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Abstract: Strecker aldehydes (SA) can be formed in wine from the degradation of Strecker and, to
a lesser degree, via the oxidation of higher alcohols. The objective of this article is to assess the
magnitude of the differences introduced by wine compositional factors other than amino acids and
Fe, in the accumulation of SA during oxidation. Eight red, two rosé and two white wines were
oxidized. The accumulation of SA was analyzed. Whites and rosés presented negative accumulations
for isobutyraldehyde, and in general, these wines accumulated smaller concentrations of the other
SA than red wines. Only methional and phenylacetaldehyde were accumulated in all of the wines
during oxidation. 2-methylbutanal and 3-methylbutanal were accumulated in 9 out of the 12 wines,
whereas isobutyraldehyde was accumulated only in 5 out of the 12. 2-methylbutanal was, on
average, the least accumulated aldehyde. Methional was the aldehyde formed most homogenously.
Most of the observed differences can be attributed to three factors: the pH, oxidation time and
native levels of Strecker aldehydes. The influence of pH was particularly intense in the cases of
phenylacetaldehyde and methional. An independent test using synthetic wines with Strecker amino
acids and 4-methylcatechol with different pHs (4.2, 3.5 and 2.8) was carried out in order to verify the
higher pH value, the greater accumulation in SA after oxidation process. The results strongly suggest
the important role played by pH in the accumulation of SA in wine oxidation.

Keywords: Strecker aldehydes; wine oxidation; pH; oxygen consumption rate; polyphenols

1. Introduction

The post fermentative formation of Strecker aldehydes (SA) in wines could have two
origins. The main generation pathway is the Strecker degradation [1], which is a reaction in
which the oxidative deamination and decarboxylation of an x-amino acid takes place in the
presence of an a-dicarbonyl compound. The result is the formation of an aldehyde that has
one carbon less than the original amino acid. Strecker aldehydes include isobutyraldehyde
(which comes from the amino acid valine), 3-methylbutanal or isovaleraldehyde, whose
precursor is leucine, 2-methylbutanal (isoleucine), phenylacetaldehyde (phenylalanine),
and methional (formed from methionine). In principle, any x-dicarbonyl compound can
carry out the Strecker aldehyde formation reaction [2]. This includes ortho-quinones
formed in the oxidation of ortho-diphenols (reaction confirmed in tea leaves [3]). It has
been shown that 4-methylcatechol, having the hydroxyl groups in the ortho position, favors
the formation of Strecker aldehydes over polyphenols with the two meta substituents [4].
The models obtained with oxidized wines suggest that the most important compositional
factor in the accumulation of SA is the content of precursor amino acids and iron [5]. The
second route of formation is the direct oxidation of alcohols. Although its quantitative
importance is secondary [5,6], it has been shown that adding higher alcohols to wine or
beer increases the concentration of Strecker aldehydes [7-9].

Regarding their reactivity, aldehydes are electrophilic species that can be involved in
numerous chemical reactions and processes in a reversible and irreversible way. Aldehydes
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are very reactive with major nucleophilic components of wine such as sulfur dioxide
and polyphenols [10,11]. Hydroxyalkylsulfonates are formed with sulfur dioxide [12],
which, being non-volatile species, are not perceived, and therefore would not have sensory
relevance. The reaction is reversible, and after oxidation of the wine, the balance of
the aldehyde-SO, adducts can shift, releasing aldehydes into the environment that are
perceived and can change the aromatic profile of the wines [6]. Strecker aldehydes also react
with anthocyanin and tannin units to form more stable structures [13,14], following the same
mechanism proposed by Timberlake [15] for acetaldehyde-anthocyanin and acetaldehyde-
tannin reactions. The reaction product between isobutyraldehyde, 3-methylbutanal and
2-methylbutanal with catechin and malvidin has been characterized both in synthetic
samples and in fortified wines from Portugal [14,16-19], as well as the reaction product
between phenylacetaldehyde and malvidin in synthetic wine [13]. Acetals (by reaction
with ethanol and glycerol), thioacetals (after reacting with thiols), imines (when found with
amino acids) and adducts with glutathione can also be formed [11]. We should take into
account all of these interactions to understand the accumulation processes and the study of
the reactivity of aldehydes.

It must be noted that to date, some researchers have contributed to improving knowl-
edge on variables that affect Strecker aldehydes’ formation using synthetic wines or so-
lutions [4,20-22]. These studies used conditions (temperature, pH) far removed from
oenology. There is a lack of research using real wine matrices (red, white and rosé wines)
and under oenological conditions.

The main goal of the present paper is to measure the variability introduced in the
accumulation of Strecker aldehydes using compositional factors other than the content of
precursor amino acids and iron. Matching them in a set of wines will allow us to evaluate
the influence of the other parameters in oenological oxidation conditions.

2. Results and Discussion

Wines (eight reds, two rosés and two whites) used in this experiment and their
characteristics appear in Table 1. The wine iron and amino acid content of Strecker was
equal in all cases for the wine with the highest concentration of these analytes, in order
to cancel these factors and focus the study on the influence of other compositional factors
(polyphenols, sulfur dioxide, glycerol, glutathione [11] and others). The objective is not
so much to determine the influence of specific factors, but to evaluate the weight in the
variability of the accumulation of Strecker aldehydes after oxidation process. See Scheme 1.

Commercial wines

8 reds
Standardized
strecker , 35 °C, 35 mg 0,n0tS0,/L Strecker
aldehydes 2 rosés * Fe aldehvdes
analysis * Strecker amino acids yad
2 whites <54 days analysis
Final
oxidation
Synthetic wines \
Strecker amino acids
4-methylcatechol 35°C, 20 mg 0,/L Strecker
* pH=238 aldehydes
* pH=35 30 days analysis
e pH=4.2

Scheme 1. Experiment design and analysis carried out.
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Table 1. Characteristics of the samples and some initial compositional parameters. Fe, Strecker amino acids, free SO, and Total SO, are expressed in mg/L.

