamuela-

Raventos, R. M. (1999). Analysis of total 

phenols and other oxidation substrates and 

antioxidants by means of Folin-Ciocalteu 

reagent. Meth Enzymol, 299, 152–178. 

Tolić, M.-T., Krbavčić, I., Vujević, P., 

Milinović, B., Jurčević, I., & Vahčić, N. 

(2017). Effects of Weather Conditions on 

Phenolic Content and Antioxidant Capacity 

in Juice of Chokeberries (Aronia 

melanocarpa L.). Polish Journal of Food 

and Nutrition Sciences, 67(1), 67–74. 

https://doi.org/10.1515/pjfns-2016-0009 

Unachukwu, U. J., Ahmed, S., Kavalier, A., 

Lyles, J. T., & Kennelly, E. J. (2010). White 

and Green Teas ( Camellia sinensis 

var.  sinensis): Variation in Phenolic, 

Methylxanthine, and Antioxidant Profiles. 

Journal of Food Science, 75(6). 

https://doi.org/10.1111/j.1750-

3841.2010.01705.x 

Webster, D. (2003). pH – Principles and 

measurement. In Encyclopedia of Food 

Sciences and Nutrition (pp. 4501–4507). 

Elsevier. https://doi.org/10.1016/B0-12-

227055-X/00913-5 

Zhang, H., Li, Y., Lv, Y., Jiang, Y., Pan, J., 

Duan, Y., Zhu, Y., & Zhang, S. (2017). 

Influence of brewing conditions on taste 

components in Fuding white tea infusions. 

Journal of the Science of Food and 

Agriculture, 97(9), 2826–2833. 

https://doi.org/10.1002/jsfa.8111 

Zhang, S., Li, Q., Wen, S., Sun, L., Chen, R., 

Zhang, Z., Cao, J., Lai, Z., Li, Z., Lai, X., 

Wu, P., Sun, S., & Chen, Z. (2023). 

Metabolomics reveals the effects of 

different storage times on the acidity quality 

and metabolites of large-leaf black tea. Food 

Chemistry, 426, 136601. 



 Lupu et al. / Carpathian Journal of Food Science and Technology, 2024, 16(4), 28-39 

 

39 
 

https://doi.org/10.1016/j.foodchem.2023.13

6601
 

Acknowledgments:  

The research was performed in the Food and 

Tourism Faculty, Transilvania University of 

Brasov. 

Conflicts of Interest:  

The authors have no conflict of interest 

regarding the content of this paper. 

 

 

 

 


	Introduction 
	Results and Discussion 
	Effect of Operating Parameters of HPU Treatments on Temperature of Grape Juice Samples 
	Effects of Pasteurization and HPU Treatments on Total Phenolic (TP) Content, l-ascorbic Acid (L-Asac) Content and Polyphenolic Compounds Profile 
	Effects of Pasteurization and HPU Treatments on Ph, Total Soluble Solids (TSS) and Titratable Acidity (TA) 
	Microbiological Quality 

	Materials and Methods 
	Grape Juice Preparation 
	Pasteurization Process 
	Ultrasound Equipment and Processing 
	pH, Total Soluble Solids (TSS) and Titratable Acidity (TA) 
	l-ascorbic Acid Content (L-AsAc) 
	Determination of Total Phenolic (TP) Content and Polyphenolic Compounds Profile 
	Microbiological Analysis 
	Data Analysis 

	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Grapes 
	Ultrasonic Equipment 
	Optimization Design 
	Sample Preparation 
	Total Polyphenolic Content and Anthocyanins Determination 
	Antioxidant Activity 
	FRAP Assay 
	DPPH Assay 

	Total Soluble Content and Acidity 
	Statistical Analysis 

	Results and Discussion 
	Total Polyphenolic Content 
	Monomeric Anthocyanins 
	Antioxidant Activity 
	Correlations between Total Phenolic Content, Monomeric Anthocyanins and Antioxidant Activity 
	Optimization of the Experimental Model for Increasing the Extraction Rate of Biologically Active Compounds and the Antioxidant Activity in Grape Must 
	Confirmation of the Model 

	Conclusions 
	References
	Papers
	457 . Margean A

	Introduction 
	Results and Discussion 
	Analysis of the Raw Material (Blueberry) and Blueberry Juices Obtained 
	Vinegars Variants Obtained (Acidity, TSS) 
	Total Phenolic Content and Total Antocyanins Content of Blueberry Vvinegars 
	Antioxidant Activity of Berry Vinegars 
	HPLC Analysis of Phenolic Compounds 
	Sensory Analysis 

	Materials and Methods 
	Materials, Reagents 
	Production of Berry-Vinegar Variants 
	Titratable Acidity, pH, and Total Soluble Solids 
	Ultrasound (US) Treatments 
	Factorial Experimental Design 
	Total Phenolic Content (TPC) and Total Monomeric Anthocyanins Content (TAC) 
	Antioxidant Activity 
	ABTS Assay 
	DPPH Assay 

	Polyphenols Profiles by HPLC Analysis 
	Sensory Analysis 
	Statistical Analysis 

	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Raw Materials 
	Pasta Preparation 
	Rheological Properties of the Dough 
	Extraction of Polyphenolic Compounds 
	Determination of Total Phenolic Content and Polyphenolic Compounds Profile 
	Determination of Total Titratable Acidity (TTA) 
	Determination of Moisture Content 
	Determination of Compression Resistance 
	Determination of Protein and Fiber Content 
	Sensory Evaluation 
	Statistical Analysis 

	Results and Discussion 
	Dough Rheological Properties 
	Physical and Chemical Properties 
	Compression Resistance 
	Sensory Analysis 

	Conclusions 
	References

