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Abstract: The demand for chemical-free beverages is posing a challenge to the wine industry to provide
safe and healthy products with low concentrations of chemical preservatives. The development of
new technologies, such as Atmospheric Pressure Cold Plasma (APCP), offers the wine industry the
opportunity to contribute to this continuous improvement. The purpose of this research is to evaluate
the effect of Argon APCP treatment, applied in both batch and flow systems, on Tempranillo red wine
quality. Batch treatments of 100 mL were applied with two powers (60 and 90 W) at four periods
(1, 3, 5, and 10 min). For flowing devices, 750 mL of wine with a flow of 1.2 and 2.4 L/min were
treated at 60 and 90 W for 25 min and was sampled every 5 min. Treatments in batch resulted in
wines with greater color intensity, lower tonality, and higher content in total phenolic compounds
and anthocyanins, so that they were favorable for wine quality. Among the batch treatments, the
one with the lowest power was the most favorable. Flow continuous treatments, despite being more
appropriate to implement in wineries, neither led to significant improvements in the chromatic and
phenolic wine properties nor caused wine spoilage.
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1. Introduction

Current consumers are looking for natural, safe, and healthy beverages with low concentrations
of chemical preservatives, thereby maintaining their healthy properties [1,2]. The cutting-edge
technologies for food processing offers the wine industry the opportunity to contribute to this
improvement. Thus, technology based on the application of Atmospheric Pressure Cold Plasma
(APCP) is a very attractive innovation tool for the food industry.

Plasma is a state of matter, similar to gas, in which some particles are ionized. The APCP uses
different gases such as air, nitrogen, argon, helium, etc., that are applied directly or indirectly (through
a liquid medium) to process and disinfect materials. In the application of the APCP, a large number
and diversity of highly energetic reactive species are generated. This activates physical and chemical
processes difficult to achieve in ordinary chemical environments. In fact, plasma is a source of UV
photons, charged particles (positive and negative ions), free radicals, atoms, and molecules excited or
not, etc., with a high antimicrobial capacity [3].

To date, among the various physical and chemical food decontamination techniques evaluated,
APCP has demonstrated a high efficiency in the reduction of microbial contaminants in different foods
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and beverages [4–6]. In contrast, there are few studies evaluating how APCP affects the quality of the
treated foods and beverages, despite being determinant to the consumer election.

The color is one of the most important sensory attributes as it is normally the first feature perceived
by the wine consumer, consequently having a great influence on the final wine quality perception [7].
Wine color does not only depend on the initial grape composition, but also on the different techniques
applied in the cellar and the numerous biochemical reactions that occurred during the winemaking
process [8–10]. Phenolic compounds are responsible for the organoleptic characteristics of wine, such
as color and flavor. Moreover, some of these compounds have been related to antioxidant and free
radical-scavenging properties [3,11] that may play a role in human health, including a highly probable
protection against cardiovascular diseases and cancer [12–14].

Some results have shown a decrease in total phenolics and total flavonoids in grape juice and an
increase in total flavonols after high voltage atmospheric cold plasma treatments [15]. Other authors
have studied the stability of phenolic compounds in several fruit juices, and even in wines [16,17],
concluding that plasma treatments have an impact that is mainly dependent on the equipment and
processing parameters.

Moreover, most of the plasma experiments have been conducted in static conditions. This
circumstance makes it even more difficult to implement in real wineries, so that APCP application in
continuous flow might be a great advance for winemakers. The main goal of this study was to examine
the influence of continuous flow APCP in chromatic characteristics and the phenolic compounds
content of red wines, compared to batch APCP treatments.

2. Materials and Methods

2.1. Wine and APCP Treatments

This study was conducted with a young Tempranillo red wine from the ICVV experimental
winery, sampled just after the spontaneous MLF of the harvest 2017, with 12% alcoholic strength and a
pH of 3.65.

Six different treatments were carried out by a non-thermal atmospheric pressure plasma jet system
(PlasmaSpot®, VITO, Boeretang, Belgium). This system consists of a plasma torch that operates at
atmospheric pressure, with two cylindrical electrodes in coaxial arrangement that are separated by a
dielectric barrier of Al2O3. A flow of Argon gas (40 slm) was supplied in all cases. Any excess gas in
the system was evacuated through an exhaust by a fan. The frequency of the generator was fixed at
68 kHz for the entire process.

The plasma was applied in two ways: In batch and continuous flow systems (Figure 1). Thus,
100 mL of wine was treated in batch with plasma running at the combination of the following processing
parameters: Power at 60 and 90 W and treatment time of 1, 3, 5, and 10 min. Moreover, 750 mL of wine
was treated in continuous flow for 1.2 and 2.4 L/min at powers of 60 and 90 W, and treatment time
of 25 min, sampling every 5 min. The treatments in batch were named with B (batch) and with LF
(low flow) or HF (high flow), and the power (60 or 90) (Table 1). The six different treatments (B60, B90,
LF60, HF60, LF90, and HF90) were carried out independently with biological triplicates (n = 3) and the
application was conducted during six days over two weeks. Before treatments, all samples were at
room temperature.
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Figure 1. Schematic representation of (a) batch Atmospheric Pressure Cold Plasma (APCP) treatments 
and of (b) continuous APCP treatments. 

Table 1. Argon APCP treatments in batch (B) and low flow (LF) and high flow (HF) systems (F) 
characteristics. 

