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Abstract: The design, construction and validation of a device for the accurate measurement of the
dissolved oxygen content in wine and simultaneously the variation of its spectral fingerprint is
presented. The novelty of this system is due to two innovative approaches. First, robustness in
measurements is obtained by using cuvettes designed to simultaneously measure the dissolved
oxygen and color. Secondly, automatic monitoring is performed to ensure that measurements are
always taken at the same cuvette position. The fine-tuning of the device with the study of white and
red wines makes it possible, on the one hand, to establish the appropriate measurement conditions
and, on the other hand, to determine the amount of oxygen required to cause specific changes
in the wine spectrum, information that could not be obtained until now. The preliminary results
are very interesting, presenting precise data on the amount of oxygen consumed by the wine and
the variations in its visible spectrum, thus reflecting the modification of the responsible phenolic
compounds. This information is of great interest, since it helps to optimize the handling of the wine
and, if necessary, to moderate the uptake of oxygen in each type of wine to ensure the maintenance of
the color during the winemaking and conservation processes of each type of wine. The results of the
experiments indicate that this new instrument is feasible and accurate for detecting oxygen changes
during wine production.

Keywords: spectral scanning; wines; oxidation; sensor; oxygen kinetics; spectral fingerprint

1. Introduction

The oxygen present in wines affects the antioxidant compounds of wine, mainly the
phenols, compounds carrying out chemical transformations that affect the color, structure,
body, and astringency of wines [1–3]. Changes in the color of wine, one of the most
important attributes, can occur due to several factors; one of the most important is the
exposure to oxygen [4–6]. The most appropriate and most used technique to quantify the
color change of wines is visible spectroscopy measurements, a fast, economical, and easy-
to-use technique that allows different compounds to be determined with high sensitivity,
although with low specificity. Currently, the use of luminescent systems is widespread
because it is possible to measure dissolved oxygen without altering the sample, an aspect
that facilitates the monitoring of oxygen consumption in wine. The published papers on
the effect of oxygen consumption in wines describe the characteristics before and after
the process, due to the impossibility of measuring the characteristics of the wine without
altering the process under study [7–9]. Therefore, these studies do not present results on
the effect of different known amounts of oxygen on the evolution of the wine [8,9].

Contact with oxygen in white wines is usually detrimental due to low antioxidant
compounds, affecting to aroma, color, and flavor and reflected in the loss of fruity aroma,
the presence of aromas associated with oxidation, and the appearance of golden-brownish
colors due to browning [10–13]. Compounds present in white wine, such as metal ions, or-
ganic acids, and phenolic compounds, are susceptible to oxidation and can therefore cause
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browning. Browning tests have shown the importance of the content of these components
together with the level of SO2 and pH [11]. The main phenolic compounds in a white wine
that has not had prolonged contact with the skins or been in contact with wood are hydrox-
ycinnamic acids. These compounds do not appear to play a direct role in the browning of
white wine, because there is little correlation between their concentrations and susceptibil-
ity to browning [12]. However, there is a good correlation between flavonols and browning
sensitivity, especially with (+)-catechin and (−)-epicatechin [12,14], with hydroxycinnamic
acids playing a role in oxidation when coupled to flavanols. The golden color of white
wine, with a wavelength increase between 440 and 460 nm, is produced by mechanisms
related to the oxidation of phenolic molecules, the polymerization of flavonoids, and the
oxidation of tartaric acid. Figure 1 shows the most significant wavelengths and associated
compounds on the wine spectrum [15–36].
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In red wines, the main source of color is anthocyanins or their derivatives. The
free anthocyanins tend to decrease since they are very unstable [37,38]. The color of
monomeric anthocyanins depends on the B-Ring substituents—the more hydroxyl groups,
the bluer the color, and the more methoxyl groups, the redder the color—maintaining
the absorption maximum in the visible spectrum between 505 and 530 nm (Figure 1).
Monomeric anthocyanins are predominantly found in a dynamic equilibrium between
five main molecular forms, binding to the bisulfite (colorless), the flavilium cation (red
color), the quinoidal base (blue color), the hemiketal pseudobase or carbinol (colorless),
and the cis and trans chalcone (yellow-orange colors), with the pH of the wine disposed
towards the hemiacetal state, i.e., colorless. However, the wine can maintain its red color
due to reactions and associations involving more complex molecules, with the formation of
these depending on the other molecules reacting with them and other factors, with oxygen
being one of the most important factors. The absorbance spectrum in the visible range that
determines the color depends directly on the molecular structure and more specifically
on the degree of delocalization of electrons within a given molecule [39]. Thus, color is
divided into three categories: color due to co-pigmented anthocyanins, free pigments, and
polymeric pigments [40], where each represents a fraction in color of 50%, 33–42%, and
27–58%, respectively.
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Contact with oxygen in red wines affects mainly anthocyanins and tannins. The
degradation of anthocyanins shows an irreparable loss of color, with polymeric pigments
being more resistant to oxidation, as well as those that do not have hydroxyl groups in
the ortho position [22]. On the other hand, the condensation of anthocyanins with ethanal
gives rise to red anthocyanin-ethyl-anthocyanin type compounds, which are not stable
and may undergo further reactions with malvidin 3-glucoside or carboxypyrene-malvidin-
3-glucoside, forming orange or blue pigments, respectively. The union of anthocyanins
with other wine constituents leads to the formation of pyranoanthocyanins; moderate
oxygenation benefits this formation [41]. The antioxidant potential of pyranoanthocyanins
is maintained at the same level or even slightly increased compared to their respective
anthocyanins; they also resist pH changes, hydration, and combine with SO2 better than
their respective anthocyanins [29]. The most important pyranoanthocyanins, due to the role
played by oxygen, are the vitisins B, presenting a hypsochromic shift with respect to the
free anthocyanins. Hydroxyphenyl pyranoanthocyanins, such as pinotins, show an orange-
red color (Figure 1); flavanol-pyranoanthocyanins have hypsochromically shifted from
490 to 511 nm; portisins present bluish-violet colors; oxovitisins have a yellow color [15,16];
methylpyranoanthocyanins cause a hypsochromic shift of the original anthocyanins, gener-
ating more orange [16]; and finally, the pyranoanthocyanin dimers present an attractive
turquoise blue color with maximum wavelength (λmax) at 680–730 nm [36] (Figure 1). The
anthocyanin-flavanol condensation in the presence of oxygen transforms the colorless
compounds (A-F) to flavilium cations (A+-F) with intense red color, increasing the color
intensity (CI) of the wine, which will be in equilibrium with the violet form (AO-F) and
which will finally become yellow (400–500 nm) xanthanium salts [17]. These salts also
form by the union of glyoxylic acid (oxidation of tartaric acid) or dehydroascorbate (oxi-
dation of ascorbic acid), with flavanols giving colorless compounds that, by dehydration
and oxidation, form orange-yellow xanthanium salts, with an increase in absorption at
440–460 nm. Oxygen also participates in the condensation of anthocyanin-flavanols with
the participation of ethanal, forming violet pigments and adduct-like compounds linked
by ethyl bridges, anthocyanin-ethyl tannins, which show a bathochromic shift of the antho-
cyanin with λmax at 545 nm [34]. Oxygen also participates in the cross-polymerization of
flavanols, forming high-molecular-weight polymers of yellow color, which are less reactive
and decrease astringency.

Therefore, during controlled oxygenation of red wines, loss of absorbance at wave-
lengths of 505–530 nm is observed [7,42] by the decrease of monomeric anthocyanins,
resulting in an increase of polymerized compounds (red pigments of the tannin-ethyl-
anthocyanidin type or the anthocyanin-ethyl-anthocyanin type with a purple color) or
yellow pigments of the xanthanium salts and new pigments such as pyranoanthocyanins
(pigments mostly with a hypsochromic shift of the anthocyanin wavelength). The com-
pounds formed show color stability, since they are more resistant to pH changes, to the
influence of sulfur dioxide, and to decomposition (Figure 1). The addition of oxygen
must be carried out in a controlled manner to avoid excessive formation of acetaldehyde,
excessive polymerization, and precipitation of coloring matter. In addition to the amount
of oxygen, the proportion of tannins and anthocyanins must be adequate, since too few
tannins can lead to degradation of the anthocyanins, and too high a proportion leads to
high polymerization and subsequent precipitation.

Hidden contact with oxygen during vinification is unavoidable [6]; thus, depending
on the nature of the wine and the amount of oxygen incorporated, changes will occur
that will determine the characteristics of the wine, and color is one of the most important.
Therefore, it is necessary to have equipment that allows simultaneous measurement of the
color variation of the wine and the consumed oxygen that has caused this evolution. This
equipment will make it possible to know how much oxygen a wine can take on without
altering its color, offering essential information for the winemaker regarding the care that
must be taken with the wine to ensure its quality, thus avoiding undesirable surprises.
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Therefore, the objective of this work was the validation and implementation of a device
designed to perform a simultaneous and periodic measurement of the dissolved oxygen
consumption kinetics in wine and its visible spectrum without interference during the
process. The device was tested with commercial white and red wines to study the changes
in their visible spectrum during oxygen consumption, allowing for the first time evaluation
of the effect of oxygen at different moments of the consumption kinetics. The results show
very interesting information, as it was found that wines in the early stages of oxygen
consumption suffer a loss of absorbance in the visible spectrum and subsequently show
absorbance increases that vary depending on the nature of the phenolic compounds in
the wine. All red wines show a hypsochromic shift of their maximum wavelength after
consuming specific amounts of oxygen, a shift that varies depending on the composition of
the wine and whether it has been in contact with wood. This is very novel information,
since no studies have described these changes during each moment of such consumption.
The following work will focus on evaluating the effect of specific amounts of oxygen in
certain areas of the ultraviolet visible spectrum, both in white and red wines, to see the
influence of grape variety, origin, winery treatments, bottling, and corking to understand
the response of the wines to specific amounts of oxygen.

2. Results
2.1. Characterization of the SpectrO2 unit
2.1.1. Tightness Tests

Figure 2a shows the average kinetics of oxygen entry into the nine quartz cells for
each of the twelve oxygen levels studied, as well as the associated equation. Measurements
were taken every 15 min for 24 h in each of the nine cells. The results show that the
oxygen influx by diffusion, since the quartz cells were not pressurized, was dependent
on the oxygen gradient inside the quartz cell with respect to the outside, such that the
smaller the difference in oxygen concentration inside and outside the quartz cell, the lower
the rate (slope) of oxygen influx. Previously published results [43] indicate that during
the development of oxygen consumption kinetics, DO levels can vary from 165 hPa to
32 hPa, which would imply an oxygen inlet rate from air of 0.022 hPa/h to 0.086 hPa/h,
respectively. The results show that for these quartz cells, when the gradient is close to
maximum (DO = 3 hPa), an air O2 infiltration rate of 0.120 hPa/h occurs.
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Figure 2b shows the average consumption kinetics of a red wine in the nine quartz
cells and the oxygen inlet through the quartz cells depending on the concentration at each
moment (oxygen inlet). It is observed that oxygen inlet accounted for between 0.02% (in
the first 6 h) and 0.06% (in the last 72 h) of the oxygen contained in the quartz cells at the
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different time points of the consumption kinetics. These results indicate that the quartz
cells were watertight, being suitable for monitoring the oxygen consumption kinetics of the
wine they contain, even for the performance of tests where the partial pressure of oxygen
was very low.