Type of Wine Code Variety Vintage Fe Valine Isoleucine Luecine Methionine Phenylalanine pH TP’ Free SO,  Total SO,
CV-A'l G/T/Cr? 2008 13 44.6 33.9 95.3 16.8 58.8 3.49 53.0 4.8 62.8
DM-A Tempranillo 2012 12 38.7 314 411 10.1 34.1 3.82 55.5 3.2 20.0
CL-A Tempranillo 2013 1.9 68.9 48.4 105.0 21.5 69.0 3.66 46.3 11.2 81.0
Red wines VF-A Garnacha 2015 12 48.5 36.0 68.8 19.7 59.9 3.48 54.7 11.2 124.0
MT-Y 2 Tempranillo 2018 0.9 30.2 22.8 33.1 11.0 33.3 3.80 61.7 8.8 57.0
FP-Y Tempranillo 2018 1.8 422 29.5 52.0 15.7 46.7 3.60 46.7 12.8 52.0
BG-Y Garnacha 2018 2.2 52.3 33.7 70.9 20.8 63.1 3.46 50.5 11.2 37.0
RB-Y Garnacha 2018 12 41.6 29.7 59.2 18.0 60.9 3.43 441 3.2 96.0
Rosé VMG-R 3 Garnacha 2018 0.4 60.6 51.2 108.0 26.4 70.4 3.26 11.7 3.84 86.0
wines GF-R G/T/M/C/Sy® 2018 2.1 30.6 25.1 64.1 16.2 47.4 3.15 13.3 5.6 78.0
White VT-W 4 Viura 2018 0.6 52.7 33.1 87.2 214 64.9 3.23 10.7 14.4 115.0
wines VM-W Viura 2018 0.2 41.3 28.0 65.0 16.7 41.6 3.33 7.41 10.4 97.0

TA represents aged red wines and 2'Y means young red wines. 3 R means rosé wine. ¥ W means white wine. 3> G/T/Cr: Grenache-Tempranillo-Carifiena 6 G/T/M/C/ Sy:
Grenache-Tempranillo-Merlot-Cabernet Sauvignon-Syrah. 7 TPI (total polyphenol index).
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Total Strecker aldehydes data before and after oxidation are shown in Table 2. In
Table 3, the Strecker aldehyde accumulation rates for the 12 wines are calculated. These
rates are calculated by normalizing the accumulation of aldehydes by the oxidation time. It
should be noted that the most accumulating wines were also those with the highest pH (3.8)
and correspond to the DM-A and MT-Y reds (Tables 1-3). The levels of 3-methylbutanal
accumulated in the DM-A sample were more than three times higher than those of the next
one, and more than an order of magnitude higher than the average of the other six reds. In
the case of phenylacetaldehyde, the accumulated levels in DM-A were three times higher
than the average of the other three reds. Therefore, as these samples were clearly special,
their weight in data processing will be especially taken into account and they will not be
considered in this section from now on. The most accumulated aldehyde was phenylac-
etaldehyde, with a rate of 1.02 pug/L/day in the case of reds (n = 6) and 0.44 pg/L/day in
whites and rosés. Methional and 3-methylbutanal were the next most accumulated (Table 3).
Methional accumulated at 0.55 pg/L/day in reds (n = 6) and 0.18 ug/L/day in whites
and rosés, and 3-methylbutanal accumulated at 0.54 ug/L/day (n = 6) and 0.12 pug/L/day,
respectively (Table 3). However, there were important differences between these two alde-
hydes, since methional clearly accumulated in all of the wines, while 3-methylbutanal did
not in two reds and one white.

Isobutyraldehyde and 2-methylbutanal were the least accumulated. Isobutyraldehyde
only accumulated (0.21 pg/L/day) in two young red wines (FP-Y and BG-Y), and in whites
and rosés, its average accumulation was significantly negative. 2-Methylbutanal did not
accumulate in whites and rosés, and in reds it accumulated between 0.07 and 0.30 ug/L/day.
Furthermore, it is remarkable that one of the red samples (RB-Y) showed significant negative
accumulations of isobutyraldehyde, 2-methylbutanal and 3-methylbutanal.

The lower accumulation rates found in white and rosé wines were not expected ac-
cording to the hypotheses formulated in previous works [5,23]. Whites and rosés have zero
or negligible amounts of anthocyanin [24], which are the molecules suggested as the main
consumers of aldehydes [5,25] or sacrificial antioxidants [23]. However, a lower number
of phenolic compounds in general could explain a lower amount of Strecker aldehyde
precursor quinones. Furthermore, the most important phenolic compounds in white and
rosé wines are hydroxycinnamic acids, which can act as free radical scavengers [26]. More
studies are needed to elucidate these hypotheses.

It is remarkable that only for reds and without considering DM-A and MT-Y, the
variability between wines is low for methional and phenylacetaldehyde (RSD 29% and
55%, respectively). This could indicate that the pH is one of the causes of the differentiation
obtained in the wines.

2.1. Factors Affecting the Accumulation of Strecker Aldehydes. Discussion of the Main
Correlations Found

Correlations are studied between the accumulation of aldehydes expressed either
as such or normalized by oxidation time or by O;notSO; and various compositional
parameters (initial Fe, TPI, pH, initial free SO;, initial total SO, final total SO,, initial
Strecker aldehydes level, initial Strecker’s amino acid level and increase in these amino
acids in the experiment). Table S1 in Supplementary Materials shows the correlations found
in the 12 wines. Table S2 shows the correlations found with the eight reds. Significant
values with p (t) < 0.05 and checked graphically are considered important.