Treatment Power (W) Batch Wine Flow (mL/h) Volume (mL) Time (min) 
B60 60 Yes No 100 0,1,3,5,10 
B90 90 Yes No 100 0,1,3,5,10 

LF60 60 No 1.2 750 0,10,15,20,25 
HF60 60 No 2.4 750 0,10,15,20,25 
LF90 90 No 1.2 750 0,10,15,20,25 
HF90 90 No 2.4 750 0,10,15,20,25 

2.2. Analysis of Physical and Color Parameters 

Before and after each treatment, every sample was analyzed regarding the physical parameters 
of temperature, pH, and conductivity with a multi-meter of temperature, pH, and conductivity 
(multisensor 5048, HACH, Madrid, Spain). Color intensity (CI) and hue were measured according to 
the European Community Official Methods protocols [18]. Total phenolic compounds in mg/L of 
gallic acid (TP) were determined by the Folin-Ciocalteau method by the Miura-One enzymatic auto 
analyzer (TDI S.L., Barcelona, Spain). 

2.3. Analysis of Anthocyanins and Vitisins by HPLC 

In addition, the samples were analyzed in terms of individual anthocyanins and vitisins by 
HPLC. Non-acylated and acylated anthocyanins and vitisins were analysed using an Agilent 1260 
Infinity chromatograph, equipped with a diode array detector (DAD, Agilent, Santa Clara, CA, USA). 
The procedure followed was described by Portu et al. [19]. They used a Licrospher® 100 RP-18 
reversed-phase column (250 × 4.0 mm; 5 μm packing; Agilent, Santa Clara, CA, USA) with pre-
column Licrospher® 100 RP-18 (4 × 4 mm; 5 μm packing; Agilent, Santa Clara, CA, USA). The column 
temperature was set at 40 °C, the flow rate was established at 0.630 mL/min, and the injection volume 
was 10 μL. Eluents were (A) acetonitrile/water/formic acid (3:88.5:8.5, v/v/v), and (B) 
acetonitrile/water/formic acid (50:41.5:8.5, v/v/v). The linear solvent gradient was: 0 min, 6% B; 15 
min, 30% B; 30 min, 50% B; 35 min, 60% B; 38 min, 60% B; 46 min, and 6% B. 

Anthocyanins were identified according to the retention times of the available pure compounds 
and the UV–Vis data obtained from authentic standards and/or published in previous studies on β-
glucosidase activity. Anthocyanins were quantified at 520 nm as malvidin-3-O-glucoside 
(Extrasynthèse, Genay, France). Concentrations were expressed as milligrams per litter of wine 
(mg/L). The data corresponds to the average of the analyses of three samples (n = 3). The total 
anthocyanins consisted of the sum of the individualized anthocyanins. 

Figure 1. Schematic representation of (a) batch Atmospheric Pressure Cold Plasma (APCP) treatments
and of (b) continuous APCP treatments.

Table 1. Argon APCP treatments in batch (B) and low flow (LF) and high flow (HF) systems
(F) characteristics.

Treatment Power (W) Batch Wine Flow (mL/h) Volume (mL) Time (min)

B60 60 Yes No 100 0,1,3,5,10
B90 90 Yes No 100 0,1,3,5,10

LF60 60 No 1.2 750 0,10,15,20,25
HF60 60 No 2.4 750 0,10,15,20,25
LF90 90 No 1.2 750 0,10,15,20,25
HF90 90 No 2.4 750 0,10,15,20,25

2.2. Analysis of Physical and Color Parameters

Before and after each treatment, every sample was analyzed regarding the physical parameters
of temperature, pH, and conductivity with a multi-meter of temperature, pH, and conductivity
(multisensor 5048, HACH, Madrid, Spain). Color intensity (CI) and hue were measured according to
the European Community Official Methods protocols [18]. Total phenolic compounds in mg/L of gallic
acid (TP) were determined by the Folin-Ciocalteau method by the Miura-One enzymatic auto analyzer
(TDI S.L., Barcelona, Spain).

2.3. Analysis of Anthocyanins and Vitisins by HPLC

In addition, the samples were analyzed in terms of individual anthocyanins and vitisins by
HPLC. Non-acylated and acylated anthocyanins and vitisins were analysed using an Agilent 1260
Infinity chromatograph, equipped with a diode array detector (DAD, Agilent, Santa Clara, CA,
USA). The procedure followed was described by Portu et al. [19]. They used a Licrospher® 100
RP-18 reversed-phase column (250 × 4.0 mm; 5 µm packing; Agilent, Santa Clara, CA, USA) with
pre-column Licrospher® 100 RP-18 (4 × 4 mm; 5 µm packing; Agilent, Santa Clara, CA, USA).
The column temperature was set at 40 ◦C, the flow rate was established at 0.630 mL/min, and the
injection volume was 10 µL. Eluents were (A) acetonitrile/water/formic acid (3:88.5:8.5, v/v/v), and (B)
acetonitrile/water/formic acid (50:41.5:8.5, v/v/v). The linear solvent gradient was: 0 min, 6% B; 15 min,
30% B; 30 min, 50% B; 35 min, 60% B; 38 min, 60% B; 46 min, and 6% B.

