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Abstract: A fast and simple method based on ultrasound-assisted emulsification microextraction
(USAEME) was developed for the analysis of volatile compounds in wines. A full factorial 24 screen-
ing design was built to investigate the main factors affecting the extraction of volatile components,
namely the volume of extraction solvent, sonication time, salt content, and pH. Then, the factors with
significant effects were optimized using an I-optimal design. The optimal value for all the variables
studied was reached under the following experimental conditions: volume of extraction solvent
200 µL and salt content 5% m/v. The suitability of the optimized method was evaluated, resulting
in very good linearity with coefficients of determination (R2) higher than 0.995 in all cases, while
repeatability was lower than 8.4% except for d-limonene and p-cymene. Recoveries higher than 82%
were observed for the groups of ethyl esters, acetate esters, alcohols, and terpenoid alcohols (linalool,
α-terpineol). The recovery of acids ranged from 70.5% to 88.9%, whereas the three monoterpenes
studied (d-limonene, γ-terpinene, p-cymene) were not extracted satisfactorily. The proposed method
was effectively applied for the analysis of volatile compounds in laboratory-scale fermentations with
selected strains of Saccharomyces cerevisiae.

Keywords: ultrasound-assisted emulsification microextraction; GC-FID; experimental design;
response surface methodology; volatile compounds; wine

1. Introduction

Wine is widely recognized as one of the oldest alcoholic beverages worldwide [1].
Wine aroma, primarily attributed to odorous and volatile compounds, has a major impact
on determining both wine quality and consumer preferences [2,3]. According to different
sources, volatile compounds are classified as (1) primary aromas, derived from grape
varieties cultivated in viticultural regions with different soils, terrains, and climates; (2) sec-
ondary aromas, formed during the fermentation process by a population of different yeast
and malolactic bacteria species and strains; and (3) tertiary aromas, which result from a
number of variables, including container size, material, storage methods, and time [1,4,5].

Numerous substances from diverse groups, including higher alcohols, esters, organic
acids, aldehydes, terpenes, ketones, lactones, and phenols, can be found in the volatile
fraction of wine [6]. This great variety of volatile compounds, with different polarities,
volatilities, and concentrations ranging from nanograms per liter to milligrams per liter,
contributes to the richness of wine aroma [7,8]. It is noteworthy that only a few of these
compounds are detected in concentrations above odor thresholds, contributing significantly
to the overall aroma of the wine [5]. Hence, the quantitative and qualitative studies of
volatile compounds attract the interest of the scientific community [5].
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One of the main issues faced by researchers who try to obtain a representative extract
containing all the volatile compounds originally contained in wine is sample preparation,
which includes extraction [9]. Liquid–liquid extraction (LLE), solid-phase extraction (SPE),
solid-phase microextraction (SPME), and stir-bar sorptive extraction (SBSE) are the extrac-
tion techniques most often used for the qualitative and quantitative analysis of volatile
compounds in grapes and wines [8]. However, LLE and SPE have several drawbacks. LLE
requires significant volumes of organic solvents, leading to high environmental pollution
and posing risks to operators. In contrast, SPE reduces the volume of solvents employed
but utilizes relatively large sample volumes. Also, the multiple steps needed in these
extraction methods contribute to the loss of analytes [8].

As a result, innovations in sample preparation techniques have focused on minia-
turized approaches that reduce or eliminate the usage of hazardous solvents, which are
harmful to humans and the environment [10]. Green extraction techniques can eventually
replace traditional methods for analyte extraction and preconcentration [11]. Microex-
traction techniques have grown in popularity since they are an innovative step in sample
preparation that fulfills the principles of green chemistry. Additionally, they are quick
and easy techniques which are also ecologically friendly and compatible with a variety of
analytical instruments [12].

The reasons above have led to the development of SPME and SBSE. Since SPME
was developed, it has been applied for the analysis of volatile compounds in wines in a
large number of publications [6,13–16]. SPME is a technique that enables extraction and
concentration in a single step with a solvent-free sample preparation. Additionally, SPME
is a simple technique with high sensitivity and can be used in various sample matrices.
However, this technique also has some disadvantages, such as the expense of the fibers,
the potential binding of high-molar-mass compounds to the fiber, and the limitation of
extracting the samples one-by-one and not simultaneously [8,17]. SBSE has emerged as a
prominent approach for analyzing the volatile fraction of wines [16,18–20]. The advantages
of SPME are also present in SBSE; however, SBSE offers a significantly higher sensitivity
(up to 50–250 times) and is more robust in comparison to SPME. On the other hand, there
are a few drawbacks to using SBSE, such as the limited number of absorbents available and
the requirement of a custom-designed thermal desorption unit (TDU) [21].

