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ABSTRACT

Six Spanish wines with different wine-making styles were completely dearomatised and later 
reconstituted to their original volume with a standard volatile solution containing 15 wine 
aroma compounds with broad differences in physicochemical characteristics. The headspace 
composition of the reconstituted wines was evaluated using an automated dynamic headspace 
(DHS) method combined with thermal desorption (TD) and gas chromatography–mass 
spectrometry (GC–MS). This method provides a snapshot of the volatile profiles transferred to 
the headspace in non-equilibrium conditions. The results showed that the non-volatile matrix of 
the wine significantly affected the transference to the headspace of the 15 aroma compounds. 
Differences between wines for butanoic and hexanoic acids, DMS and vanillin are above 
factors 5, 4 or 3, respectively, while for ethyl acetate, ethyl decanoate, 3-methylbutan-1-ol, 
2-phenylethan-1-ol or 4-ethylphenol are close to a factor 2. Only ethyl butanoate was uniformly 
transferred. The release of DMS was related to copper levels, while pH explained part of the 
release of fatty acids. However, most effects of volatility are difficult to explain. Results strongly 
indicate that a sample-specific correction for volatility is required to interpret the sensory effects 
of aroma volatiles.
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INTRODUCTION

Wine aroma is one of the most important characteristics of 
wine that determines consumer appreciation. Therefore, much 
of the literature since the early 1970s has been devoted to the 
identification and quantification of volatile components to 
understand their contribution to wine aroma. However, more 
recent research has focused on the fact that many odorants may 
be involved in complex physicochemical interactions with 
wine matrix components (Pozo-Bayón & Reineccius, 2009). 
Such volatile matrix interactions would determine the 
proportion of aroma compounds in the liquid phase that 
are effectively released into the headspace. This means that 
the same aroma composition in two different wines could 
potentially produce a misinterpretation of the sensory impact 
owing to large differences in their specific volatilities and 
concentrations in the headspace.

Numerous studies have investigated the influence of 
wine matrix components and volatile compounds. The 
suppressive effect of polyphenolic compounds on wine 
odorant release has been explained in terms of π–π 
interactions and hydrophobicity, but as reviewed recently 
(Pittari et al., 2021), they are not sufficient to explain all 
observed phenomena, for example, salting-out effects 
(Mitropoulou et al., 2011). Molecular interactions of 

polysaccharides with wine odorants have also been studied, 
with particular attention to the influence of mannoproteins 
(Jones-Moore et al., 2022). Retention effects related to 
the protein portion of the polysaccharide combined with 
the hydrophobicity of the aroma compound seem to be the 
driving factors that influence volatility (Lubbers et al., 1994). 
Recently, it has also been shown that amino acids can interact 
with wine volatiles to influence the flavour of red wine 
(Espinase Nandorfy et al., 2022). Other matrix compounds 
can act as “aroma-binders” exerting strong retention 
effects. This is the case for sulfur dioxide, which can form 
adducts with carbonyl aroma compounds, such as aldehydes 
(Daniel et al., 2004; de Azevedo et al., 2007), or cations such 
as Cu2+, that can complex volatile sulfur compounds (Franco-
Luesma & Ferreira, 2014). Finally, the ethanol content can 
affect the behaviour of aroma compounds by decreasing their 
volatility (Conner et al., 1998) or by other physicochemical 
effects (Aznar et al., 2004).

Most of the aforementioned studies have been carried 
out using model solutions that allow the estimation of the 
influence of individual compounds or specific families on 
odorant release. However, wine is a complex matrix and this 
simplified approach, although very useful, does not cover 
higher-order interactions between wine components and 
aroma compounds. Therefore, several studies have addressed 

TABLE 1. Compounds in the standard aroma mixture, log P and concentration in the reconstituted wines.

