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ARTICLE INFO ABSTRACT
Keywords: Background: Understanding the shelf life of wine is complex and involves factors such as aroma
Oxygen preservation, flavour development and market acceptance. Ageing potential, crucial for flavour

Sulphur dioxide
Alternative additives
Capping

complexity, exposes wine to oxidation, influenced by oxygen, temperature and light, with an
impact on quality. This type of oxidation is non-enzymatic, is catalyzed by metal ions and alters
colour and flavour.

Scope and approach: This review examines the dynamics of wine preservation, focusing on
oxidation and the impact of closure. Corks allow controlled oxygen transfer, while screw caps
offer a nearly hermetic closure. Oxygen transfer rates vary, with natural corks having fluctuating
rates and synthetic corks causing over-exposure. Additives such as sulphur dioxide and alternative
substitute such as lysozyme and ascorbic acid are examined for their role in preventing oxidation
and ensuring microbiological stability.

Key findings and conclusions: Closure choice significantly affects wine preservation. Balancing
oxygen exposure, temperature, and light is vital. Effective management, including the strategic
use of preservatives and additives, is crucial for maintaining quality and extending shelf life. This
review underscores the delicate equilibrium necessary for preserving wine quality from pro-
duction to consumption.

1. Introduction

The shelf life (SL) of a food product typically refers to the duration within which it remains safe for consumption, respecting the
nutritional information on the label, while retaining its desired sensory, chemical, physical, and microbiological attributes when stored
under recommended conditions [1,2]. The shelf life endpoint is influenced by various factors, including legal requirements such as the
80/80 rule for nutritional loss in natural foods, consumer taste preferences, distribution demands, and cost considerations. From the
food industry perspective, shelf life is measured by the level of acceptable deterioration of the quality before consumption, which often
remains organoleptically satisfactory. However, for consumers, the shelf life ends when the food no longer maintains an acceptable
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taste [3,4] and thus extending the SL is crucial for both consumers and producers [5-9]. Defining the shelf life of wine, therefore,
represents a difficult challenge compared to other products.

The quality and the shelf life of wine are strongly influenced by the oxidative reaction on wine polyphenols.

Phenolic compounds are at the utmost importance in wine as they contribute to different organolectic characters, like colour,
aroma, astringency, and bitterness [10]. Wine polyphenols are classified into flavonoids and non-flavonoids. Flavonoids, such as
flavanols (e.g., quercetin), flavan-3-ols (e.g., catechin), and anthocyanins (e.g., malvidin-3-glucoside), contribute to wine physico-
chemical properties and stability [11], and their concentration is influenced by winemaking practices. Those bioactive compounds
play a key role in oxidative processes. Indeed, wine oxidation may reduce their content, thus reducing the beneficial effects on human
health to which they are related [12]. The oxygenation of red wine causes the loss of monomeric anthocyanins and the formation of
SOq-resistant polymeric pigments [13], comprising components that contribute to colour, taste, and mouthfeel [14]. Additionally,
oxygen presence may catalyze phenolic breakdown, leading to a loss of antioxidant capacity and off-flavours [15]. The rate of
oxidation and its impact on wine quality are influenced by factors like oxygen exposure, storage temperature and light, and metal ions.
Winemakers employ strategies like controlled oxygen exposure, antioxidants like sulphur dioxide, and optimal storage conditions, to
manage oxidation and preserve wine quality over time [16].

For shelf life, the maintenance of the initial flavour or their evolution un the appropriate manner is also detrimental [17-19]. For
wines designed for immediate consumption, the maintenance of unchanged flavour characters is expected. Initially, post-bottling
flavour alterations may be advantageous, with the disappearance of residual yeasty odours and a decreased bitterness and astrin-
gency [19]. However, subsequent changes often lead to the gradual fading of fresh fruity or floral aspects, eventually replaced by an
aged bouquet in wines with aging potential. If off-odours are not developed while the initial flavours are replaced by aged bouquets,
the shelf life may range from a few months to years, rather than decades [20].

Another important compound for understand wine oxidation is acetaldehyde (CH3CHO) is a key volatile compound in wine
[21-24] constituting approximately 90 % of the total aldehyde content in wine [25,26] and its formation, beside being related to the
yeast fermentation activity, is directly linked to wine oxidation levels and oxygen exposure. Red wines typically contain around 30
mg/L, white wines 80 mg/L, and Sherries 300 mg/L [27], with Sherries distinguished by their high acetaldehyde levels [28,29]. At
lower concentrations, acetaldehyde provides pleasant fruity aromas, but at higher levels it is responsible for a scent reminiscent of
rotten apples [30]. The acetaldehyde threshold in wine varies between 100 and 125 mg/L.

The loss of these desirable characteristics in wine is often attributed to poor storage conditions, including exposure to oxygen [20,
26,31-33], unsuitable temperatures [25,34], or prolonged light exposure [25,35-37]. Several studies reported different volatile
compounds, including acetaldehyde, as components linked to oxidized characters and therefore analytical techniques based on
metabolomic approach, like HS-SPME/GC-MS, represent important tools to detect poor quality wine [38,39].