Over the last few decades, there has been a notable increase in the application of ultra-
sounds for the isolation of analytes. This trend may be attributed to the various drawbacks
related to conventional or other newer methods [11]. The use of clean energies, such as
ultrasonic radiation, and the reduction of organic solvents are consistent with the trend to-
ward green chemistry [22]. By applying ultrasonic radiation, an emulsion is formed which
facilitates the transfer of analytes from the aqueous phase to the immiscible organic phase.
Ultrasound’s ability to produce smaller droplets of organic solvent in an aqueous sample
increases their contact surface, leading to a high extraction efficiency in a shorter amount of
time [12,23]. Combining the benefits of microextraction and ultrasound radiation, a novel
microextraction technique, the ultrasound-assisted emulsification microextraction method
(USAEME), has been developed. Since it was proposed, USAEME has been proven to be a
straightforward and efficient technique for extracting and preconcentrating nine bisphenol
analogues in water and wastewater [24], UV filters in water [25], water contaminants and
pesticides [26], fragrance allergens in water [27,28] and cosmetics [28], selenium in water
samples [29], cadmium in water samples [30–32], urban effluent, bivalve mollusks [31],
and tea samples [32], β-sitosterol in dietary supplements and fresh fruits and vegeta-
bles [33], bisphenol A in beverages [12], ethyl carbamate in alcoholic beverages [34], and
phenolic compounds in olive oils [23]. Several chemical compounds have been identified
in wine by applying USAEME, such as geosmin and 2-methylisoborneol [35], fungicide
residues [36,37], monoterpenes [38], 2,4,6-trichloroanisole (TCA) [10], the main compounds
causing cork taint [39], compounds responsible for Brett character [22], haloanisoles and
volatile phenols [40], and sulfur compounds [1].
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According to our knowledge, there is a lack of research evidence regarding the appli-
cation of USAEME for the study of the whole volatile fraction of wine. The current study
aimed to provide a simple, rapid, and efficient USAEME procedure for the extraction of
volatile compounds in white wine samples and their subsequent determination by gas
chromatography with a flame ionization detector. For this purpose, the main factors that
affect the efficiency of the method (type and volume of extraction solvent, sonication time,
salt content, and pH) were investigated using response surface methodology. The suitability
of the optimized method was evaluated by studying its linearity, limits of detection and
quantification, repeatability, and recovery. The optimized method was effectively employed
to analyze volatile compounds in laboratory-scale fermentations using selected strains of
Saccharomyces cerevisiae.

2. Materials and Methods
2.1. Chemicals and Standard Solutions

The volatile compounds studied were ethyl butanoate, ethyl decanoate, 2-phenylethyl
acetate, diethyl succinate, 1-hexanol, 1-propanol, (E)-3-hexen-1-ol, (Z)-3-hexen-1-ol, 2-
phenylethanol, acetic acid, butanoic acid, hexanoic acid, octanoic acid, decanoic acid,
d-limonene, γ-terpinene, and γ-butyrolactone supplied by Sigma-Aldrich (St. Louis, MO,
USA), as well as 1-octanol, 1-butanol, 2-methyl-1-propanol, 3-methyl-1-butanol, 3-methyl-
1-pentanol, butyl acetate, isobutyl acetate, 3-methylbutyl acetate, ethyl hexanoate, ethyl
octanoate, hexyl acetate, p-cymene, a-terpineol, and linalool purchased from Acros Organics
(Geel, Belgium). 4-Methyl-2-pentanol and tetradecane (internal standards) were purchased
from Sigma-Aldrich. The purity of all standards was higher than 95%. Ethanol was supplied
by Sigma-Aldrich, chloroform by Merck (Darmstadt, Germany), and dichloromethane by
Honeywell (Seelze, Germany). Tartaric acid was purchased from Merck, while sodium
hydroxide and sodium chloride were supplied by Sigma-Aldrich.

Target volatile compounds were categorized into four groups (esters, alcohols, acids,
and terpenes), and stock solutions of each group were prepared gravimetrically in vol-
umetric flasks using ethanol as a solvent (at a level of 1 g L−1 for each compound). A
fifth stock solution was prepared for the major wine volatiles, i.e., 1-propanol (40 g L−1),
2-methyl-1-propanol (40 g L−1), 3-methyl-1-butanol (80 g L−1), 2-phenylethanol (20 g L−1),
3-methylbutyl acetate (2 g L−1), and acetic acid (100 g L−1). Acetaldehyde and ethyl acetate
were also included but were not identified due to chromatographic interferences from the
solvent. The exact mass of each compound was recorded (at four decimal places) and
accounted for in the calculation of the exact concentrations.

A mix solution (100 mL) consisting of all the target volatile compounds was prepared
by combining the appropriate volumes of each stock solution in ethanol to obtain concen-
trations of 10 mg L−1 for the esters, alcohols, terpenes, and γ-butyrolactone; 50 mg L−1 for
the acids; 2 g L−1 for 1-propanol and 2-methyl-1-propanol; 4 g L−1 for 3-methyl-1-butanol;
1 g L−1 for phenylethyl alcohol; 100 mg L−1 for 3-methylbutyl acetate; and 5 g L−1 for
acetic acid. A series of six working solutions was prepared in 10 mL volumetric flasks by
pipetting 0.1, 0.5, 1, 2, 5, and 10 mL of mix solution and made up to the mark with ethanol.
Stock and working solutions were transferred into vials and stored at −20 ◦C.

2.2. Sample Preparation
2.2.1. Commercial Wine

For the optimization and evaluation of the USAEME procedure, one bottle (1.5 L) of
dry white wine (Moschofilero variety) was purchased at a local market and stored at 4 ◦C
until analysis.

The commercial wine was additionally employed to calculate the recovery and re-
peatability of the proposed method. For this purpose, the commercial wine was spiked with
the target compounds at a single concentration level: 0.5 mg L−1 for the group of esters,
alcohols, terpenes, and for γ-butyrolactone; 2 mg L−1 for the group of acids; 100 mg L−1

for 1-propanol and 2-methyl-1-propanol; 150 mg L−1 for 3-methyl-1-butanol; 200 mg L−1



Separations 2023, 10, 525 4 of 20

for acetic acid; 4 mg L−1 for 2-phenylethanol; and 0.4 mg L−1 for 3-methylbutyl acetate.
Six replicate analyses of the unspiked and spiked wine samples were performed using the
optimized conditions of the USAEME procedure.