Compound Log P Boiling point (°C) Concentration (mg/L) Aroma vector

Dimethyl sulfide 0.92 37 0.05 Spice woody

Ethyl acetate 0.73 77 27.5 Alcoholic solvent

Ethyl butanoate 1.85 121 0.85 Fruity

Ethyl hexanoate 2.83 168 0.79 Fruity

Ethyl decanoate 4.79 245 1.00 Fruity

Linalool 2.97 198 0.73 Flowery

3-methylbutan-1-ol 1.16 131 238 Alcoholic solvent

2-phenylethan-1-ol 1.36 225 50.3 Alcoholic solvent

3-hydroxybutan-2-one –0.36 146 0.99 Lactic acid

β-Damascenone 4.21 275 0.53 Fruity

Butanoic acid 0.79 164 0.91 Lactic acid

Hexanoic acid 1.92 205 3.69 Lactic acid

(E)-whisky lactone 2.00 238 0.84 Spice woody

4-Ethylphenol 2.58 218 0.89 Animal leather

Vanillin 1.21 285 0.89 Spice woody
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this problem by studying the influence of real wines with 
different compositional profiles on volatiles. One well-known 
study is that of Sáenz-Navajas et al. (2010), who swapped 
the volatile and non-volatile fractions of six different wines. 
Surprisingly, they demonstrated that a red wine matrix was 
able to make a white wine aroma fraction smell similar to 
red wine and vice versa. Rodríguez-Bencomo et al. (2011) 
worked with a deodorised non-volatile matrix of five different 
wines to which volatile compounds were added at different 
concentrations. Compared with a control model wine 
without non-volatile components, they observed retention 
effects for some compounds that were more pronounced in 
a reconstituted sparkling wine. They also found a salting-out 
effect for more polar or highly volatile compounds in aged 
red and sweet wines. Zapata et al. (2012) found significant 
differences in the relative volatilities of 15 out of 20 odorants 
in 20 wines of different styles. Wen et al. (2018) studied the 
evolution of the headspace composition above 4 different 
wines observing that release trends for some compounds 
were significantly related to the wine.

Despite all the published literature, the understanding of the 
influence of the matrix on the sensory perception of wine 
flavour is still far from complete. Therefore, this study aimed 
to measure the influence of the non-volatile matrix of real wine 
styles on the release of typical wine odorants. The strategy 
to evaluate this influence would be the use of a previously 
developed DHS–TD–GC–MS method (Wen et al., 2018) 
capable of providing a snapshot of the contents in wine 
vapours. However, instead of studying the original wines, 
the current study was carried out on reconstitutions made 
of deodorised non-volatile matrices and a common standard 
liquid odorant composition.

MATERIALS AND METHODS

1. Reagents and chemicals
Ethanol and dichloromethane were supplied by Merck 
(Darmstadt, Germany), while tartaric acid 99 % was obtained 
from Panreac (Barcelona, Spain). The internal standards 
(methyl 2-methylbutanoate, 2,6-dichloroanisole) were 
obtained from Sigma-Aldrich (Madrid, Spain). The standard 
compounds listed in Table 1 with purity above 98 % in all cases 
were purchased from Sigma-Aldrich (Steinheim, Germany), 
Fluka (Buchs, Switzerland) and Panreac (Barcelona, 
Spain). These aroma compounds were mixed together and 
added to the wine reconstitutions at typical concentration 
ranges detected in Spanish commercial wines (San 
Juan et al., 2012) (Table 1).

2. Wine samples
A set of six Spanish wines with different wine-making styles 
and marked sensory differences were selected, all but one 
were commercially available. The wines were a 2-year-old 
Macabeo white wine fermented in stainless steel vats (YW); 
a 2-year-old Chardonnay white wine fermented and aged in 
an oak barrel under its lees (CB); a one-year-old Garnacha 
red wine with a light body from D.O. Cariñena (YR); 
a five-year-old Tempranillo Reserva red wine from 

D.O. Ribera del Duero (24 months in oak barrel) (PE); a six-
year-old Tempranillo Reserva red wine from D.O.C. La Rioja 
(12 months in oak barrel) (CU). A non-commercial pressed 
red wine was selected due to its intense astringency (PR). 
Moreover, a synthetic wine (SY) was prepared with 12 % 
vol of ethanol, and 5 g/L of tartaric acid, adjusted to pH 3.4 
with 1 M NaOH.

3. Sample preparation
The non-volatile matrices were prepared as described 
in the previous works of our laboratory with slight 
modifications (De-La-Fuente-Blanco et al., 2016; Sáenz-
Navajas et al., 2010). Briefly, a 250 mL sample of each wine 
was poured into a 500 mL rounded flask to remove ethanol 
and major volatile compounds by a rotary evaporator at 
24 °C for 30 min. The distilled sample was frozen at –20 °C 
and then was further lyophilised by a LyoQuest 85 freeze 
dryer system (Telstar, Tarrasa, Spain). The resulting syrup 
was re-dissolved in 20 mL of hydro-alcoholic solution 
(12 % vol of ethanol). Finally, three successive liquid–
liquid extractions by dichloromethane were applied to 
achieve the complete elimination of all odour compounds. 
After removing the remained solvent by the rotary 
evaporator, the obtained liquid was re-dissolved in 250 mL 
of synthetic wine to its initial volume and analysed by the  
DHS–TD–GC–MS method mentioned in section 5 to 
estimate the volatile elimination efficiency and the absence 
of dichloromethane. After that, each of the deodorised wine 
matrices was spiked with the corresponding amount of aroma 
compounds (Table 1) to reconstitute six wine models that 
contained the same concentration of aroma compounds but 
different non-volatile matrices. A synthetic wine model was 
also prepared in the same way.

4. Wine analysis
The free and total sulfur dioxide of each reconstituted wine 
was determined by the Rankine method recommended 
by OIV (International Organization of Vine and Wine) 
(OIV, 2009). Total polyphenol index (TPI) was estimated 
as absorbance at 280 nm by a UV-VIS spectrophotometer 
UV-17000 Pharma Spec (Shimadzu, Japan) 
(Ribéreau-Gayon et al., 2006). Total acidity was measured by 
titration with 0.1 M NaOH. The non-volatile matrices were 
weighted after lyophilisation. Copper, iron, manganese and 
zinc were analysed by Inductively Coupled Plasma–Mass 
Spectrometry (Vela et al., 2017).