1.1. Effect of oxygen

The presence of oxygen in wine can be considered either positive or negative depending on the moment of the production process
and the effect it has on the product [40]. Oxygen determines positive effects as it enhances the yeast multiplication during the
fermentation of the must, improves the polymerization of the polyphenolic component, and eliminates the reduced odours [41,42].
Conversely, it is negative for the oxidation of aromatic compounds [43], ethanol, phenols, and especially anthocyanins [11].

Oxidation processes in wines can proceed through enzymatic and non-enzymatic pathways [44]. Enzymatic oxidation occurs
mainly in the wine must during pressing and alcoholic fermentation and it is facilitated by various oxidoreductase enzymes, such as
laccase, catechol oxidase, and monophenol monooxygenase [11,45,46]. A probable oxidation mechanism of phenolic compounds
provides the hydroxylation at the ortho position of an existing hydroxyl group of the phenolic molecule and the oxidation of ortho--
dihydroxybenzenes to ortho-benzoquinones (Fig. 1) [11].

Consequently, the oxidation mechanism that leads to changes during bottled storage is predominantly non-enzymatic and involves
the breakdown of wine components by oxygen [46]. It is widely recognized that this oxidative chain reaction is catalyzed by metal ions
[48], particularly iron (Fe), copper (Cu) and manganese (Mn), with iron playing a central role [49]. The concentrations of these
inorganic elements in wine are influenced by different factors, such as grape variety, growing conditions, and winemaking techniques,
including grape pressing, must cutting, and filtration methods [50].

Oxidative phenomena may therefore explain the colour changes [16,20,42,51] undergone by wine during maturation. Indeed, free
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Fig. 1. Enzymatic oxidation process [47].
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anthocyanins, responsible for purplish highlights, are very high in young red wines and show a tendency to decrease significantly
during refinement due to oxidative phenomena, copolymerization with other phenols, and polymerization between non- and oxidized
forms [52], determining colour changes towards garnet red [53] (Fig. 2). During the non-enzymatic oxidation process of wine,
o-diphenols are oxidized to o-quinones and semi-quinone, and free radicals may be produced, while oxygen is reduced to HOs.
Quinones formed during the process as primary products are unstable and may undergo further reactions. These reactions, which can
lead to pigment formation, are similar to those occurring in enzymatic browning reactions.

The successful development of a wine ageing process is thus related to both the diffusive process that takes place with the extraction
of noble compounds from the wood [55-57] and the initial composition of the wine that has been introduced into the container. A wine
capable of sustaining ageing in wood should be transferred to the barrel as soon as possible immediately after malolactic fermentation,
and its evolution will be the faster the lower capacity of the barrel (greater content of dissolved oxygen per unit volume of liquid) [58].
Since the laws regulating the barrel ageing process are not yet sufficiently known, the proper evolution of the product remains a
random character, even though, in principle, it may be asserted that a wine with a high content of polyphenols, especially tannins [59],
may respond better than one poorer in these components, which instead risks to bee too loaded of fruity aromas from wood and with
advanced oxidative characters [60].

However, although wood is not essential for the ageing of every type of wine [61], it usually determines an improvement in
bouquet and roundness on the palate, which makes the wines broader and more elegant. This is due to the fact that reduced substances,
the nature of which has not yet been fully elucidated, are formed in the bottle and are essential for the development of the mentioned
characteristics [62]. These substances, showing pleasant aroma features, are very sensitive to oxygen, and this is why mature wines
show considerable evolutions in the glass in few hours after being uncorked [63], before become flat and vanished.

Thus, a phase of wine maturation in containers where a reducing environment can be achieved result essential for the development
of characteristics perceived as pleasant by consumers, and therefore the research for appropriate corking systems, able to create proper
conditions without transferring undesirable characters to the wine, is at the utmost importance [3,64,65]. Indeed, some authorities
highlight that the cork could be considered as one of the variables that serve to influence the style of wine to be produced [19].

It is well known that the effect of oxygen on the entire wine production process is a topic of enormous interest to all the subjects
operating in the wine industry, as demonstrated by the abundant literature on the subject.

Oxygen, present as a gaseous element at standard temperature and pressure, constitutes approximately 21 % of the Earth’s at-
mosphere [66]. Its most stable form, known as triplet oxygen (although correctly termed dioxygen), features two split electrons in
different molecular orbitals of the diradical molecule with parallel spins. In its triplet state, oxygen is relatively inert and stable
compared to most radicals [67].

