friried applied
1 sciences

Article

An Interplay between a Face-Centred Composite Experimental
Design and Solid-Phase Microextraction for Wine Aroma
GC/MS Analysis

Carmen Tesoro !, Maria Assunta Acquavia *, Barbara Giussani 2, Giuliana Bianco ?, Raffaella Pascale 3,
Filomena Lelario 1, Rosanna Ciriello !, Angela Capece ¢, Rocchina Pietrafesa ¢, Gabriella Siesto ¢

and Angela Di Capua!

Citation: Tesoro, C.; Acquavia, M.A.;
Giussani, B.; Bianco, G.; Pascale, R.;
Lelario, F.; Ciriello, R.; Capece, A.;
Pietrafesa, R.; Siesto, G.; et al. An
Interplay between a Face-Centred
Composite Experimental Design and
Solid-Phase Microextraction for
Wine Aroma GC/MS Analysis. Appl.
Sci. 2023, 13, 4609. https://doi.org/
10.3390/app13074609

Academic Editor: Ioannis G. Roussis

Received: 6 March 2023
Revised: 1 April 2023
Accepted: 4 April 2023
Published: 5 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 Dipartimento di Scienze, Universita degli Studi della Basilicata, Via dell’ Ateneo Lucano 10,
85100 Potenza, Italy

2 Dipartimento di Scienza e Alta Tecnologia, Universita degli Studi dell'Insubria, Via Valleggio 9,
22100 Como, Italy

3 Gnosis by Lesaffre, Pisticci, 75015 Matera, Italy

4 Scuola di Scienze Agrarie, Forestali, Alimentari ed Ambientali, Universita degli Studi della Basilicata,
Viale dell’Ateneo Lucano 10, 85100 Potenza, Italy

* Correspondence: maria.acquavia@unibas.it; Tel.: +39-3407124202

Abstract: For oenological products, most of the intrinsic and extrinsic drivers of perceived quality
are associated with specific aromatic profiles. Aromatic diversity has been recognized as a central
element in perceived quality as it is able to transmit the complex interactions between grape variety,
geographical characteristics, and viticultural and winemaking practices, including the fermentative
process. A comprehensive characterization of flavour compounds by headspace solid-phase micro-
extraction (HS-SPME) and gas chromatography coupled to mass spectrometric analysis is often
needed in order to ascertain the quality of wine. HS-SPME requires a proper optimization that can
be achieved through an adequate experimental design. Here, a H5-SPME/GC-MS based method
was developed to investigate the volatile compounds of wine samples obtained by laboratory-scale
fermentations. This was performed by inoculating a commercial Saccharomyces cerevisiae strain,
which is used both as single starter and as mixed starter, with an indigenous Hanseniaspora osmophila
strain. The experimental conditions of HS-SPME (extraction temperature and time) were optimized
by applying a face-centred composite experimental design. Up to 95% of the total variance was
explained by the proposed model. The optimized method allowed us to confirm the usefulness of
combining the inoculation of grapes with selected yeast strains in co-culture situations in order to
improve the wine bouquet.

Keywords: experimental design; HS-SPME; wine aroma; Saccharomyces cerevisiae;
Hanseniaspora osmophila

1. Introduction

The overall aroma of wine is determined by a complex pool of volatile compounds,
many of which are present at levels above their olfactory thresholds, and the aroma is one
of the most striking features out of those that determine the consumers’ choice. In order
to address the consumers’ preferences, wineries continuously adapt their business strate-
gies and production practices [1]. Among the factors of the winemaking processes con-
tributing to the sensorial complexity of the oenological products, i.e., fermentation strate-
gies, grape varieties, geographical origin and wine aging [2], the selection of a suitable
starter culture is a useful biotechnological tool with which to increase the number of odor-
ant compounds responsible for the wine organoleptic characteristics. The use of
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controlled multi-starter fermentations based on non-Saccharomyces and Saccharomyces
strains is currently considered as a valid tool for enhancing wine complexity, even though
the antagonistic interactions among these kind of yeasts are complex and still not entirely
clear.

