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The formation of volatile organic compounds (VOCs) in dry-cured ham is a
result of di�erent biochemical and enzymatic processes. Moreover, accurately
quantifying these VOCs is challenging since ham is a complex matrix, which
contains compounds from various chemical families and a wide range of
volatilities of di�erent molecular masses. In this study, we systematically
optimized and validated an analytical method for quantifying VOCs in dry-cured
ham using headspace solid phase microextraction (HS-SPME) coupled with gas
chromatography-mass spectrometry (GC-MS). Optimal SPME conditions were
determined through both an experimental procedure (one-factor-at-a-time)
and response surface methodology (RSM), revealing that a 60-min equilibration
at 70◦C, a 60-min extraction at the same temperature, and a 4-min desorption
time at 250◦C provided the most favorable results. To enhance quantitation,
twelvemultiple internal standards (ISTDs)were employed to address and improve
the quantitation of the 12 VOCs. Method validation covered aspects of linearity,
limits of detection (LOD: 0.03–1.13mg kg−1), limits of quantitation (LOQ:
0.09–3.41mg kg−1), and working ranges (0.01–19.1mg kg−1). The practical
application of this optimized method was demonstrated by analyzing dry-cured
ham samples (n = 4), sourced from the Slovenian market. The initial statistical
evaluation indicates that di�erent types of dry-cured hams can be di�erentiated
(with an 83.1% of accuracy) according to their aromatic profile. However, a larger
sample size would be required to provide a more comprehensive assessment.

KEYWORDS

dry-cured ham, HS-SPME/GC-MS, optimization, response surface methodology,
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1 Introduction

The analysis of volatile organic compounds (VOCs) has been used to characterize
dry-cured hams regarding their unique flavor, economic value, consumer experience,
and long-term preservation (1). In Europe, particularly in the Mediterranean region,
various hams with Protected Designation of Origin (PDO) status, including Spanish
Serrano and Iberian hams, Italian San Daniele, Toscano, and Parma, as well as
French Bayonne hams, are among the most important products in their respective
countries (1, 2). Kraški pršut, a traditional Slovenian-Mediterranean dry-cured ham with
Protected Geographical Indication (PGI), is significant in Slovenia’s culinary heritage
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and is the country’s most recognized and appreciated meat product
(3). Dry-cured ham is produced using a traditional method
involving dry salting, long ripening time, and the absence of
smoking, resulting in a unique flavor and texture (4). Its distinctive
aroma originates from the raw material and the presence of
various volatile compounds formed mainly through a several
enzymatic and non-enzymatic reactions during ripening (1, 5–7).
Furthermore, biochemical processes like lipolysis and proteolysis
contribute to developing various VOCs and their precursors (2, 5),
including aldehydes, alcohols, ketones, esters, hydrocarbons, and
acids (2, 6). The analysis of VOCs provides valuable information
about dry-cured hams’ sensory quality (1, 5), a significant factor
affecting consumer purchasing decisions (7).

A major advancement in the analysis of VOCs has been
introduced by headspace-solid phase microextraction (HS-SPME),
developed by Pawliszyn and colleagues in the 1990s (8, 9). This
technique is fast, accurate, rapid, sensitive and solvent-free (8, 10–
15). Its combination with gas chromatography-mass spectrometry
(GC–MS) has proven highly efficient for sampling and analyzing
volatile compounds of meat and meat products (2, 8, 11). Despite
its many advantages, optimizing SPME for VOC analysis is crucial
since many parameters, including equilibrium time, extraction
time, and temperature, can significantly affect extraction efficiency
(1, 16, 17). Conventional parameter optimization, involving a
one-factor-at-a-time approach, can be arduous and lengthy (18).
Therefore, response surface methodology (RSM) has emerged as
an alternative optimization strategy. RSM is a statistical approach
for experimental design implemented in mathematical modeling.
It enables the assessment of the influences of various factors and
their interactions on one or more response variables with fewer
experimental measurements (19). It is a powerful approach widely
used in many applications (20).

Method validation is closely linked to method development
and includes determining linearity, precision, range, detection
limit, quantification limit, and robustness (21). Nevertheless, in
instance where quantification is the objective, various measures
are necessary to garantee an unbiased quantification process. In
HS-SPME that relies on the equilibration of compound and fiber,
incorporating appropriate internal standards (ISTDs) becomes
indispensable for effective peak area normalization. The reason
is that these ISTDs consider for the differences resulting from
variations in the absorption capacity of different fibers, fiber wear,
competition among different molecules with varying affinities for
the sorbent, and changes in sorption temperature among different
samples. Using an appropriate ISTD also allows for the correction
of deviations from linearity, and, in some instances, an individual
ISTD can be used for data normalization during quantification
(22). As reported by Fortini et al. (22), to achieve this objective,
the following steps are necessary: selecting appropriate internal
standards for each identified volatile compound and expanding the
linear working range for each one identified volatile compounds to
encompass both lower and higher concentrations.

