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Abstract: The present study explores the efficiency of selenomethionine (Semeth), an organic form
of Se, as an antioxidant compared with commonly used antioxidants (ascorbic acid, glutathione,
and potassium metabisulfite) in preventing oxidative browning in Greek white wines (Malagouzia
and Retsina). The experimental procedure involved an accelerated browning test conducted over
12 days at 55 ◦C, measurement of antioxidant activity values (using the Folin—Ciocalteau and the
free radical diphenylpicrylhydrazyl (DPPH) methods), determination of free sulfhydryl groups using
the Ellman’s method, and High-Performance Liquid Chromatographic analysis of selected phenolic
compounds. Semeth consistently exhibited a preserving effect on total and free SO2 content and
antioxidant activity values of Malagouzia wines. Semeth also showed a protecting effect on free
sulfhydryl groups (-SH), even higher than that of SO2 suggesting that its role in maintaining wine
color involves more mechanisms than just the prevention of SO2 reduction. Moreover, Semeth
demonstrated promising effects in preserving individual phenolic content, in particular (+)-catechin
and fertaric acid, compared to the other antioxidant additions. Both browning rate constants and
percentage color change values of Retsina where higher than the corresponding values of Malagouzia
wines indicating greater susceptibility to browning. Browning development was dependent on
the particular antioxidant added, with ascorbic acid being the least effective. The results of this
study suggest that Semeth could be an important candidate for enhancing the oxidative stability of
white wines, offering at the same time valuable information for optimizing antioxidant strategies in
winemaking practices.

Keywords: accelerated browning; white wine; oxidation; antioxidants; selenomethionine; malagouzia;
retsina; glutathione; SO2; phenolic compounds

1. Introduction

Wine oxidation presents a significant challenge in both winemaking and bottling
processes, potentially leading to undesirable alterations in organoleptic attributes of the
final product [1]. In particular, white wines are more sensitive to oxidation, when they
are exposed to oxygen contents exceeding the mean solubility threshold [2]. Detrimental
effects of white wine oxidation include the loss of fresh fruity character, appearance of
oxidized nuances, and color shifts towards brown hues [3].

The appearance of browning is closely related with wine phenolic composition and
parameters which might influence their susceptibility to oxidation [4]. Individual phenolic
compounds such as caffeic and caftaric acids, (+)-catechin, and (−)-epicatechin play an
important role in oxidative browning, with their concentrations ranging across different
white wine varieties [5].

Both hydrogen peroxide (H2O2) and iron ions, participate in the formation of hydroxyl
radicals, via the Fenton reaction. The hydroxyl radicals, as oxidizing substrates, affecting
various molecules prone to oxidation in the wine [6]. The target molecules within the wine
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matrix include ethanol, tartaric acid, glycerin, sugars, and organic acids and their oxidation
rate depends on their concentration. [7].

Phenolic compounds are important wine antioxidants acting on peroxide radicals
converting them into hydroperoxides and consequently into non-radical substrates via
the formation of intermediate compounds such as phenoxy-radicals. While the phenolic
content of white wines is lower compared to reds, it is considered adequate to participate
in oxidative reactions. Glyoxylic acid which is formed by the oxidation of tartaric acid
in white wines is a reactive compound capable of undergoing various chemical reactions.
When present, it may interact with phenolic compounds and potentially decreasing their
content. [8]. In certain cases, phenolic compounds might as well extract H+ ions from
polymers leading to a secondary cycle of oxidation [9].

Sulphur dioxide (SO2) is considered the most effective antioxidant in winemaking tech-
nologies for more than four centuries. It exerts its protective effect through two mechanisms:
it is oxidized directly in place of wine’s more oxidizable compounds, and inactivates indi-
rectly the enzymes such as oxidases, preventing the initiation of oxidative reactions [10,11].
While sulfur dioxide (SO2) exhibits the highest efficacy as both an antioxidant and an-
timicrobial agent, there is currently a trend towards reducing or even substituting its use.
This shift is motivated by concerns regarding its potential impact on human health and its
association with allergic responses.

Alternative antioxidant compounds which might substitute SO2 in winemaking, in-
clude glutathione and ascorbic acid. Glutathione is a tripeptide naturally occurring in
grapes formed by covalent bonds between the carboxyl group of glutamate, the amino
group of cysteine and glycine [12]. It has been demonstrated that it is very efficient in pro-
tecting wine volatile compounds and preventing or decreasing browning development [13].
Ascorbic acid, also present in grapes although not in sufficient quantities in wine, may be
utilized as an antioxidant compound. Its primary function is to catalyze the reduction of
Fe3+ to Fe2+ [2]. Although several research studies have demonstrated a positive role in
protecting the color of white wines during bottling, the existing literature is inconsistent
regarding its effectiveness in preventing browning [14].

Selenium (Se) is an element possessing antioxidant properties, and it is naturally
present in wine at trace concentrations (0.5–5 µg/L). American white grape varieties, con-
tain higher Se contents (5 µg/kg) than their red counterparts (2 µg/kg) while in European
varieties Selenium’s concentration is higher in red [15]. Its antioxidant action is exerted
through multiple protective mechanisms, including scavenging of reactive oxygen species
(ROS), increasing glutathione peroxidase activity resulting in ROS and H2O2 inactivation,
and chelating metal ions such as Fe. [16].

Elementary, selenium can undergo reduction to the −2 oxidation state (selenide, Se−2)
or oxidation to the +4 (selenite, SeO3

−2−) and +6 (selenate, SeO4
2−) oxidation states. In

organoselenium chemistry, selenium in the −2 oxidation state predominates. Selenide
serves as a crucial metabolite in animals and certain microorganisms, as it acts as the
precursor of selenocysteine at the active centers of numerous selenoenzymes. Selenium
compounds exhibit greater nucleophilicity and acidity compared to their sulfur counter-
parts [17].

Organic amino acids containing selenium, such as selenomethionine, offer antiox-
idant benefits by acting both as direct antioxidants and as a source of selenium for the
synthesis of selenium-dependent antioxidant and repair proteins (e.g., glutathione peroxi-
dases, thioredoxin reductases, methionine sulfoxide reductases) [17]. Selenoproteins play
important roles in antioxidant defense, immune function, thyroid hormone metabolism,
and DNA synthesis. Se is present in both wine and living organisms in its organic form,
selenomethionine [18,19].

Selenomethionine’s direct antioxidant effects result from the nucleophilic properties
of the ionized selenol (RSe−), (prevailing over the neutral form at physiological pH levels)
and the fast oxidation of selenomethionine. This results in higher rate constants for reacting
with multiple oxidants compared to corresponding thiols/thioethers. Additionally, the
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resulting oxidation products can be more readily and rapidly reversed by both enzyme
and nonenzymatic reactions, making the antioxidant effects catalytic. Seleno amino acids
may also bind to redox-active metal ions. It has been shown that the SeMet oxidation
process is favoured at lower temperatures, which might have implications for the storage
stability of selenomethionine at such conditions [20]. The inclusion of Se in the catalytic
site of selenium-dependent antioxidant enzymes improves their kinetic properties and
expands their catalytic activity against biological oxidants compared to sulfur-containing
species [21].

It has been demonstrated that Saccharomyces cerevisiae, through their enzymatic activity,
are able to convert selenium into selenomethionine [19,22]. Moreover, it has been shown
that the addition of selenomethionine to wines led to increased antioxidant activity and
phenolic content [23]. Additionally, it affected the enzymatic activities of several antioxi-
dant enzymes including glutathione peroxidase (GPX), superoxide dismutase (SOD), and
catalase (CAT) [24]. In addition to its antioxidative activity, selenomethionine appears
to exert a positive effect on yeast physiology, improving wine quality during alcoholic
fermentation [25].

Greek wines are comparatively underrepresented in scientific research despite their
scientific interest. Retsina, a unique white wine is exclusively produced in Greece, mainly
in the Attica region from Savvatiano grape variety. It is made by pine tree resin, addition,
during fermentation. Besides the aromatic enhancement of wines with characteristic
pine aromas, resin also possesses antioxidant properties [26]. On the contrary, Malagouzia
wines, characterized by their low phenolic content, fall within the group of more sensitive to
oxidation wines requiring particular attention during winemaking and strong antioxidant
protection strategies [27].