Anthocyanins were identified according to the retention times of the available pure compounds
and the UV–Vis data obtained from authentic standards and/or published in previous studies
on β-glucosidase activity. Anthocyanins were quantified at 520 nm as malvidin-3-O-glucoside
(Extrasynthèse, Genay, France). Concentrations were expressed as milligrams per litter of wine (mg/L).
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The data corresponds to the average of the analyses of three samples (n = 3). The total anthocyanins
consisted of the sum of the individualized anthocyanins.

2.4. Statistical Analysis

The analytical parameters measured for each of the samples were statistically analyzed with the
SPSS software (IBM® SPSS Statistic version 23, Armonk, NY, USA). Analyses of the variance (ANOVA)
were assessed. The significant differences between mean values were determined by Tukey’s HSD test
and differences were considered as significant when the p value was below 0.05.

3. Results and Discussion

This study analyzed the effects of Argon APCP batch and flow systems applied to a red wine and
it was focused on its color and phenolic properties. For that purpose, the treatments were applied with
two different powers, in batch and flowing, and during several minutes. Variability between starting
wines was mainly due to the fact that treatments were performed in six days of two consecutive weeks.
The initial wine suffered some type of evolution during those days, which made it that times zero or
control samples had different physicochemical parameters like the pH. This made us consider each
treatment as totally independent.

3.1. Impact of APCP Treatments on Physical and Color Parameters

Results of the average physical parameters measured in wines before and after the six Argon
APCP treatments are shown in Table 2. The temperature of the control and treated samples hardly
varied during the application of most of the treatments. In batch systems, the temperature did not
change significantly after 10 min of treatment, the same result was observed in low flow systems after
25 min. The temperature was only significantly increased with time in the treatments linked to high
flow systems, although it varied only from 19.7 ◦C to 20.4 ◦C when applying 60 W and from 20.7 ◦C to
21.8 ◦C when applying 90 W. This result demonstrated the cold character of APCP treatments despite
the applied energy [20]. The pH parameter measures the hydrogen ion concentration of a solution.
A decrease of water pH after APCP treatments was demonstrated [21]. In contrast, inconclusive results
about pH variation after APCP have been observed with other products [22]. In our study, only after
the batch treatment of low power (B60) applied to wine from 1 to 5 min did the pH significantly
increase to reach around 4 units, which might trigger the microbial spoilage of wine. On another point,
the conductivity means that the facility of a liquid media might flow an electric discharge. It has been
observed that plasma activated water conductivity is higher than the conductivity found in non-treated
water [21]. In this research, wine conductivity was significantly higher than the control after 3 or 5 min
of batch APCP treatments. In contrast, conductivity was reduced after flowing treatments, although
this reduction was only significant after 20 min of treatment HF90. This reduction was also observed
by Pankaj et al. [15] after APCP treatment of 80 kV for 4 min in grape juice. In general, a drop in the
conductivity of wines is related to a loss in their tartaric stability [23].
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Table 2. Average physical parameters assessed for wine with different Argon APCP treatments and the
standard deviation of data (n = 3).

Treatment Time (min) T (◦C) pH C (µS)

B60

0 21.4 ± 0.0 3.77 ± 0.00 ab 1750 ± 0 a
1 21.3 ± 0.0 3.93 ± 0.19 b 1760 ± 17 a
3 21.1 ± 0.0 3.93 ± 0.10 b 1787 ± 6 ab
5 21.0 ± 0.0 3.89 ± 0.04 b 1830 ± 30 b
10 19.9 ± 0.0 3.61 ± 0.00 a 1903 ± 25 c

B90

0 21.4 ± 0.0 3.77 ± 0.00 1750 ± 0 b
1 21.3 ± 0.0 3.85 ± 0.27 1730 ± 0 a
3 21.2 ± 0.0 3.60 ± 0.03 1770 ± 10 c
5 21.0 ± 0.0 3.66 ± 0.07 1847 ± 12 d
10 22.0 ± 0.0 3.69 ± 0.15 1923 ± 6 e

LF60

0 20.0 ± 0.1 3.69 ± 0.02 1873 ± 15
5 19.9 ± 0.1 3.70 ± 0.02 1867 ± 12
10 19.8 ± 0.1 3.71 ± 0.03 1850 ± 10
15 19.7 ± 0.1 3.62 ± 0.02 1793 ± 57
20 19.6 ± 0.2 3.69 ± 0.09 1553 ± 453
25 19.7 ± 0.4 3.72 ± 0.07 1460 ± 624

HF60

0 19.7 ± 0.3 ab 3.47 ± 0.30 1590 ± 243
5 19.5 ± 0.2 a 3.38 ± 0.30 1583 ± 240
10 19.7 ± 0.1 a 3.47 ± 0.23 1560 ± 217
15 19.9 ± 0.0 ab 3.49 ± 0.25 1517 ± 168
20 20.2 ± 0.1 bc 3.53 ± 0.20 1450 ± 280
25 20.4 ± 0.1 c 3.58 ± 0.13 1213 ± 68

LF90

0 20.0 ± 0.3 ab 3.60 ± 0.06 1460 ± 52
5 19.7 ± 0.5 a 3.55 ± 0.11 1460 ± 10
10 20.1 ± 0.6 ab 3.56 ± 0.07 1457 ± 12
15 20.2 ± 0.3 ab 3.46 ± 0.13 1447 ± 6
20 20.7 ± 0.3 ab 3.47 ± 0.14 1367 ± 42
25 20.9 ± 0.3 b 3.52 ± 0.09 1343 ± 93

HF90

0 20.7 ± 0.2 b 3.70 ± 0.05 1755 ± 5 b
5 20.3 ± 0.2 a 3.70 ± 0.07 1760 ± 10 b

10 20.7 ± 0.2 b 3.74 ± 0.08 1740 ± 20 b
15 21.1 ± 0.1 c 3.79 ± 0.13 1737 ± 15 b
20 21.5 ± 0.1 d 3.81 ± 0.14 1617 ± 47 a
25 21.8 ± 0.1 d 3.81 ± 0.15 1560 ± 20 a

Nomenclature abbreviations: T. temperature; C. conductivity. Different letters mean significant differences between
the samples of the same treatment (p ≤ 0.05). No letters mean no significant differences.