The most relevant correlations found are shown below, regardless of the way of
expressing the accumulation rates.
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Table 2. Parameters related with the oxidation experiment and levels of total Strecker aldehydes (ug/L) initial and after oxidation process. s: standard deviation

n=2).
5
Code T?;ilg/i?z 028:;82 ODx?gast?(fn Isobutyraldehyde 2-methylbutanal 3-methylbutanal Methional Phenylacetaldehyde
CV-A ! initial 62.8 - - 376 £1.8 832+ 04 274+1.0 31+00 194 £ 0.6
CV-A after oxidation 19.2 27.57 0.8 45.8 375+ 0.6 154+ 0.0* 520+ 1.1* 312+0.6% 594+1.6*
DM-A initial 20.0 - - 295+1.2 70+0.2 157+ 1.1 1.8£0.3 126 £1.1
DM-A after oxidation 11.2 34.48 0.2 23.8 41.8£1.0% 179 £0.2* 1781 +1.0* 713 +02* 188.5 09 *
CL-A initial 81.0 - - 31.7£0.3 5.08 £ 0.1 69.1 + 0.9 2.7+£00 30.7 £ 0.2
CL-A after oxidation 37.6 38.47 0.4 45.8 293+£04* 993 +0.3* 55.0 £ 8.3 281+£04* 63.1+02*
VF-A initial 124 - - 29.0 £ 14 6.79 £ 3.3 43.7 £21.8 49+22 43.6 £19.7
VE-A after oxidation 15.2 22.6 0.8 51.8 314+07 10.6 = 0.0 793+ 1.0 21.8+0.3* 67.0 £0.6
MT-Y 2 initial 57.0 - - 183+ 1.7 43+07 269 +£47 14+£04 129+1.1
MT-Y after oxidation 19.4 33.71 0.4 30.8 311+12* 191+04* 93.8+33* 477 £0.2* 155.0 £ 0.8 *
FP-Y initial 52.0 - - 281+£1.2 524 +0.2 38.8+1.2 24+00 22.3+£0.5
FP-Y after oxidation 25.6 36.5 0.6 38.3 36.2+25 168 £1.1*% 124.6 £ 103 * 365+1.1* 112.0 £ 4.3 *
BG-Y initial 37.0 - - 213+ 0.3 413 +0.1 10.3 £ 0.2 1.4£0.0 11.0 £ 0.0
BG-Y after oxidation 21.6 36.12 0.4 38.8 294+£1.0*% 148 £04* 699 £ 05* 245+0.6% 59.7 £0.6*%
RB-Y initial 96.0 - - 445+ 4.6 199 £22 129.3 £15.2 29+0.0 17.6 £0.3
RB-Y after oxidation 26.9 26.26 0.1 51.8 202+ 0.0* 9.01£0.1* 53.1+1.8* 181 +0.2% 43.6 £09*
VMG-R 2 initial 86.0 - - 217+ 04 6.56 £ 0.0 214 +£0.0 1.4£0.0 87+03
VMG-R after oxidation 40.0 23.65 0.8 51.8 156 £09* 545+ 0.2* 402 £0.6% 84+00* 28.0+£04*
GF-R initial 78.0 - - 24.8 £0.5 418 +£0.2 228 £0.1 1.7 £0.0 78+03
GF-R after oxidation 315 21.51 0.8 53.8 164 +£05* 597 £0.2* 472 £35*% 147 £04* 457 £1.2*
VT-W # initial 115 - - 205+ 1.1 479 £0.1 446 +£34 109 £ 0.0 18.3£0.3
VT-W after oxidation 60.8 13.68 2.5 53.8 13.1+04* 493 £0.1 553+ 15 195£0.1* 29.6 £03*
VM-W initial 97.0 - - 27137 9.53 +£1.3 705+ 54 21+0.0 6.9 + 0.2
VM-W after oxidation 33.1 16.94 1.3 53.8 14.1+0.5 497 £0.2 41.8+£19* 126 £03* 324+04%

1 A represents Aged red wines and 2 Y means Young red wines. 3 R means Rosé wine. * W means White wine. > O,notSO, means the amount of O, consumed not invested in the
oxidation of wine SO,. * represents significant differences between initial and after oxidation (p < 0.05) (Fisher post hoc test).



Molecules 2022, 27, 3056

6 of 13

Table 3. Accumulation rates (ug/L/day) of Strecker aldehydes in the 12 wines after the oxidation
process, considering the days of oxidation (23.9-51.8 days). Average, deviation and RSD (%) of the
whole group and of reds, reds without the wines that have pH 3.8 and W and R wines: whites and
rosés. The results of the analysis of variance ANOVA (p = 0.05) are shown in capital letters. Different
letters indicate significant differences.

Isobutyraldehyde 2-methylbutanal 3-methylbutanal Methional Phenylacetaldehyde
CV-A'l —214 x 1073 0.15 0.55 0.62 0.88
DM-A 0.41 0.37 5.45 2.33 5.90
CL-A —0.04 0.08 —0.22 0.40 0.51
VF-A 0.06 0.07 0.84 0.40 0.55
MT-Y 2 0.34 0.39 1.78 1.23 3.77
FP-Y 0.21 0.30 1.67 0.66 1.75
BG-Y 0.21 0.21 1.17 0.46 0.96
RB-Y —0.49 —0.22 —1.54 0.31 0.53
VMG-R 3 —0.24 —0.04 0.73 0.27 0.75
GF-R —0.25 0.05 0.74 04 1.15
VT-W 4 —0.16 0 0.23 0.19 0.25
VM-W —0.31 —0.11 —0.69 0.25 0.61
Total average —-0.03C 0.10C 0.89 AB 0.63 BC 147 A
s 0.27 0.18 1.72 0.6 1.68
RSD (%) - >100 >100 97 >100
Average red wines 0.07 C 0.16 C 1.21 AB 0.80 BC 1.86 A
s 0.28 0.19 2.03 0.68 1.97
RSD (%) >100 >100 >100 85 >100
o i;%ﬁfi:ﬁﬁsiy —9.70 x 103 B 0.09 B 0.54 AB 0.55 AB 1.02A
s 0.24 0.16 1.15 0.14 0.47
RSD (%) - >100 >100 29 55
Average W and R wines —-024C —0.02 BC 0.12 AB 0.18 AB 0.44 A
s 0.06 0.07 0.67 0.09 0.37
RSD (%) - - >100 32 54

L A represents Aged red wines and 2 Y means Young red wines. 3 R means Rosé wine. * W means White wine.
P g g

2.1.1. Weight of pH in Variability of SA Accumulation Rate

A positive correlation with pH for all Strecker aldehydes, more evident for phenylac-
etaldehyde and methional and more notable for red wines, which showed more diversity
of pHs, was observed. A quadratic trend line is shown in Figure 1a.