Other advantages associated with the multi-starter fermentation in winemaking are
the possibility of increasing the total acidity, of reducing the ethanol content and of con-
trolling the spoilage of the microflora in the wine [3]. The successful evolution of mixed
starter fermentations is correlated with the active participation of non-Saccharomyces
strains in the fermentative process, as these yeasts are usually less competitive than those
of S. cerevisine. Among the practices which are useful in increasing the persistence of non-
Saccharomyces strains during the fermentation process, the use of immobilized cells rather
than free cells gave promising results. Microbial cells can be immobilized through adsorp-
tion, covalent binding, gel entrapment into inert natural polymers, such as alginate, aga-
rose, chitosan and pectin; these techniques defend the microbial cells from stress factors
emerging during the fermentative process, preserving the metabolic activities correlated
to the production of aroma compounds [4]. The effect of different starter formulations on
wine bouquet can be studied through an untargeted profiling of the volatile organic com-
pounds (VOCs) which occur in the samples after their preliminary extraction via gas chro-
matography coupled to mass spectrometry (GC-MS). Mass spectrometry coupled to chro-
matographic separation techniques have become the techniques of choice for the identifi-
cation of unknown compounds in several fields, including the field of food chemistry [5-
8]. Although some researchers have realized a VOC extraction by solid-phase extraction
(SPE) or liquid-liquid extraction (LLE) using dichloromethane or ether/pentane as solvent
[9-12], the best option for obtaining a complete volatile fraction is the headspace solid-
phase microextraction (HS-SPME). HS-SPME is associated with a low risk of overvaluing
odorants which have been poorly transferred to the headspace. Moreover, the volatile
compounds are not lost during the evaporation, as in LLE, and the extracts are completely
free from non-volatile material [13]. The HS-SPME conditions, such as fibre type, extrac-
tion temperature and time, widely influence the efficiency of the extraction and, above all,
the vapor pressure and equilibrium of the aroma compounds in the headspace of the sam-
ple. The selection of the most appropriate SPME fibre depends on the target compounds
and the studied matrix. In general, 100 um of PDMS fibre allows for the adsorption of a
higher number of analytes for wine samples and will allow fora higher degree of repro-
ducibility and chemical and mechanical robustness than other compounds, such as the
triphasic ones [14-17]. In detail, Bianco et al. [17] achieved a better precision with the non-
polar PDMS phase compared to the DVB/CAR/PDMS phase. On the other hand, Sagratini
et al. [14] found that PDMS fibre is particularly selective for esters which positively con-
tribute to the quality of wine products, such as ethyl octanoate, ethyl-9-decenoate and
ethyl decanoate. In addition to fibre type selection, extraction time and temperature opti-
mization, sample saturation with a salting out agent has also been proven to enhance the
extraction efficiency. This occurs due to the increase in the ionic strength of the solution
and the decreased solubility of the apolar analytes in the solution [18].

Most of the practical work involving SPME optimization uses strategies based on
systematic studies of one variable at a time (OVAT), during which all the variables affect-
ing the SPME efficiency (i.e., fibre coating, extraction time and temperature, ionic strength
and sample volume) are maintained at a constant level during test runs, except for the one
being studied. However, the use of the classical univariate approach could result in incor-
rect optimizations since it does not consider the interactions between different factors,
assuming instead that all the variables are independent and the effect, at a given set con-
dition, is also the same if the remaining variables are changed [19]. In order to avoid erro-
neous run tests, an optimization planned carried out according to an experimental design
(DoE) is the best option. Indeed, in DoE all variables are studied at the same time, enabling
areduction in the number of experiments with a complete exploration of the experimental
domain [20,21]. Thus, it is a very suitable means with which to investigate most of the
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variables involved in the HS-SPME process. Anyway, it should be considered that the
quality of the results of an experimental design depends on the distribution of experi-
ments in the experimental domain. When DoE does not allow the resolution of the prob-
lem, a redefinition of the experimental domain or a change in the postulated model could
be needed [22].