A recent study [28] investigated the potential benefits of supplementing white wine
made from the Assyrtiko variety with inorganic selenium. The results were promising,
indicating significant color protection and preservation of total SO2.

Due to the limited availability of relevant articles in current literature, there was an
interest in further investigating the antioxidant role of selenium (Se) in white wine. This
involved examining its impact on key wine parameters associated with the oxidation
process. Selenomethionine (Semeth) was introduced into two distinct Greek white wines
(Retsina and Malagouzia) to elucidate the role of the organic form of selenium in antioxidant
protection. Comparative assessments were undertaken with conventional antioxidants
such as glutathione and ascorbic acid, with the aim of gaining a deeper understanding of
the role of wine additives and potentially reducing sulfur dioxide content.

2. Materials and Methods
2.1. Reagents

The following reagents were used in this study: selenomethionine (C5H11NO2Se)
(99%), potassium metabisulfite (K2S2O5) (>98%), ascorbic acid (C6H8O6) (>95%), glu-
tathione (C10H17N3O6S) (>98%), sodium hydroxide (NaOH) (>98%), sulfuric acid (H2SO4)
(98%), Folin-Ciocalteu reagent (98%) (C10H5NaO5S), sodium carbonate (Na2CO3) (>99.5%),
gallic acid (C7H6O5) (98%), DPPH reagent (C18H12N5O6) (95%), methanol (>99.8%), Trolox
reagent (C14H18O4) (97%), potassium phosphate (K2HPO4) (>98%), potassium phosphate
(KH2PO4) (>99%), 5,5′-dithiobis(2-nitrobezoic acid) (DTNB), ethanol (>99.8%) and tartaric
acid (99.5%). The reagents were supplied by Sigma–Aldrich (Darmstadt, Germany).

2.2. Samples

Two white wines produced in 2022 by Malagouzia and Savvatiano varieties (Vitis
vinifera sp.) were used in this experiment. Retsina was made from Savvatiano variety
by resin (of pine tree origin) addition during alcoholic fermentation. Both wines were
commercial samples. All treatments and chemical analyses took place three months after
bottling. Malagouzia displayed a total alcoholic strength of 11.5% vol, with a pH value of
3.39 and total acidity of 4.8 g/L (expressed as tartaric acid). Retsina, on the other hand, had
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a total alcoholic strength of 11.5% vol, a pH of 3.29, and total acidity of 5.3 g/L (expressed
as tartaric acid). Sulfur dioxide was added to both wines before the addition of antioxidants
to reach a total concentration of 80 mg/L. Total and free sulfur dioxide measurements
were conducted using the automatic titrator OENO 20 (Oeno Bio Sarl, Saint-Martin-le-Vieil,
France) with the addition of H2SO4 for free SO2 and 5N NaOH and H2SO4 for total SO2,
according to the method outlined by the International Organization of Vine and Wine
(OIV) [29].

Eleven samples were prepared for each wine: Control (C) without any addition,
two samples with Glutathione (Glut) (10 mg/L and 20 mg/L), two samples with Selenome-
thionine (Se) (25 µg/L and 50 µg/L), two samples with ascorbic acid (Ascor) (100 mg/L
and 200 mg/L), two samples with potassium metabisulfite (KMS) (final content of SO2
20 mg/L and 40 mg/L), one sample containing the minimum concentration of all antioxi-
dants (10 mg/L Glut., 25 µg/L Se., 100 mg/L Ascor., and 20 mg/L SO2), and one sample
containing the maximum concentration of all antioxidants (20 mg/L Glut., 50 µg/L Semeth.,
200 mg/L Ascor, and 40 mg/L SO2). Details concerning sample composition are shown in
Table 1.

Table 1. Addioxidant addition in wine samples used in this experiment.

Sample Glutathione
(mg/L)

Selenomethionine
(µg/L)

Ascorbic
Acid (mg/L)

KMS
(mg/L)

C - - - -
Glut. Min 10 - - -
Glut. Max 20 - - -

Se Min - 25 - -
Se Max - 50 - -

Ascor. Min - - 100 -
Ascor. Max - - 200 -

SO2 Min - - - 20
SO2 Max - - - 40
All Min 10 25 100 20
All Max 20 50 200 40

C: Control, Glut. min: 10 mg/L Glutathione, Glut. max: 20 mg/L Glutathione, Se. Min: 25 µg/L Selenomethionine,
Se. Max: 50 µg/L Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor. max: 200 mg/L Ascorbic acid,
SO2 min: 20 mg/L SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L Glutathione, 25 µg/L Selenomethionine,
100 mg/L Ascorbic acid, 20 mg/L SO2, All max: 20 mg/L Glutathione, 50 µg/L Selenomethionine, 200 mg/L
Ascorbic acid, 40 mg/L SO2.

2.3. Accelerated Browning Test

The accelerated browning tests were conducted following the modification [30] of the
method developed by Singleton and Kramling [31], where the duration of the experiment
was extended from 5 to 12 days, and the samples were not sprayed with N2. On day 0,
filtered wine samples (20 mL) were placed in 30 mL screw-cap glass vials with metal caps
(7.5 cm length, 2.1 cm internal diameter and placed in a water bath at 55 ◦C. Every 24 h
for 12 days, samples were withdrawn for measurement of absorbance at 420 nm. After
withdrawal, the samples were kept at room temperature (20 ◦C) and absorbance at 420 nm
was measured using a spectrophotometer (UPLAB UV—VIS (STEROGLASS S.r.l. Strada
Romano di Sopra, 2/C 06132 San Marino in Campo—Perugia, Italy). Browning (A420) was
measured in triplicate against 12% v/v ethanol.

2.4. Determination of Total Phenols (TP), Antioxidant Ability (AA), Free Sulfhydryl Groups (SH),
High Performance Liquid Chromatography (HPLC)

Folin-Ciocalteau and DPPH methods were employed to measure the antioxidant ac-
tivity of the wine samples. In glass tubes, 2 mL of deionized water was transferred in
duplicate, followed by the addition of 50 µL sample, 250 µL Folin’s reagent, 750 µL 20%
Na2CO3 solution, and 1950 µL of deionized water. The tubes were then left to stand for
30 min at room temperature to allow the chromophore to develop. After this incubation
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period, the absorbance at 765 nm was measured. The results were expressed in equiva-
lents of gallic acid (GAE) [32]. Antioxidant activity was measured using the free radical
diphenylpicrylhydrazyl (DPPH) reagent. The samples were diluted 1:3 with deionized
water. Following DPPH addition, two absorbance measurements at 515 nm took place
with a 30-min interval between the first and the second. The results were expressed in
equivalents of Trolox (mM) [33]. Total free sulfhydryl groups were determined using
Ellman’s method as described by Kontogeorgos and Roussis (2014) [34]. Free -SH groups
were determined after the addition of 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) which
reacts with free thiols to form disulphide and 2-nitro-5-thiobenzoic acid. Results were
expressed in equivalents of glutathione (GSH mg/L). HPLC analysis was performed using
a reversed phase Waters Nova-Pak C18 (150 × 3.9 mm, 4 µm) column. All samples were
filtered through a 0.22 µm syringe filter before injection. The injection volume was 20 µL
and the flow rate 1 mL/min. Identification was achieved by comparing the retention times
of the peaks with those of standard compounds, and by UV/VIS spectral data. All analyses
were performed in triplicate and concentrations were expressed in milligrams per liter
(mg/L) according to the method of Kallithraka et al. (2001) [35].

2.5. Statistical Analysis

Accelerated browning test for each variety, at 55 ◦C, with each antioxidant addition,
were conducted in duplicate to ensure the validity of the experiment. Average values
and standard deviations were calculated. Statistical analysis and data processing were
performed using IBM SPSS Statistics 21.0. One-way analysis of variance (ANOVA) and
the Tukey HSD method were used to determine statistically significant differences at a 5%
significance level (p < 0.05).