Since the correlation was essentially motivated by the two wines with the highest
pH, the influence of pH on the formation of Strecker aldehydes was verified in a synthetic
solution. Model wines containing Strecker amino acids and 4-methylcathecol were tested
at wine pH 4.2, 3.5 and 2.8. These results are shown in Table 4. Significantly, as the
pH increases, more Strecker aldehyde is accumulated in tested synthetic wine, with the
exception of phenylacetaldehyde between pH 4.2 and 3.5. Although in wines the greatest
accumulation was observed in samples with pH values of 3.8, in synthetic solutions,
significant differences were found in the pH range between 2.8 and 3.5. Monforte et al.
observed a greater formation of phenylacetaldehyde in a synthetic medium at 80 °C with
phenylalanine at pH 7, compared to pH 3.4 [20]. The greater abundance of amino acids
and phenols in deprotonated form -and therefore can react more efficiently in less acidic
media has been the hypothesis considered for the greater reactivity of the Strecker reaction.
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80

35 % 70
g 3.0 f 60
= g <0 y=-1.7278x+102.57
g . y =7.6311x2-50.38x +83.297 = R*=0.9096
T » 20 R?=0.8204 g 40
é = 10 2 2 T
2 os 2 w0 .'
§ ¢ 9g...0 2 o
< 0.0 é
3.0 3.2 34 3.6 38 4.0 0 10 20 30 40 50 60
pH Oxidation time (days)
(a) (b)
Figure 1. (a) Correlation between accumulation rate (ug/L/day) of methional and pH. Blue dots
correspond to white and rosé wines. The 8 reds are represented in orange; (b) correlation between
total accumulation (pg/L) of methional and oxidation time. Blue dots correspond to white and rosé
wines. The 8 reds are represented in orange.
Table 4. Averages and standard deviation (1 = 2) of consumed oxygen rate (mg/L/day) and Strecker
aldehydes concentrations (ug/L). Different letters indicate significant differences (p < 0.05) (Fisher
post hoc test).
pH 4.2 pH 3.5 pH 2.8 p
Cons. O, rate a b c
0.68 + 0.02 0.60 £ 0.01 0.53 £ 0.02 0.011
(mg /L/day)
Isobutyraldehyde 1364.2 +4.82 1109.9 + 61.9° 886.0 £52.3°¢ 0.005
2-methylbutanal 1476.8 £35.22 1206.3 +349° 9762 £635¢ 0.004
3-methylbutanal 2833.6+0.12 2009.5 +132.0° 1217.1 £ 122.8€ 0.001
Methional 4286.6 +£150.32 3575.4 + 50.4 ° 3043.3 £2414°¢ 0.011
Phenylacetaldehyde 3026.7 + 78.9 &b 3230.0 £3.32 2845.8 +180.0° 0.094

In addition, in wine there are other causes that can explain the positive correlation
between pH and SA accumulation, based on the reactivity of the polyphenolic material and
aldehydes. On the one hand, at more basic pHs, the reaction of aldehydes with polyphenols
is limited, since it occurs through the carbocation, so the aldehydes will be more stable. In
addition, at less acidic pHs, tannins depolymerize less easily, which could explain a lower
aldehyde-polyphenol reactivity [27]. On the other hand, at more alkaline pHs, aldehydes
are more protected as SO, adducts [24].

2.1.2. Weight of Oxidation Time in Variability of SA Accumulation Rate

A very significant negative correlation between SA formation rate (for any normal-
ization) with oxidation time was observed (Tables S1 and S2). Even the total accumulated
amount of methional was correlated with the oxidation time (Figure 1b). This effect is
difficult to assign to a single cause, or it is even difficult to establish whether it is a di-
rect or indirect effect. The longer time taken to react SA with polyphenols could explain
a direct effect of time. It is remarkable, however, that even the accumulated aldehyde
product x reaction time, which should discount this effect, continues to show a highly
significant negative correlation with time. This indicates that reaction time is not the
only explanation.

Regarding indirect effects, there could be an interaction between the phenolic compo-
sition, the O, consumption rate and the SA accumulation. Higher O, consumption rates,
related to higher amounts of delphinidin [28], Ref. [23] could be associated with quinones
more likely to give the Strecker reaction. Delgado et al. demonstrated under extreme
conditions (1 h, 180 °C) that polyphenols with hydroxyl groups in the ortho position (as
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delphinidin) favored the formation of phenylacetaldehyde [4]. However, reconstituted
wines, which rapidly consumed oxygen due to their high levels of highly antioxidant antho-
cyanins (dephinidin), produced small amounts of Strecker aldehydes [23]. The explanation
was that these phenols act as oxygen consumers, but not as precursors of the quinones
prone to the Strecker reaction, since they are unstable quinones.

This could also be an effect indirectly associated with pH, since there was a clear
positive correlation between the O, consumption rate and pH, as seen in Figure 2. The
correlation shown in Figure 2 is lower than the one between aldehyde content and oxidation
time. However, in model wines, it was found that (p = 0.011) at pH 4.2, oxygen is consumed
significantly faster than at pH 3.5, and at the latter pH, faster than at pH 2.8 (Table 4).
Oxidation is more favored in more alkaline media, since electron transfer takes place from
the phenolate anions [20,29].

60
—_ ®..0,.90
g 50 | JARALCTIN
©
—
. 40
£
= 30
& -~
.g 20 y =-59.587x%+376.32x- 540.58
g R?=0.8167
P 10

0

3.0 3.2 3.4 3.6 3.8 4.0
pH

Figure 2. Correlation between oxidation time and pH. Blue dots correspond to white and rosé wines.
The 8 reds are represented in orange.

2.1.3. Weight of Initial SA Level in Variability of SA Accumulation Rate

Negative and significant correlations have been found (for eight red wines) between
the accumulation rate of isobutyraldehyde (R = —0.80 p = 1.91 x 10~3), 3-methylbutanal
(R=—0.67 p = 1.66 x 1072) (also normalized to O,notSO,, R = —0.87 p = 2.23 x 107%)
and 2-methylbutanal (R = —0.77 p = 3.17 x 10~3) with respect to the initial levels of
these aldehydes. The correlation was found in red, white and rosé wines, but considered
separately, as seen in Figure 3 for isobutyraldehyde. High levels of aldehydes could
be associated with unreactive polyphenolic composition (with respect to the aldehyde-
polyphenol reaction), but this would explain a positive correlation, as found for older
wines by Bueno et al. [5]. To explain the negative correlation, it could be thought that
there was a certain isobutyraldehyde concentration from which this aldehyde became
very reactive. This would explain why the three red wines with the highest levels of
isobutyraldehyde had negative accumulation coefficients. From these concentrations,
the aldehyde-polyphenolic material reactivity would be very high and accelerated by
the disappearance of the protective SO, (low isobutyraldehyde- SO, adduct formation
constant) [30].