This paper presents the optimization and validation of a HS-
SPME/GC–MS method for extracting VOCs from dry-cured ham.
It encompasses the following aspects: (i) optimization of SPME
conditions using both one-factor-at-a-time and RSM approaches;
(ii) method validation; (iii) selection of appropriate internal

standards and validation based on multiple ISTD normalization
to enhance the quantification of VOCs in dry-cured ham, and
(iv) a preliminary investigation of dry-hams available in the
Slovenian market.

2 Materials and methods

2.1 Chemicals and reagents

Pure chemicals: 1-octanol; 1-octen-3-ol; hexanal; heptanal;
octanal; nonanal; 2-decenal, (E); benzaldehyde; hexanoic acid;
octanoic acid; dodecanoic acid; benzene, 1,4-dimethoxy; 2-hexen-
1-ol, (E); 2-hexen-1-ol, acetate, (E); 3-heptanone, 2-methyl; acetic
acid, pentyl ester; acetic acid, hexyl ester; butanoic acid, methyl
ester; butanoic acid, ethyl ester; butanoic acid, butyl ester;
hexanoic acid, ethyl ester; linalool; γ-dodecalactone and toluene-
d8 were purchased from Sigma-Aldrich (Madrid, Spain). The
analytical standards n-alkanes mixture (C10–C40) for retention
index (RI) assessment determination was supplied by Supelco (St.
Louis, USA).

2.2 GC-MS analysis

2.2.1 Samples and standard mixtures preparation
An external standard mixture, comprising 12 compounds:

1-octanol; 1-octen-3-ol; hexanal; heptanal; octanal; nonanal;
2-decenal, (E); benzaldehyde; hexanoic acid; octanoic acid;
dodecanoic acid, and benzene, 1,4-dimethoxy, was prepared. These
compounds were chosen based on the VOCs obtained from the
analysis of selected dry-cured hams (3, 4, 23). The whey protein/oil
mixture was used to mimic the meat matrix, specifically protein
and fat components. The mixture was prepared according to the
experience proposed in the literature (22, 24). Briefly, 5mg of
each compound was weighed and incorporated into a matrix,
consisting of unflavoured whey protein (Me:First) and ICP-MS
vacuum pump oil (Agilent) in a 3:1 ratio. The whey protein/oil
blend was prepared immediately before analysis and tested to be
free from distinctive VOCs. This external solution mixture was
employed for method validation, encompassing linearity, limits of
detection and quantification, recovery, and the working range.

A mixture of internal standards (ISTD MIX) was prepared
and added to both samples and calibrants for quantification. This
mixture comprises 12 compounds: 2-hexen-1-ol, (E); 2-hexen-1-ol,
acetate, (E); 3-heptanone; 2-methyl; acetic acid, pentyl ester; acetic
acid, hexyl ester; butanoic acid, methyl ester; butanoic acid, ethyl
ester; butanoic acid, butyl ester; hexanoic acid, ethyl ester; linalool;
γ-dodecalactone and toluene-d8. The selection of these compounds
was based on their non-presence in dry-cured ham samples (23)
and their ability to provide a range of low and high molecular mass
ISTD compounds for various compound classes (22). Considering
their chemical properties, the peak areas of these compounds were
used for area normalization when constructing calibration curves
for the target compounds (22). Each ISTD in the mixture was at
a final concentration of 50mg kg−1. All standards, including the
ISTDMIX, were stored in the fridge at−20◦C.
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Samples of dry-cured ham, including PGI Kraški pršut (K1);
dry-cured ham from Kraškopolje pig, which is only preserved
Slovenian autochthonous pig breed (KP); dry-cured ham made
from pork of the Mangalica variety (M1), and Spanish Jamon
Serrano (JS) were purchased in the Slovenian market. A known
weight (1 g) of homogenized sample, previously frozen with
liquid nitrogen was ground and transferred to a SPME glass
vial (10mL), followed by the addition of 1mL of a saturated
NaCl solution and 50 µL of the internal standard solution
ISTDMIX.