The color intensity (CI) is an index of the amount of color of a wine. It significantly increased
after batch treatments (Table 3). This increase was of approximately two units for both 60 and 90 W,
which is, overall, positive for red wine quality [16]. However, the CI increase after flow systems was
lower (between 0.2 and 0.6 units after 25 min of treatment) and had statistical significance only for
LF60, HF90, and LF90 treatments (Table 3). The lowest hue of a wine means a positive wine evolution,
which was observed after 10 min of batch treatments. Flow APCP treatments also resulted in a tonality
reduction, although it was only significant in the treatment of the greatest flow and power.
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Table 3. Average color parameters assessed for wine with different Argon APCP treatment and the
standard deviation of data (n = 3).

Treatment Time (min) CI Hue TP (mg/L Gallic Acid)

B60

0 6.50 ± 0.00 a 0.599 ± 0.00 d 1067 ± 71 a
1 8.30 ± 0.05 ab 0.579 ± 0.00 c 1120 ± 8 ab
3 8.37 ± 0.01 ab 0.571 ± 0.00 b 1132 ± 14 ab
5 8.42 ± 0.05 ab 0.567 ± 0.00 a 1140 ± 11 ab

10 8.47 ± 0.08 b 0.563 ± 0.00 a 1170 ± 24 b

B90

0 6.50 ± 0.00 a 0.599 ± 0.00 d 1067 ± 71
1 7.36 ± 0.02 b 0.592 ± 0.00 cd 1132 ± 26
3 7.66 ± 0.04 c 0.587 ± 0.00 bc 1145 ± 30
5 7.94 ± 0.02 d 0.581 ± 0.00 b 1155 ± 22

10 8.24 ± 0.17 e 0.564 ± 0.01a 1194 ± 26

LF60

0 6.72 ± 0.15 a 0.590 ± 0.01 1044 ± 29
5 6.94 ± 0.05 ab 0.592 ± 0.01 1049 ± 55

10 6.98 ± 0.16 ab 0.587 ± 0.01 1063 ± 33
15 7.05 ± 0.12 ab 0.585 ± 0.01 1081 ± 45
20 7.08 ± 0.10 ab 0.581 ± 0.01 1077 ± 16
25 7.19 ± 0.15 b 0.581 ± 0.01 1066 ± 12

HF60

0 7.47 ± 0.56 0.593 ± 0.01 1062 ± 59
5 7.54 ± 0.54 0.592 ± 0.01 1058 ± 66

10 7.56 ± 0.51 0.589 ± 0.01 1062 ± 56
15 7.64 ± 0.54 0.589 ± 0.01 1084 ± 60
20 7.72 ± 0.51 0.586 ± 0.00 1067 ± 13
25 7.78 ± 0.55 0.583 ± 0.00 1105 ± 41

LF90

0 7.82 ± 0.06 0.588 ± 0.00 1087 ± 81
5 7.89 ± 0.10 0.590 ± 0.00 1070 ± 70

10 7.91 ± 0.12 0.593 ± 0.00 1078 ± 71
15 7.97 ± 0.02 0.587 ± 0.00 1089 ± 62
20 8.00 ± 0.06 0.587 ± 0.00 1041 ± 8
25 8.02 ± 0.06 0.585 ± 0.00 1052 ± 19

HF90

0 6.49 ± 0.03 a 0.608 ± 0.00 c 1087 ± 81
5 6.66 ± 0.05 b 0.604 ± 0.01 bc 1097 ± 48

10 6.75 ± 0.02 bc 0.599 ± 0.00 abc 1103 ± 51
15 6.84 ± 0.06 cd 0.599 ± 0.00 abc 1108 ± 57
20 6.95 ± 0.04 d 0.595 ± 0.00 ab 1087 ± 54
25 7.09 ± 0.04 e 0.593 ± 0.00 a 1101 ± 42

Nomenclature abbreviations: CI Color index; TP Total Polyphenols. Different letters mean significant differences
between the samples of the same treatment (p ≤ 0.05). No letters mean no significant differences.

The average total phenolic (TP) compounds, determined by the reaction with the Folin reagent,
was significantly higher after batch APCP treatments, varying from 1067 to 1170 with 60 W and
from 1067 to 1194 with 90 W (Table 3). In this way, Herceg et al. [24] reported an increase in TP in
pomegranate juice after Argon plasma treatment. This index is based on the capacity of the phenolics to
react with oxidant agents so that it is a total determination of phenolic compounds, but it also expresses
the contribution of these compounds to the antioxidant activity of the sample, so its increase is positive
for wine quality. However, flowing APCP treatments did not result in a significant modification of
TP. Even in the bibliography, contradictory results are found, for instance Lukić et al. [25] observed a
reduction of TP in a Cabernet Sauvignon red wine, which could be due to the possible degradation of
these compounds by the plasma mechanism.