Additionally, the positive correlations between the accumulation rates of methional
and phenylacetaldehyde and the added levels of methionine and phenylalanine (R = 0.75
p=5.09 x 1072 and R = 0.74 p = 5.80 x 1073, respectively) were significant (Figure 4 for
methional). Considering only the eight red wines, the correlation between the accumulation
rate of methional and phenylacetaldehyde per unit of O,notSO, and the added levels of
methionine and phenylalanine, respectively, improved (R =0.90 p = 6.18 x 107> and R = 0.96
p =5.66 x 1077, respectively). This could suggest that the added amino acid was more
reactive than that present or native in the samples, perhaps because the native amino acids
form some slow and reversible interactions with other wine components and therefore
they have lower reactivity than added amino acids. The native aldehydes could be the
components with which the amino acids could establish interactions. The causality found



Molecules 2022, 27, 3056

90f13

should be studied, since according to the bibliographic study, there is no clear evidence
that amino acids can form strong interactions. In addition, the correlation was highly
mediated by the two wines with higher formation rates (higher pH). If these two wines
were excluded, the correlation would disappear completely (Figure 4).

0.6

Q

0.4

y =-0.0293x+0.9875
R*=0.6364

(ng/L/day)
(@]

0 10 20 309 . 40 50
o
-0.2
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3. Materials and Methods
3.1. Solvents and Chemicals

Sodium hydrogencarbonate, sulphuric acid (96%), ortho phosphoric acid (85%), hy-
drogen peroxide 3% stabilized w/v VINIKIT, indicator 4,4, mixed (methyl red-methylene
blue) VINIKIT, and sodium hydroxide 0.01 molL~! VINIKIT were from Panreac (Barcelona,
Spain). L(+)-tartaric acid (99%), glycerol (99.5%), iron (II) chloride tetrahydrate (>99%),
manganese (II) choride tetrahydrate (>99%), copper (I) chloride (99.9%), L-leucine (Leu)
(>98%), L-isoleucine (Ile) (>98%), D-valine (Val) (>98%), L-phenylalanine (Phe) (>98%),
D-methionine (Met) (>98%) and 4-methylcatechol (4m-catol) (>95%) were from Sigma-
Aldrich Madrid, Spain. Isolute ENV+sorbent, 1 mL cartridges, PTFE frits and ethanol were
purchased from Merck (Darmstadt, Germany). Sodium hydroxide 99% was purchased
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from Scharlab (Sentmenat, Spain). Isobutyraldehyde (99%), 2-methylbutanal (95%), pheny-
lacetaldehyde (95%) and methional (98%), 2-methylpentanal (98%), 3-methylpentanal (97%)
and O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA 98%) were sup-
plied by Merck USA. Phenylacetaldehyde-d2 (95%) and methional-d2 were purchased
from Eptes (Vevey, Switzerland). Water was purified in a Milli-Q system from Millipore
(Bedford, Germany).

3.2. Samples and Oxidation Procedure
3.2.1. Commercial Wines

Wines used in this experiment were all commercial, and their characteristics appear
in Table 1. The pH value was determined by the potentiometric method [31], the free and
total SO, was determined by the Rankine method following the recommendations of the
OIV [32], and the total polyphenol index (TPI) was determine by spectrophotometric mea-
surement at 280 nm as described by Ribéreau-Gayon et al. [31]. Iron was also determined
by ICP-MS following the procedure described by Grindlay et al. [33]. The determination of
valine, methionine, isoleucine, leucine and phenylalanine was carried out according to the
method reported by Hernandez-Orte et al. [34].

Afterwards, each wine was introduced into the oxygen-free chamber where its iron
and Strecker amino acids levels were corrected, adding the necessary amount to bring them
in all cases to the maximum level found in the set of samples Table 1. The maximum values
were 2.16 mgL~! of Fe, 68.9 mgL~! of valine, 51.2 mgL~! of isoleucine, 108.4 mgL~! of
leucine, 26.4 mgL~! of methionine and 70.4 mgL~! of phenylalanine. Wines were removed
one by one and filtered through amicrobic filters of 73 mm diameter and 0.22 um pore size
(MERK, REF: SCGP U02 RE, Damrstadt, Germany)). Once filtered, wines were saturated
with air and placed in screw-cap vials of 60 mL with the headspace adjusted to the volume
strictly necessary to contain the level of O, required to oxidize all of the SO, contained in
that wine plus 35 mgL !, as described in Marrufo-Curtido et al. [35]. The stoichiometrically
required amount of oxygen to oxidize the SO, was calculated from total SO, after oxidation,
as shown in Table 2, and hence the O;notSO, that would have been invested in producing
Strecker aldehydes. For each wine, two independent vials were prepared with SPT3 sensors
(Nomacorc SA, Thimister-Clermont, Belgium) and incubated at 35 °C in a water bath
with orbital shaking at 90 rpm “Grant OLS23” (Grant Instruments Ltd., Cambridge, UK).
Dissolved oxygen levels were measured twice a day for the first week and then once a day
until the end of oxidation (at which point each tube had consumed 95% of the available
oxygen or after a maximum of 54 days of oxidation).

Once the oxidation was finished, for each vial, the total Strecker aldehydes were
analyzed [36] and total SO, by Rankine [32].