5. Headspace analysis
The headspace composition of each of the six reconstituted 
wines and the synthetic wine was analysed in triplicate 
by a previously validated DHS–TD–GC–MS method 
(Wen et al., 2018). Five mL of sample were pipetted into a 
20 mL standard headspace vial, then 20 μL of the internal 
standard solution (containing methyl 2-methylbutyrate and 
2,6-dichloroanisole) were added to reach a concentration 
level of 200 μg/L. The vial was then closed and placed in the 
Gerstel MPS2 auto-sampler (Mülheiman der Ruhr, Denmark) 
where the DHS sampling was automatically carried out 
under the conditions detailed in Table 2. Samples were 
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subjected to an incubation time of 5 minutes at 30 °C before 
headspace analysis. Thermal desorption and cryo-focusing 
were carried out using a Thermo Desorption Unit (TDU) and 
Cooling Injection System (CIS4) also supplied by Gerstel. 
Solvent venting mode was used to perform the desorption. 
Detailed experimental conditions are shown in Table 2.

Gas chromatography–mass spectrometry analysis was 
performed with a 7890 Agilent GC system coupled 
with a 5975C Agilent quadrupole mass spectrometer 
(Santa Clara, CA, USA). A J&W DB-Wax column was used 
(60 m × 0.25 mm i.d. × 0.25 m film thickness, Agilent). The 
temperature program was: initial oven temperature at 35 °C 
held for 3 min, then raised to 220 °C at 10 °C/min, and 7 min 
of final hold time. The carrier gas was helium at a constant 
flow of 1 mL/min. The chromatograms were collected in 
both full scan and SIM mode. Ionization was carried out in 
electronic impact mode at 70eV. The ion source temperature 
was 230 °C. Spectra were recorded both in scan mode from 
33 to 250 m/z and in selected ion monitoring. Selected 
ions for particular compounds are detailed in reference 
(Wen et al., 2018). The headspace content for each compound 
was normalised against the response of the internal standards 
as described in our published work  (Wen et al., 2018).

6. Aroma release characterisation
A total of 40 mL for each reconstituted wine sample was 
transferred into a 250 mL uncovered glass beaker to simulate 
a standard wine serving. Then, 5 mL wine samples were 
collected from the beaker and transferred to the headspace 
vial for DHS analysis as mentioned above. The analyses 
were carried out in triplicate for each wine.

7. Data analysis
XLSTAT (Addinsoft, Paris, France, version 2019) software 
was used for the statistical analysis. One-way ANOVA on 

the volatile’s concentration was conducted to assess the 
influence of the different wine matrices on the headspace 
composition. Principal component analysis (PCA) was 
carried out to examine the relationship between wine matrix 
composition and volatile compounds in the headspace. A heat 
map visualisation of the dataset was also carried out with the 
same software. The heat map was calculated using ascendant 
hierarchical clustering based on Euclidian distances.

RESULTS AND DISCUSSION

In the present study, vapours emanating from a set of seven 
reconstituted wine samples were assessed by dynamic 
headspace combined with thermal desorption and gas 
chromatography-mass spectrometry analysis (DHS–TD–
GC–MS). The samples were prepared by mixing a standard 
volatile solution (Table 1) and non-volatile fractions of wines 
with different characteristics and were re-dissolved to their 
original volume in 12 % ethanol. It is important to note that 
the analytical system provides a snapshot of the vapour phase 
whose composition does not resemble the one corresponding 
to the thermodynamic equilibrium in a close system, such 
as the ones obtained in static headspace systems, in stirred 
SPME or in dynamic headspace systems with intense 
stirring (Escudero et al., 2014; San-Juan et al., 2010). On 
the one hand, the short purging time ensures that the volatile 
composition in the liquid phase will not be much changed 
in the process. On the other hand, the lack of stirring and 
the relatively large volume of vapour sampled (100 mL for a 
5 mL liquid sample) ensures that the vapour composition is 
affected by processes of mass transfer from the inner liquid 
to the surface and through this one (Wen et al., 2018). This 
situation seems to reflect much better normal orthonasal 
olfaction in which the least polar and most volatile compounds 
are transferred to the headspaces at rates well below those 

Parameters

Incubation time (min) 5 Initial TDU temperature (°C) 20

Incubation temperature (°C) 30 End TDU temperature (°C) 300

Purge volume (mL) 100 Rate TDU (°C/min) 200

Purge flow (mL/min) 25 Initial CIS temperature (°C) –100

Purge temperature (°C) 40 End CIS temperature (°C) 250

Dry volume (mL) 50 Rate CIS 1 (°C/s) 16

Dry flow (mL/min) 10 Rate CIS 2 (°C/s) 12

Dry temperature (°C) 40 Sample volume (mL) 5

Sorbent material Tenax TA No stirring

TABLE 2. Experimental parameters of the DHS system.