Here, a face-centred composite experimental design has been developed, taking ad-
vantage of information gained from previously acquired experimental data. This design
was used to optimize the headspace solid-phase microextraction of the volatile com-
pounds occurring in experimental wine samples. The samples were obtained by labora-
tory-scale fermentations performed in Aglianico del Vulture grape must, one of the most
diffuse grape varieties in the Basilicata region of Southern Italy [23,24]. The grape must
was inoculated with a commercial Saccharomyces cerevisiae strain, used both as a single
starter and as a mixed starter in combination with an indigenous Hanseniaspora osmophila
strain, as both free and immobilized cells.

The optimized SPME-GC/MS method was used to ascertain the aromatic compounds
of the experimental wines obtained by different starter cultures.

2. Materials and Methods
2.1. Chemicals and Reagents

Glacial acetic acid (299.99%), sodium chloride, absolute ethanol (EtOH, 99.8%), al-
ginic acid sodium salt and the analytical standards of nerolidol (98%) and 1-butanol, 3-
methyl-acetate (299%) were purchased from Sigma Aldrich (Milan, Italy). The analytical
standard of 2-phenylethyl alcohol (98%) was obtained from Carlo Erba (Milan, Italy). A
Milli-Q RG system (Millipore, Bedford, MS, USA) was used to produce ultrapure water.
A standard mixture of acetic acid (3 mg/mL), 1-butanol, 3-methyl-acetate (3 mg/mL), phe-
nylethyl alcohol (17 mg/mL) and nerolidol (0.070 mg/mL) was freshly prepared in
EtOH/H:0 (13% v/v) and was used as model to optimize the main parameters affecting the
headspace solid-phase microextraction efficiency for subsequent wine flavour analyses.

2.2. Wine Samples

Three wine samples were analyzed in this work which belonged to the same year
and batch, namely: W1 and W2, i.e., wine samples obtained by fermentation with S. cere-
visiae in co-culture with free and immobilized cells of the H. osmophila strain, respectively;
wine sample C, i.e., the control obtained by fermentation with free cells of S. cerevisiae
alone. The wild strain of H. osmophila ND1 belonged to the Yeast Collection of the Univer-
sity of Basilicata (UBYC), while the commercial strain of S. cerevisinze EC1118 was pur-
chased from Lallemand Inc. (Toulose, France). The fermentations were performed in 2 L
of pasteurized natural grape must (Aglianico del Vulture variety) at 26 °C; they were mon-
itored by determination of weight loss due to CO: production during sugar fermentation.
Grape must was pasteurized at 90 °C for 20 min in order to avoid the growth of undesir-
able microorganisms [25]. The fermentation process was stopped when weight and °Brix
reductions were constant for three consecutive days [26]. Around 20 days were taken by
each starter to complete the process. After headspace solid-phase microextraction optimi-
zation, all the wine samples were analyzed in triplicate by HS-SPME/GC-MS.

2.3. Optimization of Headspace Solid-Phase Microextraction

For the headspace solid-phase microextraction optimization, 3 mL of standard mix-
ture were placed into 5 mL vials and saturated with 0.6 g of sodium chloride, according
to the recommendations of a previously reported method [17], in order to obtain a liquid-
phase-to-headspace-volume ratio, 1/, of 0.6. The vials were sealed with polytetrafluoro-
ethylene/silicone septum caps and equilibrated in a reacti Therm heating stirring module
(Thermo Scientific, Pierce Protein Research Products, Rockford, IL, USA) for 10 min at the
set temperature (as reported in Table 1) before the headspace sampling was performed.
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After the sample/headspace equilibration period, the septum of vials was pierced with the
needle containing the fibre retracted. Then, the fibre was exposed to the headspace for the
fixed time and temperature. In total, 100 um PDMS fibre was used. The extraction time
and temperature were optimized by DoE.

Table 1. Levels of the variables (extraction time and extraction temperature) explored in the face-
centred composite experimental design experiments (DoE).