2.1.2. Measurement of UV-Vis Spectra

Figure 3 presents the average absorbance in the range of 390 nm to 800 nm of the same
undiluted red wine measured in each of the nine 2 mm quartz cells ten times (n = 10) using
the SpectrO2 equipment and commercial Cary60 equipment. The average absorbance at
several selected wavelengths is also included, as well as the standard deviation of all the
measurements taken in all the quartz cells (10 measurements in each of the nine quartz
cells, n = 90). The SpectrO2 results show that this equipment allows quantifiable mea-
surements over the entire range of the spectrum studied. The absorbance results of a red
wine at the selected wavelengths varied between 0.037 and 1.066 units, with a standard
deviation ranging between 0.002 and 0.008, showing in all cases a coefficient of variation of
less than 7%.
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The spectra obtained with the two types of equipment (SpectrO2 and commercial
Cary60) were very similar (Figure 3b), showing absorbance differences in the spectra
of less than 0.042. The coefficients of variation of the absorbance obtained with both
devices in the range of 400 nm and 670 nm were from 1.1 to 3.1%; between 700 nm and
800 nm the coefficients of variation varied between 4.5% and 7.8%. The results demonstrate
the potential of the SpectrO2 device to perform spectral scans from 390 nm to 800 nm
(a range of great interest in oenology), without interference from the optoluminescent DO
measurement system. Therefore, the SpectrO2 device made it possible to follow the kinetics
of oxygen consumption and, in addition, to simultaneously measure the color without
manipulating the sample so as not to expose it to the air while the wine was consuming
oxygen. All this demonstrates the potential, precision, and accuracy of measuring the
visible spectrum simultaneously with the optoluminescent measurement of DO with the
SpectrO2 device.
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2.1.3. Measurement of Oxygen Kinetics

The first row of Table 1 collects the 13 parameters calculated according to del Alamo-
Sanza et al., 2021 [43], to define the oxygen consumption kinetics of the same red wine
analyzed in the nine quartz cells simultaneously (n = 9) using the SpectrO2 equipment. The
parameters giving information on oxygen content (Omax, Omin, ∆Omax_min, Oint, O90, ∆O90_10
and O10) showed that with the use of the different quartz cells, results with a coefficient
of variation of less than 3% are obtained. At the beginning of the kinetic process, the
differences in Omax in the wine of the nine quartz cells was less than 2.1 hPa (coefficient of
variation of 1.1%), while when evaluating the end of the oxygen consumption (Omin), after
147 h, the difference between the nine quartz cells was 1.8 hPa (coefficient of variation of
2.9%). Regarding the time-related parameters (tO_min, tO_90, tO_10, and tO_int), differences
were found that reflect variations in the time required to consume certain amounts of
oxygen in each cell, differences of less than 1 h to consume 10% of the available oxygen
(tO_90) and 3.1 h to reach the residual oxygen (tO_min). The greatest differences were found
in the time parameter, with the time taken to consume the first 10% of oxygen (tO_90) being
the parameter that presented the greatest coefficient of variation (15.9), with a difference
of 0.7 h between the nine quartz cells. Finally, the parameters related to the area under
the curve (AOmax_min and Amax_min) showed differences of less than 3.5%. The described
differences indicate that the kinetics of oxygen consumption in all the quartz cells are the
same, so that the performance of this monitoring is reproducible in all the quartz cells of
the equipment.

2.2. Measurements of Commercial Wines with SpectroO2

Different wines were evaluated with the SpectrO2 device to determine their ability
to discriminate between different regions of the spectrum and different times of DO con-
sumption kinetics. A young wine (red wine 1) of the Tinta de Toro variety has 14.5% vol,
a high concentration of free anthocyanins (447 mg/L), and a balanced level of low and
highly polymerized phenols (397 and 206 mg/L, respectively), which define a CI of 13.62,
showing a high contribution of the red component (51%), expressed as %520 nm. A young
wine of the Mandon variety (red wine 2) has a low0 alcohol content of 10.51% vol., a free
anthocyanin content of 197 mg/L, and a low concentration of total phenols (468 mg/L), of
which 83% are polymerized. This wine had a CI of 7.69, with a significant red component
(52%), typical of young wines as in red wine 1. On the other hand, a barrel-aged wine
(red wine 3), made from Cabernet Sauvignon, had an alcohol content of 13.5% vol., a CI
of 11.25, and a weight of 41% for the yellow tones (%420 nm), similar to 46% of the red
tones (%520 nm). This wine had a lower level of free anthocyanins (74 mg/L) and a higher
level of total phenols (670 mg/L), evenly divided between slightly and highly polymerized
phenols, at 56% and 44% respectively. With respect to the white wines, two wines with
very similar total acidity, pH, alcohol content, and phenolic load were studied: white wine
1 was a young wine made from Sauvignon blanc, and white wine 2 was a barrel-fermented
Verdejo variety, having almost twice the CI of white wine 1. Both white wines showed
a high level of T-SO2 versus low F-SO2 content, with the latter being especially low in white
wine 2; the red wines did not show free or total SO2.
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Table 1. Consumption kinetics parameters of commercial wines analyzed by SpectroO2.

Wine Omax Omin ∆Omax_min Oint O90 ∆O90_10 O10 tO_min tO_90 tO_10 tO_int AOmax_min Amax_min

Red wine 1
(n = 9) 168.7 ± 1.9 b 63.0 ± 1.8 a 105.7 ± 2.2 d 115.9 ± 1.5 a 157.6 ± 1.9 d 84.0 ± 1.9 d 73.7 ± 1.7 a 147.2 ± 3.1 a 4.6 ± 0.7 c 86.1 ± 6.5 a 29.0 ± 1.4 ab 4051 ± 143 bc 13,468 ± 360 a

Red wine 2
(n = 3) 167.2 ± 1.2 ab 85.9 ± 8.8 b 81.3 ± 7.7 c 126.5 ± 5.0 b 158.3 ± 6.5 c 64.1 ± 6.5 c 94.2 ± 8.1 b 135.7 ± 11.8 a 1.8 ± 0.4 ab 104.3 ± 22.3 ab 22.0 ± 11.3 a 3215 ± 1416 b 15,476 ± 286 b

Red wine 3
(n = 3) 169.5 ± 4.7 b 61.5 ± 5.8 a 108.1 ± 4.7 d 115.5 ± 4.7 a 157.8 ± 3.8 d 85.3 ± 3.8 d 72.5 ± 5.7 a 205.4 ± 4.5 b 2.3 ± 0.9 ab 132.5 ± 60.5 bc 25.9 ± 3.4 ab 5039 ± 1480 c 17,841 ± 281 c

White wine 1
(n = 3) 167.8 ± 0.8 ab 129.9 ± 4.9 d 37.9 ± 4.4 a 148.8 ± 2.7 d 163.9 ± 3.4 a 30.2 ± 3.4 a 133.7 ± 4.4 d 193.2 ± 1.5 b 3.8 ± 1.5 bc 114.0 ± 4.1 abc 33.4 ± 2.2 b 1795 ± 296 a 27,090 ± 656 d

White wine 2
(n = 3) 165.0 ± 1.2 a 102.8 ± 5.6 c 62.3 ± 5.8 b 133.9 ± 2.8 c 158.6 ± 4.6 b 49.3 ± 4.6 b 109.4 ± 4.8 c 205.3 ± 29.4 b 2.6 ± 0.8 ab 151.7 ± 13.8 c 28.7 ± 4.7 b 3270 ± 623 b 27,884 ± 1001 d

Omax: maximum/initial oxygen value (hPa); Omin: minimum/residual oxygen value (hPa); ∆Omax_min: total oxygen consumed (hPa); Oint: oxygen value when half of the total
consumption time has elapsed (hPa); O90: oxygen representing 90% of the range between the maximum and minimum values, i.e., when the first 10% of total oxygen (hPa) had been
consumed; ∆O90_10: variation between 90% and 10% of oxygen (hPa); O10: oxygen value that represents 10% of the range between the maximum and minimum values (hPa); tO_min: time
in hours that it took to consume all the oxygen (h); tO_90: time when O90 is reached (h); tO_10: time when O10 is reached (h); tO_int: time to 50% air saturation (h); AOmax_min: area under
the oxygen consumption curve between maximum and minimum oxygen (hPa/h); Amax_min: area under the oxygen consumption curve (hPa/h). For each parameter, different letters
indicate significant differences between wines.
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Figure 4 shows the oxygen consumption kinetics of the five wines, and the parameters
describing their kinetics are shown in Table 1. The dissolved oxygen reached by the wines
when subjected to saturation (Omax) reached oxygen partial pressure pO2 values close to
168 hPa and did not present significant differences between white and red wines, results
that coincide with what has been previously described [8,43]. The same occurs with the
time the wines needed to consume the first 10% of oxygen (tO_90), with average values
of approximately 3 h, or with the time it took to drop to 50% of the oxygen level reached
after saturation with air (tO_int), which was 28 h, showing no differences between white
and red wines. However, the time to reach the end of the consumption kinetics, i.e., the
time needed for the wines to consume all the oxygen they were capable of consuming
(tO_min), differed slightly between whites and reds, with white wines needing on average
199 h (8 days), and red wines 162 h (7 days). Regarding the oxygen level that red and
white wines showed in the different sections of the consumption kinetics, it started to differ
after the consumption of the first 10% of oxygen (O90), i.e., Oint, O10, Omin, ∆O90_10, and
∆Omax_min. Thus, it is observed that red wines were able to consume more oxygen than
white wines, with an average total consumption of 98 hPa (∆Omax_min), while in white wines
it was 50 hPa. Therefore, the residual or minimum oxygen (Omin), i.e., the oxygen that they
were not able to consume, was much higher in white wines than in red wines, with values
of 116 hPa and 67 hPa, respectively, a difference of 50 hPa. Thus, the red wines studied
consumed more oxygen in less time, which demonstrates greater oxygen avidity than
the white wines and is reflected in the lower areas under the consumption kinetics curve
(AOmax_min y Amax_min). The analysis of the red wines indicates that red wine 2 presented
a lower oxygen consumption (AOmax_min), at 81 hPa, compared to 106 hPa and 108 hPa
for red wine 3 and red wine 1, respectively. Thus, red wine 2, wine with lower phenolic,
alcohol, and CI content, presented a residual oxygen (Omin) of 85.9 hPa, higher than the
81.3 hPa it was able to consume (∆Omax_min). All white wines presented the same situation,
an Omin greater than ∆Omax_min; the white wine with wood, the wine with the higher CI and
alcohol and lower SO2 and the one that was able to consume the highest oxygen content,
consumed 24 hPa more than white wine 1.
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Figure 4. Oxygen consumption kinetics of the red wines and white wines described in Table 1. The
dotted line indicates each replicate and in solid line the mean.
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Therefore, the composition of the wines defines their oxygen avidity (Figure 5, Table 1),
with each of the wines presenting a different oxygen consumption rate, especially in the
first phases. This result made it possible to define seven sections with different oxygen
consumption rates in all the wines: a first phase from the beginning until 10 h; a second
until 20 h; a third phase until 30 h; a fourth from 30 h to 50 h; a fifth from 50 h to 75 h; and
the last phase, which ended when the wine reached the minimum or residual oxygen (Omin),
which varies according to the type of wine, from 136 h to 205 h. These sections confirm what
has been described in other works, which is that, in general, red wines initially present
a higher consumption speed than white wines due to their higher content of phenolic
compounds [3,9], although depending on the type of wine, very similar behaviors can be
found between white and red wines [8,40,43].
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Figure 5 presents the oxygen consumption rate of each wine in the different periods
studied. The highest rate of oxygen consumption in all the wines occurred in the first
period, a rate that decreased during the kinetics, being lower with lower amounts of
available oxygen. Red wine 1, young Tinta de Toro, started consuming oxygen at 2.2 hPa/h
and ending at 0.2 hPa/h, with a rate of 3.6 mg/L over 150 h; red wine 2, young Mandón,
consumed 2.8 mg/L of oxygen in six days at a rate that started at 3.2 hPa/h and ended
at 0. 2 hPa/h; and red wine 3, barrel-aged Cabernet Sauvignon, showed an avidity of
consumption like red wine 1, of 3.7 mg/L, which started at 3.23 hPa/h, and thus was faster
than red wine 1 but was slower than red wine 1 after 10 h, ending at a consumption of
0.1 hPa/h, which resulted in the longest consumption kinetics. In the first 10 h, the young
red wines consumed 2.21 and 3.04 hPa/h, and in the first 20 h they consumed 38% and 51%
of all the oxygen they were able to consume (3.6 and 2.8 mg/L). However, the barrel-aged
red wine, red wine 3, started consuming at a higher rate (3.23 hPa/h, first 10 h) than
red wine 1, consuming in 20 h 43% of all the oxygen it was able to consume (3.7 mg/L),
consumption that quickly slowed down, ending the kinetics two-and-a-half days later than
red wine 1 (Figure 5).