2.2.2. Synthetic Wine

A synthetic wine was used for calibration purposes. It was prepared by dissolving
5 g of L-(+)-tartaric acid in 1 L of a hydroalcoholic solution containing 11% (v/v) ethanol.
The pH of the synthetic wine was adjusted to 3.4 with a 1M NaOH solution. Subsequently,
a series of six calibration solutions were prepared by transferring 1 mL of each working
solution into 10 mL volumetric flasks and made up to the mark with synthetic wine. Thus,
each target compound was present at the following concentration ranges: 0.01–1 mg L−1

for the group of esters, alcohols, terpenes, and for γ-butyrolactone; 0.05–5 mg L−1 for the
group of acids; 2–200 mg L−1 for 1-propanol and 2-methyl-1-propanol; 4–400 mg L−1 for
3-methyl-1-butanol; 5–500 mg L−1 for acetic acid; and 0.1–10 mg L−1 for 2-phenylethanol
and 3-methylbutyl acetate. 4-methyl-2-pentanol was used as an internal standard at a final
concentration of 50 mg L−1. The calibration solutions were extracted using the optimized
conditions of the USAEME procedure and analyzed by gas chromatography. The method
of internal standard was used to prepare the calibration curve of each compound.

2.3. Laboratory-Scale Fermentations

After optimizing the USAEME method and establishing the quality parameters, the
proposed method was applied for the analysis of the volatile compounds in wines produced
by laboratory-scale fermentations with selected strains of Saccharomyces cerevisiae.

2.3.1. Yeast Strains

This study involved four native Saccharomyces cerevisiae strains, namely Sc1, Sc2, Sc3,
and Sc4, sourced from the culture collection of the Institute of Technology of Agricultural
Products (ITAP-ELGO). These strains, previously isolated from spontaneously fermented
grape musts [41], were identified as S. cerevisiae species by restriction enzyme analysis
of the 5.8S-ITS rDNA region [42]. Further differentiation at the strain level was achieved
through interdelta region analysis, as described by Legras and Karst [43].

2.3.2. Alcoholic Fermentations

Fermentations were conducted in duplicate at 20 ◦C in 150 mL flasks, each containing
110 mL of pasteurized (100 ◦C, 15 min) grape must (sugars 207 g/L; pH 3.08; titratable acid-
ity 6.4 g/L, as tartaric acid; yeast assimilable nitrogen (YAN) 220 mg/L) of the Moschofilero
variety. The flasks were sealed with a silicone stopper and a fermentation lock containing
50% v/v glycerol to enable only CO2 to escape. Each strain was inoculated to give a final
concentration of 6 log cfu/mL.

2.4. USAEME Procedure

During method development, the pH of the commercial wine sample was adjusted
with NaOH 1M according to the experimental design scheme. Subsequently, 5 mL of sample
was transferred into a 10 mL glass centrifuge tube with a conical bottom and a varying
amount of sodium chloride was dissolved by vortexing. After the complete dissolution of
salt, a predetermined volume of extraction solvent was rapidly injected into the sample
using a 500 µL gas-tight syringe (Hamilton, Reno, NV, USA) and the tube was placed
in an ultrasonic water bath (Elma Schmidbauer GmbH, Singen (Hohentwiel), Germany)
with an ultrasound frequency of 37 kHz and a power of 150 W for a predetermined time
interval. The emulsion formed was centrifuged (at 6000 rpm for 10 min) and the lower
phase was collected from the conical bottom of the tube using a 500 µL gas-tight syringe
and transferred into a 0.1 mL glass insert. A fixed concentration of tetradecane (109 mg L−1)
was then added as an internal standard in a 1:1 v/v ratio. The glass insert was placed into
an autosampler vial to be analyzed by gas chromatography.



Separations 2023, 10, 525 5 of 20

2.5. Determination of Volatile Compounds

Chromatographic analyses were carried out using a GC 2010 Plus gas chromatograph
(Shimadzu Inc., Kyoto, Japan) equipped with a flame ionization detector (FID). The volatiles
were separated using a DB-WAX (30 m × 0.25 mm I.D., 0.25 µm film thickness; Agilent
Technologies Inc., Santa Clara, CA, USA). The carrier gas, helium, was operated at a
constant linear velocity of 30 cm s−1. The oven temperature was initially set to 40 ◦C
for 5 min, then increased to 205 ◦C by 4 ◦C min−1, and finally raised to 240 ◦C by 20 ◦C
min−1, where it was held for 7 min. An AOC-20i autosampler (Shimadzu Inc., Kyoto,
Japan) was utilized to inject 1 µL of organic extract in split mode (split ratio 1/10). The
temperatures of the injection port and FID were set to 240 ◦C and 260 ◦C, respectively. GC
Solution software version 2.3 (Shimadzu) was used for data acquisition and processing.
Peak identification was accomplished by comparison of (i) the retention indices based
on the homologous series of n-alkanes (C8-C24, Niles, IL, USA) with those of authentic
compounds (when available) and those of the NIST14 library (NIST, Gaithersburg, MD,
USA), (ii) mass spectral data acquired with a Shimadzu GCMS QP-2010 Ultra system with
those of reference compounds and mass spectral data obtained from NIST14 library.

2.6. Statistical Analysis
2.6.1. Experimental Design

A full factorial 24 design with 16 experiments divided into two blocks was conducted
to determine the key factors influencing the extraction of volatile components. These factors
included the volume of extracting solvent, sonication time, salt content, and pH. During
method development, peak area data relative to that of internal standard (tetradecane
added after extraction) were used as response variables. As a result of the large number
of volatile compounds detected in wines, we grouped them into chemical classes (EtE:
ethyl esters; AcE: acetate esters; Alc: alcohols; Acd: acids; Trp: terpenes) to reduce the
number of response variables. Then, the factors showing significant effects, such as volume
of extracting solvent and salt content, were optimized using an I-optimal design consisting
of 22 experiments. Response surface methodology was employed to find the optimum
factor levels for each response variable. Finally, the factors’ levels were optimized using
the desirability function under certain criteria for each response variable. The experimental
design and analysis were carried out with Design-Expert version 11 software (Stat-Ease
Inc., Minneapolis, MN, USA).