Variabl Coded Levels
anabie (=1.0) (0.0) (+1.0)
Extraction time (min) 10 20 30
Extraction temperature (°C) 40 50 60

2.4. Experimental Design

A face-centred composite experimental design was applied in order to perform an
optimization of the HS-SPME. The variables investigated, i.e., extraction temperature and
extraction time, were evaluated at three different levels. The independent variables and
their related codes and levels are displayed in Table 1. The response evaluated during all
experiments was the total sum of peak areas of the standard mixture, and relevant data
were obtained in the GC-MS analysis. Three replicates were performed at the central point
in order to quantify that the experimental error and response surface methodology were
realized to choose the optimum values of temperature and extraction time for the GC-MS
analysis of the aroma compounds of the three wine samples. The statistical experimental
design and optimization calculations were performed using the R-based software CAT
[27]. Regression analysis for the experiment data was performed and the results were fit-
ted into a second-order polynomial model:

Y=o+ YEaBix; + Zé(:ll,iq Z}‘:z Bijxj + Yo Bu Xl
where f, f; fi, and fyare the regression coefficients; xi and x; are the coded levels of in-
dependent variables affecting the dependent response Y; and k is the number of parame-
ters.

2.5. GC-MS Analysis

The extracted analytes were desorbed into the injection port of the GC-MS system
for 15 min at 260 °C. GC-MS analyses were performed on an Agilent Hewlett Packard
6890 plus gas chromatograph. This equipment was fitted with a split/splitless injector and
an Agilent 5975 mass spectrometer (MS) detector, equipped in turn with a single quadru-
pole analyzer. The chromatographic separation was carried out on a HP-5MS capillary
column 30 m x 0.25 mm i.d. x 0.25 pm film thickness (Agilent Technologies, Santa Clara,
CA, USA). A deactivated glass liner 105 x 8.0 x 0.75 mm (Supelco, Milan, Italy) was in-
stalled in the injector which was used in splitless mode. Helium was used as the carrier
gas at a flow rate of 1 mL min'. The oven temperature was adapted from Sagratini et al.
[14] and programmed as follows: from 35 °C (hold for 0.5 min) to 50 °C (3 °C/min, hold
time 2 min) and up to 250 °C (8 °C/min, hold time 2 min). Finally, a temperature of 270 °C
was reached at 8 °C/min and held for 2 min. The electron ionization (EI) mode was used
for the MS analysis, with an electron energy of 70 eV. The MS acquisition was performed
in full-scan mode in the range m/z 30—400. The source temperature and the transfer line
temperature were set, respectively, at 230 °C and 300 °C. Enhanced data analysis (Agilent
Software, Santa Clara, CA, USA) was performed for the chromatographic data acquisition
and processing, while Sigma Plot 11.0 (Systat Software, London, UK) was used for data
elaboration and plotting.
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3. Results and Discussion
3.1. HS-SPME Optimization by Experimental Design

The flavour profile, alongside the sugar-acid balance, is among the most important
parameters contributing to the overall quality of wine products [28,29]. The qualitative
determination of wine volatile compounds allows researchers to define an aromatic fin-
gerprint. This is characteristic of a specific oenological product and is the result of several
factors, including grape variety, fermentative and post-fermentative processes. The vola-
tile fraction fingerprinting, performed by solid-phase microextraction, combined with di-
rect analysis via gas chromatography coupled to mass spectrometry needs a preliminary
optimization of the experimental parameters. A standard solution containing acetic acid,
1-butanol 3-methyl-acetate, 2-phenylethanol and nerolidol in EtOH/H20 was employed
for HS-SPME optimization. Since the analytical standards used belonged to the main four
classes of volatile compounds occurring in the wine, namely acids, esters, alcohols and
terpenes, they can be properly used as a model to mimic the effects of the studied matrix
[30]. A 100 um PDMS fibre was used for the adsorption of a higher number of analytes for
wine samples.