3.2.2. Synthetic Wines

Water containing 5 g/L of tartaric acid was spiked with glycerol (5 g/L), FeCl,-4 H,O,
(6 mg/L Fe), MnCl,-4 H,O (0.2 mg/L Mn) and CuCl (0.2 mg/L Cu) to form three synthetic
wines containing 12% (v/v) ethanol [21,37]. After this, synthetic wines were spiked with
1 mM of Leu, 1 mM of Ile, 1 mM of Val, 1 mM of Phe, 1 mM of Met and 1 mM of 4m-catol.
The first synthetic wine was adjusted to pH 4.2, the second one was adjusted to pH 3.5,
and the last one was adjusted to pH 2.8. Two blanks adjusted to pH 3.5 were prepared,
one with only amino acids and the other with only 4m-catol. Synthetic wines and blanks
were saturated with air and placed in vials of 12 mL with the headspace adjusted to the
volume strictly necessary to contain 20 mgL~! of O, according to the method reported
by Marrufo-Curtido et al. [35]. For each synthetic wine and blanks, two independent
vials were prepared with SPT3 sensors (Nomacorc SA, Thimister-Clermont, Belgium) and
incubated at 35 °C, with agitation. Dissolved oxygen levels were measured once a day,
until the end of oxidation (30 days of oxidation). Once the oxidation was finished, for each
vial the total Strecker aldehydes were analyzed [36] and the consumed O, rate calculated.
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3.3. Strecker Aldehydes Determination

The determination of total Strecker aldehydes (isobutyraldehyde, 2-methylbutanal,
3-metylbutanal, methional and phenylacetaldehyde) in wine is described in the method pro-
posed by Castejon-Musulén et al. [36]. This method is based on analyzing SO,-bonded alde-
hydes in wine using O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA), obtaining
the corresponding oximes of each analyte, which will be extracted by solid phase extraction
(SPE) and further quantified by gas chromatography coupled to mass spectrometry.

3.3.1. Chromatographic System

A Shimadzu GC-2010 chromatograph was used, with a SPL1 injector splitless mode
with a DB-WAX ETR column (30 m x 0.25 mm x 0.5 um). As a detector, a Shimadzu
GCMS-QP 2010 quadrupole was used, and as automatic injector, the Shimadzu AOC-
5000 was selected. The quantification ion for isobutyraldehyde was 250 (1m/z), that for
2-methylbutanal was 239 (m/z), for 3-metylbutanal it was 239 (m/z), for methional it was
299 (m/z) and for phenylacetaldehyde it was 297 (m/z).

3.3.2. Chromatographic Conditions

The flow through the column was 1.26 mL/min, with a linear velocity of 40.5 cm/s and
a purge of 1.0 mL/min, using helium as carrier gas. The temperature program was 40 °C
for 4 min followed by a ramp of 10 °C/min until reaching 250 °C, which is maintained for
5 min. Three microliters of the sample was injected using a pressure pulse of 300 kPa. The
injector was kept at 250 °C for 1.5 min.

3.3.3. Experimental Procedure

Twelve milliliters of a wine sample spiked with 30 uL of standard internal disso-
lution: deuterated methional, deuterated phenylacetaldehyde, 2-methylpentanal and
3-methylpentanal (50 pg/L) was transferred to a vial inside an oxygen free chamber
from Jacomex (Dagneux, France). Then, the sample was incubated at 50 °C for 6 h in
order to equilibrate the matrix, thereby ensuring that all the adducts (SO;-aldehyde) and
(polyphenol-aldehyde) can be established. The next step consisted of adding 360 puL of
PFBHA (0.3 g/L) as the derivatized agent and incubated for 12 h at 35 °C. After this time,
the vials were removed from the oven. For each vial, a 1 mL capacity cartridge containing
30 mg of LiChrolut® was prepared. Ten milliliters of the sample was added to the car-
tridge, then 10 mL of the wash solution was added (water/methanol solution at 60 (v/v) in
methanol and 1% (m/m) in sodium hydrogen carbonate). Finally, each cartridge previously
dried was eluted with 1.2 mL of hexane. The quantification method was the response factor
obtained with known concentrations in the same matrices

3.4. Data Treatment and Statistical Analysis

Correlation studies and one-factor analysis of variance (ANOVA) were carried out
with Excel 2016 (Microsoft, Washington, DC, USA). For significant effects, Fischer post hoc
pairwise comparison (95%) tests were performed.

4. Conclusions

Remarkably, most of the observed differences can be attributed to three factors: the
pH, the time required by each wine to consume all of the O, delivered (oxidation time)
and native levels of Strecker aldehydes. Initial levels of Strecker aldehydes could be
associated with polyphenol profile. The influence of pH was particularly intense in the
cases of phenylacetaldehyde and methional, while the oxidation time was more important
for isobutyraldehyde and 2 and 3-methylbutanals. An independent test using synthetic
wines was carried out in order to verify the higher pH value, the greater accumulation in
Strecker aldehydes. Given that pH and oxidation time are both related to the stability of the
aldehydes in the medium and that pH is also likely associated with the Strecker degradation
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kinetics, the results strongly suggest that the role played by pH in the accumulation of
aldehydes is very important.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules27103056/s1: Table S1: Correlations between all the vari-
ables and the different ways of expressing the accumulation for all the wines. Significant values
with p (t) < 0.05 highlighted in bold and checked graphically. Table S2: Correlations between all the
variables and the different ways of expressing the accumulation for red wines. Significant values
with p (t) < 0.05 highlighted in bold and checked graphically.

Author Contributions: Conceptualization, A.E. and V.F,; methodology, A.M.-C.; software, A.M.-C.
and A.E.; formal analysis, A.M.-C.; investigation, A.M.-C. and A.E.; writing—original draft prepara-
tion, A.M.-C.; writing—review and editing, A.E. and V.F,; supervision, V.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This work has been funded by the Spanish MINECO (Project AGL2017-87373-C3-1-R, RTC-
2016-4935-2 and RTC-2017-6360-2) and partly co-funded by the European Union (FEDER). AM-C
received a grant from the Spanish FPI programs. Funding from Diputacién General de Aragén (T53)
and Fondo Social Europeo is acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Funding from Diputaciéon General de Aragoén (T53) and Fondo Social Europeo is
acknowledged. The authors would like to acknowledge the use of Servicio General de Apoyo a la
Investigacion-SAI, Universidad de Zaragoza.

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

Sample Availability: Not applicable.