Ricardo Lopez et al.
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observed in equilibrium conditions, while the relatively 
least volatile more polar compounds are less affected 
(Escudero et al., 2014). Because the aroma composition in 
the liquid phase was identical for all reconstituted wines, such 
snapshots would provide quantitative information about how 
the different matrices affect the release of aroma compounds 
and hence, orthonasal aroma. The compounds in the standard 
volatile solution (Table 1) were selected from common 
wine aroma compounds due to their marked differences in 
chemical and physical properties, including polarity, acid–
base characteristics and boiling points. Additionally, they 
represent typical aroma compounds from different aroma 
vectors, as recently defined (Ferreira et al., 2022)..

The standard volatile solution was added to the non-volatile 
dearomatised matrices isolated from several wines. These 
wines were selected to reflect different production styles 
and sensory characteristics. Two of them were 2-year-old 
white wines, one was a Macabeo monovarietal fermented in 
stainless steel vats (YW), and the other was a Chardonnay 
monovarietal fermented and aged in oak barrels under its 
lees (CB). The rest of the samples were red wines: a light 
body young red wine elaborated with Garnacha grapes (YR), 
a young highly astringent non-commercial pressed red 
wine (PR), a 6-year-old (12 months in oak barrel) medium 
body and little astringency Tempranillo wine (CU) and a 
5-year-old (24 months in oak barrel) full-body Tempranillo 
wine (PE). Finally, a synthetic wine (SY) was added as a 
control. A summary of the oenological parameters of the 
studied wines is provided in Table 3. YW yielded the least 
amount of non-volatile residue as expected for a dry white 
wine. The other white wine (CB) produced a higher quantity 
of residue, likely because of the presence of mannoproteins 

extracted during ageing on lees. There were no large 
differences in residue among the red wines. TPI was the 
highest in the pressed wine, followed by the full-body aged 
wine (PE). As expected, white wines had the lowest values 
of this parameter. YW was the wine with the highest total 
acidity and the lowest pH. Finally, some differences were 
observed in metal content, iron and copper concentrations 
were markedly higher in young red and white wines. The 
copper level was particularly high in YW and YR. Although 
the ethanol concentration was different in the original wines, 
during this experiment it was maintained at the same level for 
all the reconstituted wines to avoid the well-known influence 
of this component (Conner et al., 1998).

The headspace volatile responses for each compound and 
matrix are listed in Table 4. The results of the one-way 
ANOVA used to assess the influence of the wine matrix 
are also included in Table 4. According to these results, the 
effect of the matrix factor was significant (p ≤ 0.0005 or 
less) for all compounds, indicating that although the liquid 
concentrations were initially identical, the release and 
concentration of the volatile compounds in the headspace 
were clearly different. Furthermore, the relative variations in 
headspace concentrations differed depending on the volatile 
compound studied.

To facilitate the discussion, the data in Table 4 are also 
presented in the form of bar plots in Figures 1–3. As can be 
seen in Table 4 and Figure 1, dimethyl sulfide was released 
to the headspace with marked differences between wines and 
following a completely different pattern from that observed 
in the rest of the volatile compounds. The two young wines, 
both containing maxima amounts of copper (Table 3), 

Wine 
matrix Abbr. Years since 

vintage

Non-
volatile 

residue (g)

Total SO2 
(mg/L)

Free SO2 
(mg/L) pH

Total acidity 
(tartaric 

acid g/L)
TPI*

Cu

(μg/L)

Fe

(μg/L)

Zn

(μg/L)

Mn

(μg/L)

Synthetic 
wine SW --- --- --- --- 3.40 5.00 --- --- --- --- ---

Young red YR 1 9.15 30.4 22.9 3.55 4.80 56.5 542 1576 226 521

Young 
white YW 2 6.45 129.6 31.1 3.10 5.97 10.3 517 1325 732 452

Under lees 
white CB 2 8.40 99.4 38.6 3.46 4.88 14.3 37 843 933 1096

Press wine PR 1 9.87 17.6 8.6 3.67 4.99 77.2 34 551 670 909

12-month-
barrel 

aged red
CU 6 9.90 40.0 22.2 3.47 4.58 51.9 36 1111 274 457

24-month-
barrel 

aged red
PE 5 10.7 25.6 6.8 3.72 4.91 64.0 98 703 252 603

TABLE 3. Conventional oenological parameters of the studied wines.
*TPI: Total polyphenol index
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Compound SY YR YW CB PR CU PE

Dimethyl 
sulfide**

0.00130 ± 
0.00003b

0.00054 ± 
0.00001c

0.00065 ± 
0.00001c

0.00125 ± 
0.00005b

0.00199 ± 
0.00012a

0.00200 ± 
0.00008a

0.00193 ± 
0.00208a

Ethyl acetate** 9.69 ± 0.39a 6.35 ± 0.20cd 8.59 ± 0.53ab 9.38 ± 0.57ab 10.24 ± 0.18a 7.80 ± 0.18bc 4.83 ± 5.03d