The optimization of the extraction time and temperature was conducted by running
experiments according to a face-centred composite design to select the best conditions of
wine aroma compounds extraction with the lowest number of experiments. The extraction
time was varied between 10 and 30 min, while the temperature ranged from 40 °C to 60
°C, as higher temperatures could change the composition of the wine sample by produc-
ing artifacts [15]. In total, 9 runs were carried out in triplicate to study the influence of the
selected factors and their interactions on the HS-SPME. The results obtained for the re-
sponses, i.e., the total sum of peak areas of the standard mixture, are reported in Table 2.

Table 2. Values of the response obtained at the variation levels chosen for the variables selected for
HS-SPME optimization by experimental design, i.e., extraction temperature and extraction time.

Experiment Variables Response
Temperature (°C) Time .(min) Total Area
(W) (min)
1 40 10 3.26x108
2 40 20 4.40x10°
3 40 30 2.79x108
4 50 10 9.67x108
5 50 20 4.84x10°
6 50 30 2.22x10°
7 60 10 3.42x10°
8 60 20 1.14x1010
9 60 30 8.37x10°

The quadratic equation obtained using coded values for the variables was given by:
R=5.524 x10°+3.024 x 10° T + 1.026 x 10° t + 1.250 x 10° t x T +2.014 x 10° T2 - 4.269

where R is the dependent response, i.e., the total sum of peaks areas of the standard mix-
ture, T is the extraction temperature, t the extraction time, and T x t the interaction between
extraction temperature and time.

All the coefficients were found to be statistically significant. A total of 95% of the total
variance was explained by this model. To validate the model, three replicates in the central
point were performed in order to estimate the experimental error and to detect any lack
of fit. The response surface obtained by the use of DoE face-centred composite design is
reported in Figure 1. The estimated optimum value range, obtained for the extraction
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temperature using a response surface methodology, was at around 60 °C (Figure 1). In
general, in the SPME experiments, the temperature parameter decreases the partition coef-
ficient between the analyte and the extraction polymer [31]. However, on the other hand, it
acts on the extraction by increasing the diffusion of the compounds and therefore increasing
the extraction rate. The extraction time was found to have a statistically important positive
effect on the total area and number of volatile compounds. The increase in extraction time
improves the efficiency of extraction of compounds which have high boiling points and in-
creases the detected peak area. However, the increase in extraction time does not show the
same effect on compounds with low boiling point [32]. This could presumably explain the
optimum values range found by response surface methodology for the extraction time,
which was at intermediate time, i.e., around 20 min. Thus, further experiments were carried
out to evaluate the flavour profile of the three wine samples by setting the extraction tem-
perature and the extraction time of the SPME at 60 °C and 20 min, respectively.

1x1010

8x10°

Area 6108

KRR
R

4x10°

I 2x10°

)

Figure 1. Response surface plot for the total sum of peaks areas of the standard mixture used as
model for the HS-SPME optimization according to the DoE face-centred composite design (95% of
the explained variance).

3.2. Wine Flavour Profiling

After the optimization of the HS-SPME/GC-MS method, the best conditions of the
analysis were applied to the untargeted flavour profiling of the wines which had been
obtained by fermentation with mixed cultures of yeasts and which were composed of the
S. cerevisige strain in association with the ND1 strain. This was tested both in free and
immobilized cells, in comparison to the control, which was the experimental wine that
had been obtained using single fermentation with the EC1118 strain. The SPME-GC/MS
analysis allowed the identification of the 21 volatile organic compounds in the wine sam-
ple obtained by the mixed starters of S. cerevisiae and the free cells of H. osmophila (sample
W1), which was a considerably greater number compared to the 8 compounds identified
in the W2 wine sample that had been fermented with immobilized cells of the ND1 strain
in co-culture with EC1118, and of the 6 compounds identified in the control (C), i.e., the wine
sample obtained through the fermentation with S. cerevisiae alone. Such a difference in the
number of VOCs detected in W1 and W2 wines could be due to a remarkable reduction in
the enzymatic activity of yeasts, potentially caused by the diffusion limitations or the break-
age of the microcapsules [33]. Figure 2 shows the total ion current chromatograms, obtained
at optimized conditions, of W1 and W2 wine samples and of the control C.
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Figure 2. Total ion current chromatograms obtained by the HS-SPME/GC-MS analysis of the three
wine samples, i.e., Aglianico wine obtained by fermentation with the mixed starters S. cerevisiae and
free cells of H. osmophila (W1); Aglianico wine obtained by fermentation with the mixed starters S.
cerevisige and immobilized cells of H. osmophila (W2); Aglianico wine obtained by fermentation with
S. cerevisiae alone (control C). SPME parameters: 100 pm PDMS fibre, extraction time 20 min, extrac-
tion temperature 60 °C, salinity 0.6 g of NaCl in 3 mL of sample volume.