This result may be because the compounds released by the wood interact with the
wine’s own compounds, forming new compounds with greater oxygen avidity. In the case
of white wines, in the first 10 h, the oxygen consumption of the aged white wine was also
much faster than that of the young wine, at 1.83 hPa/h vs. 0.85 hPa/h. Subsequently, the
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rate of consumption was more similar between the two wines, and although a reduction
in rate was observed in the aged white wine 2, the wine consumed more oxygen. It was
found that white wines consumed less oxygen and much more slowly than red wines, so
the percentage of total oxygen that white wines and red wines were able to consume in
the first 20 h was similar; for the white wines, this percentage was 36% and 43% in white
wine 1 and white wine 2, respectively. It was also found that red wines consumed between
82–88% of all oxygen in the first 75 h, while white wines consumed between 76 and 78%,
indicating a longer period of low oxygen consumption rate. It should be noted that both
white wines and red wines in contact with wood (red wine 3 and white wine 2) showed
longer consumption kinetics than red wine 1, red wine 2, or white wine 1.

The most interesting capability of the SpectrO2 device is the possibility of simultane-
ously measuring the kinetics of oxygen consumption and the wine spectrum, which makes
it possible to evaluate the changes that occur in the spectrum due to the consumption of
specific amounts of oxygen at specific times of the consumption kinetics. With respect to the
evolution of the wine spectrum as oxygen is consumed, Figure 6 presents the modification
of the red wine 3 spectrum at eight different times corresponding to the seven sections
described above and to the initial spectrum. The modification of the spectra of the other
wines studied is presented in Supplementary Figure S1 (a—red wine 1; b—red wine 2;
c—white wine 1; d—white wine 2). In each figure, the oxygen consumed by each wine
for each of these moments is indicated, enlarging the area of the spectrum in which some
significant event occurred by increase or decrease of absorbance or change of trend. It
is expressed in mg/L, considering the atmospheric pressure of each measurement and
assuming that the solubility of oxygen in wine is the same as in water. Figure 7 shows the
variation of the spectra of the five wines studied before consuming oxygen and after having
consumed all the oxygen they are capable of consuming. The variation in the behavior of
the different wines allows us to anticipate that oxygen consumption implies very different
spectral variations for each type of wine, a spectral fingerprint that contains information
that is what the developed device is intended to determine.
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Figure 6. Evolution of the red wine 3 spectrum during oxygen consumption at 8 different times.
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oxygen consumption.

The study of the spectral variation of red wines during the seven selected moments
of oxygen consumption kinetics indicated that, initially, the maximum absorbance was
between 525 and 535 nm (red wine 1 and 2) and 505 and 515 nm (red wine 3) (Figure 8).
The device makes it possible to analyze the variation of the spectrum of a wine and to
analyze the different behaviors of oxygen consumption between wines; for example, the
initial maximum of red wine 3 had a hypsochromic shift with respect to red wine 1 and red
wine 2. This result may be due to the evolution of its color during its aging in barrels and
subsequent time in bottles; thus, in this wine, an important contribution of the absorbances
between 400 and 500 nm was observed (Figure 7) as well as a greater contribution to its
color of the absorbance at 420 nm. This defines the intense red color of the young wines
(red wine 1 and 2) and the brick red of the aged wine (red wine 3). It is observed that
oxygen consumption led to a hypsochromic shift of the initial maximum of the visible
spectrum in all red wines. At the end of the oxygen consumption kinetics, the λmax in red
wine 1 and red wine 2 was at 515–520 nm (10 nm less) (Supplementary Figure S1a,b), with
the displacement of red wine 2 (Figure 6) wine being more pronounced with lower initial
absorbance; in red wine 3, the displacement was 20 nm, showing a λmax at 485–490 nm
(Figure 6). If this analysis of spectral variation is applied to the white wines, within the
range of the spectrum studied, they presented the maximum absorbance at 390 nm, both
before and after oxygen consumption. In both white wines, the absorbance at 390 nm
increased with oxygen consumption and in the same proportion, being 61% higher in white
wine 2 than in white wine 1 before and after oxygen consumption (Figure 7).

Table 2 presents the change in absorbance with respect to the beginning of each
period studied for each wine, Table 3 shows the correlation for each wine between oxygen
consumed and absorbance at different wavelengths, and Figure 8 shows for each wine
the change in absorbance for each wavelength, differentiating each time period studied
(absorbance at the end of the period minus that at the beginning of the period). Oxygen
consumption caused changes in the color of the wines, and it is interesting to analyze at
different times how oxygen affects the different zones of the spectrum.
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Figure 8. Change in absorbance during oxygen consumption at each wavelength, corresponding
to each period studied (absorbance at end of period minus that at beginning of period), as well as
the oxygen consumed in that period: (a) red wine 1; (b) red wine 2; (c) red wine 3; (d) white wine 1;
(e) white wine 2.
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Table 2. Change in wine absorbance with respect to the initial absorbance in each oxygen consumption section; the three highest absorbance losses are highlighted in
red, and the three highest absorbance increases are highlighted in green.