3.2. Impact of APCP Treatments on Anthocyanin and Vitisins Contents

The anthocyanins free monomers are the main responsible for the color of young red wines.
They were analyzed individually for every sample. The HPLC analyses identified five non-acylated
anthocyanins (Table 4), including 3-o-glucosides (3-glc) of delphinidin, cyanidin, petunidin, peonidin,
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and malvidin and 11 acylated anthocyanins (Table 5), including acetyl glucosides (3-acglc) of delphinidin,
petunidin, peonidin, and malvidin; trans-p-coumaroyl glucosides (3-cmglc) of delphinidin, cyanidin,
petunidin, peonidin, and cis and trans malvidin and caffeoyl glucoside (cfglc) of malvidin.

Table 4. Average non-acylated anthocyanins (mg/L) wine with different Argon APCP treatments and
the standard deviation of data (n = 3).

Treatment Time (min) Dp-3-glc Cn-3-glc Pt-3-glc Pn-3-glc Mv-3-glc

B60

0 13.2 ± 0.5 a 2.97 ± 0.03 b 20.3 ± 0.5 a 7.64 ± 0.32 139 ± 5 a
1 14.1 ± 0.1 b 2.89 ± 0.02 ab 22.3 ± 0.2 b 7.90 ± 0.13 149 ± 2 b
3 14.0 ± 0.2 ab 2.91 ± 0.05 ab 21.8 ± 0.1 b 7.82 ± 0.06 148 ± 1 b
5 14.2 ± 0.2 b 2.86 ± 0.02 a 22.1 ± 0.3 b 8.05 ± 0.05 150 ± 1 b
10 14.2 ± 0.4 b 2.92 ± 0.05 ab 22.2 ± 0.4 b 7.94 ± 0.26 149 ± 3 b

B90

0 13.2 ± 0.5 a 2.97 ± 0.03 20.3 ± 0.5 a 7.64 ± 0.32 139 ± 5
1 14.3 ± 0.4 b 2.98 ± 0.07 22.2 ± 0.5 c 8.09 ± 0.34 147 ± 2
3 13.7 ± 0.1 ab 2.94 ± 0.04 21.3 ± 0.2 abc 7.60 ± 0.09 144 ± 1
5 13.4 ± 0.5 ab 3.01 ± 0.02 20.9 ± 0.5 bc 7.53 ± 0.20 142 ± 4
10 13.9 ± 0.3 ab 2.96 ± 0.04 21.8 ± 0.4 ab 7.83 ± 0.19 146 ± 3

LF60

0 10.4 ± 0.6 2.90 ± 0.08 16.8 ± 0.8 6.55 ± 0.33 b 113 ± 6 b
5 10.3 ± 0.5 2.90 ± 0.05 16.5 ± 0.4 6.47 ± 0.10 ab 112 ± 2 ab

15 10.1 ± 0.5 2.96 ± 0.11 16.0 ± 0.5 6.34 ± 0.19 ab 110 ± 3 ab
25 9.5 ± 0.4 2.96 ± 0.08 15.4 ± 0.5 5.95 ± 0.21 a 102 ± 4 a

HF60

0 10.8 ± 1.0 2.91 ± 0.08 17.3 ± 1.3 6.63 ± 0.39 118 ± 9
5 11.2 ± 0.5 2.90 ± 0.11 17.9 ± 1.0 6.85 ± 0.40 121 ± 6

15 11.2 ± 0.5 2.97 ± 0.07 17.6 ± 0.9 6.68 ± 0.36 119 ± 6
25 10.6 ± 0.8 3.00 ± 0.10 17.2 ± 1.5 6.32 ± 0.44 114 ± 10

LF90

0 10.1 ± 0.1 2.84 ± 0.05 16.2 ± 0.2 6.31 ± 0.16 109 ± 2
5 10.9 ± 0.6 2.87 ± 0.04 17.6 ± 0.9 6.61 ± 0.19 118 ± 5

15 10.9 ± 0.6 2.91 ± 0.04 17.5 ± 0.4 6.62 ± 0.15 118 ± 5
25 10.6 ± 0.6 2.89 ± 0.11 16.9 ± 0.8 6.42 ± 0.16 114 ± 5

LF90

0 13.2 ± 0.5 2.97 ± 0.03 20.3 ± 0.5 7.64 ± 0.32 139 ± 5
5 13.3 ± 0.3 3.00 ± 0.01 20.9 ± 0.5 7.70 ± 0.15 142 ± 3

15 12.9 ± 0.3 3.04 ± 0.08 20.5 ± 0.8 7.50 ± 0.27 138 ± 5
25 12.6 ± 0.3 2.99 ± 0.02 20.0 ± 0.5 7.27 ± 0.18 151 ± 25

Nomenclature abbreviations: Dp. delphinidin; Cn. cyanidin; Pt. petunidin; Pn. peonidin; Mv. malvidin; glc.
glucoside. All parameters are listed with their standard deviation (n = 3). Different letters mean significant
differences between the sample of the same treatment (p ≤ 0.01). No letters mean no significant differences.