The conventional Lewis structure depicting oxygen as a double bond (O=0) does not accurately represent its diradical nature; a
more precise representation is a simple bond (-O-O-) [68], where the two split electrons are shared. In this electronic arrangement,
oxygen cannot readily react with the majority of organic molecules or form bonds by accepting electron pairs. However, it is not
entirely inert and can participate in certain organic and inorganic reactions, such as reacting with other radicals to form new radicals.
Conversion of oxygen to its excited singlet state, either chemically, thermally, or through light exposure, weakens the O-O bond and
removes spin restriction [69,70].

After absorbing sufficient energy, oxygen transits to the singlet state (designated 105), where its electron pair possesses antiparallel
spin. Although not a free radical, singlet oxygen species is highly reactive [8] and electrophilic, able to readily form chemical bonds
with other molecules leading to oxidative reactions. The reaction rate of singlet oxygen with organic molecules is significantly higher
than that of triplet oxygen due to its lower activation energy [71].

The reactivity of a molecule correlates with its half-life in a given medium, with 102 having a half-life of approximately 1 ps in
water [70,72-74]. In an aqueous environment, the monovalent reduction of triplet oxygen by accepting a single electron can lead to
the formation of a superoxide anion (O,-—), typically catalyzed by metal ions like Fe>*/Fe®* While this activation is not probable in
wine conditions without light, it is generally associated with iron catalysis [75].

The resulting radical can act as both an oxidant and a reductant agent. Indeed oxygen exists as two different radicals, one existing as
protonated form of the hydroperoxide radical (HOO-) at wine pH [76] that is less reactive, but serves as a precursor of the most reactive
oxygen species that is the hydroxyl radical (HO-) [77]. While the initial stage of oxygen reduction is endothermic and rate-limiting,
subsequent stages are exothermic and spontaneous [32]. In the presence of metal ions like Fe>™/Fe®* or Cut/Cu®", the superoxide
anion can further undergo reduction to produce peroxide anion (03~ [76], which readily protonates into hydrogen peroxide (H,05) at
wine pH [76,78].

Additionally, in the presence of metal ions, the Fenton reaction or the Haber-Weiss reaction (Fig. 3) [32,79] can generate a
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Fig. 2. Catalytic involvement of iron and copper ions in the phenolic oxidation to produce quinones and hydrogen peroxide [54].
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hydroxyl radical and a hydroxide ion from HyO4 [80], yielding highly reactive oxygen species [81] from a weakly reactive precursor
[32,62].

According to the above mentioned mechanism, polyphenols represent one of the main substrate of oxidation reactions in wine [11],
both during the production process and during ageing in addition with sulphur dioxide (SO3) [54]. Oxidative reactions on polyphenols
can lead to defects in the organoleptic characteristics of wines, such as changes in colour, aroma, and increase of the sensation of
astringency [75].

1.2. Effect of temperature

Temperature plays a crucial role in wine storage as it influences the pace of chemical reactions. This relationship is elucidated by
the Arrhenius equation (Eq. (1)) [82]:

k=A-eRT (€8]

Where:

k: kinetic constant;

A: pre-emption factor, which remains constant under moderate temperature fluctuations, determined by the collision frequency
and steric factor, also referred to as frequency factor;

Ea: activation energy, another constant at moderate temperatures;

R: gas constant;

T: absolute temperature.

According to the Arrhenius equation, increased temperatures lead to a corresponding increase in the rate of reaction within the
product [83,84].

A study by Oliveira et al. [85], showed maximum degradation of phenolic compounds (anthocyanins) was achieved at higher
temperatures and followed first-order kinetics (Fig. 4(A-C). In the context of wine, temperature is crucial not only during fermentation
but also during storage [34].

Indeed, it not only affects the kinetics of degradation reactions [86], but also the level of dissolved oxygen in wine [83,209].
Literature data suggest that optimization of the storage temperature may accelerate the ageing of wine as well as change the chemical
composition of the wines, thus highlighting the sensitivity of the reaction mechanisms and the activation energy of Arrhenius to
temperature changes [87,88]. Indeed, as the temperature increases from 5 to 35 °C, the oxygen saturation points of the wine decreases
from 10,5 mg/L to 5,6 mg/L. However, the formation rate of quinone increases with increasing temperature [209]. Temperature
beside affecting the kinetics of oxidative reactions, acting as an inhibitor, also influence the balance of sulphur dioxide (SO3) in wine
[341, an important molecule distinguished as a primary preservative in vinification [89], essential for ensuring oxidation stability [90].

1.3. Effect of light

Light, particularly UV-light, is widely recognized for its role in triggering oxidation and the generation of reactive oxidative species
[91]. Similar to various other beverages and food items, light accelerates oxidation in wine, promoting its overall oxidation process
[34]. In the context of wine, iron-induced ionization under light exposure is suggested to primarily catalyze oxidation, since it is
significant involved in the chemical oxidation process [46].Notably, iron-tartrate complexes, recognized for their contribution to
oxidation, have been shown to notably enhance browning [92]. This can lead to the characteristic attributes of over-oxidized wines,
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Fig. 4. Arrhenius plot for delphinidin-3-glucoside (Dp-3G) and petunidin-3-glucoside (Pt-3G) depletion (A); for peonidin-3-glucoside (Pn-3G) and
malvidin-3-glucoside (Mv-3G) depletion (B); and for malvidin-3-O-acetylglucoside (Mv-3acG) and malvidin-3-O-coumaroylglucoside (Mv-3cmG)
depletion (C) [85].

featuring diminished aromatic compounds [42]; [93], browning [48], and the emergence of oxidative aromas such as acetaldehyde,
acetic acid, and sotolon, which have been noted in wines subjected to light exposure [95].