Ethyl butanoate* 0.151 ± 
0.001abc 0.141 ± 0.001bc 0.140 ± 0.002c 0.152 ± 

0.004ab 0.161 ± 0.003a 0.144 ± 0.003bc 0.138 ± 0.144bc

Ethyl 
hexanoate** 2.35 ± 0.02a 2.37 ± 0.02a 2.02 ± 0.05c 1.96 ± 0.05cd 2.24 ± 0.04b 1.90 ± 0.02d 1.78 ± 1.75e

Ethyl 
decanoate** 4.11 ± 0.05a 2.01 ± 0.12c 2.18 ± 0.57c 2.33 ± 0.18c 3.08 ± 0.03b 1.76 ± 0.08c 1.75 ± 1.61c

3-hydroxybutan-2-
one**

0.00096 ± 
0.00006d

0.00183 ± 
0.00001a

0.00095 ± 
0.00003d

0.00117 ± 
0.00002bcd

0.00110 ± 
0.00004cd

0.00142 ± 
0.00012b

0.00130 ± 
0.00133bc

β-damascenone** 0.281 ± 0.002a 0.293 ± 0.001a 0.256 ± 0.009b 0.261 ± 0.005b 0.238 ± 0.002c 0.216 ± 0.003d 0.219 ± 0.225d

(E)-whisky 
lactone**

0.0108 ± 
0.0001c

0.0140 ± 
0.0002a

0.0105 ± 
0.0002c

0.0114 ± 
0.0001b

0.0100 ± 
0.0001d

0.0094 ± 
0.0002e

0.0106 ± 
0.0108c

Linalool** 0.185 ± 0.001b 0.235 ± 0.003a 0.167 ± 0.002d 0.173 ± 0.004c 0.162 ± 
0.002de 0.157 ± 0.002e 0.160 ± 0.167d

Butanoic acid** 0.00191 ± 
0.00002d

0.00591 ± 
0.00002b

0.00706 ± 
0.00019a

0.00638 ± 
0.00028b

0.00114 ± 
0.00014e

0.00116 ± 
0.00031e

0.00343 ± 
0.00263c

Hexanoic acid** 0.0100 ± 
0.0002d

0.0193 ± 
0.0003c

0.0284 ± 
0.0024a

0.0248 ± 
0.0010b

0.0067 ± 
0.0005e

0.0055 ± 
0.0009e

0.0095 ± 
0.0080de

3-methylbutan-1-
ol** 26.3 ± 0.1b 18.6 ± 0.1d 19.6 ± 0.4d 23.4 ± 0.2c 24.2 ± 0.2c 28.7 ± 0.8a 15.9 ± 15.4e

2-phenylethan-1-
ol**

0.162 ± 
0.000de 0.286 ± 0.004a 0.210 ± 0.003b 0.166 ± 0.001d 0.153 ± 0.003e 0.167 ± 0.007d 0.194 ± 0.191c

4-ethylphenol** 0.0625 ± 
0.0006b

0.0900 ± 
0.0014a

0.0626 ± 
0.0017b

0.0649 ± 
0.0007b

0.0561 ± 
0.0005c

0.0557 ± 
0.0007c

0.0563 ± 
0.0587c

Vanillin** 0.000109 ± 
0.000005cd

0.000245 ± 
0.000006a

0.000134 ± 
0.000004b

0.000104 ± 
0.000006de

0.000088 ± 
0.000010e

0.000085 ± 
0.000008e

0.000133 ± 
0.000132bc

TABLE 4. Volatile response in the headspace at t = 0 min in each reconstituted wine matrix. Values are expressed 
as average relative areas (n = 3) together with the standard deviation of the mean (s/√3). Codes are SW: synthetic 
wine; YR: young red; YW: young white; CB: under lees white; PR: press wine; CU: 12-month-barrel aged red; PE: 
24-month-barrel aged red. Different letters within each row denote significant differences between wines at p < 0.05 
by Fisher’s test after a significant one-way ANOVA.
*Significant differences. ANOVA (p ≤ 0.0005); **Significant differences. ANOVA (p ≤ 0.0001)
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released comparatively less than half of the amount released 
by the synthetic wine and between 3–4 times less than those 
released by the other red wines. Only the white wine aged on 
lees released this compound at rates similar to the synthetic 
wine. Given the remarkable properties of dimethyl sulfide as 
an aroma enhancer (Escudero et al., 2007) and blackcurrant 
aroma contributor (Lytra et al., 2014), the 4-times reduction 
observed between the maximum and minimum headspace 
concentrations of dimethyl sulfide could be sufficient to 
modify the sensory perception of wine. To the best of our 

knowledge, it is the first time that this strong influence has 
been reported. It should be noted that it has been previously 
reported that DMS levels in the headspace are affected by 
the presence of copper (Franco-Luesma & Ferreira, 2014). 
However, in such a study, carried out by static headspace 
analysis, levels of DMS in the headspace of a synthetic 
wine decreased just 13–14 % in the presence of Cu(II), 
while those of H2S and other mercaptans were completely 
depleted. Therefore, in that study, it was concluded that 
Cu-complexation would have just a minor influence on the 