2.6.2. Statistics of Wine Samples

Significant differences between the volatile compounds of laboratory-produced wines
were evaluated by ANOVA and Tukey’s HSD test. Permutational multivariate analysis of
variance (PERMANOVA) was used to compare volatile compounds produced by different
S. cerevisiae strains. Euclidean distance metric was used to calculate pairwise distances, and
9999 permutations were randomly sampled to compute F-statistics. Statistical data processing
was conducted with PAST [44] and JMP, version 8 (SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion

Several factors, such as the type and volume of extraction solvent, pH, ionic strength,
temperature, volume ratio of sample to solvent, and centrifugation time, can affect the effi-
cacy of the USAEME procedure, particularly in terms of achieving a desirable recovery for
the target analytes [1,22,40]. Dispersion solvents are not commonly used in the USAEME
method because they decrease the partition coefficient of the analytes in the extraction
solvent and might introduce additional compounds into the extraction system, leading
to eventual interferences in the chromatographic analysis [45]. Prior to employing the
USAEME procedure for the determination of volatile compounds in wine, it was essential
to select the factors that impact the efficiency of the method. Following this, the optimal
conditions associated with the key factors influencing the extraction process were deter-
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mined. Finally, the developed method was assessed by applying it to the analysis of the
wine samples fermented in our laboratory.

3.1. Preliminary Experiments: Selection of Extraction Solvent

Recovering the desired target analytes requires the selection of an appropriate extrac-
tion solvent. A higher density than that of water, a low solubility in water, a high extraction
efficiency for the target analytes, and good chromatographic behavior are common require-
ments for extraction solvents [46]. Various solvents, such as hexane, methyl isobutyl ketone,
petroleum ether, ethyl ether, and dichloromethane, have previously been tested as regards
their suitability for the liquid–liquid extraction of the wine volatile fraction. Among them,
dichloromethane has provided the best results and is the most frequently used solvent for
the isolation of wine volatiles [7,47,48]. Chloroform has been employed for the extraction of
selected volatile compounds, such as volatile phenols and haloanisoles [22,40]. Thus, chlo-
roform and dichloromethane were considered as extraction solvents in the present study.
Extractions were performed by combining 5 mL of commercial white wine with 450 µL
of each extraction solvent at two distinct salt concentrations (0% and 20%). The samples
(n = 4) were subjected to sonication for 5 min. The analysis parameters are described in the
experimental section. To evaluate if there was a statistically significant difference between
chloroform and dichloromethane, a paired samples t-test was applied. Dichloromethane
provided the highest responses (peak area relative to that of tetradecane) for all the chemical
classes studied, i.e., ethyl esters, acetate esters, terpenes, alcohols, and acids (Figure 1).
However, for the latter two classes, no significant differences were observed (p > 0.05).

It is worth noting some positive and negative points observed with the use of each
solvent. As regards chromatography, the chloroform peak eluted after the ethanol peak,
which resulted in the masking of the ethyl butanoate and 1-propanol peaks. On the contrary,
the dichloromethane peak coeluted with the ethanol peak and did not interfere with the
analysis. As regards the separation of the organic from the aqueous phase, dichloromethane
resulted in a smaller volume of the sedimented phase due to its higher water solubility as
compared to chloroform. The identification of the peaks that eluted before both solvents,
such as acetaldehyde and ethyl acetate, was rather uncertain due to the solvents’ impurities
and these peaks were not further examined. Considering all the above-mentioned results,
dichloromethane was chosen as the extraction solvent for the subsequent optimization
steps of the method.

3.2. Optimization of USAEME Procedure
3.2.1. Screening Design

A two-level full (or fractional) factorial design, wherein each factor is experimentally
investigated at only two levels, is the most commonly used first-order design. Because they
are simple and relatively low-cost, full factorial designs are highly useful for preliminary
studies or in the initial steps of optimization. Consequently, a factorial 24 design was
built to determine the key factors influencing the extraction of volatile components. The
factors and their levels, which were selected according to preliminary experiments taking
instrumental and operative limits into consideration, were the volume of extraction solvent
(150 µL and 450 µL), sonication time (0 min and 5 min), salt (NaCl) content (0% and 20%
m/v), and sample pH (3 and 4). Wine pH values range from 2.8 to 4.0 [49], with most
white wines requiring a pH between 3.1 and 3.4 [50]. Targeting a range typically related to
wine production, pH levels of 3 and 4 were selected. The experimental runs (n = 16) were
randomized to reduce the effect of uncontrolled variables and divided equally into two
blocks, processed in two consecutive days. A commercial white wine (Moschofilero variety)
was used as a sample matrix with a fixed volume (5 mL) for each run. A preliminary
model was built for each volatile compound studied to estimate its main effects. We
observed that compounds belonging to the same chemical class exhibited similar behavior
during extraction, except in a few cases (acetic acid, ethyl lactate). The best model and the
significance value of each term are presented in Table S1. Thus, to simplify the analysis, the
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volatiles were grouped into classes by calculating the sum of the peak areas of ethyl esters
(ethyl butanoate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, diethyl succinate, ethyl
dec-9-enoate), acetate esters (3-methylbutyl acetate, hexyl acetate, 2-phenylethyl acetate),
alcohols (1-propanol, 2-methyl-1-propanol, 3-methyl-1-butanol, 1-hexanol, (Z)-3-hexen-1-ol,
2,3-butanediol, 2-phenylethanol), acids (hexanoic acid, octanoic acid, decanoic acid), and
terpenes (cis-linalool oxide, linalool, α-terpineol, citronellol, nerol, geraniol) relative to
the peak area of the internal standard (tetradecane, added after extraction) and used as
response variables. Also, ethyl lactate and acetic acid were examined separately for the
reasons described previously. The design matrix and the responses are presented in Table 1.
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Table 1. Design matrix and experimental responses of the factorial (24) design.