Non-acylated anthocyanins represented around 70%, with malvidin-3-o-glucoside being the
majority. Between non-acylated anthocyanins, malvidin derivatives were also found to be the
predominant anthocyanin type, while coumaroylated anthocyanins were the major acylated form,
which is in accordance with previous studies with the Tempranillo grape variety [25]. Cyanidin
-3- acetylglucoside was not detected in any case. The most important variations for non-acylated
anthocyanins were obtained for batch treatments (Table 4). Thus, APCP static treatment, applied with
a power of 60 W, led to a significant increase of delphinidin, petunidin, and malvidin-3-glucosides;
the same treatment applied with a power of 90 W enhanced delphinidin and petunidin-3 glucosides.
In both cases, the positive increase for the wine quality of these compounds occurred from the first
minute of treatment and remained practically constant. This increase could be related to the observed
increase in CI exposed previously. As Table 4 shows, there were hardly any variations for the flowing
APCP treatments. Only peonidin and malvidin-3-glc decreased significantly after 25 min of the
treatment with the lowest flow and power.
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Table 5. Average acylated anthocyanin content (mg/L) (acetylated, coumarylated and caffeoylated) in wine with different Argon APCP treatments.

Treatment
Time
(min)

Acetylated Coumaroylated Caffeoylated

Dp-3-acglc Pt-3-acglc Pn-3-acglc Mv-3-acglc Cn-3-cmglc Dp-3-cmglc Pt-3-cmglc Pn-3-cmglc Mv-3-Cis-cmglc Mv-3-Trans-cmglc Mv-3-cfGlc

B60

0 2.64 ± 0.05 3.28 ± 0.05 a 2.34 ± 0.02 7.87 ± 0.25 a 2.32 ± 0.02 3.32 ± 0.05 a 3.26 ± 0.10 a 3.73 ± 0.09 a 3.57 ± 0.11 ab 10.54 ± 0.64 a 2.69 ± 0.03 a
1 2.61 ± 0.04 3.36 ± 0.03 ab 2.35 ± 0.01 8.47 ± 0.09 b 2.37 ± 0.06 3.64 ± 0.14 b 3.46 ± 0.10 b 3.75 ± 0.10 ab 3.60 ± 0.06 ab 11.45 ± 0.17 ab 2.71 ± 0.01 ab
3 2.62 ± 0.01 3.40 ± 0.01 b 2.33 ± 0.02 8.37 ± 0.06 b 2.35 ± 0.02 3.48 ± 0.03 ab 3.47 ± 0.04 b 3.97 ± 0.09 b 3.57 ± 0.03 ab 11.80 ± 0.17 b 2.73 ± 0.03 ab
5 2.63 ± 0.05 3.46 ± 0.04 b 2.35 ± 0.01 8.38 ± 0.06 b 2.35 ± 0.03 3.54 ± 0.08 ab 3.36 ± 0.07 ab 3.76 ± 0.09 ab 3.46 ± 0.14 a 11.23 ± 0.08 ab 2.75 ± 0.06 ab

10 2.67 ± 0.02 3.44 ± 0.07 b 2.33 ± 0.02 8.27 ± 0.12 b 2.32 ± 0.00 3.52 ± 0.12 ab 3.38 ± 0.02 ab 3.86 ± 0.04 ab 3.72 ± 0.07 b 11.50 ± 0.40 b 2.77 ± 0.02 b

B90

0 2.64 ± 0.05 3.28 ± 0.05 a 2.34 ± 0.02 7.87 ± 0.25 a 2.32 ± 0.02 3.32 ± 0.05 a 3.26 ± 0.10 3.73 ± 0.09 3.57 ± 0.11 10.54 ± 0.64 a 2.69 ± 0.03
1 2.63 ± 0.03 3.47 ± 0.07 b 2.34 ± 0.03 8.56 ± 0.18 b 2.30 ± 0.01 3.54 ± 0.10 b 3.41 ± 0.05 3.87 ± 0.15 3.61 ± 0.09 11.45 ± 0.73 b 2.71 ± 0.06
3 2.65 ± 0.03 3.34 ± 0.03 ab 2.32 ± 0.02 8.19 ± 0.01 ab 2.31 ± 0.02 3.42 ± 0.06 ab 3.25 ± 0.04 3.80 ± 0.16 3.63 ± 0.03 10.91 ± 0.46 ab 2.69 ± 0.01
5 2.71 ± 0.07 3.28 ± 0.05 ab 2.31 ± 0.03 8.11 ± 0.22 ab 2.33 ± 0.01 3.40 ± 0.07 ab 3.25 ± 0.04 3.72 ± 0.09 3.68 ± 0.14 10.74 ± 0.23 ab 2.71 ± 0.01

10 2.66 ± 0.04 3.43 ± 0.09 b 2.32 ± 0.01 8.21 ± 0.07 ab 2.32 ± 0.01 3.43 ± 0.05 ab 3.30 ± 0.07 3.72 ± 0.04 3.60 ± 0.10 10.81 ± 0.26 ab 2.71 ± 0.01

LF60

0 2.66 ± 0.08 3.11 ± 0.17 b 2.30 ± 0.06 6.71 ± 0.28 2.30 ± 0.01 2.92 ± 0.04 2.92 ± 0.06 3.28 ± 0.21 3.61 ± 0.17 8.30 ± 0.73 2.55 ± 0.06
5 2.61 ± 0.02 2.97 ± 0.14 ab 2.24 ± 0.02 6.58 ± 0.13 2.26 ± 0.01 2.96 ± 0.02 2.90 ± 0.06 3.28 ± 0.05 3.62 ± 0.09 8.13 ± 0.24 2.57 ± 0.04