FIGURE 1. Relative areas in the headspace above the reconstituted wines for dimethyl sulfide, 3-hydroxybutan-2-
one, β-damascenone, vanillin, and butanoic and hexanoic acids. The graphs show the means of three replicates 
per wine. The error bars represent the standard error of the means. Different letters indicate significant differences 
between wines at p < 0.05.
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perception of DMS. However, the results presented here, 
demonstrate that it could be of paramount importance. The 
significantly higher release observed in the three red wines 
containing low or moderate amounts of copper, in comparison 
with the control, suggests a decrease in the solubility of this 
compound caused by the polyphenolic material.

The four ethyl esters added with the standard aroma solution 
were not homogenous in their release from the wine matrices, 
as could be expected due to their marked differences in 
hydrophobicity (Table 1). Furthermore, it has been reported 
before that volatility of esters has great variability among 
wines, especially for heavier esters (Zapata et al., 2012). Ethyl 
decanoate, the most hydrophobic, least soluble and most 
volatile in the wine matrix of the set (log P = 4.79), showed 
a clear retention effect in the reconstituted wines. Compared 
with the synthetic wine model, its headspace concentration 
was reduced by more than 50 % (Figure 2). This type of 
decreased release has previously been observed on ethyl 
decanoate when adding skin tannin extract to a model wine 
solution (Mitropoulou et al., 2011), and coincides with the 
retention effect previously observed in some dearomatised 

wines (Rodríguez-Bencomo et al., 2011) and with the wine-
decay trends reported by (Wen et al., 2018). It should be 
remarked, however, that such an effect could have a double 
cause: a) lipophilic retention or, b) poor mass transfer. It 
has been previously reported that hydroalcoholic solutions 
(synthetic wines) can transfer volatiles to the headspace 
far more efficiently than wines due to convectional effects 
caused by perturbations of the ethanol monolayer at the air–
liquid interface upon quick ethanol evaporation in simple 
solutions (Marangoni effect) (Tsachaki et al., 2009). The fact 
that differences between wines are just marginal suggests 
that these mass transfer effects may be dominant. Only 
the press wine (PR) showed a significantly higher release 
of ethyl decanoate than the other wines (nearly twice that 
observed for PE).

Ethyl butanoate and ethyl hexanoate showed statistically 
significant but quantitatively very small variations in 
release among the different reconstituted wines. Release 
levels were particularly homogeneous for ethyl butanoate. 
Levels transferred ranged from 0.14 to just 0.16, which is 
consistent with previous observations about the volatilities 

FIGURE 2. Relative areas in the headspace above the reconstituted wines for the ethyl esters. The graphs show the 
means of three replicates per wine. The error bars represent the standard error of the means. The different letters 
indicate significant differences between wines at p < 0.05.
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of this type of compound. In fact, methyl 2-ethylbutanoate 
was chosen as an internal standard for headspace analysis 
since its volatility was found to be constant and independent 
of the type of wine (Bueno et al., 2014). In the case of 
ethyl butanoate, slight retention effects caused by catechin 
(Lorrain et al., 2013) or by a red wine matrix have been 

reported (Sáenz-Navajas et al., 2010), but a salting-out effect 
caused by an aged red wine matrix has also been reported 
(Rodríguez-Bencomo et al., 2011), which would confirm 
that, on average, its transference to the headspace is fairly 
constant. This contrasts with the strong reduction in volatility 
noted in tannin solutions (Cameleyre et al., 2021), which 

FIGURE  3. Relative areas in the headspace above the reconstituted wines for 3-methylbutan-1-ol, linalool, 
2-phenylethan-1-ol, (E)-whisky lactone and 4-ethylphenol. The graphs show the means of three replicates per wine. 
Error bars represent the standard error of the means. Different letters indicate significant differences between wines 
at p < 0.05.
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reveals the difficulty in generalising results obtained in 
model solutions to real wines. A moderate retention effect of 
ethyl hexanoate in white wine and sparkling wine has been 
previously observed (Rodríguez-Bencomo et al., 2011).

Interestingly, ethyl acetate, the more polar ester of the group 
(log P = 0.73), showed marked differences between the 
different samples. The synthetic wine and the press wine 
PR released amounts twice the ones released by PE and YR 
(Figure 2). The differences between the four esters suggest 
the involvement of several mechanisms determining the 
release to the headspace. It has been reported that depending 
on the polyphenol content there is a change in the behaviour 
of ester release around log P = 2.85 (Pittari et al., 2021). In 
addition, other macromolecules, such as polysaccharides 
can affect volatile release according to polarity. Assuming a 
higher mannoprotein content in CB wine (aged on lees), it 
can be seen that the higher the hydrophobicity of the ester 
the higher the retention effect on this wine as proposed by 
(Lubbers et al., 1994).