1.4. Effect of closure

Once the maturation process is complete, generally, the wine is transferred into glass bottles of various capacities, which typically
hold 0.75 L of wine [96]. The relationship between the size of the container and the volume of the wine is of significant importance, as
it affects both the wine resistance to oxidation and the presence of gaseous elements in the headspace of the bottle [97]. Although it is
possible to store wine in plastic or plastic/carton (Bag in Box) containers, glass remains the best choice for packaging [98]. Thanks to
its hermetic nature, in fact, glass allows oxygen to permeate exclusively through the cork [99], and thus, the choice of the cap material
plays a key role in regulating the transfer of oxygen to the bottled wine, as the permeability of the cap directly influences this process
[100,101]. Cork typically exhibits gas permeability, which can facilitate the dissipation of these gases out of the bottle, acting as a
barrier to various gases, including alcohol or water vapor from wine (Fig. 6).

Oxygen interacts with the wine at different stages of winemaking and bottling [46], which suggests that the wine already contains
dissolved oxygen at the time of bottling. In addition, oxygen remains present in the headspace after bottling [16,102], which, however,
could be removed by vacuum evaporation and replaced with an inert gas, such as nitrogen or argon, in order to better manage storage
and ageing.
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However, the penetration of the oxygen in bottle through the stopper could represent an important factor when bottle ageing is
desired to enhance the flavour and aroma of the wine [46] and the amount of oxygen able to penetrate inside the bottle can be defined
as TPO (Total Oxygen Package) [103] (Fig. 5).

A great number of studies evidenced that also the stopper characteristics greatly influence the bottle ageing process and preser-
vation of the wine [3,100,104], as

the type of used cap that is able to modulate the oxygen ingress in the bottle (Fig. 6) [46].

For this reason, over the years, winegrowers have examined the effectiveness of various enclosures and physical modifications able
to improve their sealing capabilities. The traditional sealing mechanism includes corks, which however, can be subjected to various
treatments that alter its structural configuration and particle size, resulting in different oxygen permeability [46]. Wineries also relies
on alternative materials for bottle closures, such as synthetic compounds, aluminium screw caps laminated with thermoplastics, or
even caps made exclusively of polyethylene [100]. Nevertheless, porous closures remain the most employed method as they facilitate
proper ageing of the wine, Conversely, screw caps offer a nearly hermetic closure, significantly limiting oxygen ingress that may alters
the chemical environment of the wine, producing reduced qualities [105]. In contrast, polyethylene stoppers prove to be excessively
porous, resulting in premature oxidation of the wine [106]. Stoppers made from permeable materials (such as cork or synthetic
materials) require mechanical compression to further decrease their permeability at the interface with the glass, while not altering the
overall permeability of the stopper [107].

The transference of gases such as diffusion coefficient or permeability [46] may be addressed by several methods and measures,
even though, the most used and practical one is represented by OTR (Oxygen transfer rate) value [108-111]. OTR may be calculated by
physical measures of the stopper properties, i.e., by assuming their effective diffusion, by determining the oxygen concentration in the
bottle, the degradation rate of compounds in the wine, or even apparent characteristics, such as yellow colour measuring absorbance at
420 nm or chemiluminescence [110,112]. The units of OTR are usually expressed as mg or ml of O per day, month, or year [101,113].

Since cork is a natural material, it features heterogeneous characters, thus showing a broad spectrum of OTR [46]. Agglomerated
corks, more homogeneous than the natural ones, have a closer range of OTR [114], that is even tighter for the synthetic caps (from 0,
003 to 0,008 cc/day/closure bottle) [26]. OTR values may still differ among the different stoppers, as the permeability of the material
is still connected to its microscopic structure. In summary, evidences suggest that in general terms, natural cork stoppers have a
variable but favourable OTR that may be homogenized by micro agglomeration, while synthetic stoppers offer in many cases too high
OTR for long-ageing wines [46]. On the other hand, while screw caps may be a good option to preserve wine in non-optimal conditions
of storage, in view also of avoiding the corky smell caused by 2,4,6-trichloroanisole (TCA) [115], tend to induce the formation of
“reductive” characters [88].