15 2.64 ± 0.09 2.98 ± 0.03 ab 2.31 ± 0.06 6.64 ± 0.19 2.25 ± 0.04 2.90 ± 0.07 2.90 ± 0.04 3.25 ± 0.21 3.65 ± 0.06 8.13 ± 0.69 2.51 ± 0.02
25 2.63 ± 0.05 2.93 ± 0.02 a 2.28 ± 0.03 6.41 ± 0.15 2.26 ± 0.03 2.94 ± 0.02 2.79 ± 0.02 3.27 ± 0.20 3.74 ± 0.10 7.72 ± 0.51 2.52 ± 0.05

HF60

0 2.63 ± 0.03 3.05 ± 0.10 2.29 ± 0.01 6.82 ± 0.46 2.24 ± 0.01 3.03 ± 0.08 2.93 ± 0.08 3.26 ± 0.09 3.65 ± 0.02 8.48 ± 0.72 2.52 ± 0.04
5 2.65 ± 0.03 3.11 ± 0.09 2.28 ± 0.02 7.04 ± 0.19 2.26 ± 0.01 3.04 ± 0.10 3.00 ± 0.10 3.45 ± 0.11 3.62 ± 0.10 9.12 ± 0.81 2.55 ± 0.04

15 2.63 ± 0.06 3.04 ± 0.07 2.30 ± 0.01 6.95 ± 0.19 2.26 ± 0.01 3.13 ± 0.06 2.95 ± 0.07 3.21 ± 0.09 3.61 ± 0.12 8.44 ± 0.40 2.60 ± 0.06
25 2.63 ± 0.03 3.03 ± 0.13 2.27 ± 0.01 6.73 ± 0.42 2.24 ± 0.02 2.97 ± 0.07 2.90 ± 0.07 3.27 ± 0.18 3.68 ± 0.06 8.21 ± 0.96 2.53 ± 0.03

LF90

0 2.65 ± 0.05 3.03 ± 0.10 2.27 ± 0.03 6.65 ± 0.22 2.26 ± 0.03 2.94 ± 0.02 2.81 ± 0.04 3.39 ± 0.14 3.66 ± 0.19 8.22 ± 0.34 2.50 ± 0.02
5 2.66 ± 0.07 3.09 ± 0.09 2.30 ± 0.01 6.71 ± 0.15 2.27 ± 0.03 3.04 ± 0.02 2.91 ± 0.10 3.36 ± 0.04 3.53 ± 0.14 8.68 ± 0.23 2.52 ± 0.02

15 2.63 ± 0.05 3.08 ± 0.04 2.28 ± 0.05 6.79 ± 0.24 2.29 ± 0.04 3.10 ± 0.15 2.91 ± 0.07 3.44 ± 0.10 3.67 ± 0.14 8.81 ± 0.26 2.58 ± 0.08
25 2.66 ± 0.04 3.06 ± 0.10 2.29 ± 0.03 6.93 ± 0.24 2.26 ± 0.01 3.07 ± 0.07 2.95 ± 0.07 3.37 ± 0.17 3.61 ± 0.14 8.63 ± 0.54 2.60 ± 0.11

LF90

0 2.64 ± 0.05 3.28 ± 0.05 2.34 ± 0.02 7.87 ± 0.25 2.32 ± 0.02 3.32 ± 0.05 3.26 ± 0.10 3.73 ± 0.09 3.57 ± 0.11 10.54 ± 0.64 2.69 ± 0.03
5 2.63 ± 0.05 3.37 ± 0.07 2.34 ± 0.03 8.24 ± 0.25 2.32 ± 0.02 3.36 ± 0.05 3.26 ± 0.12 3.69 ± 0.11 3.61 ± 0.10 10.55 ± 0.37 2.70 ± 0.03

15 2.62 ± 0.03 3.31 ± 0.07 2.32 ± 0.02 8.03 ± 0.35 2.31 ± 0.01 3.36 ± 0.04 3.20 ± 0.07 3.60 ± 0.05 3.68 ± 0.08 10.36 ± 0.4 2.70 ± 0.05
25 2.61 ± 0.01 3.23 ± 0.08 2.33 ± 0.01 7.92 ± 0.17 2.32 ± 0.02 3.28 ± 0.07 3.13 ± 0.03 3.60 ± 0.08 3.70 ± 0.06 9.89 ± 0.37 2.64 ± 0.04