2.2.2 Headspace solid-phase microextraction
The SPME extraction procedure was performed

using a Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) SPME fiber (2 cm × 50/30µm thickness)
purchased from Sigma-Aldrich (Supelco, Bellefonte, USA). The
SPME fiber was pre-conditioned at 270◦C for 30min before the
first use. Before each extraction, the SPME fiber was conditioned
for 5min at 250◦C before analysis and for 20min at 250◦C after
analysis. For each sample, 1.0 g of the standard solution was
weighed into a 10mL SPME glass vial (Supelco), followed by 1mL
of a saturated NaCl solution and 50 µL of the ISTD mix. The same
procedure was replicated for the dry-cured ham samples. The vials
were tightly capped with a silicone/PTFE septum. The volatiles
were then extracted under optimal HS-SPME conditions, which
included a 60-min equilibration time and a 60-min extraction
time, both at a temperature of 70◦C. Afterwards, the analytes
were desorbed for 4min in the GC injector (250◦C) equipped
with a straight Ultra Inert Solid Phase Microextraction Liner
(Sigma-Aldrich, Supelco, USA) operating in splitless mode. Each
sample was analyzed in duplicate.

2.2.3 Gas chromatography-mass spectrometry
All analyses were performed using a 7890BGas Chromatograph

and a 5977A Series Gas Chromatograph/Mass Selective Detector
(Agilent Technologies, Santa Clara, USA). The separation
process was accomplished using a high-performance VF-WAXms
polyethylene glycol column (30m × 0.25mm × 0.25µm, Agilent
J&W, USA). Helium was used as the carrier gas at a constant flow
rate of 1.5mL min−1. The oven temperature program was selected
according to the literature data (7, 25–28), additionally optimized
on dry-cured ham samples and set in the following way: 40◦C
(held for 1min) to 150◦C at 6◦C min−1, to 200◦C at 10◦C min−1,

and to 250◦C at 20◦C min−1 (held for 10min), resulting in a total
analysis time of 37min. The quadrupole, interface, and ion source
temperatures were set at 180, 280, and 240◦C. Electron ionization
(EI) was performed at 70 eV with an m/z scan range of 35–300 at a
scan rate of 5.2 scans s−1 (Full scan mode).

Data were acquired using ChemStation software (Agilent,
USA). Compound identification was conducted through
(i) spectral similarity search in the NIST Spectral Database
14 (National Institute of Standards and Technology,
Gaithersburg), (ii) matching retention times with available
standards, and (iii) matching the calculated retention
indices (RIs) using the Van Den Dool and Kratz equation
(29) with the accessible RIs found in the NIST Chemistry

WebBook, SRD 69, and PubChem database (specifically
for normal alkane RI, polar column, custom temperature
program) (26).

The HS-SPME/GC-MS method was validated for 1-octanol;
1-octen-3-ol; hexanal; heptanal; octanal; nonanal; 2-decenal, (E);
benzaldehyde; hexanoic acid; octanoic acid; dodecanoic acid, and
benzene, 1,4-dimethoxy. Quantification was performed through
at least a five-point linear least squares calibration of the analyte
peak area relative to the internal standard peak (area ratio) plotted
against the analyte concentration ratio (amount ratio).

2.3 Response surface methodology

The Box-Behnken design of experiments, which enables
modeling of the response surface (Design Expert trial version 9.0
software, State-Ease, Inc., Minneapolis MN, USA), was used to
investigate the effect of four factors: equilibration time (20, 30,
40, 50, 60min), equilibration temperature (40, 50, 60, and 70◦C),
extraction time (20, 30, 40, 50, 60min), and extraction temperature
(40, 50, 60, and 70◦C). In addition, Response surface methodology
(RSM) with central composite design (CCD) was used to optimize
the extraction parameters, including the concentration of ethanol
(X1), incubation temperature (X2), and solvent-to-solid ratio (X3).
The range and central point values of the three process variables
are presented in Supplementary Table 1. The process variables were
coded according to the following equation:

x =
Xi − X0

1X
(1)

where x is the dimensionless coded value, Xi is the actual
value of variables, X0 is the actual value of variables at
the center point, and 1X is the step change value. The
data were fitted with a second-order polynomial equation
as follows:

Y = β0 +

n∑

i=1

βiiXi +

n∑

i=1

βiiX
2
i +

n−1∑

i=1

n∑

j=2

βiiXiXj + ε (2)

where Y is the predicted responses (AVE, ALD, FA), β0 is the model
constant, βi, βii and βij are model coefficients (linear, squared and
interactive effects), and ε is the error (19).

2.4 Data analysis

Statistical analysis included one-way ANOVA and F-test.
Probability (p)-values of lower than 0.05 were used to indicate a
significance level. Data visualization was performed in OriginPro
2021 (OriginLab Corporation, Northampton, MA, USA). Principal
component analysis (PCA) was used on real samples to
classify samples based on the aroma profiles. The analysis
was performed using the XLSTAT software package (Addinsoft,
New York, USA).
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3 Results and discussion

3.1 Optimization of the HS-SPME
conditions

The default fiber for the HS-SPME procedure was
DVB/CAR/PDMS, recognized for its capability to extract volatile
and semi-volatile compounds and cover an extensive array of
molecular weights (30). The optimization of extraction conditions
considered parameters such as incubation temperature (ranging
from 40 to 70◦C), equilibration time (20–60min), extraction time
(20–60min), and desorption time (1–5min). The selected optimal
conditions are described in Table 1. Similar conditions were also
obtained in several applications including essential oils, fruits,
truffles (15, 25–27, 31), which indicates the general usefulness of
the optimized method. However, it needs to be tested or adapted
for each specific matrix.