All the volatile organic compounds detected in the three samples were identified by
comparing their mass spectra with those available in the literature [34-36] and in the NIST
electronic Mass Spectral Database. They belonged to five classes, namely higher alcohols,
esters, volatile acids, terpenes, aldehydes and volatile phenols. The retention times, the
quality match values with the NIST data and the main chemical-physical characteristics
of the identified compounds are reported in Table 3, along with the occurrence or not of
each VOC in the two wine samples and in the control. The wine obtained by co-inocula-
tion of the free cells of H. osmophila and S. cerevisiae had a high number of higher alcohols,
representing about the 44.9% of the total volatile organic compounds (Figure 3) and includ
ethyl acetate (compound 2), 2-butanol-3-methyl (compound 3), 1-butanol, 3-methyl- (com-
pound 4), 1-heptanol (compound 5), 2,3-butanediol (compound 8), phenylethyl alcohol
(compound 9) and 1-dodecanol (compound 11). Higher alcohols are also referred to as
fusel alcohols and are alcohols which have more than two carbons in their chain; thus,
they have higher molecular weights and higher boiling points than ethanol. The discus-
sion regarding the role that these compounds play in improving the quality of oenological
products remains controversial. Higher alcohols impart a range of organoleptic attributes,
ranging from solvent-like to floral. which could positively influence wine flavour [37].
However, several authors attributed to higher alcohols the pungent and unpleasant char-
acter of some wines, especially when present at high levels [38,39]. This is the case of phe-
nylethyl alcohol and 1-butanol, 3-methyl-, known also as isoamyl alcohol, both among the
major fusel alcohols occurring in the W1 Aglianico wine analyzed in this study.
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Table 3. Retention times, quality match values with the NIST library data, molecular formula, molecular weight, boiling points, odour threshold values (OTVs) of
the organic volatile compounds identified in the Aglianico wine sample obtained by fermentation with the mixed starters S. cerevisiae and H. osmophila and in the
control, i.e., Aglianico wine sample obtained by fermentation with S. cerevisiae alone.

*
Peak N. Retention Time Compound Name Quality  Molecular Mv?]ﬁ(:glﬂ:r Boiling Point  OTV Detected Compound
(min) Match Formula (°C) (mg/L) W1 W2 C
(g/mol)