Nomenclature abbreviations: Dp. delphinidin; Cn. cyanidin; Pt. petunidin; Pn. peonidin; Mv. malvidin; glc. glucoside; acglc. acetylglucoside; cmglc. trans-p-coumaroylglucoside; cfglc.
caffeoylglucoside. All parameters are listed with their standard deviation (n = 3). Different letters mean significant differences between the samples of the same treatment (p ≤ 0.01). No
letters mean no significant differences.
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Similar to anthocyanins non-acylated, the most important variations for the acylated ones were
obtained for batch treatments (Table 5). Thus, for B60, a significant increase was observed for
petunidin and malvidin-3-acglc, for five of the six coumaroylated glucosides, and for malvidin-3-cfglc.
The treatment time from which the concentration of these compounds increased varied according
to each of them (between 1 min and 10 min). For B90, a lower number of anthocyanins increased
their concentration significantly, including petunidin and malvidin-3-acglc, and delphinidin and
malvidin-3-trans-cmglc. In this case, as happened with non-acylated anthocyanins, the increase only
occurred after one minute of treatment and remained practically constant. As can be observed in
Table 5, dynamic treatments did not produce variations in these compounds, with the exception of
petudine-3-acglc, which decreased significantly after 25 min of low flow treatment and 60 watts of
power. Elez et al. [26] applied plasma to sour cherry Marasca and they found a higher concentration of
anthocyanins compared to untreated juice for short treatments (3 min). However, results obtained by
Lukić [16] indicated a decrease in the composition of free anthocyanins in a Cabernet Sauvignon red
wine. This decrease became more sever with the treatment duration and the frequency of the batch
treatment. This could be explained by the degradation of these compounds by the plasma mechanisms.

Due to the difficulty to evaluate every individual compound in the samples, their total contents
were studied (Figure 2). It was demonstrated that treatment of B60 led to an increase of the total
acylated, non-acylated, and the total anthocyanins. Applying the highest power of APCP in the batch
did not cause this impact. This was because the total anthocyanins content only increased after 1 min
of treatment with statistical significance, but this effect disappeared with longer treatments. Being
anthocyanins, which are the compounds mainly responsible for red wine color, the batch treatment
with the lowest power was the most favorable for the color of the wine. On the other hand, none of
the dynamic treatments did not significantly modify the total content of acylated anthocyanins, nor
non-acylated, and nor the total anthocyanins content.
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Figure 2. Total anthocyanins content (mg/l) of non-acetylated and acetylated anthocyanins in wine after
different Argon-APCP treatments applied different times (0, 5, 15, and 25 min). Error bars represent the
standard deviation (n = 3). Different letters mean significant differences between samples (p ≤ 0.01).
No letters mean no significant differences.

In Figure 3, results of vitisins A and B of every sample are shown. Some anthocyanin derived
pigments from malvidin-3-glucoside, such as vitisins A and B are of interest because of their stability in
the conditions common in red wines [27]. Treatment of B60 was the only one that caused a significant
increase in vitisin A content after 10 min of treatment, but the lowest content was described 3 min
after APCP treatments. However, this effect was not observed in vitisin B content with this same
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treatment. In this case, flow treatment HF90 caused a significant increase of vitisin B 25 min after
treatment. The rest of the treatments did not modify the concentration of these compounds.
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4. Conclusions

Important variations were not observed in the physical parameters of Tempranillo young wine
after Argon APCP treatments, except in the pH increase after 5 min of low power batch treatment.
Nevertheless, chromatic properties and phenolic compounds content depended on the treatment
conditions. Overall, treatments in batch caused a more favorable impact on wine quality, since they
provided greater color intensity, lower tonality, and higher content in total phenolic compounds and
anthocyanins of wine. Among the batch treatments, the one with lower power was the most positive,
which could mean that the highest energies are not necessarily linked to better effects of the technique
under the color properties of red wine. The utilization of flowing argon APCP treatments in wines, in
spite of being the most appropriate system to be implemented in wineries, did not lead to significant
improvements in the chromatic properties and phenolic compounds content in the wine, but they were
not unfavorable. Further research and investigations should be carried out to improve the results of
APCP flowing systems.
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Impact on Phenolic Compounds in Pomegranate Juice. Food Chem. 2016, 190, 665–672. [CrossRef]

http://dx.doi.org/10.1021/jf010827s
http://www.ncbi.nlm.nih.gov/pubmed/11743756
http://dx.doi.org/10.1371/journal.pone.0138209
http://dx.doi.org/10.1016/j.foodcont.2014.07.053
http://dx.doi.org/10.1016/j.foodres.2009.07.005
http://dx.doi.org/10.1016/S0924-2244(01)00065-6
http://dx.doi.org/10.1007/s00217-002-0526-x
http://dx.doi.org/10.1016/S0308-8146(02)00590-3
http://dx.doi.org/10.1080/01635581.2001.9680629
http://dx.doi.org/10.1016/S0960-8524(02)00202-X
http://dx.doi.org/10.1016/j.foodchem.2005.02.021
http://dx.doi.org/10.1002/jsfa.8268
http://www.ncbi.nlm.nih.gov/pubmed/28195339
http://dx.doi.org/10.1016/j.ifset.2017.11.004
http://dx.doi.org/10.1016/j.foodchem.2015.05.099
http://www.ncbi.nlm.nih.gov/pubmed/26212976
http://dx.doi.org/10.1016/j.foodchem.2016.01.086
http://dx.doi.org/10.1016/j.tifs.2018.07.014
http://dx.doi.org/10.1016/j.tifs.2018.05.007
http://dx.doi.org/10.1016/j.tifs.2018.02.008
http://dx.doi.org/10.1016/j.foodchem.2016.06.044
http://dx.doi.org/10.1016/j.foodchem.2015.05.135


Beverages 2019, 5, 50 12 of 12

25. Portu, J.; López-Alfaro, I.; Gómez-Alonso, S.; López, R.; Garde-Cerdán, T. Changes on Grape Phenolic
Composition Induced by Grapevine Foliar Applications of Phenylalanine and Urea. Food Chem. 2015, 180,
171–180. [CrossRef]
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