Two ketones (3-hydroxybutan-2-one and β-damascenone) 
and one aldehyde (vanillin) were included in this experiment. 
Carbonyl compounds are highly reactive molecules that are 
known to interact with many molecules present in wines 
such as amino acids, proteins, and sulfur dioxide among 
others (de Azevedo et al., 2007). Therefore, we expected to 
observe differences in the headspace concentrations across 
the matrices. This was the case for 3-hydroxybutan-2-one, 
for which the two aged reds (CU and PE) and particularly 
the young red YR, showed an increased release compared 
to the synthetic wine. The release was specifically intense 
in the YR wine, which showed a 2-fold increase in release 
(Figure 1). A potential explanation for this observation could 
be the presence of non-volatile adducts of 3-hydroxybutan-
2-one with sulfur dioxide that could already be present in 
the original wines; however, no 3-hydroxybutan-2-one was 
detected in the matrices after dearomatisation and before 
the addition of the standard aroma mixture. Consequently, 
the observed increase can be attributed to the salting-out 
effect caused by the matrix. Notably, 3-hydroxybutan-2-
one is the more polar volatile and the only compound for 
which minimal transference was observed in the model wine. 
Similar to 3-hydroxybutan-2-one, vanillin also showed a 
strong salting-out effect in the young red wine (Figure 1). 
A similar effect has been reported for young red and 
sparkling wine matrices (Rodríguez-Bencomo et al., 2011). 
β-damascenone showed a different trend of release compared 
with the other carbonyls. In this case, all wines, except YR, 
exhibited a decreased transference when compared with the 
synthetic wine. Such decreased transference, attributed to 
the retention of β-damascenone by wine matrices with high 
tannin concentrations (Rodríguez-Bencomo et al., 2011; 
Villamor et al., 2013) or with nucleophiles 
(Daniel et al., 2004), has been described previously.

Butanoic and hexanoic acids were the two compounds for 
which differences in release were more dramatic. They 
showed a similar trend across the reconstituted wines 
(Figure 1) with white (YW, CB) and young red (YR) wines 

presenting a strong salting-out effect, while the 12-month-
barrel aged red and pressed wines showed a retention effect. 
It is important to consider that neither the magnitude of the 
observed variations nor their direction could be explained 
only by differences in the pH. While the wine with the highest 
release was also the one with the lowest pH, YR and CB had 
considerably higher pHs and just slightly smaller releases, 
and PE, with the highest pH was not the one showing the 
smallest transference. Little is known about the influence 
of the matrix on the release of acids from wine; however, 
similar salting-out effects in white wines have been observed 
for butanoic, hexanoic and octanoic acids (Rodríguez-
Bencomo et al., 2011; Sáenz-Navajas et al., 2010). Based 
on the data gathered here, the matrix could have a significant 
sensory impact on the perception of cheesy or soapy notes 
caused by these organic acids and, indirectly, on the type of 
fruity note perceived (Ferreira et al., 2022).