1.5. Human health and wine oxidation

The factors influencing wine oxidation, therefore, are many and varied, causing not only a loss of the product desired organoleptic
characteristics but also a depletion of the phenolic compounds that are extremely important bioactive molecules that beside playing a
key role during vinification due to their antioxidant properties, are responsible for the nutraceutical value of the wine [116]. Indeed, in
recent years, several studies have indicated the relation between moderate red wine consumption and human health (Table 1), mainly
attributable to polyphenols content. However, the oxidation of the product could result in the oxidation of polyphenols and thus in the
loss of all these health benefits.

2. Prevention of oxidation in wine
2.1. Sulphur dioxide

To safeguard wines from oxidation, sulphur dioxide (SO2), whose main properties are reported in Table 2, has been utilized since
the 18th century, primarily for its antiseptic properties, as well as for its activity as an inhibitor of enzymatic and chemical oxidation,
thereby aiding in reducing the browning rate [129,130].

After bottling, wine is under the impact of oxygen, which
originates from 4 factors

Oxygen diffusing through the cork (diffusion generally high for
/ synthetic corks, highly variable for corks, and minimal for
screw and crown corks

\ The oxygen contained in the cap fabric
Oxygen contained in the headspace of the bottle
Oxygen dissolved in the liquid even before bottling

TPO (mg/L)

Fig. 5. Oxygen input in the bottle (TPO).
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Fig. 6. Ingress the oxygen in the bottle and the characteristics of caps [46].

Table 1
Health benefits of moderate consumption of red wine.
Diseases Positive effects References
Heart disease Prevents platelet aggregation [117]
Oncological diseases Reduces esophageal cancer, reduced the progression of malignant phase of cancer, inhibited carcinogenesis with [118,119]
pleiotropic effect, in vivo
hepatoprotective effects, suppresses the proliferation of anchorage-independent
b(4) production
Type 2 diabetes Lowers glucose levels [120,121]
Inflammatory processes Inhibits phosphorylation activation, prevents radical formation and their activities, prevents aortic [122]
lipid deposition
Oxidative stress Prevents radical formation [123,124]
Allergic diseases Inhibits immunoglobulin (IgE) synthesis, activate of mast cells and basophils or other inflammatory cells, [125]
produce inflammatory mediators,
including cytokines
Neurodegenerative Neuroprotection [126-128]
diseases
Table 2
Properties of sulphur dioxide.
Properties Advantages Disadvantages References
Antioxidant Antioxidase activity, reduce quinones formation, reaction with hydrogen Effectiveness depends on pH [11,145,
peroxide 146]
Antimicrobial ~ Prevents unintentional fermentations, prevents formation of off-flavours Effectiveness depend on pH [147-152]
Dissolving Favourite extraction of phenolic compounds No significant colour improvement [145]
Sensory Wines treated with SO, exhibit a more intricate flavour profile, particularly An excessive use of SO, cause formation of [145,153]
evident in instances involving overripe or subpar grape varieties mercaptans and hydrogen sulphide
Health Allergic reactions in some people [135-143]

Generally, sulphur dioxide is added to wine as potassium metabisulfite (K2S20s) and, at the wine pH, exists both as molecular form
as SOy, and, more commonly, (94-99 % at wine pH) as bisulphite ion, HSO3 [22]. Once dissolved in wine, sulphur dioxide bind various
wine constituents such as acetaldehyde, anthocyanins, pyruvic acid, glutaric acid, glucose, or specific phenolic compounds. Notably,
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ethanal, pyruvic acid, and 2-oxoglutaric acid exhibit particular reactivity with sulphur dioxide [131]. Indeed, there are two fractions of
SO; in wine, the "free SOy," comprising HSO3 and SO, and the "bound SO" that primarily indicating sulphur dioxide bound to un-
saturated compounds [132,133]. Only free SO, effectively combats oxidation (Fig. 7), even though, below 10 mg L7 of free SO, in
wine, this protective effect diminishes [129].

Sulphur dioxide in wine makes a key role against oxidation by interacting with hydrogen peroxide, rather than the direct oxygen
scavenging mechanism [76]. Thus, sulphur dioxide can avoid the formation of aldehydes by competing for hydrogen peroxide [134].
Nevertheless, sulphur dioxide may lead to health issues [135-143], and an increasing number of consumers exhibit allergies, in-
tolerances, and sensitivities associated with wine consumption. According to a study published in a German scientific journal, "wine
intolerance’ affects 8.9 % of women and 5.2 % of men, while in the United States, approximately 12 % of women and 8 % of men are
affected due to heightened exposure to synthetic chemicals from food and the environment [144]. Several studies confirmed the
toxicity of sulphur dioxide by inhalation, showing corrosion and irritation of the respiratory tract. Moreover, the assumption of sulphur
dioxide is related to changes in the metabolism of certain amino acids and vitamin B1. The mechanism behind this problem is linked to
the antivitamin action of sulphites against thiamine (vitamin B1), whose deficiency causes significant changes in sugar metabolism,
such as diabetes.