References

1. Strecker, A. On a peculiar oxidation by alloxan. Justus Liebigs Ann. Chem. 1862, 123, 363-367.

2. Rizzi, G.P. The strecker degradation of amino acids: Newer avenues for flavor formation. Food Rev. Int. 2008, 24, 416-435.
[CrossRef]

3. Saijo, R.; Takeo, T. The Formation of Aldehydes from Amino Acids by Tea Leaves Extracts. Agric. Biol. Chem. 1970, 34, 227-233.
[CrossRef]

4. Delgado, R. Contribution of Phenolic Compounds to Food Flavors: Strecker-Type Degradation of Amines and Amino Acids
Produced by o- and p-Diphenols. ]. Agric. Food Chem. 2014, 63, 312-318. [CrossRef]

5. Bueno, M.; Marrufo-Curtido, A.; Carrascon, V.; Fernandez-Zurbano, P.; Escudero, A.; Ferreira, V. Formation and Accumulation of
Acetaldehyde and Strecker Aldehydes during Red Wine Oxidation. Front. Chem. 2018, 6, 20. [CrossRef]

6. Bueno, M.; Carrascon, V.; Ferreira, V. Release and Formation of Oxidation-Related Aldehydes during Wine Oxidation. J. Agric.
Food Chem. 2016, 64, 608-617. [CrossRef]

7. Wildenra, H.1; Singleto, V.1. Production of aldehydes as a result of oxidation of polyphenolic compounds and its relation to wine
aging. Am. J. Enol. Vitic. 1974, 25, 119-126.

8. Hashimoto, N. Oxidation of higher alcohols by melanoidins in beer. J. Inst. Brew. 1972, 78, 43-51. [CrossRef]

9.  Escudero, A.; Hernandez-Orte, P.; Cacho, J.; Ferreira, V. Clues about the role of methional as character impact odorant of some
oxidized wines. . Agric. Food Chem. 2000, 48, 4268-4272. [CrossRef]

10. Grant-Preece, P; Fang, H.]J.; Schmidtke, L.M.; Clark, A.C. Sensorially important aldehyde production from amino acids in model
wine systems: Impact of ascorbic acid, erythorbic acid, glutathione and sulphur dioxide. Food Chem. 2013, 141, 304-312. [CrossRef]

11.  Peterson, A.L.; Waterhouse, A.L. H-1 NMR: A Novel Approach To Determining the Thermodynamic Properties of Acetaldehyde
Condensation Reactions with Glycerol, (+)-Catechin, and Glutathione in Model Wine. J. Agric. Food Chem. 2016, 64, 6869-6878.
[CrossRef] [PubMed]

12.  Bueno, M.; Zapata, J.; Ferreira, V. Simultaneous determination of free and bonded forms of odor-active carbonyls in wine using a
headspace solid phase microextraction strategy. . Chromatogr. A 2014, 1369, 33-42. [CrossRef] [PubMed]

13. Escott, C.; Morata, A.; Zamora, F; Loira, I; del Fresno, ].M.; Suarez-Lepe, J.A. Study of the Interaction of Anthocyanins with
Phenolic Aldehydes in a Model Wine Solution. Acs Omega 2018, 3, 15575-15581. [CrossRef] [PubMed]

14. DPissarra, J.; Mateus, N.; Rivas-Gonzalo, J.; Santos Buelga, C.; De Freitas, V. Reaction Between Malvidin 3-Glucoside and(+)-

Catechin in Model Solutions Containing Different Aldehydes. J. Food Sci. 2003, 68, 476—481. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27103056/s1
https://www.mdpi.com/article/10.3390/molecules27103056/s1
http://doi.org/10.1080/87559120802306058
http://doi.org/10.1271/bbb1961.34.227
http://doi.org/10.1021/jf5047317
http://doi.org/10.3389/fchem.2018.00020
http://doi.org/10.1021/acs.jafc.5b04634
http://doi.org/10.1002/j.2050-0416.1972.tb03428.x
http://doi.org/10.1021/jf991177j
http://doi.org/10.1016/j.foodchem.2013.02.100
http://doi.org/10.1021/acs.jafc.6b02077
http://www.ncbi.nlm.nih.gov/pubmed/27580067
http://doi.org/10.1016/j.chroma.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25441069
http://doi.org/10.1021/acsomega.8b01828
http://www.ncbi.nlm.nih.gov/pubmed/31458213
http://doi.org/10.1111/j.1365-2621.2003.tb05697.x

Molecules 2022, 27, 3056 13 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Timberlake, C.F; Bridle, P. Interactions between anthocyanins, phenolic compounds, and acetaldehyde and their significance in
red wines. Am. J. Enol. Vitic. 1976, 27, 97-105.

Pissarra, ].; Lourenco, S.; Gonzalez-Paramas, A.M.; Mateus, N.; Buelga, C.S ; Silva, A.M.S.; De Freitas, V. Structural characterization
of new malvidin 3-glucoside-catechin aryl/alkyl-linked pigments. J. Agric. Food Chem. 2004, 52, 5519-5526. [CrossRef]

Pissarra, ].; Lourenco, S.; Gonzalez-Paramas, A.M.; Mateus, N.; Buelga, C.S.; Silva, A.M.S.; De Freitas, V. Isolation and structural
characterization of new anthocyanin-alkyl-catechin pigments. Food Chem. 2005, 90, 81-87. [CrossRef]

Pissarra, J.; Lourenco, S.; Gonzalez-Paramas, A.M.; Mateus, N.; Santos-Buelga, C.; De Freitas, V. Formation of new anthocyanin-
alkyl/aryl-flavanol pigments in model solutions. Anal. Chim. Acta 2004, 513, 215-221. [CrossRef]

Pissarra, ].I.; Lourenco, S.; Machado, ] M.; Mateus, N.; Guimaraens, D.; de Freitas, V. Contribution and importance of wine spirit
to the port wine final quality - initial approach. J. Sci. Food Agric. 2005, 85, 1091-1097. [CrossRef]

Monforte, A.R.; Martins, S.; Ferreira, A.C.S. Strecker Aldehyde Formation in Wine: New Insights into the Role of Gallic Acid,
Glucose, and Metals in Phenylacetaldehyde Formation. J. Agric. Food Chem. 2018, 66, 2459-2466. [CrossRef]

Oliveira, C.M.; Santos, S.A.O; Silvestre, A.].D.; Barros, A.S.; Ferreira, A.C.S.; Silva, A.M.S. Quinones as Strecker degradation
reagents in wine oxidation processes. Food Chem. 2017, 228, 618-624. [CrossRef]