3. Results and Discussion
3.1. Accelerated Browning Test

The oxidative reactions in wine are influenced by various factors, with a primary
dependency on the presence of OH radicals. Free radicals initiate the oxidation of phenolic
components, setting off a sequence of reactions with unstable intermediates. Ultimately,
this leads to the formation of brown-colored polymers, resulting in a noticeable change in
the wine’s color, commonly referred to as browning.

As evident from Table 2, the browning rate constants (k) for both varieties range
from 8.55 to 50.5. These values are in accordance with those reported in a previous study
regarding oxidation of Greek white wines [36].

All samples of Malagouzia, regardless of the antioxidant addition, exhibited oxidation
and subsequent browning development [36]. In more detail, SO2-treated samples showed
the least browning development (k), while those treated with ascorbic acid displayed
the most pronounced effect, with both exhibiting statistically significant differences com-
pared to the other treatments. Samples treated with selenomethionine and glutathione
demonstrated a response similar to the control (k), with a moderate level of browning.
These findings are consistent with the results reported by Kanavouras et al. [36], who also
conducted accelerated browning tests on Malagouzia samples, although the wines were
maintained at a lower temperature.

The percentage changes in absorbance at 420 nm (%∆A420) were in agreement with
the calculated browning rate constants (k) (Table 2). Notably, all samples exhibited %∆A420
values exceeding 70%, indicating a tendency to oxidation [37]. The addition of both SO2
contents resulted in the lower color change values (%∆A420). Furthermore, no statistically
significant differences were observed in the %∆A420 values between samples treated with
either Semeth or Glut, indicating the potential equivalence of both antioxidants, however
less efficient than SO2.
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Table 2. Percentage changes (day 12 and day 0) of absorbance values at 420 nm (%∆A420) and
browning rate constants (k).

Sample %∆A420
Malagouzia

%∆A420
Retsina

k (Day−1) * 10−3

Malagouzia
k (Day−1) * 10−3

Retsina

C 182.90 b 517.81 ab 10.60 ab 37.4 d

Semeth. Min 204.63 bc 577.17 bc 11.00 ab 38.1 d

Semeth. Max 205.01 bc 574.61 bc 10.70 ab 37.6 d

Glut Min 185.70 b 588.57 bc 10.20 ab 37.7 d

Glut Max 203.67 bc 552.66 b 11.35 b 36.9 cd

Ascor. Min 233.11 d 685.22 d 14.85 c 45.5 e

Ascor. Max 264.10 e 662.67 d 18.85 d 50.5 f

SO2 Min 137.91 a 549.91 b 9.2 ab 34.9 bc

SO2 Max 141.69 a 486.10 a 8.55 a 31.6 a

All Min 213.80 cd 602.40 c 14.45 c 44.1 c

All Max 205.55 bc 751.71 e 18.8 d 48.2 f

* Different letter indicates statistically significant difference at 5% within each column. C: Control, Glut. min:
10 mg/L Glutathione, Glut. Max: 20 mg/L Glutathione, Se. Min: 25 µg/L Selenomethionine, Se. max: 50 µg/L
Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor. max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L
SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L Glutathione, 25 µg/L Selenomethionine, 100 mg/L Ascorbic acid,
20 mg/L SO2, All max: 20 mg/L Glutathione, 50 µg/L Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

Retsina proved to be more sensitive to the onset of oxidative browning compared to
Malagouzia. In contrast to a previous study where Savvatiano demonstrated significantly
lower values (k and %∆A420), under the same accelerated oxidation conditions at 55 ◦C [36],
it is crucial to take into account the impact of resin after heating, as it can enhance the
browning process. The presence of pine resin derivatives in film-based food packaging
materials speeded up the color changes showing a more marked yellow coloration which
turned to black after 49 days [38]. Retsina demonstrated a substantial increase in absorbance
at 420 nm starting from day 1, independent of the antioxidant treatment. This phenomenon
may be attributed to the influence of resin, particularly after heating, which intensifies
browning in wines [39]. SO2-treated samples exhibited the lowest values (k and %∆A420)
among all treatments. The values obtained for Se, and Glutathione treated samples, as well
as the Control did not differ statistically.

The %∆A420 values of all Retsina samples exceeded 70% and were nearly double than
those of Malagouzia (Table 2). The maximum SO2 addition resulted in the least color change
(%∆A420), followed by the control. However, Semeth, Glut, and minimum SO2 additions
did not exhibit statistically significant differences (%∆A420). The results of browning rate
constants (k) were also in line with the values of %∆A420. More specifically, ascorbic acid,
along with all antioxidant-treated samples, demonstrated the highest k values, implying an
augmentation of browning development.

In general, samples with SO2 addition showed the lowest k values, confirming its
efficacy as an antioxidant, while ascorbic acid seems to accelerate oxidation and browning
development, under the conditions of the test. The mechanism of the reaction of ascorbic
acid with oxygen is metal-ion mediated and results in the formation of dehydroascorbic acid
and hydrogen peroxide (H2O2) [40]. If SO2 is simultaneously present, it reacts with H2O2 to
form sulphuric acid, while dehydroascorbic acid may reversibly bind sulphur dioxide and
degrade to form a number of new compounds such as furoic acid and 3-hydroxy-2-pyrone.
However, in case of excessive oxygen exposure, SO2 is not sufficient to scavenge H2O2
which results in the formation of hydroxyl radicals which in turn oxidize other components
of wine. In this case, ascorbic acid could act as a pro-oxidant in wine resulting in browning
development. It has been shown, that upon depletion of SO2, wines containing ascorbic
acid, consumed higher amounts of oxygen leading to higher amounts of H2O2 production
and carbonyl degradation products [40]. In addition, dehydroascorbic acid degrades to
form yellow pigmented compounds such as the xanthilium cations increasing thus the pool
of color precursors in wine [40]. This is possibly the case in this study where heating wine
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at 50 ◦C in the presence of oxygen reduced the availability of SO2 to scavenge H2O2 and
dehydroascorbic acid resulting in browning.

3.2. SO2 Content (Total and Free)

The dissolved oxygen in wine could have a detrimental effect on white wine quality,
unless an antioxidant is simultaneously present at sufficient concentration to scavenge the
initially formed oxidation products. Sulfur dioxide is widely used for wine preservation,
inhibiting both the non-enzymatic and enzymatic browning and preventing oxidation. In
wine, SO2 exists in two forms: the free and the bound. Molecular SO2, hydrogen sulfite and
sulfite coexist in a pH-dependent equilibrium in the free form while the rest is bound mainly
to carbonyl compounds. The molecular form exhibits antimicrobial properties, while the
anionic form, which constitutes the larger percentage, offers antioxidant protection [41].

Regarding Malagouzia wines, by the 12th day of the experiment (Figure 1a), the SO2
content of all samples examined was reduced. As it can be seen in Figure 1a, the total SO2
concentration was significantly higher in the samples containing antioxidants in comparison
with the control. An interesting observation was that the samples containing ascorbic acid
were characterized by the highest SO2 content. It has been shown that ascorbic acid has the
ability of lowering total SO2 depletion through the weak binding to dehydroascorbic acid
and its degradation products as opposed with the irreversible oxidation and degradation
of SO2 to sulfate [40]. In the absence of ascorbic acid SO2 is consumed at a higher rate
after reaction with o-quinones and the middle ring of flavan-3-ols [42]. SO2 content of
Riesling wines was 33% higher when ascorbic acid was added in the wine in a study by
Skouroumounis [43]. However, there is a critical ratio of ascorbic acid to total SO2 (for a
given amount of oxygen) where this protective effect can be observed. Ascorbic acid at
higher concentration is not so efficient to maintain SO2 content since the oxidation products
(such as H2O2) are formed at a higher rate resulting in higher consumption of SO2. In
this study, the higher ascorbic acid content was less efficient to protect SO2 degradation
compared to the lower content (Figure 1a).