In the body, sulphites (SOs%) are converted into sulphates (SO+-) at digestive apparatus level and the reaction is catalyzed by a
molybdenum-containing hemoprotein called sulphite oxidase. During this phase, sulphites release sulphur dioxide, causing gastric
irritation and pain accompanied by vomiting if the ingested dose exceeds 3.5 mg/kg of body weight (acute poisoning).

Allergic reactions to sulphites are manifested by the intake of very low doses (of the order of the milligram) and mainly concern
asthmatic subjects. Although sensitivity to sulphites is not clearly demonstrated for non-asthmatic subjects, the concern of potential
allergic reactions has induced the FDA (Food and Drug Administration) in the United States to make mandatory the indication of the
presence of sulphites on labels when their concentration exceeds 10 mg/L [145].

Therefore, the WHO (World Health Organization) has established the Acceptable Daily Intake (ADI) corresponding to 0.7 mg of SO,
per kg of body weight. However, the amount of sulphur actually assimilated by the consumer is often underestimated, since sulphur
dioxide and its derivatives are widely used as additives, not only in the winemaking sector, but also in many foods. For this reason, the
European Regulation (EU Regulations 606,/2009 and 479/2008) establishes the maximum doses of total SO, of 150 mg/L for red wines
and 200 mg/L for white wines, rosé or rosé, and in wines containing a residual sugar of 5 g/L.

2.1.1. The inhibition, activation, and selection of yeasts and bacteria

SO, serves as a potent inhibitor of various microorganisms, including yeasts, lactic acid bacteria (LAB), and to a lesser extent, acetic
acid bacteria. Its antimicrobial action effectively prevents yeast haze formation, undesirable secondary fermentation, growth of
Brettanomyces, proliferation of mycodermic yeasts, and various types of bacterial spoilage [151]. However, it is important to note that
the SO, effectiveness is inversely proportional to the wine pH as it decreases as the wine pH increases (Fig. 4), making the microbi-
ological stabilization of wines with low acidity challenging.

In winemaking, SO, is commonly employed to control the LAB growth and the development of malolactic fermentation (MLF),
primarily due to its selective antimicrobial properties, especially against LAB [154]. The three primary genera of LAB associated with
winemaking are Oenococcus, Pediococcus, and Lactobacillus. Among these, Oenococcus oeni is particularly well-adapted to the harsh
conditions of winemaking, making it the primary species responsible for MLF in wine [155]. Other LAB species, such as Lactobacillus
hilgardii and Pediococcus pentosaceus, can negatively impact wine quality by causing alterations such as "lactic disease" and the pro-
duction of off-flavor compounds [147], as well as biogenic amines [148]. Lactobacillus bacteria, especially L. hilgardii, are responsible
for the phenomenon known as "piqiire lactique," wherein they utilize residual sugars in slow alcoholic fermentations, leading to an
increase in volatile acidity and modification of the wine sensory properties [132,150].

Concerning yeasts, species of Brettanomyces genus, along with their sporulating form, contribute to the development of bad odours
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in wine described as "leather," "animal," and "horse sweat," primarily due to the production of ethyl-phenols from grape hydrox-
ycinnamic acids. The presence of Brettanomyces in barrels, often due to inadequate cleaning, is a common cause of off-flavor devel-
opment [132,152].

SO, effectively combats these microorganisms at concentrations typically used in winemaking. Therefore, replacing SO is expected
to assist to a control of these microorganisms throughout the winemaking process [132].

2.2. Other alternative additives

Red wines show different antioxidant activity [145], related to grape cultivar and terroir, production methods, extraction tech-
niques, and oxygen exposure. Usually sulphur dioxide is added to wine playing a key role due to its various protective capacities
towards wine [93]. However, since it is responsible for some drawbacks, some efforts to reduce and/or remove it have been made,
mainly evaluating additives and/or alternative practices, discussed below, to be employed in winemaking as follows.

2.2.1. Lysozime

Lysozyme, a 129-amino acid protein isolated from egg albumen, has demonstrated to be an effective antimicrobial agent in various
food products [156]; [94]. Lysozyme offers potential advantages over SO [157]. Indeed, depending on the timing of its addition, it
may marginally enhance the colour of red wines by avoiding bleaching effects. However, its application in red wine determines several
drawbacks, including the extraction and presence of phenolic compounds, notably low molecular weight proanthocyanidins, which
hinder its efficacy in red wine production [158].

2.2.2. Ascorbic acid

Ascorbic acid serves as an additional antioxidant employed in winemaking. It is widely recognized for its ability to scavenge [158]
molecular oxygen prior to the oxidation of phenolic compounds particularly in white wines, although it is typically combined with SO,
to neutralize the hydrogen peroxide generated during the oxidation of ascorbic acid [158]. However, a notable issue determined by the
addition of ascorbic acid is represented by the tendency to induce browning during storage [159].