3.1.1 Optimization using one-factor-at-a-time
approach
3.1.1.1 Equilibration and extraction temperature

To assess the impact of temperature on average signal
intensity (peak area), four temperatures: 40, 50, 60, and 70◦C
were tested. The results revealed that increasing the temperature
led to a corresponding increase in peak area (Figure 1). The
optimal extraction and equilibration temperature were determined
to be 70◦C. Notably, at 70◦C, the aromatic profile remained
unchanged, with no formation of new compounds or degradation
of existing ones. Compared to a lower temperature (e.g., 40◦C),
the extraction process occurs more rapidly at a higher temperature
(70◦C), thereby obtaining higher concentrations of compounds.
Previous studies have reported extraction temperatures ranging
from 40 to 60◦C (1, 5, 10, 32–34), and in some instances,
even higher temperatures, such as 73◦C have been used (34).
However, the extraction temperature used in these studies had not
been optimized.

3.1.1.2 Equilibration and extraction time
The samples were analyzed at different equilibration times (20,

40, and 60min) and extraction times (20, 40, and 60min) at an
optimal temperature of 70◦C, with a desorption time of 4min.
The results revealed that longer equilibration and extraction times
increased peak area (Figure 2), while shorter equilibration and
extraction times (20min) extracted fewer compounds, especially
fatty acids. The highest extraction yield was observed at 60min for
all compound classes (Figure 2B). Consequently, a combination of
70◦C and an extraction time of 60min was determined as optimum
and used for method validation.

3.1.1.3 Desorption temperature and time
We assessed various desorption times (1, 2, 3, 4, and 5min) for

VOCs, taking into account the time intervals between SPME fiber
injection into the GC port. The results indicated different effects
of desorption time on the acid class compared to other compound
classes (Figure 3). A 5-min desorption time gave the best results for
acids, while for other chemical classes, the optimal was 4min. Based

on these findings, a desorption time of 4min was finally chosen as
the optimal time.

3.1.1.4 Salt e�ect
Adding salt, typically sodium chloride (NaCl), to the samples

elevates the solution’s ionic strength (27), which in turn decreases
the solubility of the analytes and amplifies their volatility.
Consequently, the enhanced volatility leads to greater adsorption
of the analytes onto the fiber, thereby improving the extraction
efficiency (35). Initially, VOCs were analyzed in the homogenized
sample, and the obtained results were subsequently compared
between samples with (a) added deionized water and samples
with (b) added a saturated NaCl solution. The findings indicated
that adding a saturated NaCl solution improved the extraction
of volatiles.

3.1.2 Response surface methodology
Based on the preliminary screening experiments, the following

independent variables were selected: equilibrium time (factor
X1: 20, 40, 60min), extraction time (factor X2: 20, 40, 60min),
extraction temperature (factor X3: 50, 60, 70◦C) and desorption
time (factor X4: 1, 2, 3, 4, 5min). Boundary values for factors X1,
X2, and X3 were determined through screening experiments. Factor
X4 (desorption time) was specifically investigated to understand
its impact on the extraction rate. Consequently, its boundary
values were set between 1 and 5min, aligning with the screening
experiment time range, as no significant enhancement in the
extraction rate was evident beyond this interval. The experimental
design utilized a Box-Behnken design, comprising 15 runs, each
with corresponding responses (36). In addition, a three-factor
inscribed central composite design was utilized to uncover the
relationships between the response functions and the process
variables (Equation 1) (37). The extraction conditions for aldehydes
and acids were simultaneously optimized. Supplementary Table 1
presents the results of the empirically measured responses data for
the 15 runs in accordance with the experimental design. The yield
of the total aldehyde varied from 0.164× 106 to 5.328× 106, while
that of acids ranged from 0.528 × 106 to 19.11 × 106. The highest
yield was achieved during the 11th run under the experimental
conditions of X1 = 60min, X2 = 60min, and X3 = 70◦C. Informed
by these findings, the extraction procedure was refined to maximize
the response outcomes.