Red Wine 1 Red Wine 2 Red Wine 3 White Wine 1 White Wine 2
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390 −0.3% −0.2% −1.4% 0.5% 0.3% 0.8% −0.5% −0.2% 0.5% 1.1% 1.9% 6.1% −0.6% −0.6% −0.5% 1.6% 1.4% 3.6% 5.1% −5.6% −4.7% −3.1% −2.6% −1.3% 10.0% −0.1% −3.0% −0.6% 0.6% 2.3% 12.9% 15.7%
400 −1.8% −1.2% −2.2% −0.7% −0.3% 0.1% −0.5% 0.0% 0.4% 1.7% 2.4% 8.2% −0.9% −0.4% −0.2% 2.1% 2.2% 4.2% 6.9% −8.1% −7.0% −5.7% −5.2% −3.2% 9.4% 0.2% −3.2% −0.5% 0.2% 2.7% 15.2% 18.0%
410 0.0% −0.7% −1.2% 0.6% 0.8% 1.6% −0.7% 0.0% 0.9% 1.9% 3.0% 9.5% 0.0% 1.4% 2.0% 4.1% 4.3% 6.9% 9.5% −9.9% −7.7% −6.4% −6.3% −4.9% 10.3% 0.5% −4.0% −0.2% 0.7% 3.4% 16.9% 20.4%
420 0.2% 1.1% −0.1% 1.4% 1.8% 2.9% 0.9% −0.7% 0.8% 1.9% 3.0% 10.4% −0.2% −0.3% 1.0% 3.0% 3.4% 6.1% 8.6% −11.4% −8.9% −7.6% −7.2% −5.5% 9.5% 0.0% −3.9% −0.2% 0.0% 3.0% 16.7% 20.3%
430 0.5% 0.6% −0.1% 1.3% 1.5% 2.6% −1.6% −1.3% 0.0% 1.1% 2.1% 9.7% −1.6% −0.9% −0.2% 2.1% 2.2% 5.4% 7.4% −13.3% −11.6% −9.6% −9.6% −7.9% 7.9% −0.5% −4.0% −0.4% 0.5% 2.5% 17.5% 21.5%
440 −0.9% −0.4% −1.1% 0.5% 0.4% 2.0% −2.2% −1.7% −0.5% 0.6% 1.7% 9.5% −2.8% −1.8% −1.0% 1.0% 1.6% 4.6% 7.6% −15.6% −14.7% −12.4% −12.5% −10.5% 6.0% −0.4% −3.1% 0.3% 0.2% 2.7% 17.4% 21.6%
450 −1.9% −1.8% −3.0% −1.7% −1.2% −0.3% −1.0% −0.8% 0.3% 1.4% 2.3% 10.8% −0.7% 0.0% 0.7% 3.1% 3.0% 6.6% 9.4% −10.5% −0.8% 1.4% 2.5% 3.0% 19.4% 0.6% −1.7% 2.4% 1.3% 4.0% 16.2% 21.0%
460 −1.5% −1.5% −2.1% −0.8% −0.7% 0.3% −0.3% 0.1% 0.8% 1.9% 3.2% 10.2% −0.2% 0.8% 1.2% 3.6% 4.2% 7.4% 10.0% −6.8% −7.0% −5.5% −5.5% −4.7% 4.6% 0.8% −0.4% 2.2% 2.7% 4.3% 12.1% 15.1%
470 −1.7% −1.1% −1.8% −1.0% −0.6% 0.3% −0.1% 0.2% 1.1% 2.1% 3.3% 10.0% −0.1% 0.6% 1.5% 3.2% 4.0% 6.7% 9.3% −3.1% −2.7% −2.5% −2.2% −0.9% 3.9% 0.3% 1.0% 2.8% 3.3% 4.5% 8.6% 11.5%
480 −1.4% −1.0% −1.6% −1.1% −1.1% −0.3% 0.0% 0.3% 1.1% 1.9% 2.9% 9.1% 0.4% 1.2% 1.6% 3.0% 3.8% 6.4% 8.8% −1.7% −0.9% −0.7% −0.5% 0.2% 2.5% 1.2% 2.1% 3.1% 4.5% 5.4% 7.1% 8.7%
490 −3.0% −2.8% −3.4% −3.0% −3.1% −3.2% −0.7% −0.3% 0.2% 0.8% 1.5% 6.4% −0.5% 0.1% 0.5% 1.8% 2.5% 4.7% 6.3% −1.5% −1.3% −1.2% −0.2% 0.3% 2.1% 0.8% 1.9% 2.9% 4.0% 4.8% 6.7% 8.2%
500 −1.4% −1.3% −2.0% −1.9% −2.2% −2.8% −0.4% −0.3% 0.1% 0.6% 1.1% 5.0% −0.1% 0.2% 0.7% 1.6% 2.1% 3.7% 5.2% −0.6% −0.4% 0.3% 0.3% 1.4% 3.0% 1.3% 2.5% 3.4% 4.6% 5.3% 7.2% 8.4%
510 −0.8% −1.0% −1.8% −1.9% −2.5% −3.6% −0.4% −0.2% 0.0% 0.3% 0.7% 3.7% −0.1% 0.3% 0.5% 1.2% 1.3% 2.4% 3.4% −0.1% 0.6% 0.6% 1.2% 1.6% 3.4% 1.6% 2.6% 3.6% 4.6% 5.3% 6.9% 7.9%
520 −1.0% −1.2% −1.8% −2.3% −3.1% −4.7% −0.4% −0.3% −0.2% −0.1% 0.1% 2.2% −0.1% −0.1% 0.1% 0.5% 0.5% 1.1% 1.8% −0.2% 0.1% 0.3% 0.7% 1.3% 2.8% 1.1% 1.8% 2.9% 4.1% 4.7% 5.9% 7.1%
530 −1.2% −1.4% −2.3% −2.9% −3.9% −5.9% −0.7% −0.7% −0.6% −0.6% −0.5% 0.6% −0.3% −0.4% −0.4% −0.2% −0.2% −0.1% 0.2% −0.1% 0.1% 0.4% 0.8% 1.2% 2.2% 0.5% 1.3% 2.4% 3.4% 4.0% 4.9% 6.0%
540 0.0% −0.4% −1.3% −2.1% −3.2% −5.6% −1.9% −2.0% −1.9% −2.1% −2.2% −1.6% −1.7% −1.8% −1.9% −1.8% −2.1% −2.3% −2.3% −1.2% −1.0% −0.8% −0.4% 0.1% 0.7% −0.7% 0.2% 1.1% 1.8% 2.4% 3.3% 4.1%
550 −0.1% −0.4% −1.4% −2.3% −3.5% −5.9% −1.6% −1.7% −1.8% −2.0% −2.1% −1.7% −1.4% −1.6% −1.8% −1.9% −2.2% −2.7% −3.0% −0.2% 0.3% 0.2% 0.6% 0.9% 1.5% −0.7% 0.2% 0.8% 1.7% 2.0% 2.9% 3.6%
560 −1.0% −1.4% −2.3% −3.2% −4.4% −6.9% −1.0% −1.0% −1.1% −1.3% −1.3% −0.5% −0.6% −0.9% −1.1% −1.4% −1.8% −2.6% −3.2% −0.2% 0.2% 0.0% 0.5% 0.8% 1.6% −0.3% 0.6% 1.4% 1.9% 2.5% 3.2% 3.9%
570 −0.9% −1.3% −2.2% −3.1% −4.3% −6.5% −0.8% −0.9% −0.8% −1.0% −0.9% 0.7% −0.6% −0.9% −1.2% −1.6% −2.1% −3.1% −3.7% −0.5% −0.3% −0.4% 0.2% 0.2% 1.1% −0.4% 0.5% 1.0% 1.5% 1.9% 2.7% 3.4%
580 −1.1% −1.5% −2.3% −3.2% −4.3% −6.4% −0.8% −0.7% −0.7% −0.7% −0.5% 2.2% −0.8% −1.1% −1.4% −1.8% −2.4% −3.4% −4.1% −1.1% −0.9% −0.7% −0.4% −0.1% 0.7% −0.8% 0.1% 0.7% 1.3% 1.8% 2.6% 3.3%
590 −1.0% −1.3% −2.0% −2.9% −3.8% −5.5% −0.5% −0.4% −0.2% −0.1% 0.3% 4.3% −0.7% −1.0% −1.3% −1.7% −2.2% −3.1% −3.7% −0.9% −0.7% −0.7% −0.5% −0.2% 0.9% −0.6% 0.0% 0.7% 1.2% 1.5% 2.4% 3.4%
600 −0.6% −0.9% −1.5% −2.1% −3.0% −4.3% −0.1% 0.2% 0.5% 0.6% 1.2% 6.4% −0.4% −0.7% −0.9% −1.2% −1.5% −2.2% −2.5% −0.8% −0.8% −0.6% −0.3% 0.3% 0.5% −0.6% 0.1% 0.5% 1.0% 1.4% 2.4% 3.2%
610 −1.1% −1.2% −1.7% −2.2% −2.8% −3.8% 0.1% 0.4% 0.8% 1.0% 1.7% 8.0% −0.5% −0.6% −0.7% −0.8% −1.0% −1.2% −1.0% −2.0% −2.0% −2.3% −2.0% −1.6% −1.2% −0.9% −0.4% 0.2% 0.7% 0.9% 1.9% 2.9%
620 −0.3% −0.3% −0.6% −0.9% −1.4% −1.9% 0.9% 1.4% 1.8% 2.1% 2.9% 9.9% 0.1% 0.1% 0.2% 0.3% 0.3% 0.6% 1.3% −0.6% −0.6% −0.5% −0.1% 0.2% 0.6% −0.9% −0.1% 0.4% 0.9% 1.3% 2.0% 2.8%
630 0.0% 0.1% −0.1% −0.2% −0.4% −0.6% 1.5% 2.1% 2.7% 3.0% 3.8% 11.7% 0.5% 0.7% 0.9% 1.2% 1.5% 2.3% 3.5% −0.8% −0.5% −0.8% −0.4% −0.1% 0.5% −0.6% 0.1% 0.3% 0.9% 1.3% 2.0% 2.6%
640 0.2% 0.5% 0.5% 0.6% 0.6% 0.9% 2.1% 2.9% 3.5% 3.7% 4.5% 12.9% 0.8% 1.2% 1.5% 2.0% 2.5% 3.8% 5.7% −0.1% −0.1% −0.1% 0.2% 0.3% 1.0% −0.5% 0.2% 0.6% 1.3% 1.6% 2.1% 2.8%
650 0.3% 0.8% 0.9% 1.3% 1.5% 2.2% 2.6% 3.5% 4.1% 4.3% 5.0% 13.7% 1.1% 1.4% 1.9% 2.6% 3.2% 5.0% 7.5% −0.3% −0.1% 0.0% 0.3% 0.5% 1.0% −0.2% 0.6% 0.9% 1.5% 1.6% 2.2% 3.0%
660 0.3% 1.0% 1.2% 1.8% 2.1% 3.2% 3.1% 4.1% 4.6% 4.7% 5.3% 13.9% 1.3% 1.8% 2.3% 3.0% 3.9% 6.1% 8.9% −0.2% −0.2% 0.0% 0.5% 0.6% 0.9% −0.4% 0.4% 0.7% 1.4% 1.5% 2.4% 2.8%
670 0.3% 1.1% 1.3% 2.0% 2.5% 3.9% 3.7% 4.6% 5.1% 4.9% 5.6% 13.8% 1.7% 2.2% 2.6% 3.4% 4.4% 6.7% 10.0% −0.2% −0.3% 0.1% 0.4% 0.6% 1.2% −0.7% 0.1% 0.3% 0.8% 1.3% 2.1% 2.6%
680 0.4% 1.2% 1.4% 2.3% 2.7% 4.3% 3.8% 4.8% 5.1% 4.7% 5.2% 13.3% 1.7% 2.2% 2.6% 3.4% 4.5% 7.0% 10.4% 0.0% 0.2% −0.3% 0.0% 0.5% 0.8% −0.5% 0.0% 0.7% 1.1% 1.4% 2.2% 3.0%
690 0.2% 1.0% 1.2% 2.1% 2.8% 4.4% 4.2% 5.1% 5.4% 5.1% 5.4% 12.8% 1.9% 2.5% 2.9% 3.8% 4.8% 7.4% 10.7% −0.2% −0.3% −0.6% −0.3% 0.3% 0.6% −0.4% 0.3% 0.5% 1.1% 1.3% 2.1% 2.4%
700 0.3% 1.3% 1.4% 2.3% 2.9% 4.5% 3.5% 4.5% 4.8% 4.2% 4.6% 11.8% 1.5% 2.1% 2.5% 3.4% 4.4% 6.9% 10.5% −0.3% −0.1% 0.1% 0.6% 0.6% 0.9% −0.2% 0.4% 0.6% 1.1% 1.3% 1.9% 2.5%
710 −0.4% 0.6% 0.6% 1.5% 2.2% 3.7% 4.2% 4.7% 4.9% 4.2% 4.4% 11.2% 2.1% 2.4% 2.7% 3.6% 4.5% 7.1% 10.4% 0.3% 0.3% −0.5% 0.0% 0.4% 0.5% −0.8% 0.1% 0.3% 0.6% 0.8% 1.3% 1.9%
720 −0.5% 0.2% 0.4% 1.3% 1.7% 3.2% 3.7% 4.4% 4.3% 3.4% 3.6% 9.8% 1.7% 2.0% 2.3% 3.0% 4.0% 6.4% 9.8% −0.3% −0.4% −0.5% −0.2% 0.0% 0.0% −0.4% 0.3% 0.6% 1.3% 1.4% 1.7% 2.1%
730 −0.7% 0.0% 0.1% 1.2% 1.6% 2.9% 3.4% 4.0% 4.1% 3.1% 3.2% 9.5% 1.5% 1.8% 2.1% 2.9% 3.9% 6.3% 9.8% −0.4% −0.5% −0.3% −0.1% 0.2% 0.7% 0.2% 0.9% 0.9% 1.4% 1.5% 1.9% 2.4%
740 −0.8% −0.2% −0.3% 0.6% 0.9% 2.2% 3.7% 4.2% 4.2% 3.1% 3.1% 9.0% 1.9% 2.2% 2.4% 3.1% 4.1% 6.4% 9.7% −0.7% −0.9% −0.6% −0.5% −0.4% −0.4% 0.1% 0.7% 0.5% 1.1% 1.3% 1.7% 2.5%
750 −1.1% −0.3% −0.4% 0.8% 1.1% 1.6% 3.2% 3.8% 3.6% 2.2% 2.3% 8.0% 1.5% 1.9% 2.1% 2.4% 3.5% 5.8% 9.0% −0.3% −0.7% −0.7% −0.3% −0.1% −0.2% 0.2% 0.6% 0.7% 1.2% 1.1% 1.8% 2.3%
760 −1.1% −0.6% −0.9% 0.1% 0.3% 1.3% 3.1% 3.6% 3.4% 2.2% 2.3% 7.2% 1.5% 1.8% 2.0% 2.8% 3.7% 5.8% 8.7% −0.3% −0.3% −0.6% −0.3% 0.2% −0.3% 0.3% 0.6% 0.9% 1.3% 1.6% 2.4% 2.5%
770 −0.9% −0.3% −0.6% 0.1% 0.5% 1.0% 2.7% 3.1% 2.9% 1.8% 1.6% 6.5% 1.3% 1.4% 1.7% 2.4% 3.2% 5.3% 8.2% −0.4% −0.4% −0.5% −0.4% −0.5% −0.4% 0.4% 1.0% 0.9% 1.4% 1.6% 2.1% 2.5%
780 −0.9% −0.3% −0.3% 0.1% 0.4% 0.9% 2.7% 3.3% 2.9% 1.5% 1.5% 6.2% 1.3% 1.7% 1.6% 2.3% 3.3% 5.2% 8.2% −0.6% −0.6% −1.2% −1.1% −0.8% −0.7% −0.1% 0.3% 0.3% 0.8% 1.1% 1.7% 2.4%
790 −1.5% −1.1% −1.0% −0.4% −0.3% 0.1% 2.8% 3.1% 3.0% 1.4% 1.2% 6.2% 1.4% 1.6% 1.6% 2.1% 3.0% 4.9% 8.0% −0.4% −0.3% −0.6% −0.4% −0.1% 0.1% −0.7% −0.5% −0.1% 0.4% 0.5% 1.1% 1.8%
800 −1.6% −0.9% −1.2% −0.6% −0.6% 0.0% 2.5% 2.6% 2.4% 0.9% 0.7% 5.8% 0.9% 1.0% 1.1% 1.6% 2.3% 4.2% 7.4% −0.3% −0.6% −1.4% −1.3% −0.9% −0.1% −0.5% −0.1% 0.3% 0.4% 0.7% 0.7% 1.2%
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Table 3. Correlation coefficient between consumed oxygen and absorbance at different wavelengths
during oxygen consumption by different wines; significant correlations are highlighted in bold, the
10 most significant negative correlations in red, and the 10 most significant positive correlations
in green.