Model Factors 1 Response (× 1000) 2

Block Run No. A B C D EtE AcE Alc Acd Trp Ethyl Lactate Acetic Acid

1 1 150 5 0 3 1345 791 9280 4722 1576 414 150
1 2 450 0 20 4 90 68 6307 803 204 381 129
1 3 450 0 0 4 363 206 6377 1876 490 351 58
1 4 150 0 20 3 426 296 16,880 4289 803 723 233
1 5 450 5 0 3 275 159 4448 1310 333 242 69
1 6 150 0 0 3 773 492 6099 3157 927 275 42
1 7 450 5 20 4 102 78 6784 1246 262 400 168
1 8 150 5 20 4 352 221 11,739 2449 634 487 227
2 9 450 5 20 3 98 82 6497 828 240 389 174
2 10 450 0 0 3 236 146 4340 1038 308 234 23
2 11 150 5 20 3 238 182 10,419 2112 558 451 192
2 12 150 0 20 4 146 78 8091 1473 334 374 75
2 13 450 0 20 3 66 60 5531 760 179 340 109
2 14 450 5 0 4 200 109 4001 862 259 208 22
2 15 150 0 0 4 634 371 5663 2534 801 240 17
2 16 150 5 0 4 646 371 5417 2515 787 239 83

1 A: Volume of extraction solvent (µL); B: Sonication time (min); C: Salt content (% m/v); D: pH. 2 Sum of peak
areas relative to tetradecane (IS): EtE: ethyl esters; AcE: acetate esters; Alc: alcohols; Acd: acids; Trp: terpenes.

The procedure to analyze the factorial model was as follows: Significant effects were
identified and separated from insignificant effects and pure error using the half-normal
probability plot, which is the default and recommended method of Design–Expert software.
An initial model was built for each response variable and validated by examining the vari-
ous diagnostic plots of residuals (Figure S1). After applying the suggested transformation
to the response variables according to the Box–Cox plot (Figure S2), the above steps were
repeated to refine the models. ANOVA was applied to determine the statistical significance
of the developed models. The magnitude of the effects for each studied response variable
is presented in Pareto charts (Figure 2). It is evident that the volume of extraction solvent
(bar A) exerted the most significant effect in all cases, except for ethyl lactate and acetic
acid, as the t-value of its absolute effect exceeds the Bonferroni limit. Specifically, when the
volume of extraction solvent increased, the relative content of each volatile class decreased.
Similarly, a significantly negative effect was also observed for the salt content factor (bar C)
in the case of ethyl esters, acetate esters, and terpenes. Their relative content decreased with
the increase in the amount of salt added to the wine before extraction. On the contrary, the
relative content of alcohols, ethyl lactate, and acetic acid increased. Sonication time and pH
had no significant effect on the extraction process. The above observations are also provided
by means of the main effects plots (Figure S3). Analysis of variance (ANOVA) indicated
that the selected models were highly significant (p < 0.0001) for all response variables.

Factorial designs are usually employed for screening significant factors. However, the
related models are rather restricted because these designs only use two levels for each factor.
Therefore, for the determination of the optimal combination of experimental conditions, it
is necessary to employ second-order models (response surface designs), which use more
than two levels and allow for the fitting of a full quadratic polynomial.

3.2.2. Response Surface Design

Optimization was required to achieve the best response for the two key factors, namely
the volume of extraction solvent and salt content, as determined by the screening design.
Hence, the response surface methodology (RSM) was employed to evaluate the correlations
between the experimental responses and the two factors at multiple levels. It should be
noted here that we increased the lower limit of the extraction solvent from 150 µL, used
in the screening experiment, to 200 µL, because the volume of the sedimented organic
phase was quite low (<30 µL) after centrifugation and it was impractical to manage. Also,



Separations 2023, 10, 525 9 of 20

the upper limit of the extraction solvent was decreased to 400 µL (from 450 µL) as this
factor had only produced negative effects. The experiment was conducted through an
I-optimal design instead of classical designs (e.g., central composite design) due to the
presence of factor constraints, such as the lowest limit of the amount of salt and the lowest
and highest limit of extraction solvent. Since our goal was to find the level of factors that
optimize the response, the I-optimality criterion was chosen, which minimizes the average
prediction variance across the design region and produces a more precise prediction than
the D-criterion [51]. The design consisted of twenty-two experimental runs, including six
central points. These experiments were conducted by varying the levels of the selected
factors in the following ranges: (a) volume of extraction solvent: 200–400 µL and (b) salt
content: 0–20% (Table S2). To minimize potential variations that might occur during the
experiment, the runs were conducted in two separate blocks over two consecutive days.
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After data collection, several models (linear, linear with two factor interaction—2FI,
quadratic, and cubic) were built for each response variable using regression analysis. The best
model was chosen based on its statistical significance (p-value < 0.05) and an insignificant
lack-of-fit test (p > 0.05). An analysis of residuals indicated that a transformation should be
applied to all response variables, according to the Box–Cox tool of the Design–Expert software
(Figure S4). After applying the recommended mathematical function and removing the
nonsignificant terms, except those to preserve hierarchy, a refined model was built for each
response. ANOVA confirmed the adequacy of the linear, quadratic, and 2FI models for the
two factors examined herein (volume of extraction solvent and salt content). The model’s
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high significance is evident from its low p-value and high F-value, which ranged from 89.98
to 241.95, implying that there was only a 0.01% chance that an F-value this large could have
occurred due to noise (Table 2). Additionally, the lack-of-fit test was not significant (p > 0.05)
for all cases, which shows that the model was valid. The quality of fit was evaluated by the
coefficient of determination (R2), the adjusted R2, and the predicted R2, which were found
to be higher than 0.9 in most cases. The low value of the coefficient of variation (CV < 10%)
also demonstrated the model’s high level of accuracy and reliability. The validity of ANOVA
as well as the detection of outliers were evaluated by checking the various model diagnostic
plots, such as the normal probability plot of externally studentized residuals, the plot of
residuals versus the ascending predicted response values, the residuals versus experimental
run order plot, the residuals versus levels of each factor plot, the Cook’s distance plot, and
the leverages plot (Figure S5).