3.1.2.1 Fitting the model
The analysis of variance (ANOVA) confirmed the adequacy of

the model in representing the relationship between the response
variable and independent variables (36). The close correspondence
between experimental and predicted values suggests a satisfactory
model (19). Coefficients of the predicted model in coded variables,
concerning average aromatic profile content (AVE), aldehydes,
and acids, were analyzed for significant contributions using the
p-value of the F-test (p < 0.05). The model’s fitness was further
evaluated through the lack-of-fit test (p> 0.05) (19). The coefficient
of determination (R2) served as an additional measure of fit
quality, yielding values of 0.9173, 0.7938, and 0.8967 for the AVE,
aldehydes, and acids, respectively. The model’s significant adequacy
was confirmed at a 0.0001% probability level, with both R2 and
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TABLE 1 Optimization using one-factor-at-a-time test.

Equilibration time
(min)

Equilibration
temperature (◦C)

Extraction time
(min)

Extraction temperature
(◦C)

1 20 40 20 40

2 40 50 40 50

3 60 60 60 60

4 70 70

FIGURE 1

Histogram showing the e�ect of equilibration and extraction temperatures (40, 50, 60, and 70◦C) on the average peak area for total VOCs, including
aldehydes, alcohols, acids, ketones, esters, and other compounds. Measurements were taken after 60min of equilibration and 60min of extraction,
followed by a 4-min desorption process.

adjusted R2 exceeding 70%. Additionally, no evidence of lack of fit
was observed for the model in all responses, indicated by a p-value
> 0.05 (19). The final equations obtained when optimizing the
experimental conditions and performing the ANOVA are presented
in Table 2.

3.1.2.2 E�ect of extraction variables on average aromatic
profile content

The model showed a high significant correlation with the
experimental data (p < 0.001). An ANOVA indicated significant
linear (X2 and X3) and interactive (X23) effect on the average (AVE)
content (p< 0.001). Examining the regression coefficient (β) values,
extraction temperature (X3) demonstrated a significant positive
impact, followed by extraction time (X2). Upon removing non-
significant variables and refitting the second-order polynomial, the
lack of fit’s non-significant value (F = 4.14) (38) suggested that
the model effectively captures the spatial influence of variables on
the response, providing reliable predictions (R2 = 0.9173). The
AVE content exhibited a significant increase (p < 0.001) as the
equilibrium time extended from 20 to 60min. This result can

be explained by mass transfer principles, with the concentration
gradient between solid/solvent—head space—fiber described in
detail in Souza-Silva et al. (39).

Likewise, we observed a significant positive effect (p < 0.001)
of solvent concentration and extraction temperature on the levels
of aldehydes (ALD) and fatty acids (FA). Regarding the interactive
effect of the variables, only the interaction between extraction
time and temperature (X23) on the AVE content was significant
(p < 0.001). With an increase in equilibrium time and extraction
temperature, AVE content also significantly increased (Figure 4A).
The increased solubility of AVE content with higher extraction
temperature likely results from the elevated temperature and
extended equilibrium time, leading to improved enhanced mass
transfer between solid/solvent—head space—fiber.

3.1.2.3 E�ect of extraction variables on total aldehyde
The linear effect of extraction time (X2) and extraction

temperature (X3) along with their interaction (X23), positively
influenced the ALD content. The ALD content exhibited a strong
dependency on extraction time (X2), followed by extraction
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FIGURE 2

Histograms showing peak area with varying equilibration (A) and extraction (B) times (20, 40, and 60min) at 70◦C and 4min of desorption for total
VOCs, aldehydes, alcohols, acids, ketones, esters, and other compounds.

FIGURE 3

Histogram showing the e�ect on peak area of varying the desorption time (1, 2, 3, 4, and 5min) at 60min of equilibration, 60min of extraction at
70◦C equilibration for total VOCs, aldehydes, alcohols, acids, ketones, esters, and other compounds.

temperature (X3), the interactive effect (X23), and the quadratic
of extraction time (X2

2), as supported by their regression
coefficient (β) values. The non-significant lack of fit value (F
= 2.57) (38) indicated that the model was well-fitted with
good precision (R2 = 0.7938). Interactions between X2 and X3

had a significant (p < 0.05) positive impact on ALD content,
which further increased with longer equilibrium time (X2)
and higher extraction temperature (X3). This interaction effect
was particularly pronounced at higher values of both variables
(Figure 4B).
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TABLE 2 Final equations (Equation 2) obtained when optimizing the experimental conditions and performing the ANOVA.

Responses Regression model R
2 Adj. R2 Adeq. precision

Y1 (AVE)= 5.322× 1013 + 1.435× 1013X2 + 3.125× 1013X3 + 7.627× 1012 X2X3 0.9173 0.8335 17.384

Y2 (ALD)= 2.574× 1013 + 1.148× 1013X2 + 6.349× 1012X3 + 3.519× 1012X2
2 + 4.394×

1012X2X3

0.7938 0.7113 9.391

Y3 (FA)= 3.500× 1014+ 3.588×109X1 + 5.852× 1013X2 + 2.424× 1014X3 + 1.608×
1013X1X2 + 3.308× 1013X2X3

0.8967 0.8397 13.084

The adequate precision value (adeq precision) is also presented representing the signal-to-noise ratio. All values are >4 indicating their adherence to the desirable criterion.