1) 1.52 Acetaldehyde 90 CHsO 44.0262 20.20 0.21 + +
(2) 241 Ethyl acetate 91 CsHsO: 88.0524 77.11 3.90 + +
3) 3.93 2-butanol-3-methyl 89 GsH20 88.1482 132.15 0.27 + - -
4) 425 1-Butanol, 3-methyl- 90 GsHi20 88.1482 132.59 60 + - -
(5) 4.34 1-Heptanol 56 C7His0 116.2013 178.79 0.21 + - -
(6) 8.63/2.31 ** 1-Butanol, 3-methyl-, acetate 90 CrH14O2 130.1849 144.39 0.16 + + +
(7) 8.89/4.0 *** Acetic acid 91 C2H4O2 60.0520 117.72 200 + + +
(8) 10.23 2,3-Butanediol 90 CsH100z2 90.1210 201.45 0.10 + — -
9) 15.53 Phenylethyl Alcohol 91 CsHi100 122.1644 228.35 200 + -
(10) 17.00 Octanoic acid, ethyl ester 91 C10H2002 172.2646 213.47 0.58 + + +
(11) 18.21 Acetic acid, 2-phenylethyl ester 90 CioH1202 164.2011 240.15 1.80 + + -
(12) 20.56 Decanoic acid, ethyl ester 94 Ci2H2402 200.3178 259.23 0.35 + - -
(13) 21.85 1-Dodecanol 94 C12H260 186.3342 247.43 0.33 + - -
(14) 22.48 Phenol, 2,5 bis (1,1-dimethylethyl) 95 CuH220 206.3239 352.59 - + - -
(15) 23.26 Nerolidol 90 Ci1sH260 222.3663 363.36 1.00 + - -
(16) 23.65 Dodecanoic acid, ethyl ester 93 Ci4H2s02 228.3709 304.99 6.30 + - +
(17) 25.07 Cyclododecane 92 Ci2H24 168.3190 250.85 - + - -
(18) 26.42 Tetradecanoic acid, ethyl ester 98 CisH302 256.4241 350.75 2.50 + + -
(19) 28.70 Ethyl 9-hexadecenoate 96 Ci1sHzOz 282.4614 400.67 0.03 + - -
(20) 28.93 Hexadecanoic acid, ethyl ester 99 Ci1sHz602 284.4772 396.51 0.01 + + -
(21) 30.91 Linoleic acid ethyl ester 98 C20H3602 308.4986 450.59 - + - -

*, +is for detected compound in the sample, - is for not detected compound in the sample. ** 1-Butanol, 3-methyl-, acetate eluted at 8.63 min in W1 and C sample,
and at 2.31 min in W2 sample. *** Acetic acid eluted at 8.89 min in W1 and C sample, and at 4.0 min in W2 sample.
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Figure 3. Pie chart reporting the percentage composition of higher alcohols, esters, volatile acids,
terpenes, aldehydes and volatile phenols detected in the headspace of W1 wine sample, based on
average chromatographic peaks areas.