Table 2. Analysis of variance (ANOVA) for the selected response surface model.

Response Model
F-Value p-Value 1

Adjusted R2 Predicted R2 CV%
Model Lack of Fit Model Lack of Fit

Ethyl esters Quadratic 133.66 0.6095 <0.0001 0.7622 0.9593 0.9292 7.14
Acetate esters Linear 166.42 1.07 <0.0001 0.4732 0.9430 0.9183 7.67

Alcohols Quadratic 169.35 1.47 <0.0001 0.3128 0.9637 0.9503 2.71
Acids 2FI 89.98 0.6174 <0.0001 0.7565 0.9303 0.8726 3.71

Terpenes Linear 241.95 1.46 <0.0001 0.3037 0.9602 0.9422 5.88
3-Methyl-1-

butanol
2

Quadratic 123.81 0.7940 <0.0001 0.6330 0.9485 0.9250 7.45

Ethyl lactate 2 Linear 131.71 1.35 <0.0001 0.3429 0.9289 0.9005 7.43
Acetic acid 2 Linear 156.22 0.7268 <0.0001 0.6878 0.9395 0.9103 7.14

1 Considered significant when p < 0.05; 2 3-methyl-1- butanol, ethyl lactate, and acetic acid were examined individ-
ually. The former compound, due to its high concentration, would mask the effects on the other alcohols. The latter
two compounds presented a very different behavior from their respective chemical classes during extraction.

Figure 3 presents the response surface plots obtained for the interactions between salt
content and volume of extraction solvent on the response variables. It seems that the relative
content of ethyl esters, acetate esters, acids, and terpenes increased with the simultaneous
decrease in the volume of extraction solvent and salt content (Figure 3a,b,d,e). On the
contrary, the relative content of alcohols (including 3-methyl-1-butanol), ethyl lactate, and
acetic acid (Figure 3c,f,g,h) presented a maximum value when the salt content increased
and the volume of extraction solvent decreased. Probably, the pronounced desalting effect
on the latter compounds could be explained by their ability to form hydrogen bonds with
water molecules. In the presence of higher salt concentrations, the ions interact with water
molecules and hinder the solvation of these compounds. However, this phenomenon was
not noticed in the case of acids with more carbon atoms, such as octanoic and decanoic acid.

3.3. Multiple Response Optimization

When the optimization of a method involves more than one response, an overall
compromise solution should be found according to the researcher’s criteria and desires
for each variable of the system. For this reason, Derringer’s desirability function was
employed to find the factor levels that simultaneously achieve the optimal value for all the
studied variables according to the following criteria: The goal for all variables was set to
maximize the response, except for 3-methyl-1-butanol, whose response was set to range
between the limits observed during model development. This can be justified by the fact
that 3-methyl-1-butanol is the major fusel alcohol of wines, and it will always be present in
their extracts, independently of experimental conditions. Furthermore, a higher relative
importance was given to the goals of ethyl esters, acetate esters, and terpenes than to acids
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and alcohols, as these three classes of compounds are the most important contributors to
wine aroma [50].

The desirability function ranges from d = 0, representing an undesirable response, to
d = 1, indicating a fully desirable response [52]. According to the previously discussed
criteria, the optimization procedure resulted in 13 solutions, with desirability ranging from
0.850 to 0.891. For all solutions, the volume of extraction solvent was equal to 200 µL (the
lower limit in this study), whereas for the first seven solutions, the salt content ranged from
4.7% to 5.4% and desirability was the highest (0.891). The response surface obtained for the
global desirability function is presented in Figure 4. It can be observed that the desirability
is zero when the volume of extraction solvent and the salt content are set at the upper level
(400 µL and 20% m/v, respectively). The desirability increases as the volume of extraction
solvent decreases, and it decreases as the salt content increases, reaching the highest value
(0.891) under the following optimum extraction conditions: volume of extraction solvent
200 µL, salt content 5% m/v, sample pH not adjusted (should lie between 3 and 4) and
sonication time 5 min.
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To confirm that the developed model could make valid predictions, four additional
extraction trials were run with the two factors set at their optimum levels. The settings
for sonication time and pH were the same as those used in the response surface design
(i.e., 5 min and not adjusted, respectively). According to Table S3, the experimental mean
of each response studied lies within the 95% prediction interval, which indicates that the
model is confirmed.
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3.4. Evaluation of the Methodology
3.4.1. Performance of the Analytical Method