X1 , equilibrium time (min); X2 , extraction time (min); X3 , extraction temperature (◦C), X4 , desorption time (min). Level of significance p < 0.001.

FIGURE 4

E�ect of extraction variables on (A) average (AVE), (B) aldehydes (ALD), and (C) fatty acids (FA).

FIGURE 5

Design-experiment model showing the optimum values for the independent variable equilibrium time, extraction time, and extraction temperature
to be 60min, 60min, and 70◦C.

3.1.2.4 E�ect of extraction variables on fatty acids
The FA content was significantly influenced by various factors,

including linear effects (X1, X2, and X3) and interactive effects (X12

and X23). Extraction temperature (X3) produces a maximum effect
on FA content, followed by extraction time (X2), interactive effects
(X23), and (X12) as confirmed by their R2 (β) values. Following
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the removal of non-significant factors and fitting a second-order
polynomial equation, the non-significant lack of fit value (F= 3.28)
(38) showed that the model is fitted with good precision (R2 =

0.8967). The response surface 3D graph for FA content is shown
in Figure 4C. The interaction effect of equilibration and extraction
time (X12) demonstrated a significant (p< 0.01) positive impact on
FA content. At lower values of X1 and X2, FA content increased, but
as both values increased, the interactive effect (X23) on FA content
become predominant (Figure 4C). The interaction of extraction
time and temperature (X23) also exhibited a significant (p < 0.001)
positive effect on FA content.

3.1.2.5 Validation of the predictive model
The software forecasted the optimal values for the independent

variables: equilibrium time, extraction time, and extraction
temperature to be 60.0min, 60.0min, and 70◦C, respectively, while
the predicted total aldehyde concentration (Abundance) was 5.157
× 106 and 1.6304× 107 for fatty acids. Compared with the software
(Design-Expert), the predicted results are closely aligning with
the actual results, suggesting that the optimization parameters put
forward in this study are accurate.

The optimization of the critical variables in the HS-SPME/GC-
MS was conducted using both the RSM and experimental
(one-factor-at-a-time) approaches. The main variables included
equilibrium time (20–60min), extraction time (20–60min), and
extraction temperature (40–70◦C). Based on the results obtained
from both methods, the optimal SPME conditions were 60min of
equilibration, 60min of extraction at 70◦C, and a desorption time

of 4 min. Results of the Design-experimental model is presented in
Figure 5.

3.2 Method validation

Method validation using the defined optimal HS-SPME
parameters is summarized in Table 3. The regression coefficients
ranged from 0.992 to 0.999, and the adjusted regression coefficients
were >0.992 (0.01–19.1mg kg−1). However, while the correlation
coefficient can indicate linearity, it does not guarantee it. Therefore,
data on the correlation coefficients was augmented with the
relative standard deviation (RSD). To confirm linearity, the RSD
should be <5% (26). Based on the RSD criterion, none of the
compounds exhibited a linear response throughout the entire
concentration range. Most compounds showed the best linearity
at the lower concentration range, except for hexanal, hexanoic
acid and octanoic acid, which displayed the best linearity at
the higher concentration range (0.63–16.2, 1.35–18.0, and 1.19–
19.1mg kg−1, respectively). One-octanol, octanal and benzene,
1,4-dimethoxy showed the best linearity at the lower range of
the concentrations (0.07–0.91mg kg−1). The LOD varied between
0.03 and 1.13mg kg−1. Octanal and benzaldehyde had the lowest
LODs (0.03mg kg−1), while octanoic acid had the highest (1.13mg
kg−1). The working range was determined as LOQ to the highest
concentration tested in the linear range. Recovery ranged from
94.2% (1-octen-3-ol) to 106% (octanoic acid) for the volatiles in the
dry-cured ham.

TABLE 3 Validation parameters.

No Compound R RSD
(%)

Recovery
(%)

Calibration curve LOD LOQ WR ISTD RISTD

1 1-Octanol 0.996 4.56 98.7 y= 5E+07 x + 914,709 0.07 0.22 0.09–0.91 Linalool 0.998

2 1-Octen-3-ol 0.992 4.70 94.2 y= 5E+07 x + 1E+06 0.11 0.34 0.08–1.28 2-Hexen-1-ol,
(E)-