λ (nm) Red
Wine 1

Red
Wine 2

Red
Wine 3

White
Wine 1

White
Wine 2 λ (nm) Red

Wine 1
Red

Wine 2
Red

Wine 3
White
Wine 1

White
Wine 2

390 0.1629 0.5716 0.759 0.7064 0.8334 600 −0.9561 0.5201 −0.972 0.7022 0.9199
395 0.8428 0.5678 0.827 0.6826 0.8469 605 −0.9505 0.5495 −0.978 0.6883 0.9519
400 0.7816 0.6008 0.955 0.6431 0.8500 610 −0.9853 0.5276 −0.948 −0.1849 0.8345
405 0.8625 0.4467 0.849 0.6030 0.8323 615 −0.9736 0.5885 0.059 0.3676 0.8862
410 0.5082 0.6128 0.891 0.5993 0.8353 620 −0.9375 0.6218 0.818 0.6377 0.9266
415 0.3637 0.5760 0.878 0.5902 0.8324 625 −0.9247 0.6374 0.882 0.8301 0.8929
420 0.5120 0.5770 0.921 0.6042 0.8405 630 −0.8603 0.6585 0.900 0.6131 0.9185
425 0.2329 0.5553 0.891 0.5951 0.8431 635 0.4612 0.6773 0.913 0.7496 0.9273
430 0.1923 0.5239 0.862 0.5430 0.8494 640 0.9497 0.6948 0.920 0.7543 0.9377
435 0.7628 0.3779 0.570 0.3465 0.7951 645 0.9760 0.6930 0.913 0.8647 0.9200
440 0.6096 0.5396 0.861 0.5110 0.8544 650 0.9587 0.7084 0.909 0.7246 0.9549
445 0.0135 0.5015 0.868 0.5216 0.8636 655 0.9677 0.7156 0.906 0.8001 0.9387
450 −0.0714 0.5259 0.854 0.5364 0.8711 660 0.9642 0.7325 0.915 0.7444 0.9390
455 0.1190 0.5816 0.904 0.4380 0.8826 665 0.9592 0.7440 0.914 0.9012 0.9102
460 −0.6625 0.5733 0.884 0.9105 0.9055 670 0.9555 0.7370 0.907 0.8210 0.9365
465 0.2303 0.6031 0.910 0.9236 0.9266 675 0.9467 0.7476 0.912 0.8981 0.9110
470 0.1104 0.6050 0.901 0.6431 0.9413 680 0.9555 0.7418 0.907 0.7330 0.9336
475 0.4174 0.6168 0.921 0.6897 0.9576 685 0.9357 0.7537 0.907 0.7201 0.9567
480 −0.0579 0.6181 0.917 0.7997 0.9874 690 0.9420 0.7815 0.927 0.4937 0.9486
485 −0.6642 0.5567 0.875 0.6929 0.9822 695 0.9355 0.7522 0.906 0.7669 0.9732
490 −0.7202 0.5403 0.881 0.7814 0.9781 700 0.9316 0.7422 0.904 0.8902 0.9468
495 −0.8686 0.5302 0.893 0.7388 0.9923 705 0.9284 0.7476 0.911 0.8001 0.8358
500 −0.9729 0.5261 0.894 0.8390 0.9883 710 0.8846 0.7343 0.903 0.5769 0.8195
505 −0.9808 0.5208 0.892 0.8940 0.9893 715 0.8923 0.7364 0.907 0.4309 0.9286
510 −0.9770 0.5069 0.889 0.8986 0.9892 720 0.8473 0.7041 0.887 0.5509 0.9135
515 −0.9595 0.4641 0.904 0.9184 0.9876 725 0.8779 0.7036 0.897 −0.0467 0.9644
520 −0.9536 0.3988 0.837 0.8758 0.9875 730 0.8405 0.6763 0.887 0.8210 0.9632
525 −0.9541 0.2800 0.760 0.8837 0.9795 735 0.8232 0.6942 0.894 0.6751 0.8542
530 −0.9573 0.0514 0.370 0.9119 0.9828 740 0.7450 0.6929 0.894 0.2369 0.9319
535 −0.9725 −0.5096 −0.839 0.8518 0.9751 745 0.7563 0.6650 0.888 −0.4675 0.9156
540 −0.8912 −0.8112 −0.853 0.1640 0.9364 750 0.7684 0.6645 0.892 0.4518 0.9463
545 0.4292 −0.8718 −0.876 −0.2214 0.8365 755 0.7100 0.5949 0.869 0.2467 0.9679
550 −0.9791 −0.8907 −0.979 0.5491 0.9579 760 0.5872 0.6635 0.905 0.4134 0.9943
555 −0.9588 −0.8443 −0.966 0.7447 0.9450 765 0.5850 0.6597 0.915 −0.2791 0.9550
560 −0.9466 −0.6750 −0.965 0.8990 0.9645 770 0.6833 0.5309 0.851 −0.3695 0.9695
565 −0.9471 −0.4338 −0.956 0.8314 0.9611 775 0.4832 0.6422 0.899 0.3983 0.9546
570 −0.9494 −0.0767 −0.959 0.8084 0.9475 780 0.8649 0.5883 0.886 −0.8028 0.8796
575 −0.9551 0.0982 −0.962 0.6888 0.9112 785 0.3836 0.6006 0.859 0.2559 0.9112
580 −0.9600 0.2341 −0.963 0.6291 0.9254 790 0.4205 0.5057 0.866 0.5779 0.8166
585 −0.9664 0.3463 −0.968 0.6232 0.9296 795 0.3400 0.4824 0.859 −0.1861 0.8161
590 −0.9623 0.4133 −0.966 0.7037 0.9169 800 0.1590 0.5360 0.845 0.1647 0.8140
595 −0.9590 0.4721 −0.969 0.6613 0.9338

In general, at the beginning of the oxygen consumption kinetics, the absorbance of red
wines decreased; however, there were changes in trends at different wavelengths, depend-
ing on the type of wine. Thus, it is observed that the effect of oxygen caused an increase and
loss of absorbance in different sections of the range studied (390 nm to 800 nm). From 390 to
480 nm, the absorbance of red wines increased with oxygen consumption in red wine 1, up
to 533 nm in red wine 2, and up to 532 nm in red wine 3. However, from 480 nm in red wine
1 and from 533 nm and 532 nm in red wine 2 and red wine 3, respectively, with oxygen
consumption there was a trend change, and the absorbance of the wines decreased up to
630 nm, 564 nm, and 616 nm in red wine 1, 2, and 3 respectively; from these wavelengths,
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another trend change occurred, increasing the absorbance up to 750 nm (Figures 6 and 8
and Supplementary Figure S1a,b).

These results indicate that the consumption of 1.9 mg/L oxygen by the wine with the
highest CI (red wine 1) caused an increase in absorbance from 390 nm to 490 nm, and at the
end of the consumption kinetics, the most significant increase, up to 0.035 units (Table 2,
Figure 8a), occurred between 420 nm and 440 nm. It also showed a lower absorbance
increase range (390 nm to 480 nm) than that found for red wine 2 or red wine 3, which
showed absorbance increase ranges from 390 nm to 533 nm and 532 nm, respectively.
The greater increase in the orange tones of red wines 2 and 3 compared to red wine 1
may be due to the fact that since they have a lower anthocyanin content, oxygen is more
present in reactions in which they are not involved, such as the polymerization of flavanols,
the binding of flavanols to glyoxylic acid or ascorbic acid, etc., causing these wines to
evolve more in these wavelengths. Therefore, with oxygen consumption, red wines 2 and 3
underwent color evolution more towards oxidation-related tones (Figure 7), especially red
wine 3, which contains more flavanols due to its barrel aging. These results are reflected in
the correlations between the oxygen consumed by the wines and the absorbance in this area
of the spectrum, which are positive in all the wines, with red wine 3 showing the highest
weights and significance followed by red wine 2 (Table 3). This increase in absorbance may
be related to the completion of the formation reactions of colorless compounds, such as the
condensation of anthocyanins-flavanols, flavanols-flavanols, and glyoxylic acid-flavanols,
in addition to the possible degradation of certain compounds, such as anthocyanins [29].
These colorless products are intermediates of many of the reactions that occur when wine
is exposed to oxygen, forming c compounds that absorb in this wavelength range, such
as xanthanium salts, the binding of anthocyanins linked to oligomeric methylmethine, in
addition to the formation of new compounds such as pyranoanthocyanins, which mostly
form complexes of orange hues [25,44,45].

However, oxygen consumption caused a loss of absorbance in red wine 1, between
480 nm and 630 nm, which was greater than that suffered by red wine 2, with a decrease
between 533 nm and 564 nm, or red wine 3, with a decrease between 532 nm and 616 nm.
In the case of red wine 1, the absorbance between 480 nm and 630 nm decreased with
oxygen consumption from the beginning until the end of the kinetics, presenting a loss
of up to 0.1 absorbance units at 530 and 560 nm (Figure 8a) (6 and 7%, respectively, with
respect to the beginning; see Table 2). The most relevant loss occurred in the interval
from 520 nm to 580 nm at the end of the kinetics, when red wine 1 consumed 0.4 mg/L
(Figure 8a). This ability to compare variations in the spectrum with oxygen consumption
is one of the strengths of the device used and allows the behavior of each wine to be
analyzed. This result may suggest that the higher content of free anthocyanins in red wine
1 facilitated their interaction with oxygen, causing both the oxidation and loss of these
anthocyanins, as well as the formation of new pigments, reflected in the loss of absorbance
in this range. In red wine 2, absorbance losses were only observed throughout the kinetics
in the 540–560 nm range; specifically, from 500 to 530 nm, the wine lost absorbance with the
consumption of the first mg/L of oxygen, but later, when another 2.1 mg/L of oxygen had
been consumed, it was observed that after 50 h the absorbance increased with respect to the
initial absorbance (Table 2). Similar results were found from 570 nm to 590 nm, although in
this section it was not until the consumption of the last 0.5 mg/L (137 h) that the increase
in absorbance with respect to the initial spectrum was observed (Table 2). Therefore, in
red wine 2, significant negative correlations were observed only with oxygen consumption
and absorbance loss at 540–555 nm (most significant between 545 nm and 550 nm; −0.8718
and −0.8907, respectively). This result may indicate that the lower anthocyanin content
of red wine 2 leads to fewer reactions with oxygen than in red wine 1, hence the lower
absorbance loss (−0.5 to −1.6%) at these wavelengths (Tables 2 and 3). On the other hand,
red wine 3, a barrel-aged wine with the lowest content of free anthocyanins, showed the
lowest absorbance losses (0.1%) in the range of 500 to 520 nm, with the consumption of
1 mg/L (Table 2), possibly due to the stability of its coloring matter by the formation of
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compounds in the wine with those in the wood. Red wine 3, after consuming 2 mg/L,
presented higher absorbance than the initial wine, showing the greatest increase with the
consumption of the last 0.7 mg/L of oxygen, which accounted for the greatest increase
in absorbance at 500 nm (5.2%). These results were reflected in the positive correlations
between the absorbance of red wine 3 at the different times studied and the oxygen
consumed, with the most significant correlation at 515 nm (0.9054) (Table 3), which may
explain the hypsochromic shift mentioned above. The effect of oxygen consumption of red
wine 1 versus red wines 2 and 3 in this area of the spectrum could be due to the higher
level of polymerization of the phenolic compounds of red wines 2 and 3. The oxygen
consumption in red wine 3 caused a 3–4% loss of absorbance from the beginning to the end
of consumption from 540 to 610 nm (not reaching 0.03 units, Figure 8c), lower than in red
wine 1, which lost 7% (0.085 units) absorbance in the range of 540–560 nm (Table 2). In red
wine 3, it is also observed that the loss of absorbance occurred in different zones according to
the oxygen consumed, showing that in the first 75 h, when the wine consumed 3 mg/L, the
greatest loss was between 540 nm and 580 nm, while the consumption of the last 0.7 mg/L of
oxygen caused a greater loss of compounds, with absorbance between 570 nm and 590 nm.
Therefore, the correlations between oxygen consumed and absorbance in this range of
the spectrum were negative (Table 3), having more significance from 550 nm to 605 nm;
however, despite their high significance, they were lower than those found in the young
wine with high anthocyanin content (red wine 1).

Regarding the purple-violet range of the spectrum and up to the 800 nm studied,
oxygen consumption caused an increase in absorbance. In the case of red wine 1, the
absorbance increased in the 640 to 700 nm range throughout the consumption kinetics, and
although the consumption of the first 0.8 mg/L of oxygen caused a loss of absorbance from
710 to 800 nm, it subsequently increased with respect to the initial absorbance, needing
to consume 1.4 mg/L and 2.7 mg/L of oxygen to reach an absorbance higher than the
initial absorbance between 710 to 730 nm and between 740 to 780 nm, respectively (Table 2,
Figure 8a). Thus, oxygen consumption showed significant positive correlations with
absorbance up to 750 nm, with the highest weights from 640 to 700 nm (Table 3). In red
wine 2 and red wine 3, an increase in absorbance at these wavelengths was also observed,
higher than in red wine 1, from 610 and 620 nm to 800 nm in red wine 2 and red wine 3,
respectively (Table 2 and Figure 8). The increase in absorbance at these wavelengths due
to oxygen exposure can be explained by the formation of new compounds that absorb at
these wavelengths, such as portisins, pyranoanthocyanins dimers, and carboxypyrane-
malvidin-3-glucoside [29]. In red wine 2, it was observed that the greatest increase in
absorbance occurred from 680 nm to 710 nm with the consumption of the first 1.2 mg/L
of oxygen and also from 640 to 690 nm with the consumption of the last 0.5 mg/L; this
increase at 660 nm was 13.9% with respect to the initial wine (Table 3, Figure 8b), with
a positive correlation throughout the range, although only significant at 690 nm (+0.7815)
(Table 2). However, the greatest increase in absorbance in red wine 3 occurred when the
rate of oxygen consumption decreased considerably from 0.57 to 0.14 hPa/h, i.e., with the
consumption of the last 0.7 mg/L of oxygen (Table 2). Red wine 3 underwent the greatest
increase in absorbance, from 670 to 750 nm, an increase of 10.7% with respect to the initial
wine (Table 2), showing a significant and positive correlation with oxygen consumption,
standing out at 690 nm (+0.927).