The results concerning free SO2 content were similar, showing the ability of all antioxi-
dant compounds exhibiting a protective effect. The addition of the low concentration of
ascorbic acid resulted in the highest protection of free SO2, in agreement with the results
regarding total SO2. An interesting observation was that the addition of Semeth in wines
resulted in higher preservation of free sulfur dioxide in comparison with the samples
where Glut had been added (Figure 1a). The samples with both concentrations of Semeth
contained significantly higher amounts of free SO2 than the control. This is consistent with
the findings of Vlachou et al. [28], where the addition of inorganic Se protected total SO2
content of the wines heated at 50 ◦C. Possibly Se reduces the electron transfer reactions
between flavonoids and quinones preserving SO2 content of wines [44]. However, the
organic form of Se (Semeth) seems to be more efficient antioxidant than the inorganic Se
since it preserved both free and total SO2 content in this study. Se in its inorganic form was
able to prevent browning in white wines after heating at 35 ◦C but this effect was no longer
observed when heating took place at 50 ◦C [28]. In this study only one temperature was
studied (55 ◦C) where no protective effect on wine color was noticed.

An interesting observation concerning Retsina samples was that the addition of antiox-
idants had a similar effect on the SO2 content (both free and total) of all samples studied.
No significant differences were observed between the wine samples with the different
antioxidant additions and the control. This was probably due to the presence of resin
which was the detrimental factor that promoted oxidation and browning coloration. All
antioxidant concentrations were probably below the thresholds required to efficiently scav-
enge the initial oxidation products and hence the differences between their action were
not noticeable. However, the browning development in retsina wines appears to be more
influenced by the specific antioxidant added, as indicated in prior results of this experiment
(Table 2), rather than by variations in free and total SO2 concentrations.
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Figure 1. Free and total SO2 content (mg/L) of Malagouzia (a) and Retsina (b) samples the 12th day
of the experiment. Different letters indicate statistically significant difference at a 5% level within
samples. Free and total SO2 measurements were treated separately. C: Control, Glut. min: 10 mg/L
Glutathione, Glut. max: 20 mg/L Glutathione, Se. min: 25 µg/L Selenomethionine, Se. max:
50 µg/L Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor. max: 200 mg/L Ascorbic
acid, SO2 min: 20 mg/L SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L Glutathione, 25 µg/L
Selenomethionine, 100 mg/L Ascorbic acid, 20 mg/L SO2 All max: 20 mg/L Glutathione, 50 µg/L
Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

The elevated temperature (55 ◦C) employed in this experiment together with the
presence of excess O2 were the key factors leading to a decrease in the amount of both free
and total SO2 in all samples after 12 days of heating. The accelerated oxidative reactions of
ethanol, glycerol and tartaric acid resulted in acetaldehyde, glyceraldehyde and glyoxylic
acid formation respectively. The aldehyde moiety of these compounds can irreversibly
bind to SO2 [45] reducing their content.

3.3. Antioxidant Activity (Folin and DPPH Methods)

The measurement of total phenols of the wines using the Folin-Ciocalteau method is
based on reduction of the reagent due to the oxidation of the phenolic hydroxyl groups [42].
At this point, it should be mentioned that methods which depend on redox reactions,
such as the Folin-Ciocalteau method, do not measure the absolute content of phenolics in
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wine. Various compounds which are simultaneous present and possess antioxidant activity
such as ascorbic acid, thiols, redox-active metal ions, and nucleotide bases all reduce Folin
reagent and have an influence on the final results. Therefore, the results obtained from this
method will be regarded as antioxidant activity data.

In this study, the results obtained by this method, of all Malagouzia wine samples
decreased by 40–50% after 12 days of heating in agreement with the results obtained by
both Vlachou et al. [28] for Assyrtiko wines heated at 50 ◦C for 12 days and by Kallithraka
et al. [46] for Greek rare cultivars after extended bottle ageing (Figure 2a). The samples
containing ascorbic acid exhibited the highest initial value (mg gallic acid equivalents/L)
probably due to its higher reactivity towards the reagent. However, after 12 days of heating
these samples showed the highest percentage reduction. An interesting observation was
that samples with Semeth exhibited the least decrease (from 0 to day 12) compared to the
rest samples indicating a possible higher protection of Se over the wine oxidation.

Figure 2. Total phenolic contents (GAE) of Malagouzia (a) and Retsina wines(b). Different letter 

indicates statistically significant difference at 5% 
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Figure 2. Antioxidant activity (GAE) of Malagouzia (a) and Retsina wines (b) at day 0 and 12 of the
experiment. Different letters indicate statistically significant difference at a 5% level within samples
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The two wines were treated separately C: Control, Glut. min: 10 mg/L Glutathione, Glut. max:
20 mg/L Glutathione, Se. min: 25 µg/L Selenomethionine, Se. max: 50 µg/L Selenomethionine,
Ascor. min: 100 mg/L Ascorbic acid, Ascor. max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L
SO2, SO2 max: 40 mg/L SO2 All min: 10 mg/L Glutathione, 25 µg/L Selenomethionine, 100 mg/L
Ascorbic acid, 20 mg/L SO2, All max: 20 mg/L Glutathione, 50 µg/L Selenomethionine, 200 mg/L
Ascorbic acid, 40 mg/L SO2.

The initial data obtained for Retsina were higher than that of Malagouzia which can
attributed to both the higher reactivity of resin towards the Folin-Ciocalteau reagent and to
the higher phenolic content of the grape variety used for retsina (Savvatiano). All Retsina
samples exhibited a quantitatively higher decrease (50–60%) compared to Malagouzia
(Figure 2b). After the heating period, the lowest value was measured for control wine
while the highest for ascorbic acid samples. However, samples with ascorbic acid addition
exhibited the highest decrease in agreement with the results obtained for Malagouzia
(Figure 1a). Samples containing the max concentrations of Semeth and Glut preserved their
antioxidant capacity more efficiently compared with the rest.

Generally, in both wine types there was a decrease in Folin-Ciocalteau values in
agreement with other studies [47,48], with retsina wines exhibiting a higher decrease
implying that resin is more vulnerable to heating and its oxidation degradation products
may accelerate oxidation. In both wine types Semeth was effective suggesting that it might
be more protective against oxidation compared to the other antioxidants.

To demonstrate the effect of heating on wine antioxidant status, the DPPH method
was employed to determine antioxidant activity values of the samples [48] (Figure 3a,b).

All samples showed a similar evolution of antioxidant activity values (AA) with
heating at 50 ◦C consistent with the results obtained by Vlachou et al. [28] for Assyrtiko
wines. AA values exhibited a decreasing trend indicating that the heat-treated samples had
lower ability for free radical scavenging than the non-heated. In the case of Malagouzia, the
addition of antioxidants had a different effect on AA of the samples. Although wines with
ascorbic acid as well as samples containing ‘all antioxidants’ were those with the highest
AA at day 0, they exhibited the highest percentage change at day 12. Semeth addition
resulted in the less percentage change of AA values at both concentrations added indicating
that it could exert a protective effect.

Retsina wines exhibited higher antioxidant activity than Malagouzia at day 0, which
might be explained by the antioxidant effect of the resin [26] (Figure 3a,b). However, after
heating, the AA of all samples decreased showing similar values with Malagouzia wines.
The AA values of the wines with the different antioxidants did not differ statistically after
heating. This might be attributed to the presence of resin oxidation products which probably
exert a greater effect on free radical scavenging compared with the rest antioxidants.

The AA values are generally in agreement with the data obtained concerning total
phenolic content (Figure 2a,b) measured by the Folin-Ciocalteau method. Since both
spectrophotometric methods are based on oxidation-reduction reactions, where added
antioxidants and wine phenolic compounds have an active participation, the same wine
samples are expected to possess similar reactivities towards the two reagents.