0.995

3 Hexanal 0.996 2.28 101 y= 1E+06 x + 864,040 0.85 2.56 0.63–16.2 Toluene-d8 0.995

4 Heptanal 0.993 7.45 98.8 y= 1E+07 x + 37,931 0.12 0.36 0.01–1.40 Butanoic acid,
butyl ester

0.999

5 Octanal 0.996 10.8 102 y= 1E+07 x + 16,464 0.03 0.09 0.01–0.73 Acetic acid,
pentyl ester

0.996

6 Nonanal 0.992 7.87 101 y= 2E+07 x + 403,408 0.12 0.36 0.09–1.38 2-Hexen-1-ol,
acetate, (E)-

0.995

7 2-Decenal, (E)- 0.996 5.84 104 y= 4E+06 x + 878,858 0.61 1.83 0.08–10.4 Linalool 0.998

8 Benzaldehyde 0.999 4.49 101 y= 9E+07 x + 88,940 0.03 0.09 0.01–1.05 Linalool 0.996

9 Hexanoic acid 0.996 4.68 102 y= 5E+06 x – 5E+06 0.90 2.73 1.35–18.0 γ-
Dodecalactone

0.999

10 Octanoic acid 0.997 6.71 106 y= 1E+07 x – 2E+06 1.13 3.41 1.19–19.1 γ-
Dodecalactone

0.998

11 Dodecanoic acid 0.999 4.14 99.6 y= 8E+06 x – 4E+06 0.15 0.46 0.65–3.77 γ-
Dodecalactone

0.993

12 Benzene,
1,4-dimethoxy

0.992 5.00 99.2 y= 1E+08 x + 3E+06 0.06 0.18 0.07–0.70 Linalool 0.998

R, squared adjusted regression coefficient; RSD, relative standard deviation; LOD, limits of detection (mg kg−1); LOQ, limits of quantification (mg kg−1); WR, working range (mg kg−1); ISTD,

internal standards; RISTD , squared adjusted regression coefficient of internal standard.
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FIGURE 6

Procedure of the selection of the most appropriate ISTD for 1-octanol. The name of the chosen ISTD is marked with orange color.

3.2.1 Multiple internal standard addition for
improving HS-SPME/GC-MS quantitation

Table 3 presents information regarding the selection of the
most suitable ISTDs [2-hexen-1-ol, (E); 2-hexen-1-ol, acetate,
(E); 3-heptanone; 2-methyl; acetic acid, pentyl ester; acetic acid,
hexyl ester; butanoic acid, methyl ester; butanoic acid, ethyl ester;
butanoic acid, butyl ester; hexanoic acid, ethyl ester; linalool; γ-
dodecalactone and toluene-d8] for 12 selected compounds found
in the aromatic profile of dry-cured ham. These internal standards
were selected based on chromatographic retention time (rt), a
wide linear working range, linear correlation, an intercept close
to zero and chemical class similarity. These criteria ensured that
the selected internal standards were distributed throughout the
chromatogram and did not overlap with external standards. Each of
these 12 analytes was calibrated by choosing themost suitable ISTD.

Figure 6 shows an example of selecting an appropriate internal
standard for the compound 1-octanol. When considering the
adjusted regression coefficient (R2), several internal standards
exhibited values close to 0.99, including 2-hexen-1-ol, acetate, (E);
acetic acid, pentyl ester; butanoic acid, methyl ester; butanoic acid,
ethyl ester; butanoic acid, butyl ester; hexanoic acid, ethyl ester;
linalool; and toluene-d8. Also, when retention time is considered,

compounds such as linalool (rt = 14.0) and 2-hexen-1-ol, acetate,
(E) (rt = 9.5) closely match that of 1-octanol (rt = 14.3). Further
linalool is also justified as the suitable internal standard due to its
nearly zero intercept.

The same principle was applied to all other analytes. For
instance, compounds such as linalool, γ-dodecalactone, toluene-
d8, 2-hexen-1-ol, (E); 2-hexen-1-ol, acetate, (E); butanoic acid,
butyl ester and acetic acid, pentyl ester were found to be the most
commonly used ISTDs (Table 3). Supplementary Figure 1 shows
the calibration curves for all 12 analytes selected from different
classes (e.g., alcohols, aldehydes and acids). From each class, the
most appropriate ISTD was chosen.

3.3 Volatile organic compound profile of
four dry-cured hams—Preliminary study

The optimized and validated method was then used on the
real samples, including four dry-cured ham samples from the
Slovenian market, namely Kraški pršut (K1), Kraškopolje pig (KP),
Mangalica (M1), and Jamon Serrano (JS). Peak areas were summed
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FIGURE 7

Histogram showing the di�erentiation between individual dry-cured ham samples (K1, Kraški pršut; KP, dry-cured ham from Kraškopolje pig; M1,
dry-cured ham made from pork of the Mangalica variety; JS, Spanish Jamon Serrano) based on their aromatic profiles determined by the
HS-SPME/GC-MS.

and presented as a percentage of the total VOCs in each sample
(Figure 7). The predominant chemical groups included aldehydes,
acids, alcohols, ketones, and esters.