Therefore, the effect of oxygen on the absorbance of the wines in this zone of the
spectrum was quite different between red wine 1 and red wines 2 and 3, being more
significant in the latter two and especially in red wine 3. This may be due to the type
and level of polymerization of the phenolic compounds of red wine 3; possibly, this
wine presents compounds derived from the reactions of the wine compounds with those
yielded by the wood, compounds different from those of a young wine, which, as described
throughout the work, cause the consumption of oxygen by red wine 3 to produce a different
behavior in the evolution of its color. In the case of young red wines, the differences in the
effect of oxygen consumption on color evolution are related to the nature of the phenolic
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compounds, since red wine 2 had a lower phenolic content, with 83% of its phenols highly
polymerized compared to 34% in red wine 1 (Table 4).

Table 4. Oenological parameters of commercial wines.

Wine Red Wine 1 Red Wine 2 Red Wine 3 White Wine 1 White Wine 2

Variety Tinta de Toro Mandón Cabernet Sauvignon Sauvignon blanc Verdejo
Vintage 2021 2021 2016 2021 2019
Type * - - 6 - +
pH 3.60 ± 0.0 3.30 ± 0.0 3.25 ± 0.0 3.10 ± 0.0 3.24 ± 0.0
TA (g/L) 5.4 ± 0.1 5.0 ± 0.0 4.8 ± 0.0 5.4 ± 0.0 5.3 ± 0.0
CI 13.62 ± 0.02 7.69 ± 0.01 11.25 ± 0.03 0.33 ± 0.01 0.63 ± 0.02
%420 36 34 41 100 100
%520 51 52 46 - -
%620 13 14 13 - -
AS (%vol) 14.51 ± 0.01 10.51 ± 0.01 13.51 ± 0.01 13.01 ± 0.01 13.51 ± 0.01
F–SO2 (mg/L) 1 ± 2.1 1 ± 2.1 1 ± 2.1 17 ± 2.1 1.00 ± 2.1
T–SO2 (mg/L) 2 ± 3.5 25 ± 3.5 2 ± 3.5 152 ± 26.1 94.28 ± 3.5
TPI 60.5 ± 0.00 33.9 ± 0.28 65.53 ± 0.11 7.43 ± 0.67 7.43 ± 0.00
ACY (mg/L) 447 ± 11.9 197 ± 5.9 74 ± 6.9 - -
TP (mg/L) 603 ± 4.2 468 ± 14.3 670 ± 101.5 88 ± 16.4 89 ± 2.1
LPP (mg/L) 397 ± 8.4 82 ± 3.4 373 ± 11.8 3 ± 0.5 6 ± 0.0
HPP (mg/L) 206 ± 4.2 387 ± 10.9 297 ± 89.7 85 ± 16.0 83 ± 2.1

TA: total acidity (g/L tartaric acid); CI: color intensity; AS: alcoholic strength (%vol); FSO2: free SO2 (mg/L);
TSO2: total SO2 (mg/L); TPI: total phenolic index; ACY: total anthocyanins (mg/L); TP: total phenols (mg/L);
LPP: low polymerized phenols (mg/L); HPP: high polymerized phenols (mg/L). * oak wood condition: months
of wood contact, - non contact, + fermented in oak barrel.

In the case of the white wines, the effect of oxygen consumption on the spectrum
shows two completely different profiles (Figure 8d,e), although globally, in both wines, it
causes an increase in absorbance, which is more evident at 390–450 nm (Table 2) and has
more significant correlations between the increase in absorbance and oxygen consumption
at 505–515 nm (Table 3). These wines consumed less oxygen than the red wines (1.30 mg/L
and 2.41 mg/L) and more slowly (Figure 5). White wine 1, a young wine that consumed in
the first 10 h 0.3 mg/L at a rate of 0.8 hPa/h, suffered a loss of absorbance from 410–450 nm,
specifically 10% and 16% with respect to the initial absorbance at 410 and 440 nm, respec-
tively (Table 3) (0.009 and 0.11 absorbance units). After 10 h, oxygen consumption caused
an increase in absorbance, being more important between 390 and 460 nm (Figure 8d); at the
end of consumption, it was up to 19.4%, at 450 nm (0.015 absorbance units), higher than that
of the initial wine (Table 2). The most important increase was observed when consumption
slowed down from 0.26 to 0.06 hPa/h, i.e., when it consumed the last 0.3 mg/L (Figure 8d),
showing an absorbance higher than the absorbance of the initial wine (Table 2). Therefore,
the spectral change in the 390–460 nm range of white wine 1 occurred with the consumption
of the first and last 0.3 mg/L of oxygen, decreasing and increasing, respectively (Figure 8d);
thus, there were no correlations between oxygen and absorbance change (Table 3). The
decrease in absorbance was probably due to the formation of colorless components such as
xanthenes, whereas the increase in absorbance could have been due to the completion of
chemical reactions initiated by the formation of, for example, xanthanium salts. The oxygen
consumption of white wine 2 shows a very different profile, probably due to the presence
of wood compounds extracted during the barrel fermentation process. Both wines showed
an initial decrease between 390 and 460 nm, being lower and later in white wine 2, which
needed to consume 0.8 mg/L (Figure 8e) to reduce absorbance by 2–4% (Table 2). When
white wine 2 had consumed more than 0.8 mg/L, it showed an increase in absorbance at
390–460 nm, reaching more than 20% at the end of consumption (Table 2) and showing
a much higher browning than white wine 1, with an increase of 0.03 absorbance units
versus 0.018 in white wine 1 (Figures 7 and 8d,e). The increase of yellow tones in white
wines due to contact with oxygen is a well-known fact due to the oxidation of phenolic
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molecules and their corresponding quinones; to the polymerization of flavonoids, forming
brown pigments; and to the oxidation of tartaric acid and ascorbic acid, which reacts
with flavanols, forming colorless compounds that by oxidation turn to yellowish-brown
pigments [10–13]. The difference between white wine 1 and white wine 2 may be because
the main phenolic compounds in the former are hydroxycinnamic acids, and in the latter
flavanols, compounds related to young wines and wines in contact with wood, respectively.
The involvement of flavonols with oxidation has been previously reported, while hydrox-
ycinnamic acids are implicated in the presence of flavanols [12]. Therefore, white wine
2 shows higher susceptibility to browning, presenting a golden color and a positive and
significant correlation with oxygen (Table 3).

In white wine 1, the greatest increase in absorbance was observed with the consump-
tion of 0.5 mg/L in the first 20 h at 510 nm, which moved to 450 nm when the wine con-
sumed more than 0.6 mg/L. In white wine 2, the greatest increase in absorbance occurred
between 480 nm and 510 nm in the first 75 h, with the consumption of 1.6 mg/L; when
the wine consumed the last 0.81 mg/L, the increase in absorbance moved to 430–450 nm
(the stretch from 75 to 205 h). White wine 2 consumed 2.41 mg/L oxygen in 205 h at
an initial oxygen consumption rate of 1.83 hPa/h, reflecting more avidity than white wine
1, at 0.85 hPa/h, a rate that remained higher throughout the consumption kinetics. In
white wine 1, the absorbance did not increase due to oxygen consumption; however, white
wine 2, when it had consumed 1.4 mg/L of oxygen (50 h), presented in the whole range
studied more absorbance than initially, showing a significant correlation, especially in the
stretch from 480 nm to 530 nm. These results reflect the changes previously described
in white wines subjected to oxidative changes, and although the compounds responsible
are unknown, a possible explanation is that they come from the hydrolysis of leucoantho-
cyanins in the corresponding flavilium salts or from the reaction of the glutathione reaction
compound with o-quinones, which produces browning pigments [12].

3. Materials and Methods

Equipment for the simultaneous measurement of oxygen consumption and wine color,
called SpectrO2, was designed, built, and validated. To analyze the performance and
capabilities of the new equipment, 5 different wines were studied.

3.1. Wines Analyzed

Table 4 lists the characteristics of each of the wines, including grape variety and
vintage. Total acidity (g/L tartaric acid), pH, alcoholic strength (% vol), free sulfur dioxide
(F-SO2, mg/L), total sulfur dioxide (T-SO2, mg/L) were measured following the methods
established by International Organization of Vine and Wine [46]. Color parameters were
determined by a direct measurement of wine absorbance at 420, 520, and 620 nm in a 1 mm
or 10 mm optical path length quartz cell for red and white wines, respectively, with
PerkinElmer’s LAMBDA 25 UV/vis Spectrophotometer (Waltham, MA, USA). CI and red,
yellow, and blue percentages were also calculated following the method described by del
Alamo Sanza et al., 2004 [47]. The total phenol index (TPI) was measured after adequate
dilution in a 10 mm optical path length quartz cell using the same spectrophotometer. The
total phenols (TPs), low polymerized phenols (LPPs) and high polymerized phenols (HPPs)
as mg/L of gallic acid, total anthocyanins (ACY, as mg/L of malvidin-3-O-glucoside) were
analyzed according to the methods described by del Alamo Sanza et al., 2004 [47].

3.2. SpectrO2 Device

The device has 9 quartz cells of 2 mm thickness. It is closed with a screw cap fitted
with a butyl septum and placed in a frame on a 9-position rail with an automated system
for moving the frame to perform the spectrophotometric measurements (Figure 9). The
high-precision oxygen measurement system consists of a model Piccolo2-OEM detector
(PyroScience GmbH, Aachen, Germany), which allows measurement of the partial pressure
of dissolved oxygen (DO) in liquid and in gas and which is equipped with an external
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temperature sensor. The oxygen sensors glued inside each cell are PSt3 Oxygen-Sensitive
Spots (PreSens Precision Sensing GmbH, Regensburg, Germany), which are calibrated
before each use according to the manufacturer’s protocol at two levels, 0% air sat. and
100% air sat. The spectrometer is an Ocean Optics HR4000 (Ocean Optics, a Halma Com-
pany, Dunedin, FL, USA), with high optical resolution, equipped with a high-sensitivity
3648-element CCD array detector from Toshiba, which allows absorbance measurement
in the range of 390 nm to 800 nm. The device is equipped with a Peltier-type temperature
control system, which allows the working temperature to be regulated and maintained
with an accuracy of 0.1 ◦C. The whole system is controlled by a software developed in
Labview (National Instruments Corporation, Austin, TX, USA), which allows management
of the device as well as programming of the measurements and storage.
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Figure 9. Device for simultaneous measurement of wine oxygen consumption and wine spectra:
9 quartz cells (a), dissolved oxygen meter (b), spectrophotometer (c), temperature control system (d),
and cover (e).

3.3. Evaluation of Cell Quartz Tightness

The cells must be leak-tight to prevent the ingress of atmospheric oxygen and to avoid
interference during the measurement of DO consumption kinetics. Tightness was evaluated
by filling the quartz cells with a gas mixture (air and nitrogen, Carburos Metálicos, Air
Products Group, Barcelona, Spain) with a known oxygen concentration. The gas mixtures
were prepared with the Gm-3 gas mixer (Sensor Sense, Nijmegen, The Netherlands). The
tightness of the quartz cells with wine was evaluated at different levels of dissolved oxygen,
between the maximum content reached after saturation with air and the lowest dissolved
oxygen content reached once the consumption kinetics, as detailed in a previous work [43],
ended. The tightness of the 9 quartz cells was evaluated for 24 h at 12 different DO levels,
from 165 hPa to 3 hPa.

3.4. Evaluation of Repeatability
3.4.1. Spectrum Repeatability

The evaluation of the repeatability of the spectrum measurements in the range of
390 nm to 800 nm was performed by measuring the same wine 10 times for each of the
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9 quartz cells of the SpectrO2 equipment. The results were compared by measuring the
same wine within the same quartz cells using a commercial spectrophotometer, Cary60
UV-Vis (Agilent Technologies, Santa Clara, CA, USA).