3.4. Free -SH Groups

It has been shown that compounds with free sulfhydryl groups (-SH) such as for
example glutathione, cysteine and thiols in wine, could provide antioxidant protection,
mainly preserving color and volatile compounds [1,34]. The sulfhydryl group within the
molecules serve as a nucleophile, capable of replacing the electrophilic ring of o-quinones.
Consequently, this process regenerates the dihydroxy ring, forming adducts that are less
susceptible to oxidation. This mechanism effectively limits browning reactions.
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Figure 3. Antioxidant activity (Trolox mM) of Malagouzia (a) and Retsina (b) samples. Different
letters indicate statistically significant difference at a 5% level within samples The two wines were
treated separately. C: Control, Glut. min: 10 mg/L Glutathione, Glut. max: 20 mg/L Glutathione,
Se. min: 25 µg/L Selenomethionine, Se. max: 50 µg/L Selenomethionine, Ascor. min: 100 mg/L
Ascorbic acid, Ascor. max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L SO2, SO2 max: 40 mg/L SO2,
All min: 10 mg/L Glutathione, 25 µg/L Selenomethionine, 100 mg/L Ascorbic acid, 20 mg/L SO2,
All max: 20 mg/L Glutathione, 50 µg/L Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

As expected, total free -SH content was higher in wine samples with Glut, both before
and after heating (Figure 4a,b). Retsina wines were characterized by higher -SH content
before heating in agreement with the results presented regarding Savvatiano wines by
Kontogiorgos and Roussis [34]. However, after heating, Malagouzia wines contained higher
contents of -SH than the respective Retsina samples probably due to the enhanced oxidation
that resin has induced.
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Figure 4. Total free -SH of Malagouzia (a) and Retsina (b) samples. Different letter indicates 

statistically significant difference at 5%. 
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Figure 4. Total free -SH of Malagouzia (a) and Retsina (b) samples. Different letters indicate
statistically significant difference at a 5% level within samples The two wines were treated separately
C: Control, Glut. min: 10 mg/L Glutathione, Glut. max: 20 mg/L Glutathione, Se. min: 25 µg/L
Selenomethionine, Se. max: 50 µg/L Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor.
max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L
Glutathione, 25 µg/L Selenomethionine, 100 mg/L Ascorbic acid, 20 mg/L SO2, All max: 20 mg/L
Glutathione, 50 µg/L Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

An interesting observation in both Retsina and Malagouzia samples was that the
addition of Semeth exerted a protective effect on -SH content after heating, even more
efficient than the SO2 addition (Figure 4a,b). It is known that Se is a component of several
antioxidant enzymes including glutathione peroxidase which scavenge the free radicals
generated during oxidation [49]. It is thus possible that this protective effect on -SH content
to be related with its glutathione peroxidase activity. Moreover, recent studies reported
an enhanced radical scavenging activity of mulberry wine samples supplemented with Se
compared with the controls [50].
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In accordance with the findings reported by Voltea et al. [1], who observed that -SH
groups could react with (+)-catechin, and thereby reducing the occurrence of browning, in
this experiment, the samples with the highest concentrations of -SH, were those with the
lowest browning constants.

3.5. Individual Phenolic Compounds Determined by HPLC (Flavanols and
Hydroxycinnamic Acids)

The primary components in white wines that can participate in oxidation reactions in-
clude hydroxycinnamates and flavanols. Specifically, the oxidation of ortho-dihydroxyphe-
nolic compounds, like (+)-catechin and (−)-epicatechin, as well as hydroxycinnamic acids,
leads to the creation of yellow-brown compounds due to ortho-quinone polymerization [23].
Research on model wine solutions has validated the generation of two categories of yellow
pigments: xanthylium salt pigments and ethyl-esters of xanthylium salts. These pigments
exhibit visible absorption peaks at 440 and 460 nm, respectively, both originating from fla-
vanol oxidation and polymerization [51]. With an absorption peak within the 400–500 nm
range, these pigments directly contribute to the browning of white wine during the aging
process. This reaction, and consequently the degree of browning, is accelerated in white
wines by introducing transition metals such as iron and copper, which likely serve as
catalysts for the formation of intermediate oxidation products [1,28].

In view of the important implication of both flavanols and hydroxycinnamates in
browning reactions, it was considered of interest to determine their content before and
after heating. In agreement with previous studies [28,48] regarding Greek wines, the
concentration of (+)-catechin was less affected by heating compared with (−)-epicatechin
and (−)-epigallocatechin gallate (EGCG) contents which were completely depleted.

Table 3 presents the % change in (+)-catechin concentration of Malagouzia and Retsina
wines induced by heating.

Table 3. Percentage change of (+)-catechin content in Malagouzia and Retsina samples after 12 days
of heating.

(+)-Catechin (% Reduction) *

Samples Malagouzia Retsina

C 100% c 100% c

Se min 53.3% b 54.8% a

Se max 50% b 61.9% a

Glut min 53.3% b 76.2% b

Glut max 26.6% a 78.6% b

Ascor min 90.0% a 238% d

Ascor max 96.7% c 238% d

SO2 min 43.3% b 238% d

SO2 max 50.0% b 238% d

All min 46.7% b 238% d

All max 26.7% a 238% d

* Different letters indicate statistically significant difference at a 5% level within samples The two wines were
treated separately C: Control, Glut. min: 10 mg/L Glutathione, Glut. max: 20 mg/L Glutathione, Se. min:
25 µg/L Selenomethionine, Se. max: 50 µg/L Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor.
max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L Glutathione,
25 µg/L Selenomethionine, 100 mg/L Ascorbic acid, 20 mg/L SO2, All max: 20 mg/L Glutathione, 50 µg/L
Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

As it is shown in Table 3, (+)-catechin content of Malagouzia wine was less affected in
comparison with Retsina samples. The addition of Semeth was as effective as the lower dose
of Glut and SO2 in preserving (+)-catechin content of Malagouzia wines in contrast with
ascorbic acid which didn’t offer any protection. The addition of both the max concentration
of Glut and ‘all the antioxidants’ offered the highest protection.
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Regarding Retsina wines, samples with Semeth exhibited the least % change in their
(+)-catechin content. In samples containing ascorbic acid, SO2, and’ all antioxidants’,
(+)-catechin was completely depleted at the end of the heating period.

Flavanols in wine undergo oxidation, transforming into highly reactive quinones that
actively engage in subsequent chemical reactions. These compounds can be mitigated
by nucleophiles, such as the A-ring of flavonoids, preventing oxidation and the onset of
browning. Alternatively, they may oxidize the B-ring (catechol ring) of flavanols through
electron transfer, leading to the formation of flavonoid quinones, which serve as substrates
for browning development. Ma and Waterhouse’s [30] observations proposed a faster
electron transfer compared to nucleophilic reactions in the model solution involving (+)-
catechin and caffeic acid quinone, elucidating why flavanols contribute to browning in
wine rather than delaying it.

It has been demonstrated that (−)-epicatechin and EGCG could be the key factors
contributing to the development of browning in white wines following an accelerated
browning test due to the higher oxidizability (lower oxidation potential) of (−)-epicatechin
compared to its isomer, (+)-catechin [28]. The results of the present study confirm the
previous observations since (+)-catechin content was less affected by heating compared to
(−)-epicatechin and EGCG.

It appears that the reactions leading to the formation of brown compounds involve the
oxidation of o-diphenols, with the oxidation of (−)-epicatechin and EGCG playing a crucial
role. In particular, in the study of Vlachou et al. [28], EGCG emerged as the most affected
compound after heating, likely attributable to its higher number of ortho-OH groups in
the B ring compared to the other two studied flavanols [(+)-catechin and (−)-epicatechin].
Given the B ring’s primary role in browning development, the observed reduction in EGCG
is likely linked to an augmented formation of quinones, resulting in a more pronounced
browning appearance. These findings are in agreement with the results presented in other
studies [48,52] regarding both Greek and international wines.

As far as hydroxycinnamic acids are concerned, in Malagouzia samples there was
a decrease in the content of tartaric acid esters (caftaric, coutaric and fertaric acids) with
heating (Table 4). Consequently, the concentrations of caffeic acid were slightly increased
(2–4%) () due to hydrolysis of caftaric acid as reported in the literature [42,53]. In agreement
with the findings of Vlachou et al. [28] caftaric acid was the major hydroxycinnamic acid
in Malagouzia wines and its content was the most affected by heating. This is probably
attributed to both the formation of lower oxidation adducts with Glut [23] and the presence
of two -OH groups in ortho position in its benzenic ring. Samples with ascorbic acid exhib-
ited the largest decrease while the effect of Semeth and Glut was not significantly different
than the control. Moreover, the addition of SO2 was the most effective in preserving caftaric
acid loss.