The suitability of the proposed method for the quantification of volatile compounds in
white wines was evaluated under optimal experimental conditions. This was achieved by
studying its linearity, limits of detection (LOD) and quantification (LOQ), repeatability, and
recovery. The linearity range was determined using synthetic wine spiked with the target
compounds listed in Table 3. The calibration curve was developed using six concentration
levels of the target compounds. Three replicate extractions and analyses were performed
at each level. Calibration curves showed good linearity for all the target compounds,
with coefficients of determination (R2) higher than 0.995 in all cases (Table 3). LOD was
calculated from the calibration curve using the formula LOD = 3.3 × (SEa/m), where SEa is
the standard error of the intercept and m is equal to the slope of the regression line. For the
LOQ calculation, a factor of 10 was applied instead of 3.3. The LODs obtained were lower
than 18 µg L−1 for all chemical classes studied, except for acetic, butanoic, and hexanoic
acids, as well as the major volatile compounds (1-propanol, 2-methyl-1-propanol, 3-methyl-
1-butanol, 2-phenylethanol, and 3-methylbutyl acetate), which presented higher values.
The optimized method was applied to spiked and unspiked commercial wine samples
by performing twelve extractions (in total) on the same day. The target analytes were
spiked at a single concentration level: 0.5 mg L−1 for the group of esters, alcohols, terpenes,
and γ-butyrolactone; 2 mg L−1 for the group of acids; 100 mg L−1 for the 1-propanol and
2-methyl-1-propanol; 150 mg L−1 for the 3-methyl-1-butanol; 4000 mg L−1 for acetic acid;
and 4 mg L−1 for 2-phenylethanol and 3-methylbutyl acetate. Repeatability values were
lower than 8.4% in all cases except for d-limonene and p-cymene (Table 3). Recoveries
higher than 82% were observed in the groups of ethyl esters, acetate esters, and alcohols
and terpenoid alcohols (linalool, α-terpineol). The recovery of acids ranged from 70.5% to
88.9%, whereas the three monoterpenes studied (d-limonene, γ-terpinene, p-cymene) were
not extracted satisfactorily (approximately 35% recovery) (Table 3).
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Table 3. Analytical parameters of the optimized USAEME method for the determination of volatile
compounds in white wines.

Compounds HL a R2 LOD (µg L−1) LOQ (µg L−1) RSD% b Recovery % c

Ethyl esters
Ethyl butanoate 960 0.9998 9.7 29 5.3 82.9
Ethyl hexanoate 1020 0.9994 5.4 16 7.0 92.8
Ethyl octanoate 990 0.9997 1.1 3.2 8.4 107.8
Ethyl decanoate 990 0.9997 2.3 7.0 6.2 93.2

Diethyl succinate 920 0.9999 3.7 11 4.3 69.0
Acetate esters

Isobutyl acetate 980 0.9995 16.3 49 5.6 86.5
Butyl acetate 1010 0.9999 7.9 24 3.1 87.1

3-Methylbutyl acetate 10,550 0.9999 31 93 6.4 88.5
Hexyl acetate 1030 0.9998 9.8 30 7.8 88.1

2-Phenylethyl acetate 1180 0.9999 8.3 25 6.7 82.2

Alcohols
1-Propanol 221,950 0.9993 837 2537 4.3 86.8

2-Methyl-1-propanol 220,850 0.9992 96 292 3.2 86.6
1-Butanol 1150 0.9996 18 54 3.7 88.3

3-Methyl-1-butanol 408,350 0.9998 264 800 2.0 96.3
3-Methyl-1-pentanol 950 0.9999 5.2 16 2.3 99.1

1-Hexanol 1060 0.9999 3.1 9.3 0.5 93.2
(E)-3-Hexen-1-ol 930 0.9999 5.2 16 1.8 101.4
(Z)-3-Hexen-1-ol 990 0.9998 9.8 30 1.2 99.3

1-Octanol 1450 0.9999 11 34 4.4 94.9
2-Phenylethanol 8450 0.9999 46 138 2.3 95.3

Acids
Acetic acid 500,000 0.9951 2475 7500 5.1 71.5

Butanoic acid 4950 0.9987 135 411 3.5 72.8
Hexanoic acid 5400 0.9997 66 201 1.5 88.9
Octanoic acid 3550 0.9999 10 31 3.8 70.5
Decanoic acid 5600 0.9999 19 57 4.7 72.3
γ-Butyrolactone 1240 0.9999 17 53 7.2 96.1

Terpenes
d-Limonene 950 0.9999 6.5 20 12.0 34.7
γ-Terpinene 1020 0.9999 5.7 17 7.7 33.9
p-Cymene 900 0.9998 8.6 26 10.1 38.9
Linalool 1020 0.9999 2.9 8.6 4.7 90.0

α-Terpineol 1040 0.9998 9.6 29 2.8 89.1
a HL: higher limit (µg L−1) of linear range. b Mean repeatability of spiked and unspiked wine samples (n = 12)
expressed as relative standard deviation (RSD%). c Recovery (%) = ((Cf − Co)/Cadd) × 100, where Cf: average
concentration found in spiked white wine, Co: average concentration in white wine, Cadd: concentration added to
white wine.

3.4.2. Application of the USAEME Method to White Wines

The optimized USAEME procedure developed herein was effectively employed for
the analysis of volatile compounds in wines produced by laboratory-scale fermentations
with selected strains of Saccharomyces cerevisiae. A total of 29 volatile compounds were
determined in the wines analyzed (Table 4). Higher alcohols are usually the most abundant
group of volatile compounds in alcoholic beverages [2], as in the wines analyzed, in which
carboxylic acids were found at greater levels mainly due to the elevated levels of acetic acid.
Sc1 wines displayed elevated levels of 1-propanol and 1-butanol compared to the other
wines, whereas Sc2 and Sc4 wines yielded increased concentrations of 2-phenylethylethanol
and 3-methyl-1-butanol, respectively.
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Table 4. Volatile compounds identified by USAEME method in wines produced by laboratory-scale
fermentation. Data are means of two replicate fermentations (±standard deviation). Values within
each row with different superscript letters are significantly different according to Tukey’s HSD test
(p < 0.05).