3.4.2. Repeatability of Consumption Kinetics

The evaluation of the repeatability of the consumption kinetics measurements was
carried out by measuring the same wine in the 9 quartz cells simultaneously. The wine
was treated according to the procedure of del Alamo-Sanza et al., 2021 [43]. The samples
were briefly tempered at 35 ◦C and saturated with air at 35 ◦C by bubbling with a ceramic
microdiffuser at a flow rate < 1 mL/min for a period of 5 min. Immediately, the saturated
wine was transferred to the 9 quartz cells of the SpectrO2 device to evaluate the kinetics
of oxygen consumption by measuring dissolved oxygen every 15 min until the end of
oxygen consumption. The working temperature was 35 ± 0.1 ◦C, following the method of
Nevares et al., 2017 [8].

3.5. Simultaneous Measurement of Oxygen Consumption Kinetics and Spectra with
SpectrO2 Equipment

Samples were prepared for the measurement of consumption kinetics as described
above. Each test allowed the measurement of 3 wines simultaneously in triplicate, filling
the 9 quartz cells available. Dissolved oxygen measurements were performed every 15 min
until the end of the oxygen consumption kinetics and, simultaneously, measurements of
the visible spectrum between 390 and 800 nm were also taken every 15 min. Simultaneous
monitoring was carried out until the end of the oxygen consumption kinetics, which,
depending on the type of wine, varied between 6 and 9 days.

3.6. Oxygen Consumption Kinetics Processing

The oxygen consumption kinetics data were processed according to del Alamo-Sanza
et al., 2021 [44]. Briefly, the data from each of the 3 repetitions of the consumption curve were
processed to obtain the highest value of dissolved oxygen, identified as the beginning of the
kinetics, and the lowest value, which indicates the end of the consumption kinetics. These
curves were fitted to the inverse fitting model because it is the best method to describe and
extract characteristic parameters of the oxygen consumption kinetic curves. The parameters
correspond to Omax: maximum/initial oxygen value (hPa); Omin: minimum/residual
oxygen value (hPa); ∆Omax_min: total oxygen consumed (hPa); Oint: oxygen value when
half of the total oxygen has been consumed (hPa); O90: oxygen representing 90% of the
range between the maximum and minimum values, i.e., when the first 10% of total oxygen
(hPa) has been consumed; ∆O90_10: variation between 90% and 10% oxygen (hPa); O10:
oxygen value representing 10% of the range between the maximum and minimum values,
i.e., when 90% of the total oxygen (hPa) has been consumed; tO_min: time in hours it took to
consume all the oxygen, i.e., ∆Omax_min (h); tO_90: time it took to reach O90 (h); tO_10: time
to reach O10 (h); tO_int: time to fall to 50% air saturation; AOmax_min: area under the oxygen
consumption curve between maximum and minimum oxygen (hPa); Amax_min: area under
the oxygen consumption curve (hPa). Subsequently, the 3 replicates were combined to
obtain a representative average curve for each wine (mean ± SD).

3.7. Statistical Analysis

Statistical analysis was performed with the statistical program Statgraphics Centurion
(version 19 X-64 StatPoint, Inc., Warrenton, VA, USA), performing an ANOVA according to
Tukey’s test (p < 0.05) and an analysis of correlations with Pearson’s coefficient.

4. Conclusions

The SpectrO2 device allows the simultaneous measurement of oxygen and the vis-
ible spectrum with precision, accuracy, and repeatability, as well as under watertight
conditions, for the measurement of the kinetics of dissolved oxygen consumption of the
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samples. The SpectrO2 offers the possibility to monitor the kinetics of oxygen consumption
simultaneously with a spectral scan at each moment of the kinetics without altering the
optoluminescent measurement of oxygen. The results obtained with the monitoring of
commercial wines show information on the changes that occurred in the visible spectrum
during the whole oxygen consumption process, thus being a tool for the analysis of spectral
changes during oxygen consumption, which is novel.

Future research will focus on evaluating the effect of specific amounts of oxygen in
certain regions of the ultraviolet visible spectrum, both in white and red wines, to determine
the influence of grape variety, origin, winery treatments, bottling, corking, etc., and thus
allowing us to know the response of the wines to specific amounts of oxygen.

This advanced instrument is capable of assessing dissolved oxygen levels and the
visible spectrum in a single measurement, which is an advantageous and powerful method
for the wine industry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29010231/s1, Supplementary Figure S1: Evolution of the
wine spectrum during oxygen consumption at 8 different times.

Author Contributions: Conceptualization, M.d.A.-S. and I.N.; methodology, M.d.A.-S., I.N., M.C.-Q.
and A.M.M.-G.; formal analysis, M.C.-Q.; writing—original draft preparation, M.d.A.-S., I.N., M.C.-Q.
and A.M.M.-G.; writing—review and editing, M.d.A.-S., I.N., M.C.-Q. and A.M.M.-G.; supervision
M.d.A.-S. and I.N.; project administration, M.d.A.-S. and I.N.; funding acquisition, M.d.A.-S. and I.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by MINECO (project AGL2017-87373-C3-2-R) and MC-Q thanks to
Agencia Nacional de Investigación y Desarrollo (ANID)/Programa de Becas/BECAS DE DOCTOR-
ADO CHILE/2019-72200424.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to it will be used for future paper.

Acknowledgments: The authors would like to thank de Torre Martín A. for her collaboration in the
analysis of the basic parameters of the wines studied.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Sánchez-Gómez, R.; Nevares, I.; Martínez-Gil, A.; del Alamo-Sanza, M. Oxygen Consumption by Red Wines under Different Micro-

Oxygenation Strategies and Q. Pyrenaica Chips. Effects on Color and Phenolic Characteristics. Beverages 2018, 4, 69. [CrossRef]
2. Gambuti, A.; Rinaldi, A.; Ugliano, M.; Moio, L. Evolution of Phenolic Compounds and Astringency during Aging of Red Wine:

Effect of Oxygen Exposure before and after Bottling. J. Agric. Food Chem. 2013, 61, 1618–1627. [CrossRef] [PubMed]
3. Ferreira, V.; Carrascon, V.; Bueno, M.; Ugliano, M.; Fernandez-Zurbano, P. Oxygen Consumption by Red Wines. Part I:

Consumption Rates, Relationship with Chemical Composition, and Role of SO2. J. Agric. Food Chem. 2015, 63, 10928–10937.
[CrossRef] [PubMed]

4. Ranaweera, R.K.R.; Capone, D.L.; Bastian, S.E.P.; Cozzolino, D.; Jeffery, D.W. A Review of Wine Authentication Using Spectro-
scopic Approaches in Combination with Chemometrics. Molecules 2021, 26, 4334. [CrossRef] [PubMed]

5. Cozzolino, D.; Cynkar, W.U.; Shah, N.; Smith, P.A. Can Spectroscopy Geographically Classify Sauvignon Blanc Wines from
Australia and New Zealand? Food Chem. 2011, 126, 673–678. [CrossRef]

6. Del Alamo Sanza, M.; Asensio Cuadrado, M.; Del Barrio Galán, R.; Bueno Herrera, M.; Cárcel Cárcel, L.M.; Carrasco Quiroz,
M.; Mallen Pomes, J.; Martínez Gil, A.M.; Nevares Domínguez, I.; Pérez Magariño, S. Manual técnico. Buenas Prácticas para la
Gestión del O2 en Bodega; Ediciones Universidad de Valladolid: Valladolid, Spain, 2023; ISBN 978-84-1320-264-8. Available online:
https://uvadoc.uva.es/handle/10324/63572 (accessed on 2 December 2023).

7. Sánchez-Gómez, R.; del Alamo-Sanza, M.; Martínez-Martínez, V.; Nevares, I. Study of the Role of Oxygen in the Evolution of Red
Wine Colour under Different Ageing Conditions in Barrels and Bottles. Food Chem. 2020, 328, 127040. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules29010231/s1
https://www.mdpi.com/article/10.3390/molecules29010231/s1
https://doi.org/10.3390/beverages4030069
https://doi.org/10.1021/jf302822b
https://www.ncbi.nlm.nih.gov/pubmed/23110349
https://doi.org/10.1021/acs.jafc.5b02988
https://www.ncbi.nlm.nih.gov/pubmed/26654524
https://doi.org/10.3390/molecules26144334
https://www.ncbi.nlm.nih.gov/pubmed/34299609
https://doi.org/10.1016/j.foodchem.2010.11.005
https://uvadoc.uva.es/handle/10324/63572
https://doi.org/10.1016/j.foodchem.2020.127040
https://www.ncbi.nlm.nih.gov/pubmed/32512467


Molecules 2024, 29, 231 22 of 23

8. Nevares, I.; Martínez-Martínez, V.; Martínez-Gil, A.; Martín, R.; Laurie, V.F.; del Álamo-Sanza, M. On-Line Monitoring of Oxygen
as a Method to Qualify the Oxygen Consumption Rate of Wines. Food Chem. 2017, 229, 588–596. [CrossRef]

9. Danilewicz, J.C.; Seccombe, J.T.; Whelan, J. Mechanism of Interaction of Polyphenols, Oxygen, and Sulfur Dioxide in Model Wine
and Wine. Am. J. Enol. Vitic. 2008, 59, 128–136. [CrossRef]

10. Laurie, V.F.; Waterhouse, A.L. Oxidation of Glycerol in the Presence of Hydrogen Peroxide and Iron in Model Solutions and Wine.
Potential Effects on Wine Color. J. Agric. Food Chem. 2006, 54, 4668–4673. [CrossRef]

11. Oliveira, C.M.; Ferreira, A.C.S.; De Freitas, V.; Silva, A.M.S. Oxidation Mechanisms Occurring in Wines. Food Res. Int. 2011, 44,
1115–1126. [CrossRef]

12. du Toit, W.J.; Marais, J.; Pretorius, I.S.; du Toit, M. Oxygen in Must and Wine: A Review. S. Afr. J. Enol. Vitic. 2017,
27, 76–94. [CrossRef]

13. Tarko, T.; Duda-Chodak, A.; Sroka, P.; Siuta, M. The Impact of Oxygen at Various Stages of Vinification on the Chemical Composi-
tion and the Antioxidant and Sensory Properties of White and Red Wines. Int. J. Food Sci. 2020, 27, 7902974. [CrossRef] [PubMed]

14. Fernandez-Zurbano, P.; Ferreira, V.; Pena, C.; Escudero, A.; Serrano, F.; Cacho, J. Prediction of Oxidative Browning in White
Wines as a Function of Their Chemical Composition. J. Agric. Food Chem. 1995, 43, 2813–2817. [CrossRef]

15. He, J.; Oliveira, J.; Silva, A.M.S.; Mateus, N.; De Freitas, V. Oxovitisins: A New Class of Neutral Pyranone-Anthocyanin Derivatives
in Red Wines. J. Agric. Food Chem. 2010, 58, 8814–8819. [CrossRef] [PubMed]

16. Cheng, S.; Wu, T.; Gao, J.; Han, X.; Huang, W.; You, Y.; Zhan, J. Color Myth: Anthocyanins Reactions and Enological Approaches
Achieving Their Stabilization in the Aging Process of Red Wine. Food Innov. Adv. 2023, 2, 255–271. [CrossRef]

17. Es-Safi, N.-E.; Le Guernevé, C.; Fulcrand, H.; Cheynier, V.; Moutounet, M. Xanthylium Salts Formation Involved in Wine Colour
Changes. Int. J. Food Sci. Technol. 2000, 35, 63–74. [CrossRef]

18. Alcalde-Eon, C.; Escribano-Bailón, M.T.; Santos-Buelga, C.; Rivas-Gonzalo, J.C. Changes in the Detailed Pigment Composition of
Red Wine during Maturity and Ageing. Anal. Chim. Acta 2006, 563, 238–254. [CrossRef]