Monforte, A.R.; Oliveira, C.; Martins, S.; Ferreira, A.C.S. Response surface methodology: A tool to minimize aldehydes formation
and oxygen consumption in wine model system. Food Chem. 2019, 283, 559-565. [CrossRef]

Bueno-Aventin, E.; Escudero, A.; Fernandez-Zurbano, P; Ferreira, V. Role of Grape-Extractable Polyphenols in the Generation of
Strecker Aldehydes and in the Instability of Polyfunctional Mercaptans during Model Wine Oxidation. J. Agric. Food Chem. 2021,
69, 15290-15300. [CrossRef] [PubMed]

Waterhouse, A.L.; Sacks, G.L.; Jeffery, D.W. Understanding Wine Chemistry; John Wiley & Sons Ltd.: Chichester, UK,
2016; pp. 1-443.

Marrufo-Curtido, A.; de-la-Fuente-Blanco, A.; Sdenz-Navajas, M.-P,; Ferreira, V.; Bueno, M.; Escudero, A. Sensory Relevance of
Strecker Aldehydes inWines. Preliminary Studies of Its Removal with Different Type of Resins. Foods 2021, 10, 1711. [CrossRef]
[PubMed]

Gislason, N.E.; Currie, B.L.; Waterhouse, A.L. Novel Antioxidant Reactions of Cinnamates in Wine. J. Agric. Food Chem. 2011,
59, 6221-6226. [CrossRef] [PubMed]

McRae, ].M.; Kassara, S.; Kennedy, J.A.; Waters, E.J.; Smith, P.A. Effect of Wine pH and Bottle Closure on Tannins. J. Agric. Food
Chem. 2013, 61, 11618-11627. [CrossRef] [PubMed]

Ferreira; 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. |. Agric. Food Chem. 2015, 63, 10928-10937. [CrossRef]
Danilewicz, J.C. Review of reaction mechanisms of oxygen and proposed intermediate reduction products in wine: Central role
of iron and copper. Am. J. Enol. Vitic. 2003, 54, 73-85.

Bueno, M.; Cullere, L.; Cacho, J.; Ferreira, V. Chemical and sensory characterization of oxidative behavior in different wines. Food
Res. Int. 2010, 43, 1423-1428. [CrossRef]

Ribéreau-Gayon, P.; Glories, Y.; Maujean, A.; Dubourdieu, D. Handbook of Enology. Volume 2. The Chemistry of Wine Stabilization and
Treatments, New York ed.; John Wiley & Sons: Chichester, UK, 2006; Volume 2.

O1V, OIV-MA-AS323-04A Sulphur Dioxide. Compendium of International Methods of Analysis. 2009. Available online:
https:/ /www.oiv.int/public/medias /2584 / oiv-ma-as323-05.pdf (accessed on 13 April 2022).

Grindlay, G.; Mora, J.; de Loos-Vollebregt, M.T.C.; Vanhaecke, F. Evaluation of the multi-element capabilities of collision/reaction
cell inductively coupled plasma-mass spectrometry in wine analysis. Talanta 2014, 128, 379-385. [CrossRef]

Hernandez-Orte, P.; Ibarz, M.].; Cacho, J.; Ferreira, V. Amino acid determination in grape juices and wines by HPLC using a
modification of the 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) method. Chromatographia 2003, 58, 29-35.
Marrufo-Curtido, A.; Carrascon, V.; Bueno, M.; Ferreira, V.; Escudero, A. A procedure for the measurement of Oxygen Consump-
tion Rates (OCRs) in red wines and some observations about the influence of wine initial chemical composition. Food Cherm. 2018,
248, 37-45. [CrossRef] [PubMed]

Castejon, O. Desarrollo, validacion e implementacion de un procedimiento normalizado para analsis de aldehidos en vino
mediante GC-MS. TFM Universidad Zaragoza 2019, 1, 1423-1428.

Danilewicz, ].C.; Wallbridge, P.J. Further Studies on the Mechanism of Interaction of Polyphenols, Oxygen, and Sulfite in Wine.
Am. ]. Enol. Vitic. 2010, 61, 166-175.


http://doi.org/10.1021/jf0494433
http://doi.org/10.1016/j.foodchem.2004.03.027
http://doi.org/10.1016/j.aca.2003.09.039
http://doi.org/10.1002/jsfa.2070
http://doi.org/10.1021/acs.jafc.7b00264
http://doi.org/10.1016/j.foodchem.2017.02.034
http://doi.org/10.1016/j.foodchem.2019.01.063
http://doi.org/10.1021/acs.jafc.1c05880
http://www.ncbi.nlm.nih.gov/pubmed/34894689
http://doi.org/10.3390/foods10081711
http://www.ncbi.nlm.nih.gov/pubmed/34441492
http://doi.org/10.1021/jf200115y
http://www.ncbi.nlm.nih.gov/pubmed/21561133
http://doi.org/10.1021/jf403704f
http://www.ncbi.nlm.nih.gov/pubmed/24195587
http://doi.org/10.1021/acs.jafc.5b02988
http://doi.org/10.1016/j.foodres.2010.04.003
https://www.oiv.int/public/medias/2584/oiv-ma-as323-05.pdf
http://doi.org/10.1016/j.talanta.2014.05.008
http://doi.org/10.1016/j.foodchem.2017.12.028
http://www.ncbi.nlm.nih.gov/pubmed/29329868

	Introduction 
	Results and Discussion 
	Factors Affecting the Accumulation of Strecker Aldehydes. Discussion of the Main Correlations Found 
	Weight of pH in Variability of SA Accumulation Rate 
	Weight of Oxidation Time in Variability of SA Accumulation Rate 
	Weight of Initial SA Level in Variability of SA Accumulation Rate 


	Materials and Methods 
	Solvents and Chemicals 
	Samples and Oxidation Procedure 
	Commercial Wines 
	Synthetic Wines 

	Strecker Aldehydes Determination 
	Chromatographic System 
	Chromatographic Conditions 
	Experimental Procedure 

	Data Treatment and Statistical Analysis 

	Conclusions 
	References