Aldehydes are represented in all samples originating mainly
from fatty acid autoxidation (linear aldehydes) and amino acid
degradation (branched and aromatic aldehydes) (1). Sensory
descriptors associated with linear aldehydes include grassy,
green, fatty, fresh (40), meat-like, ham-like, and rancid (5).
The occurrence of acids in the samples can be attributed to
triglyceride and phospholipid hydrolysis or the oxidation of
unsaturated fatty acids (1), possibly exacerbated by enzymatic
lipolysis during ham ripening (5). Short-chain acids, with their
low perception threshold, are significant contributors to the
overall aroma. On the other hand, long-chain acids like octanoic,
nonanoic and decanoic acids, which have higher odor thresholds,
do not significantly influence the overall aroma. However,
these long-chain acids are probably precursors for other odor-
active compounds, i.e., aldehydes, alcohols, ketones, and shorter-
chain carboxylic acids, which are produced during the ripening
stage (1).

Alcohols, both linear and branched, present in the samples and
resulting from lipid oxidation, are regarded as minor contributors
to the overall aroma due to their higher odor thresholds (1).
Their sensory notes include herbaceous, woody, fatty (5), sweet,
fruity and mushroom (32). However, certain alcohols, particularly
straight-chain unsaturated ones (e.g., 1-octen-3-ol), have lower
thresholds and thus their impact on aroma may be considerable
(41). Ketones are also present, and although their origin is diverse,
they are most commonly formed from the oxidation of lipids.
Nevertheless, the formation of these compounds can occur through
the Maillard reaction as well as through the microorganism-
inducted esterification. These compounds significantly influence
the aroma profile of meat products. Additionally, in lower

concentrations, they are capable of producing buttery, blue cheese,
and spicy notes (34, 40) while also being linked with aromas typical
of cooked meat (5).

Principal Component Analysis (PCA) was applied to determine
whether it can differentiate between dry-cured hams based on
their VOC profiles. Figure 8A presents a score plot that distributes
various ham types (Mangulica, Kraški pršut, Krškopolje pig,
Jamon Serrano) across the first two principal components, F1
and F2, which account for 47.37 and 35.72% of the variance,
respectively, summing up to 83.10% of the total variance. This
suggests differences in the variables represented by F1 and
F2 among the ham samples. Figure 8B, a biplot, illustrates
these observations along with the variables (e.g., aldehydes,
acids) influencing their flavor profiles, where the proximity of
volatile compounds to specific ham types indicates a stronger
association with their aroma profiles. The results showed that it
is possible to distinguish between dry-cured hams based on their
aromatic profiles. For instance, the discriminating compounds
in Kraški pršut included oleic acid, octanoic acid, 2-decenal (E),
2-nonenal (E), and nonanal. Compounds, such as 2-dodecenal
(E), n-decanoic acid, benzaldehyde, and hexadecanal, contributed
to the differentiation of krškopolje pig dry-cured ham. For
Mangulica, the discriminative compounds were 2,4-decadienal
(E,E), palmitoleic acid, 2-undecenal, n-hexadecanoic acid, and
hexanal. In Jamon Serrano, key compounds were acids: 9-
octadecanoic acid (E), tetradecanoic acid, and dodecanoic acid. It
seems that dry-hams except Kraški pršut exhibit higher content
of interamuscular fat. However, it is important to note that this
study is preliminary, involving only four samples, so it is difficult to
conclude why specific VOCs are important for ham differentiation.
Nevertheless, the study gives the encouraging results and the
developed method will be applied to a much larger sample set
in the future.
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FIGURE 8

Principal component analysis (PCA) of samples of dry-cured ham samples (Kraški pršut, Krškopolje pig, Mangulica, and Jamon Serrano): (A)
discriminant function score plot, and (B) discriminant loading plot, showing correlations between initial variables and the discriminant functions for
the di�erent dry-cured hams.

4 Conclusions

In this study, we successfully optimized and validated an
analytical method for determining VOCs in dry-cured ham based
on a HS-SPME combination with GC-MS. An optimal SPME
method was obtained using a one-factor-at-a-time approach and
RSM. Based on the results obtained from bothmethods, the optimal
SPME conditions were 60min of equilibration, 60min of extraction
at 70◦C, and a desorption time of 4 min.

In a preliminary study involving four samples from the
Slovenian market, the method could differentiate all four hams
based on specific VOCs, highlighting the method’s potential. While
this study provides valuable insights into VOC analysis in dry-
cured ham, it is essential to emphasize its preliminary nature,
limited to small collected samples. Further investigations involving
more samples are requisite. Nevertheless, this experimental
approach offers a robust means of detecting volatile compounds
in dry-cured ham, contributing to a more comprehensive
appreciation of their sensory properties.
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