2.2.3. Glutathione

Glutathione has been suggested as an alternative to reduce SO3 levels because of its antioxidant properties, although its significance
lies primarily in white wine production rather than red wine [159]. However, glutathione is most effective in combination with
sulphur dioxide, thus allowing a reduction but not the elimination of SO5 [160,161].

2.2.4. Dimethyl decarbonate

Dimethyl dicarbonate (DMDC) is a microbial inhibitor that has been suggested as an alternative to SO, in winemaking [161,162]. It
has been authorized for use in wines by the European Union, with a maximum eligible amount of 200 mg/L per bottle for wines
containing more than 5 g/L of residual sugar (Regulation (EC) No 643/2006) [160]. Similarly, in the USA, it can be employed during
wine storage in regular doses up to 200 mg/L [163].

In wine, DMDC is rapidly converted to methanol, with the formation of minor quantities of methylcarbonate and alkylcarbonates
due to interactions between DMDC and polyphenols or organic acids. Researchers have indicated that the methanol concentration
resulting from DMDC addition does not reach toxicologically significant levels [162].

2.2.5. Bacteriocin

Bacteriocins, such as nisin, pediocin, and plantaricin, are small polypeptides synthesized by specific LAB, exhibiting inhibitory
effects on other bacterial species [164]. Notably, some of these compounds are legally permitted as food additives. Researchers
indicate that they primarily target the cytoplasmic membrane of gram-positive bacteria, leading to an increased permeability to small
ionic components and eventual cell lysis [165]. However, their efficacy against gram-negative bacteria varies depending on the species
[165,166]. Due to their lack of colour or odour and non-toxic nature, bacteriocins are considered ideal preservatives against
gram-positive bacteria [167]. Moreover, they exhibit high specificity, selectively targeting certain groups of microorganisms.
Combining these compounds with metabisulfite has been suggested as a strategy to control the proliferation of spoilage bacteria in
wine, potentially allowing a reduction in the levels of sulphur dioxide currently employed by the wine industry [168].

2.2.6. Yest less

Another conventional method for safeguarding wine from oxidation involves the utilization of yeast lees [169]. Fresh lees exhibit a
notable capacity for oxygen absorption owing to the presence of lipids and sterols of yeast membranes [170], along with polyphenols,
thiol groups found in cell wall proteins [171], and p-glucans derived from yeast cell walls [172], all contributing to their antioxidative
characteristics. Nevertheless, prolonged contact with lees may alter the sensory attributes of wine; thus, it may not be suitable for all
wine varieties. Additionally, relying solely on lees does not shield wine from microbial contamination, necessitating the use of sul-
phites [162].

2.2.7. Colloidal silver complex
Silver has long been recognized for its antimicrobial properties, dating back to ancient times, even though the mechanisms of action
were not fully understood [173]. However, the use of silver for its antimicrobial effects declined with the advent of antibiotics
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consecutive to the discovery of penicillin [174]. Nevertheless, as biocide-resistant bacterial strains emerged, interest in silver,
particularly silver nanoparticles, as an antimicrobial agent resurged [174]. Some researches indicate the ability of silver nanomaterials
to exhibit antimicrobial activity against a wide range of both Gram-negative and Gram-positive bacteria, as well as some antifungal
and antiviral properties [175,176]. The three primary mechanisms of action of silver include the absorption of free silver ions leading
to disruption of ATP production and DNA replication [175], the generation of reactive oxygen species (ROS) by silver nanoparticles
and silver ions [175], and direct damage to cell membranes by silver nanoparticles [175,176]. In the food industry, silver nano-
materials are being employed for water purification [177], for the development of novel antimicrobial packaging materials [178], and
for replacing SO in wine [175].

2.2.8. Pulsed electric fields

The method known as pulsed electric fields (PEF) presents a rapid, non-thermal, and remarkably effective approach to eliminate
pathogenic microorganisms in food products while preserving their quality [179,180]. In this technique, short pulses of high electric
field voltage (up to 70 kV/cm), typically lasting microseconds, are applied to food placed between two electrodes [180-182]. These
high-voltage pulses induce electroporation of cell membranes, exceeding the natural membrane potential and thus increasing their
permeability [181]. When this difference in the membrane potential exceeds the critical threshold of about 1 V between the outer and
inner membrane, polarisation occurs, leading to membrane rupture. A sufficiently high field voltage and pulse duration, determine
irreversible membrane damage of vegetative microorganisms, resulting in their deactivation [183]. Furthermore, Garde-Cerda'n et al.
[146], showed that the treatment of wine must with PEF allows a reduction in SO, concentration.

2.2.9. UV

UV irradiation has emerged as a non-thermal method for water disinfection, which has proved to be very effective in eliminating
microbial contaminants from surfaces and packaging in the food industry [184]. In particular, UV-C radiations have found application
in food processing to deactivate various microorganisms, including bacteria and yeasts, as well as enzymes such as PPO (poliphe-
noloxidases), in a wide range of liquid products [137,184,185].