In addition to the higher alcohols, a significant number of ester compounds were
identified in the W1 wine sample, mainly ethyl esters. These specific compounds are bio-
synthesized through a condensation between ethanol and acyl-CoA, a process which is
mediated by acyltransferases [40]. Ethyl esters and acetates represented the largest group
(45%, Figure 3) of the total volatiles occurring in the wine obtained by mixed yeast inocu-
lation. Many of these ester compounds are considered as varietal markers which allow the
red wines to display varietal differentiation [41]. Moreover, they widely contribute to the
fruity attributes of the oenological products. As evidence, the sensory evaluations re-
ported in the literature revealed a stronger fruity character in wines fermented with mixed
cultures than in control wines [42]. For example, 1-butanol, 3-methyl-, acetate (compound
6), which was also identified in the wine sample that had been obtained by the co-inocu-
lation of immobilized cells of H. osmophila and S. cerevisiae (W2) and in the control (C), was
found to confer the typical banana flavour. This is characteristic of the S. cerevisiae metab-
olism; however, when present in excess, it could mask key varietal characters of wines
[43]. Among the ester aromatic compounds detected in W1 sample, the most important
was acetic acid, 2-phenylethyl ester (compound 11). As described in previous studies, its
concentration was higher in wines obtained with mixed cultures than in wines produced
by S. cerevisiae pure cultures and it was modulated by changing the initial yeast ratio [42].
Acetic acid, 2-phenylethyl ester imparts “raspberry”- and ‘honey’-like aromas to wine
[44]. Ethyl esters of fatty acids also contribute with pleasant fruity and floral odours to
wine aroma. Seven ethyl esters of straight-chain fatty acids with an even number of carbon
atoms (Cs-Cis) were identified in sample W1, i.e., octanoic acid, ethyl ester (compound 10),
decanoic acid, ethyl ester (compound 12), dodecanoic acid, ethyl ester (compound 16),
tetradecanoic acid, ethyl ester (compound 18), ethyl 9-hexadecenoate (compound 19), hex-
adecanoic acid, ethyl ester (compound 20) and linoleic acid ethyl ester (compound 21).
The concentration of fatty acids ethyl esters is dependent on wine aging: it generally de-
creases as the storage time gets longer, especially at low pH and high temperature values
[45,46]. Although their production has been shown to be lower when apiculate yeasts are
inoculated, like those belonging to the genus Hanseniaspora [47], a greater presence of these
compounds was found in this study in W1 wine compared to the control, in which only
octanoic acid, ethyl ester and dodecanoic acid, ethyl ester occurred. As regards to W2
wine, octanoic acid, ethyl ester; acetic acid, 2-phenylethyl ester; tetradecanoic acid, ethyl
ester; and hexadecanoic acid, ethyl ester were identified as representative compounds be-
longing to the ester class (Table 3). All the volatile fatty acids detected in the three samples
occurred in their esterified form. The exception was acetic acid, which was also detected
in its free form (compound 7). It should be noted that a decrease in the retention time of
acetic acid was observed for the W2 wine, which may have been due to the hydrolysis of
ethyl acetate. As representative compounds belonging to the class of aldehydes and ter-
penes, acetaldehyde (compound 1) and nerolidol (compound 15) were, respectively, iden-
tified in the W1 wine. Moreover, the first one was also detected in the W2 wine sample
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which had been fermented with immobilized cells of H. osmophila in co-cultures with S.
cerevisiae and in the control. Acetaldehyde is derived from alcohol fermentation by yeasts.
In this study, no intense chromatographic peaks were observed which related to other
aldehydes in the total ion current chromatograms of the three analyzed samples. This was
most likely because they were involved in several reactions with wine phenolics, whose
products impacted wine colour, flavour and astringency [48]. Nerolidol (compound 15),
a compound with a characteristic floral odour similar to that of rose [49], was not detected
in the W2 sample, nor was it found in the control. This occurred because, in general, the
presence of flavour compounds belonging to the terpenes class is due to some specific
enzymatic activities of the yeasts, usually those activities linked to non-Saccharomyces spe-
cies which can contribute to increasing the sensory profile of the wine [50]. Instead, com-
pound 14, i.e., phenol, 2,5 bis (1,1-dimethylethyl) was the only volatile phenol detected in
the co-fermented wine W1. Such a compound has been previously identified by Lu et al.
[51] in the Changyu wine. It is produced by wild yeast and, at concentrations higher than
600 ug/L, it confers a fishy smell to wine [52]. As regards saturated cyclic alkanes, a cy-
clododecane (compound 17), previously found in Nero di Troia wine by Baiano et al. [53],
has been detected in W1 wine sample, probably as a contaminant.

4. Conclusions

If properly optimized through experimental design, headspace solid-phase microex-
traction, coupled to GC-MS analysis, ensures a comprehensive characterization of the
aroma compounds responsible for wine complexity. Here, a face-centred composite ex-
perimental design matrix and response surface methodology were applied to designing
the experiments and evaluating the interactive effects of the two studied parameters, i.e.,
extraction time and extraction temperature. The optimum conditions which were sug-
gested by the second-order polynomial regression model for the obtention of higher
amounts of VOCs were 20 min and 60 °C. The optimized HS-SPME/GC-MS-based method
allowed us to ascertain the flavour complexity of wine which had been obtained by con-
trolled multi-starter fermentations between non-Saccharomyces and Saccharomyces strains.
H. osmophila, used as free cells in co-inoculated fermentation with a commercial strain of
S. cerevisiae, proved able to positively modulate the flavour profile of Aglianico wine as
the number of volatile organic compounds detected in the headspace of the wine sample
was greatly higher (21 compounds) compared to the wine control, which had been ob-
tained by fermentation with S. cerevisiae alone (6 compounds).
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