The contents of coutaric and fertaric acids were less affected by the oxidation induced
by heating in agreement with Kallithraka et al. [48] and Vlachou et al. [28]. The higher
concentration of Semeth and both contents of Glut were the most effective in preserving
coutaric acid along with the addition of “all antioxidants”. Regarding fertaric acid, the
addition of Semeth and the higher Glut content proved to as effective as ‘all antioxidants’
resulting in less % change.

In Retsina the initial content of hydroxycinnamic acids was lower than the respective
content of Malagouzia something that could be attributed to genetic differences among
the two varieties [54]. After heating, all esters were completely depleted. The appearance
of resin intermediate oxidation products probably serves as catalyst accelerating their
oxidation. Another possible explanation is that new adducts are formed between hydrox-
ycinnamic acids and resin degradation products which possibly can’t be determined with
the HPLC method employed in this study.
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Table 4. Percentage change * of hydroxycinnamic acid content in Malagouzia wines after 12 days
of heating.

Samples Caftaric Acid Coutaric Acid Fertaric Acid

C 100% c 100% c 100% c

Se min 112.1% c 78.6% bc 17.6% a

Se max 100% c 42.9% b 23.5% a

Glut min 96.9% b 50.0% b 52.9% b

Glut max 90.9% b 57.1% b 29.4% ab

Ascor min 127.3% d 78.6% bc 82.3% c

Ascor max 160.6% e 71.4% bc 88.2% c

SO2 min 63.6% a 114.3% c 82.3% c

SO2 max 63.6% a 107.1% c 64.7% bc

All min 93.9% b 14.2% a 17.6% a

All max 169.7% e 57.1% b 41.2% ab

* Different letters indicate statistically significant difference at a 5% level within samples C: Control, Glut. min:
10 mg/L Glutathione, Glut. max: 20 mg/L Glutathione, Se. min: 25 µg/L Selenomethionine, Se. max: 50 µg/L
Selenomethionine, Ascor. min: 100 mg/L Ascorbic acid, Ascor. max: 200 mg/L Ascorbic acid, SO2 min: 20 mg/L
SO2, SO2 max: 40 mg/L SO2, All min: 10 mg/L Glutathione, 25 µg/L Selenomethionine, 100 mg/L Ascorbic acid,
20 mg/L SO2, All max: 20 mg/L Glutathione, 50 µg/L Selenomethionine, 200 mg/L Ascorbic acid, 40 mg/L SO2.

4. Conclusions

In conclusion, the accelerated test was a helpful tool which provided important infor-
mation concerning the oxidative reactions related to browning appearance in Malagouzia
and Retsina wines under several antioxidant treatments. As expected, SO2, was the most
effective antioxidant in minimizing color change while ascorbic acid acted as a prooxidant
accelerating oxidation and browning appearance. Retsina wines were more sensitive to
oxidative browning that Malagouzia most probably due to the presence of resin.

Regarding preservation of SO2 content, Semeth exhibited a higher protective effect of
free SO2 compared to glutathione in Malagouzia wines suggesting its potential as a future
wine additive. The lower concentration of ascorbic acid resulted in increased contents of
both free and total sulfur dioxide (SO2), whereas the higher concentration proved to be less
efficient in protecting against degradation.

Antioxidant activity values showed a remarkable decrease with heating further sup-
ported the findings of this study. Additionally, Semeth demonstrated a high efficiency
in preserving antioxidant activity. As expected, free sulfhydryl content (-SH) was higher
in the wines with Glut addition, while Semeth exhibited the best protective effect even
higher than that of SO2 suggesting that Semeth’s role in preserving wine from oxidation
probably involves more mechanisms than just the prevention of SO2 depletion. The results
of this study also highlighted the effect of Se on the individual phenolic compounds em-
phasizing its protective role on (+)-catechin and fertaric acid. Among the flavanols studied,
(+)-catechin was less affected by heating while (−)-epicatechin and EGCG were completely
degraded by heating suggesting their important role in browning development. Retsina
wines were found to be more susceptible to browning and oxidation irrespectively of the
specific antioxidant added. This challenge caused by the presence of resin emphasizes the
need for specific antioxidant strategies in resin-containing wines.

The different antioxidant additions displayed varying degrees of effectiveness in
preventing oxidative damages in wine. Interestingly, Semeth emerged as an important
antioxidant candidate for enhancing oxidative stability in white wines. However, deeper
exploration of the mechanisms behind Semeth’s activity and its potential synergies with
the other wine antioxidants is necessary in order to provide valuable information for
optimizing its application in winemaking practices. As the industry continues to search for
sustainable and effective alternatives to SO2, Semeth seems to be a promising preservative
for enhancing the overall quality and protection of white wines.



Beverages 2024, 10, 31 16 of 18

Author Contributions: M.M.C.: Methodology, Validation, Investigation, Software, Formal analysis,
Data curation, Writing—original draft. S.C.: Methodology, Investigation, Software, Formal analysis,
Writing—review & editing. S.K.: Conceptualization, Supervision, Resources, Writing—review &
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to the absence of a data repository for this specific dataset.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Voltea, S.; Karabagias, K.I.; Roussis, I.G. Use of Fe (II) and H2O2 along with Heating for the Estimation of the Browning

Susceptibility of White Wine. J. Appl. Sci. 2022, 12, 4422. [CrossRef]
2. Tarko, T.; Duda-Chodak, A.; Sroka, P.; Siuta, M. The Impact of Oxygen at Various Stages of Vinification on the Chemical

Composition and the Antioxidant and Sensory Properties of White and Red Wines. Int. J. Food Sci. 2020, 2020, 7902974. [CrossRef]
3. Escudero, A.; Hernandez-Orte, P.; Cacho, J.E.; Ferreira, V. Clues about the role of 3-(methylthio)propionaldehyde as a character

impact odorant of some oxidized wines. J. Agric. Food Chem. 2000, 48, 4268–4272. [CrossRef]
4. Danilewicz, J.C. Review of reaction mechanisms of oxygen and proposed intermediate reduction products in wine: Central role

of iron and copper. Am. J. Enol. Vitic. 2003, 54, 73–85. [CrossRef]
5. Tan, J.; Vincken, J.P.; Zadelhoff, A.; Hilgers, R.; Lin, Z.; Bruijn, W.J.C. Presence of free gallic acid and gallate moieties reduces

auto-oxidative browning of epicatechin (EC) and epicatechin gallate (ECg). J. Food Chem. 2023, 425, 136446. [CrossRef] [PubMed]
6. Li, H.; Guo, A.; Wang, H. Mechanisms of oxidative browning of wine. J. Agric. Food Chem. 2008, 108, 1–13. [CrossRef]
7. Danilewicz, J.C. Interaction of sulfur dioxide, polyphenols, and oxygen in a wine-model system: Central role of iron and copper.

Am. J. Enol. Vitic. 2007, 58, 53–60. [CrossRef]
8. Es-Safi, N.E.; Cheynier, V.; Moutounet, M. Role of aldehydic derivatives in the condensation of phenolic compounds with

emphasis on the sensorial properties of fruit-derived foods. J. Agric. Food Chem. 2002, 50, 5571–5585. [CrossRef] [PubMed]
9. Gutierrez, R.; Aliano, M.J.; Cantos, E. Wine Polyphenol Content and Its Influence on Wine Quality and Properties: A Review.

Molecules 2021, 26, 718. [CrossRef] [PubMed]
10. Kutz, M. Handbook of Environmental Degradation of Materials, 2nd ed.; William Andrew-Elsevier: Oxford, UK, 2012. [CrossRef]
11. Godden, P.W.; Francis, I.L.; Field, J.B.F.; Gishen, M.; Coulter, A.D.; Valente, P.J.; Hoj, P.B.; Robinson, E.M.C. An evaluation of

the technical performance of wine bottle closures. In Proceedings of the 11th Wine Industry Technical Conference, Adelaide,
Australia, 7–11 October 2001; Blair, R., Williams, P., Hoj, P., Eds.; AWITC: Glen Osmond, Australia, 2001; pp. 44–52. [CrossRef]

12. Lemos, W.J.F.; Binati, R.L.; Bersani, N.; Torriani, S. Investigating the glutathione accumulation by non-conventional wine yeasts in
optimized growth conditions and multi-starter fermentations. J. Food Sci. Technol. 2021, 142, 110990. [CrossRef]

13. Antoce, O.A. Oenology: Chemistry and Sensory Analysis; Universitaria Publishing House: Craiova, Romania, 2007. [CrossRef]
14. Echave, J.; Barral, M.; Fraga, M.; Prieto, M.A.; Simal, J. Bottle Aging and Storage of Wines: A Review. Molecules 2021, 26, 713.