The potential of UV irradiation as an alternative approach to wine preservation was explored in a study by Fredericks et al., in 2011
[137]. Furthermore, it has been observed that grapes subjected to abiotic stress through post-harvest UV-C treatment exhibit greater
levels of stilbenes [186]. This discovery paves the way for a new winemaking technique aiming at producing white wine enriched with
resveratrol [187,188], a compound known for its various bioactive properties, including anti-cancer, anti-inflammatory,
glycaemic-regulating and cardiovascular [188].

2.2.10. High pressure

High pressure (HP) is a non-thermal method used in food processing subjecting products to instantaneous and uniform pressures
ranging from 100 to 1000 MPa [189], whereas the product size and geometry [189,190]. Considering green technologies, HP employs
water as a compression medium and is highly energy-efficient [191]. Over the past decade, the use of HP technology for the production
of microbiologically safe foods has significantly increased in the industry. Currently, most industrial HP equipment used in food
processing operates on a batch processing basis.

This technology is widely used for microbial [192,193] and enzyme [194,195] inactivation and also for modifying the functional
properties of certain food components [196,197]. Microbial inactivation by HP is primarily attributed to disruptions in cellular
structures and functions, such as membranes, ribosomes, and enzymes [198], leading to cell leakage. Since HP affects non-covalent
bonds while preserving covalent bonds [197], foods treated with HP retain their original freshness, flavour, taste, and colour.
Small molecules such as volatile compounds, pigments, vitamins, and other compounds responsible for sensory, nutritional, and
health-promoting benefits are largely retained after HP treatment [189].

For instance, studies have shown that HP treatments ranging from 400 to 600 MPa at room temperature can inactivate poly-
phenoloxidase (PPO), and B-glucosidase enzymes while preserving monomeric and polymeric anthocyanins and individual phenolic
compounds in strawberry pulp [189]. In the oenological sector, HP treatments have been tested to preserve the quality and sus-
tainability of grape juice and must [199-201], as well as wine [202-204]. Researchers have demonstrated that pressure treatments of
400 MPa for 2 min at 20 °C effectively is able to microorganisms added to wine, such as Oenococcus oeni, Lactobacillus spp., Acetobacter,
and Botrytis cinerea [203]. Similarly, pressure treatments of 500 MPa for 5 min significantly reduce the initial microbial wine popu-
lation without altering the physicochemical or organoleptic properties of the wine [204]. Some studies have shown that microbial
inactivation increases with higher pressure treatments and longer durations, with aerobic bacteria being more susceptible to HP
treatments than yeasts and LAB [203].

Therefore, the use of HP for wine preservation is currently only feasible in the final stage of winemaking, replacing the addition of
SO, before bottling with a pressure treatment after bottling [151] and not for entire winemaking processes [199,205].

3. Future perspectives for extending wine shelf life

Future perspectives in wine packaging emphasize the development of smart packaging technologies to extend product shelf life.
These innovations primarily deal with the oxidation prevention, thereby preserving the wine quality [38]. Additionally, there is a
significant notable shift towards environmentally friendly solutions, reducing the carbon footprint associated with traditional pack-
aging methods. By integrating advanced materials and sustainable practices, wine industry may enhance product longevity while
addressing environmental concerns [206].
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For example, the importance of storage conditions and type of packaging in preventing oxidation is emphasised by factors such as
the presence of antioxidants, oxygen levels in the packaging and storage temperature. This indicates the need for careful control of
these variables in wine packaging [207]. Innovations such as the use of oxygen scavengers, modified atmosphere packaging, and the
development of biodegradable and recyclable materials demonstrate the industry interest for extending shelf life while being mindful
of environmental impact [208]. By adopting these advanced packaging solutions, the wine industry can ensure that wines maintain
their quality over time and contribute to a more sustainable future.

4. Conclusion

In conclusion, the concept of wine shelf life is multifaceted and includes factors such as retention of initial flavours, progression to
ideal character, and commercial acceptability of the wine. The ageing potential of the wine plays a significant role, with some wines
developing an aged bouquet over time. However, factors such as oxidation, influenced by exposure to oxygen, temperature, and light,
my have a significant impact on wine quality and shelf life. Oxidative reactions, particularly non-enzymatic oxidation reactions,
catalyzed by metal ions such as iron, contribute to colour changes and flavour degradation in wine. Temperature fluctuations affect the
speed of chemical reactions, including oxidation, while exposure to light, particularly UV light, accelerates oxidation processes. The
choice of closure also influences wine preservation, with porous stoppers allowing controlled oxygen transfer, while screw caps offer
nearly hermetic seals. The transference of gases, particularly oxygen, is a critical consideration in determining closure effectiveness,
with factors such as diffusion coefficients and oxygen transfer rates influencing closure selection. Natural cork stoppers exhibit varying
oxygen transfer rates, while synthetic stoppers may offer excessive rates for long-ageing wines. Overall, understanding and managing
these factors are essential for preserving wine quality and extending its shelf life.
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