19. Benabdeljalil, C.; Cheynier, V.; Fulcrand, H.; Hafiki, A.; Mosaddak, M.; Moutounet, M. Mise En Évidence de Nouveaux Pigments
Formés Par Réaction Des Anthocyanes Avec Des Métabolites de Levure. Sci. Aliment. 2000, 20, 203–220. [CrossRef]

20. Sarni-manchado, P.; Fulcrand, H.; Souquet, J.-M.; Cheynier, V.; Moutounet, M. Stability and Color of Unreported Wine
Anthocyanin-derived Pigments. J. Food Sci. 1996, 61, 938–941. [CrossRef]

21. Francia-Aricha, E.M.; Guerra, M.T.; Rivas-Gonzalo, J.C.; Santos-Buelga, C. New Anthocyanin Pigments Formed after Condensa-
tion with Flavanols. J. Agric. Food Chem. 1997, 45, 2262–2266. [CrossRef]

22. He, F.; Liang, N.-N.; Mu, L.; Pan, Q.-H.; Wang, J.; Reeves, M.J.; Duan, C.-Q. Anthocyanins and Their Variation in Red Wines II.
Anthocyanin Derived Pigments and Their Color Evolution. Molecules 2012, 17, 1483–1519. [CrossRef] [PubMed]

23. Monagas, M.; Núñez, V.; Bartolomé, B.; Gómez-Cordovés, C. Anthocyanin-Derived Pigments in Graciano, Tempranillo, and
Cabernet Sauvignon Wines Produced in Spain. Am. J. Enol. Vitic. 2003, 54, 163–169. [CrossRef]

24. de Freitas, V.; Mateus, N. Formation of Pyranoanthocyanins in Red Wines: A New and Diverse Class of Anthocyanin Derivatives.
Anal. Bioanal. Chem. 2011, 401, 1463–1473. [CrossRef] [PubMed]

25. Mateus, N.; de Pascual-Teresa, S.; Rivas-Gonzalo, J.C.; Santos-Buelga, C.; de Freitas, V. Structural Diversity of Anthocyanin-
Derived Pigments in Port Wines. Food Chem. 2002, 76, 335–342. [CrossRef]

26. De Villiers, A.; Vanhoenacker, G.; Majek, P.; Sandra, P. Determination of Anthocyanins in Wine by Direct Injection Liq-
uid Chromatography–Diode Array Detection–Mass Spectrometry and Classification of Wines Using Discriminant Analysis.
J. Chromatogr. A 2004, 1054, 195–204. [CrossRef] [PubMed]

27. Boido, E.; Alcalde-Eon, C.; Carrau, F.; Dellacassa, E.; Rivas-Gonzalo, J.C. Aging Effect on the Pigment Composition and Color
ofVitis ViniferaL. Cv. Tannat Wines. Contribution of the Main Pigment Families to Wine Color. J. Agric. Food Chem. 2006, 54,
6692–6704. [CrossRef] [PubMed]

28. Schwarz, M.; Quast, P.; von Baer, D.; Winterhalter, P. Vitisin A Content in Chilean Wines from Vitis Vinifera CV. Cabernet
Sauvignon and Contribution to the Color of Aged Red Wines. J. Agric. Food Chem. 2003, 51, 6261–6267. [CrossRef] [PubMed]

29. Waterhouse, A.L.; Zhu, J. A Quarter Century of Wine Pigment Discovery. J. Sci. Food Agric. 2020, 100, 5093–5101. [CrossRef]
30. Jackson, R.S. Wine Science: Principle and Applications; Elsevier-Academic Press: Oxford, UK, 2008.
31. Ribéreau-Gayon, P.; Glories, Y.; Maujean, A.; Dubourdieu, D. Chemistry of Wine Stabilization and Treatments; John Wiley & Sons

Ltd.: Chichester, UK, 2005; Volume 2.
32. Berente, B.; De la Calle García, D.; Reichenbächer, M.; Danzer, K. Method Development for the Determination of Anthocyanins in

Red Wines by High-Performance Liquid Chromatography and Classification of German Red Wines by Means of Multivariate
Statistical Methods. J. Chromatogr. A 2000, 871, 95–103. [CrossRef]

33. Lee, J.; Durst, R.W.; Wrolstad, R.E.; Eisele, T.; Giusti, M.M.; Hach, J.; Hofsommer, H.; Koswig, S.; Krueger, D.A.; Kupina, S.; et al.
Determination of Total Monomeric Anthocyanin Pigment Content of Fruit Juices, Beverages, Natural Colorants, and Wines by the
pH Differential Method: Collaborative Study. J. AOAC Int. 2005, 88, 1269–1278. [CrossRef]

34. Es-Safı, N.-E.; Le Guernevé, C.; Fulcrand, H.; Cheynier, V.; Moutounet, M. New Polyphenolic Compounds with Xanthylium
Skeletons Formed through Reaction between (+)-Catechin and Glyoxylic Acid. J. Agric. Food Chem. 1999, 47, 5211–5217.
[CrossRef] [PubMed]

35. Mateus, N.; Silva, A.M.S.; Rivas-Gonzalo, J.C.; Santos-Buelga, C.; de Freitas, V. A New Class of Blue Anthocyanin-Derived
Pigments Isolated from Red Wines. J. Agric. Food Chem. 2003, 51, 1919–1923. [CrossRef] [PubMed]

https://doi.org/10.1016/j.foodchem.2017.02.105
https://doi.org/10.5344/ajev.2008.59.2.128
https://doi.org/10.1021/jf053036p
https://doi.org/10.1016/j.foodres.2011.03.050
https://doi.org/10.21548/27-1-1610
https://doi.org/10.1155/2020/7902974
https://www.ncbi.nlm.nih.gov/pubmed/32309422
https://doi.org/10.1021/jf00059a008
https://doi.org/10.1021/jf101408q
https://www.ncbi.nlm.nih.gov/pubmed/20608752
https://doi.org/10.48130/FIA-2023-0027
https://doi.org/10.1046/j.1365-2621.2000.00339.x
https://doi.org/10.1016/j.aca.2005.11.028
https://doi.org/10.3166/sda.20.203-220
https://doi.org/10.1111/j.1365-2621.1996.tb10906.x
https://doi.org/10.1021/jf9609587
https://doi.org/10.3390/molecules17021483
https://www.ncbi.nlm.nih.gov/pubmed/23442981
https://doi.org/10.5344/ajev.2003.54.3.163
https://doi.org/10.1007/s00216-010-4479-9
https://www.ncbi.nlm.nih.gov/pubmed/21181135
https://doi.org/10.1016/S0308-8146(01)00281-3
https://doi.org/10.1016/S0021-9673(04)01291-9
https://www.ncbi.nlm.nih.gov/pubmed/15553144
https://doi.org/10.1021/jf061240m
https://www.ncbi.nlm.nih.gov/pubmed/16939328
https://doi.org/10.1021/jf0346612
https://www.ncbi.nlm.nih.gov/pubmed/14518953
https://doi.org/10.1002/jsfa.9840
https://doi.org/10.1016/S0021-9673(99)01272-8
https://doi.org/10.1093/jaoac/88.5.1269
https://doi.org/10.1021/jf990424g
https://www.ncbi.nlm.nih.gov/pubmed/10606598
https://doi.org/10.1021/jf020943a
https://www.ncbi.nlm.nih.gov/pubmed/12643652


Molecules 2024, 29, 231 23 of 23

36. Oliveira, J.; Azevedo, J.; Silva, A.M.S.; Teixeira, N.; Cruz, L.; Mateus, N.; de Freitas, V. Pyranoanthocyanin Dimers: A New
Family of Turquoise Blue Anthocyanin-Derived Pigments Found in Port Wine. J. Agric. Food Chem. 2010, 58, 5154–5159.
[CrossRef] [PubMed]

37. Burns, J.; Mullen, W.; Landrault, N.; Teissedre, P.-L.; Lean, M.E.J.; Crozier, A. Variations in the Profile and Content of Anthocyanins
in Wines Made from Cabernet Sauvignon and Hybrid Grapes. J. Agric. Food Chem. 2002, 50, 4096–4102. [CrossRef]

38. Mulinacci, N.; Santamaria, A.R.; Giaccherini, C.; Innocenti, M.; Valletta, A.; Ciolfi, G.; Pasqua, G. Anthocyanins and Flavan-3-Ols
from Grapes and Wines of Vitis Vinifera Cv. Cesanese d’Affile. Nat. Prod. Res. 2008, 22, 1033–1039. [CrossRef]

39. Cheynier, V.; Dueñas-Paton, M.; Salas, E.; Maury, C.; Souquet, J.-M.; Sarni-Manchado, P.; Fulcrand, H. Structure and Properties of
Wine Pigments and Tannins. Am. J. Enol. Vitic. 2006, 57, 298–305. [CrossRef]

40. Boulton, R. The Copigmentation of Anthocyanins and Its Role in the Color of Red Wine: A Critical Review. Am. J. Enol. Vitic.
2001, 52, 67–87. [CrossRef]

41. Zhang, X.-K.; Jeffery, D.W.; Li, D.-M.; Lan, Y.-B.; Zhao, X.; Duan, C.-Q. Red Wine Coloration: A Review of Pigmented Molecules,
Reactions, and Applications. Compr. Rev. Food Sci. Food Saf. 2022, 21, 3834–3866. [CrossRef]

42. Oliveira, J.; Mateus, N.; de Freitas, V. Wine-Inspired Chemistry: Anthocyanin Transformations for a Portfolio of Natural Colors.
Synlett 2017, 28, 898–906. [CrossRef]

43. Del Alamo-Sanza, M.; Sánchez-Gómez, R.; Martínez-Martínez, V.; Martínez-Gil, A.; Nevares, I. Air Saturation Methodology
Proposal for the Analysis of Wine Oxygen Consumption Kinetics. Food Res. Int. 2021, 147, 110535. [CrossRef]

44. Pérez-Magariño, S.; Martínez-Gil, A.; Bueno-Herrera, M.; Nevares, I.; del Alamo-Sanza, M. Kinetics of Oxygen Consumption,
a Key Factor in the Changes of Young Wines Composition. Lebenson. Wiss. Technol. 2023, 182, 114786. [CrossRef]

45. Fulcrand, H.; dos Santos, P.-J.C.; Sarni-Manchado, P.; Cheynier, V.; Favre-Bonvin, J. Structure of New Anthocyanin-Derived Wine
Pigments. J. Chem. Soc. Perkin Trans. 1 1996, 735–739. [CrossRef]

46. OIV. Compendium of International Methods of Analysis of Wines and Musts. 2019. Available online: https://www.oiv.int
(accessed on 12 November 2023).

47. del Alamo Sanza, M.; Nevares Domínguez, I.; García Merino, S. Influence of Different Aging Systems and Oak Woods on Aged
Wine Color and Anthocyanin Composition. Eur. Food Res. Technol. 2004, 219, 124–132. [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/10.1021/jf9044414
https://www.ncbi.nlm.nih.gov/pubmed/20205395
https://doi.org/10.1021/jf011233s
https://doi.org/10.1080/14786410802133845
https://doi.org/10.5344/ajev.2006.57.3.298
https://doi.org/10.5344/ajev.2001.52.2.67
https://doi.org/10.1111/1541-4337.13010
https://doi.org/10.1055/s-0036-1589937
https://doi.org/10.1016/j.foodres.2021.110535
https://doi.org/10.1016/j.lwt.2023.114786
https://doi.org/10.1039/p19960000735
https://www.oiv.int
https://doi.org/10.1007/s00217-004-0930-5

	Introduction 
	Results 
	Characterization of the SpectrO2 unit 
	Tightness Tests 
	Measurement of UV-Vis Spectra 
	Measurement of Oxygen Kinetics 

	Measurements of Commercial Wines with SpectroO2 

	Materials and Methods 
	Wines Analyzed 
	SpectrO2 Device 
	Evaluation of Cell Quartz Tightness 
	Evaluation of Repeatability 
	Spectrum Repeatability 
	Repeatability of Consumption Kinetics 

	Simultaneous Measurement of Oxygen Consumption Kinetics and Spectra with SpectrO2 Equipment 
	Oxygen Consumption Kinetics Processing 
	Statistical Analysis 

	Conclusions 
	References