[CrossRef]
15. Witkowska, A.M.; Zujko, M.E.; Borawska, M.H.; Socha, K. Antioxidant Properties and Selenium Content of Wines. Pol. J. Environ.

Stud. 2006, 15, 208–211.
16. Battin, E.E.; Brumaghim, J.L. Antioxidant Activity of Sulfur and Selenium: A Review of Reactive Oxygen Species Scavenging,

Glutathione Peroxidase and Metal-Binding Antioxidant Mechanisms. Cell Biochem. Biophys. 2009, 55, 1–23. [CrossRef] [PubMed]
17. Perrone, D.; Monteiro, M.; Nunes, J.C. The Chemistry of Selenium. R. Soc. Chem. 2015, 9, 11–12. [CrossRef]
18. Tinggi, U. Essentiality and toxicity of selenium and its status in Australia: A review. Toxicol. Lett. 2003, 137, 103–110. [CrossRef]
19. Adadi, P.; Barakova, N.V.; Muravyov, K.Y.; Krivoshapkina, E.F. Designing selenium functional foods and beverages: A review.

Food Res. Int. 2019, 120, 708–725. [CrossRef] [PubMed]
20. Liu, Q.; Bei, Y. Thermodynamics and Dynamic Kinetics of the Oxidation of Selenomethionine to Methionine Selenoxide: A DFT

Study. Sci. Rev. 2000 LTD 2010, 35, 417–422. [CrossRef]
21. Rahmanto, A.D.; Davies, M.J. Selenium-containing Amino Acids as Direct and Indirect Antioxidants. Life 2012, 64, 863–871.

[CrossRef] [PubMed]
22. Perez-Corona, M.T.; Sanchez-Martinez, M.; Valderrama, M.J.; Rodriguez, M.E.; Camara, C.; Madrid, Y. Selenium biotransformation

by Saccharomyces cerevisiae and Saccharomyces bayanus during white wine manufacture: Laboratory-scale experiments. J. Food
Chem. 2011, 124, 1050–1055. [CrossRef]

23. Ferreira-Lima, N.E.; Burin, V.M.; Caliari, V.; Bordignon-Luiz, M.T. Impact of Pressing Conditions on the Phenolic Composition,
Radical Scavenging Activity and Glutathione Content of Brazilian Vitis vinifera White Wines and Evolution During Bottle Ageing.
Food Bioprocess Technol. 2016, 9, 944–957. [CrossRef]

24. Assuncao, M.; Martins, L.L.; Mourato, M.P.; Baleiras-Couto, M.M. Effect of selenium on growth and antioxidant enzyme activities
of wine related yeasts. World J. Microbiol. Biotechnol. 2015, 31, 1899–1906. [CrossRef] [PubMed]

https://doi.org/10.3390/app12094422
https://doi.org/10.1155/2020/7902974
https://doi.org/10.1021/jf991177j
https://doi.org/10.5344/ajev.2003.54.2.73
https://doi.org/10.1016/j.foodchem.2023.136446
https://www.ncbi.nlm.nih.gov/pubmed/37245463
https://doi.org/10.1016/j.foodchem.2007.10.065
https://doi.org/10.5344/ajev.2007.58.1.53
https://doi.org/10.1021/jf025503y
https://www.ncbi.nlm.nih.gov/pubmed/12236681
https://doi.org/10.3390/molecules26030718
https://www.ncbi.nlm.nih.gov/pubmed/33573150
https://doi.org/10.1016/C2010-0-66227-4
https://doi.org/10.1111/j.1755-0238.2001.tb00196.x
https://doi.org/10.1016/j.lwt.2021.110990
https://doi.org/10.1016/j.aaspro.2016.09.054
https://doi.org/10.3390/molecules26030713
https://doi.org/10.1007/s12013-009-9054-7
https://www.ncbi.nlm.nih.gov/pubmed/19548119
https://doi.org/10.1039/9781782622215-00003
https://doi.org/10.1016/S0378-4274(02)00384-3
https://doi.org/10.1016/j.foodres.2018.11.029
https://www.ncbi.nlm.nih.gov/pubmed/31000289
https://doi.org/10.3184/146867810X12913153905848
https://doi.org/10.1002/iub.1084
https://www.ncbi.nlm.nih.gov/pubmed/23086812
https://doi.org/10.1016/j.foodchem.2010.07.073
https://doi.org/10.1007/s11947-016-1680-7
https://doi.org/10.1007/s11274-015-1930-2
https://www.ncbi.nlm.nih.gov/pubmed/26475328


Beverages 2024, 10, 31 17 of 18

25. Barbulescu, I.; Feredes, M.; Carmen, B.; Rodica, A.; Teodoerscu, R. Improving wine-making products with selenium and total
polyphenols. Rom. Biotechnol. Lett. 2012, 17, 7646–7655.

26. Tillah, M.; Batubara, I.; Kartika-Sari, R. Antimicrobial and Antioxidant Activities of Resins and Essential Oil from Pine (Pinus
merkusii, Pinuso ocarpa, Pinus insularis) and Agathis (Agathis loranthifolia). J. Biol. Biol. Educ. 2017, 9, 134–139. [CrossRef]

27. Netsika, M. Wines of Greece, 2nd ed.; IANOS: Thessaloniki, Greece, 2019.
28. Vlahou, E.; Christofi, S.; Roussis, I.G.; Kallithraka, S. Browning Development and Antioxidant Compounds in White Wines after

Selenium, Iron, and Peroxide Addition. J. Appl. Sci. 2022, 12, 3834. [CrossRef]
29. OIV—International Organisation of Vine and Wine. SO2 and Wine: A review. In OIV Publications, 1st ed.; OIV—International

Organisation of Vine and Wine: Dijon, France, 2021. Available online: https://www.oiv.int/public/medias/7840/oiv-collective-
expertise-document-so2-and-wine-a-review.pdf (accessed on 12 February 2023).

30. Ma, L.; Waterhouse, A.L. Flavanols react preferentially with quinones through an electron transfer reaction, stimulating rather
than preventing wine browning. Anal. Chim. Acta 2018, 1039, 162–171. [CrossRef] [PubMed]

31. Singleton, V.L.; Kramling, T.E. Browning of white wines and accelerated test for browning capacity. Am. J. Enol. Vitic. 1976, 27,
157–160. [CrossRef]

32. Lamuela-Raventos, R.M. Measurement of Antioxidant Activity & Capacity: Recent Trends and Applications, 1st ed.; 6th Chapter; John
Wiley & Sons Ltd.: Hoboken, NJ, USA, 2018. [CrossRef]

33. Romanet, R.; Coelho, C.; Liu, Y.; Bahut, F.; Ballester, J.; Nikolantonaki, M.; Gougeon, R.D. The Antioxidant Potential of White
Wines Relies on the Chemistry of Sulfur-Containing Compounds: An Optimized DPPH Assay. Molecules 2019, 24, 1353. [CrossRef]
[PubMed]

34. Kontogeorgos, N.; Roussis, I.G. Research Note: Total Free Sulphydryls of Several White and Red Wine. J. Enol. Vitic. 2014, 35,
125–127. [CrossRef]

35. Kallithraka, S.; Arvanitoyannis, I.; Kefalas, P.; El-Zajouli, A.; Soufleros, E.; Psarra, E. Instrumental and sensory analysis of Greek
wines: Implementation of principal component analysis (PCA) for classification according to geographical origin. J. Food Chem.
2001, 73, 501–514. [CrossRef]

36. Kanavouras, A.; Coutelieris, F.; Karanika, E.; Kotseridis, Y.; Kallithraka, S. Colour change of bottled white wines as a quality
indicator. OENO One 2020, 2, 189–197. [CrossRef]

37. Pavon, C.; Aldas, M.; Lopez-Martinez, J.; Hernandez-Fernandez, J.; Arrieta, M.P. Films Based on Thermoplastic Starch Blended
with Pine Resin Derivatives for Food Packaging. Polymers 2021, 13, 1171. [CrossRef] [PubMed]

38. Koutsouris, A.N. Quality Improvement Wine Retinite from the Savvatiano Variety Using Different Yeasts and Adding Oak Chips.
Master’s Thesis, Agricultural University of Athens, Athens, Greece, 2018.