Compounds
Sc1 Sc2 Sc3 Sc4

Concentration (µg L−1)

Ethyl esters
Ethyl butanoate 81 (10) b 68 (4) b 142 (15) a 87 (4) b

Ethyl hexanoate 48 (13) b 20 (5) b 195 (7) a 31 (9) b

Ethyl octanoate 22 (3) b 11 (3) b 47 (6) a 19 (7) b

Ethyl decanoate 3.6 (0.4) a (<LOQ) nd 2 3.6 (1.5) a (<LOQ) nd 2

Diethyl succinate nd 2 10 (0) a (<LOQ) 7.6 (2.1) a (<LOQ) 7.6 (0.6) a (<LOQ)
Total 155 109 395 145

Acetate esters
Isobutyl acetate nd 2 nd 2 22 (1) (<LOQ) nd 2

3-Methylbutyl acetate 80 (14) b (<LOQ) 86 (0) b (<LOQ) 546 (55) a 115 (5) b

2-Phenylethyl acetate 81 (4) b 79 (7) b 260 (24) a 83 (5) b

Total 161 165 828 198

Alcohols
1-Propanol 64,815 (1508) a 19,096 (170) b 22,506 (689) b 23,878 (3108) b

2-Methyl-1-propanol 13,943 (434) b 19,946 (204) a 20,693 (33) a 19,613 (2135) a

1-Butanol 739 (7) a 217 (9) d 268 (3) c 507 (12) b

3-Methyl-1-butanol 71,388 (2152) b 87,859 (1274) a 90,862 (1229) a 96,345 (5676) a

1-Hexanol 329 (17) a 322 (1) a 299 (9) a 308 (6) a

(E)-3-Hexen-1-ol 5.5 (0.4) a (<LOQ) 5.7 (0.1) a (<LOQ) nd 6.5 (0.7) a (<LOQ)
(Z)-3-Hexen-1-ol 141 (1) a 140 (1) a 143 (1) a 142 (1) a

2-Phenylethanol 13,346 (491) b 15,888 (363) a 12,721 (10) b 13,665 (199) b

Total 164,707 143,474 147,492 154,465

Carboxylic acids
Acetic acid 516,147 (7071) b 593,867 (7366)a 415,929 (11,986) c 417,221 (8066) c

Butanoic acid 737 (31) a 595 (23) a 582 (73) a 614 (24) a

Hexanoic acid 2724 (35) a 1444 (78) b 1565 (14) b 1454 (112) b

Octanoic acid 1425 (25) a 738 (24) b 1400 (98) a 841 (35) b

Decanoic acid 244 (11) b 102 (16) c 738 (32) a 135 (4) c

Total 1 5130 2879 4285 3044

Terpenes
Linalool 20 (0) b 20 (1) b 43 (10) a 19 (1) b

α-Terpineol 49 (2) b 57 (4) b 76 (7) a 55 (4) b

Total 69 77 119 74
Lactones

γ-Butyrolactone 1967 (38) c 3119 (47) a 3021 (57) a 2434 (36) b

1 Total concentration of carboxylic acids, excluding acetic acid. 2 nd: compound not detected (<LOD).

Carboxylic acids, following alcohols, were the second group with high total concen-
trations (not accounting acetic acid). Sc1 wines exhibited high concentrations of total
carboxylic acids, mostly due to increased levels of hexanoic acid, followed by Sc3 wines,
which contained elevated levels of decanoic acid. Additionally, both wines showed similar
concentrations of octanoic acid at significantly higher levels compared to Sc2 and Sc4.
The observed differences in the concentrations of carboxylic acids between Sc2 and Sc4
wines were not significant. Acetic acid was higher in Sc2 wines, followed by Sc1, while no
difference was noted in the concentrations of acetic acid in Sc3 and Sc4 wines. Our findings
align with prior investigations, indicating that the production of carboxylic acids exhibits
strain variability [53–56].

Esters were the most numerous group of volatile compounds in the wines produced,
with a total of ten compounds quantified. The most important esters influencing wine
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flavor are ethyl octanoate, ethyl hexanoate, ethyl propanoate, ethyl butanoate, ethyl acetate,
3-methylbutyl acetate, and 2-phenylethyl acetate [2,57]. Only Sc3 wines showed statistically
significant differences in the levels of esters as compared to the other wines. There were
significant differences in the amounts of ethyl butanoate, ethyl hexanoate, ethyl octanoate,
isobutyl acetate, isoamyl acetate, and 2-phenylethyl acetate.

Terpenes are considered to originate from grapes and are associated with the odor
of many flowers, fruits, seeds, leaves, woods, and roots [50]. As shown in Table 4, two
terpenes (linalool and α-terpineol) were identified in the wines analyzed. Their greatest
content was observed in Sc3 wines. Sc2 and Sc3 wines showed similar concentrations of
γ-butyrolactone, which were significantly higher compared to those of Sc1 and Sc4 wines.

PERMANOVA revealed statistically significant variations in the volatile compounds
of different S. cerevisiae strains (F = 127, p = 0.0088). Sc1 wines exhibited the most distinct
volatile profile among the ferments studied, as evidenced by their F-values, which ranged
from 109 to 482.8. Sc2 wine followed, with F-values ranging from 100 to 243. The volatile
compounds of Sc3 and Sc4 were similar to each other (F = 4.2) but not to other ferments.

4. Conclusions

The current study established a methodology for the analysis of the volatile fraction
of white wines using ultrasound-assisted emulsification microextraction (USAEME) in
conjunction with GC-FID. This approach eliminates the usage of large sample volumes and
organic solvents, which is in line with the trend toward environmentally friendly chemistry.
For this purpose, the primary factors influencing the recovery of the target compounds were
investigated and optimized using experimental design and response surface methodology
enhanced by the application of the desirability function. Once optimized, the satisfactory
results obtained in terms of linearity, repeatability, detection, and quantification limits
validated the method’s applicability for the analysis of volatile compounds in wine. The
optimized method was effectively applied for the determination of volatile compounds in
laboratory-scale fermentations with selected strains of Saccharomyces cerevisiae.
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