Two alcohols and one terpenol were included in the 
standard aroma mixture. Their results can be seen in 
Figure 3. 3-methylbutan-1-ol and 2-phenylethan-1-ol 
exhibited completely different release behaviours. In the 
case of 3-methylbutan-1-ol, all wines except the 12-month-
barrel aged red (CU), released amounts below those of the 
synthetic wine. On the contrary, only three wines (CB, PR 
and CU) released amounts of the volatile similar to those of 
the synthetic sample. Since both components have similarly 
low log P values (Table 1), differences have to be attributed 
to the secondary interactions specifically displayed by the 
aromatic ring of 2-phenylethan-1-ol. This would facilitate 
interaction with polyphenols (Jung et al., 2000), but this is 
completely inconsistent with the higher release observed for 
this compound in wines. The influence of the components of 
the wine matrix on the release of alcohol is not clear in the 
literature. In general, a retention effect has been observed for 
3-methylbutan-1-ol and 2-phenylethan-1-ol with increased 
tannin content (Villamor et al., 2013), although salting-out 
by polyphenols or polysaccharides has also been reported 
(Mitropoulou et al., 2011). Linalool, on the other hand, 
showed a moderate retention effect compared to the synthetic 
wine (SY), which is similar to those observed by other authors 
(Mitropoulou et al., 2011; Rodríguez-Bencomo et al., 2011; 
Wang et al., 2021). Surprisingly, YR exhibited a strong 
salting-out effect that coincided with those observed for 
2-phenylethan-1-ol, 3-hydroxybutan-2-one and vanillin 
(Figure 1) and also with those of (E)-whisky lactone and 
4-ethylphenol (Figure 3). In fact, (E)-whisky lactone and 
4-ethyphenol, which are traditionally associated with the 
aroma of barrel-aged wine, behaved much alike linalool, 
which suggests that these three compounds exert relatively 
similar interactions toward matrix components. A similar 
trend was observed by GC–O for (E)-whisky lactone (Sáenz-
Navajas et al., 2010), although other authors have reported a 
decrease in volatility (Rodríguez-Bencomo et al., 2011). The 
reduced release of volatile phenols caused by polyphenols on 
volatile phenols has been described previously (Rodríguez-
Bencomo et al., 2011; Wang et al., 2022).
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FIGURE 4. Study of relations between wine matrices and released volatile compounds.
(a) Principal Component Analysis BiPlot of volatile profiles of the 7 reconstituted wines. For each wine, the 3 replicates in the score plot 
are shown with the same label, and the length of the arrows associated with each volatile compound is proportional to its contribution 
to the overall sample distribution. (b) Heat map matrix summarising the abundance levels of volatile compounds in the headspace of the 
different reconstituted wines. Within each row, colours are on a scale of light yellow for low abundance to dark red for high abundance. 
SY: synthetic wine, YR: young red wine, YW: young white wine, CB: under lees white wine, PR: press red wine, CU: 12-month-barrel 
aged red wine, PE: 24-month-barrel aged red wine.
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A principal component analysis (PCA) was carried out to 
investigate the relationships between the seven matrices 
(three replicates each) and the 15 added volatiles as a whole 
(Figure 4a). The PCA was complemented with a heat map 
visualisation based on the hierarchical clustering of the data 
(Figure 4b). The PCA biplot of the first two components 
represented 74.78 % of the total variance. The biplot showed 
a clear separation between the volatile release profiles of 
the reconstituted wines; the first dimension (F1, 51.07 %) 
marked the difference between the young red wine (YR) 
and the rest of the wines. The young red wine (YR) had 
the most distinctive pattern of release, being characterised 
by the highest transference to the headspace of many 
aroma compounds, including polar (3-hydroxybutan-2-one, 
vanillin, 2-phenylethan-1-ol) moderately nonpolar ((E)-
whisky lactone, 4-ethylphenol, ethyl hexanoate) and strongly 
non-polar (β-damascenone and linalool), and the smallest 
transference of DMS. It also had notably high headspace 
transfer rates for butanoic and hexanoic acid, particularly 
considering that its pH was 3.55, well above those of the 
white wines which showed maxima transference for these 
compounds. The heat map in Figure 4b also shows that 8 out 
of the 15 volatiles were more abundant in this wine.

Both representations point out that the two white wines (YW 
and CB) had patterns of release quite similar, leaving aside 
the smallest transference of DMS observed in YW, most 
likely due to its huge content in copper (Table 1). White 
wines (YW and CB) were grouped together in Figure 4b and 
were characterised by a lower release of dimethyl sulfide and 
a higher release of acids.

Similarly, barrel-aged red wines (CU and PE) formed a cluster 
characterised by very poor transferences to the headspace 
of non-polar compounds, such as ethyl hexanoate, ethyl 
decanoate, β-damascenone, linalool, (E)-whisky lactone 
and 4-ethylphenol, the highest release of dimethyl sulfide 
(together with PR) and low transference of acids. The most 
notable difference between CU and PE, most surprisingly, 
is that CU showed the highest transference to the headspace 
of 3-methylbutan-1-ol and PE the lowest, accounting for 
the difference almost to a factor of 2. This, without a doubt, 
could certainly make CU less fruity (Ferreira et al., 2022). 
The transference of volatiles of the synthetic wine model 
was characterised by maxima or very high levels of ethyl 
decanoate, ethyl acetate, ethyl hexanoate and β-damascenone, 
very low levels of 3-hydroxybutan-2-one and 2-phenylethan-
1-ol and intermediate levels of the rest of compounds. The 
press wine, surprisingly, showed a pattern of volatility 
comparatively closer to that of the synthetic wine sample and 
particularly opposite to that of YR, despite both being young 
red wines. It could be hypothesised that retention effects 
on PR were less observable due to more intense salting-out 
effects caused by greater levels of low-weight polyphenols 
as discussed above.

CONCLUSION

The present work confirms that wine matrix composition 
exerts a strong effect on the release of volatiles to the 
headspaces with most likely dramatic sensory consequences. 
The differences observed between wines for the transference 
rates to the headspace of volatile fatty acids (butanoic and 
hexanoic acids), DMS and vanillin are above factors 5, 4 
or 3, respectively. Other relevant aroma compounds, such 
as 3-hydroxybutan-2-one, ethyl acetate, ethyl decanoate, 
3-methylbutan-1-ol, 2-phenylethan-1-ol and 4-ethylphenol 
showed differences around a factor 2 between wines. While 
some of the effects can easily attributed to a single source, 
such as a smaller release of DMS by the presence of copper, 
or a higher release of volatile fatty acids at smaller pHs, 
matrix effects on volatility seem to be extremely complex 
and difficult to predict. A light body young red wine 
released maxima amounts of most volatiles, while a young 
red press wine followed quite the opposite pattern. Aged 
red wines tended to release smaller levels of non-polar 
compounds. These findings strongly suggest that the wine 
quantitative content of aroma-active compounds, is not 
enough to adequately interpret sensory properties and that 
an experimental estimation of volatility in each wine sample 
should be required.
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