39. Bradshaw, M.P.; Barril, C.; Clark, A.C.; Prenzler, P.D.; Scollary, G. Ascorbic Acid: A Review of its Chemistry and Reactivity in
Relation to a Wine Environment. Crit. Rev. Food Sci. Nutr. 2011, 51, 479–498. [CrossRef] [PubMed]

40. Barril, C.; Rutledge, D.N.; Scollary, G.R.; Clark, A.C. Ascorbic acid and white wine production a review of beneficial versus
detrimental impacts. Aust. J. Grape Wine Res. 2016, 2, 169–181. [CrossRef]

41. Wilkes, E. Practical measurements of total SO2 in wine. Wine Vitic. J. 2018, 33, 32–34.
42. Pati, S.; Crupi, P.; Savastano, M.L.; Benucci, I.; Esti, M. Evolution of phenolic and volatile compounds during bottle storage of a

white wine without added sulfite. J. Sci. Food Agric. 2020, 100, 775–784. [CrossRef] [PubMed]
43. Skouroumounis, G.K.; Kwiatkowski, M.J.; Francis, I.L.; Oakey, H.; Capone, D.L.; Peng, Z.; Duncan, B.; Sefton, M.A.; Waters, E.J.

Influence of ascorbic acid on the composition, colour and flavour properties of a Riesling and a wooded Chardonay wine over
five years storage. Aust. J. Grape Wine Res. 2005, 11, 355–368. [CrossRef]

44. Talbi, W.; Ghazouani, T.; Braconi, D.; Ben Abdallah, D.; Raboudi, F.; Santucci, A.; Fattouch, S. Effects of selenium on oxidative
damage and antioxidant enzymes of eukaryotic cells: Wine Saccharomyces cerevisiae. J. Appl. Microbiol. 2019, 126, 555–566.
[CrossRef] [PubMed]

45. Cucciniello, R.; Forino, M.; Picariello, L.; Coppola, F.; Moio, L.; Gambuti, A. How acetaldehyde reacts with low molecular weight
phenolics in white and red wines. Eur. Food Res. Technol. 2021, 247, 2935–2944. [CrossRef]

46. Kallithraka, S.; Kotseridis, Y.; Kyraleou, M.; Proxenia, N.; Tsakiris, A.; Karapetrou, G. Analytical phenolic composition and
sensory assessment of selected rare Greek cultivars after extended bottle ageing. J. Sci. Food Agric. 2015, 95, 2353. [CrossRef]

47. Scrimgeour, N.; Nordestgaard, S.; Lloyd, N.D.R.; Wilkes, E.N. Exploring the effect of elevated storage temperature on wine
composition. Aust. J. Grape Wine Res. 2015, 21, 713–722. [CrossRef]

48. Kallithraka, S.; Salacha, M.I.; Tzourou, I. Changes in phenolic composition and antioxidant activity of white wine during bottle
storage: Accelerated browning test versus bottle storage. J. Food Chem. 2009, 20, 500–505. [CrossRef]

49. Ekumah, J.N.; Ma, Y.; Akpabli-Tsigbe, N.D.; Kwaw, E.; Jie, H.; Quaisie, J.; Manqing, X.; Johnson, N.A.N. Effect of selenium
supplementation on yeast growth, fermentation efficiency, phytochemical and antioxidant activities of mulberry wine. J. Food Sci.
Technol. 2021, 146, 111425. [CrossRef]

50. Johnson, N.A.N.; Ekumah, J.N.; Ma, Y.; Akpabli-Tsigbe, N.D.; Adade, S.Y.S.S.; Manching, X.; Quaisie, J.; Kwaw, E.; Wang, C.
Optimization of fermentation parameters for the production of a novel selenium enriched mulberry (Morus nigra) wine. J. Food
Sci. Technol. 2023, 178, 114608. [CrossRef]

51. Es-Safi, N.E.; Le Guerneve, C.; Fulcrand, H.; Cheynier, V.; Moutonet, M. Xanthylium salts formation involved in wine colour
changes. Int. J. Food Sci. Technol. 2000, 35, 63–74. [CrossRef]

https://doi.org/10.15294/biosaintifika.v9i1.8371
https://doi.org/10.3390/app12083834
https://www.oiv.int/public/medias/7840/oiv-collective-expertise-document-so2-and-wine-a-review.pdf
https://www.oiv.int/public/medias/7840/oiv-collective-expertise-document-so2-and-wine-a-review.pdf
https://doi.org/10.1016/j.aca.2018.07.013
https://www.ncbi.nlm.nih.gov/pubmed/30322547
https://doi.org/10.5344/ajev.1976.27.4.157
https://doi.org/10.1002/9781119135388.ch6
https://doi.org/10.3390/molecules24071353
https://www.ncbi.nlm.nih.gov/pubmed/30959818
https://doi.org/10.21548/35-1-991
https://doi.org/10.1016/S0308-8146(00)00327-7
https://doi.org/10.20870/oeno-one.2020.54.3.3367
https://doi.org/10.3390/foods10061171
https://www.ncbi.nlm.nih.gov/pubmed/34071084
https://doi.org/10.1080/10408391003690559
https://www.ncbi.nlm.nih.gov/pubmed/21929328
https://doi.org/10.1111/ajgw.12207
https://doi.org/10.1002/jsfa.10084
https://www.ncbi.nlm.nih.gov/pubmed/31605378
https://doi.org/10.1111/j.1755-0238.2005.tb00035.x
https://doi.org/10.1111/jam.14150
https://www.ncbi.nlm.nih.gov/pubmed/30408278
https://doi.org/10.1007/s00217-021-03841-8
https://doi.org/10.1002/jsfa.7299
https://doi.org/10.1111/ajgw.12196
https://doi.org/10.1016/j.foodchem.2008.07.083
https://doi.org/10.1016/j.lwt.2021.111425
https://doi.org/10.1016/j.lwt.2023.114608
https://doi.org/10.1046/j.1365-2621.2000.00339.x


Beverages 2024, 10, 31 18 of 18

52. Sartor, S.; Burin, V.M.; Ferreira-Lima, N.E.; Caliari, V.; Bordignon-Luiz, M.T. Polyphenolic Profiling, Browning, and Glutathione
Content of Sparkling Wines Produced with Nontraditional Grape Varieties: Indicator of Quality During the Biological Aging. J.
Food Sci. 2019, 84, 3546–3554. [CrossRef]

53. De Beer, D.; Joubert, E.; Gelderblom, W.C.A.; Manley, M. Changes in the Phenolic Composition and Antioxidant Activity of
Pinotage, Cabernet Sauvignon, Chardonnay and Chenin blanc Wines during Bottle Ageing. J. Enol. Vitic. 2005, 26, 6–15. [CrossRef]

54. Proestos, C.; Bakogiannis, A.; Komaitis, M. Determination of Phenolic Compounds in Wines. Int. J. Food Stud. 2012, 1, 33–41.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/1750-3841.14849
https://doi.org/10.21548/26-1-2112
https://doi.org/10.7455/ijfs/1.1.2012.a4

	Introduction 
	Materials and Methods 
	Reagents 
	Samples 
	Accelerated Browning Test 
	Determination of Total Phenols (TP), Antioxidant Ability (AA), Free Sulfhydryl Groups (SH), High Performance Liquid Chromatography (HPLC) 
	Statistical Analysis 

	Results and Discussion 
	Accelerated Browning Test 
	SO2 Content (Total and Free) 
	Antioxidant Activity (Folin and DPPH Methods) 
	Free -SH Groups 
	Individual Phenolic Compounds Determined by HPLC (Flavanols and Hydroxycinnamic Acids) 

	Conclusions 
	References

