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Abstract
Globally, vinegar is a widely used acidic condiment with unique flavors and rich nutritional value. Aroma can be used as an 
important factor to measure the quality of vinegar and affect consumers’ choices and preferences. Volatile components pro-
vide different aroma characteristics of vinegar and have an important impact on its sensory quality. In this study, the volatile 
components in solid-state fermented vinegar and liquid-state fermented vinegar were investigated by headspace solid-phase 
microextraction followed by gas chromatography—mass spectrometry. Principal component analysis (PCA) and hierarchical 
cluster analysis (HCA) for evaluating and distinguishing between solid-state fermented vinegar and liquid-state fermented 
vinegar based on their composition of volatile components were carried out. The results showed that a total of 38 different 
volatile compounds were identified, including 5 alcohols, 17 ethers, 3 acids, 4 heterocyclic compounds, 4 aldehydes, and 5 
other volatiles. PCA and HCA have proven to be effective methods for identifying volatile compounds as well as evaluating 
and comparing of solid-state fermented vinegars and liquid-state fermented vinegars. Multivariate statistical analysis revealed 
substantial variation between solid-state and liquid-state fermented vinegars.
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Introduction

Vinegar has become an indispensable condiment on the 
table due to its unique flavors and rich nutritional value [1]. 
Recent studies have shown that high-quality vinegars pos-
sess antibacterial [2], anti-infective [3], antioxidant [4] and 
anticancer properties [5]. Due to different raw materials and 
processes of vinegar production, there are a wide range of 
commercially available vinegar products. Generally, western 
countries brew vinegar with fruit and wine, such as Italian 
balsamic vinegar and Spanish Sydney vinegar [6]. Eastern 
countries brew vinegar from grain, such as grain vinegar 
in China and Japan [7]. Presently, commercially available 
vinegars can be classified into solid-state fermentation (SSF) 
vinegars and liquid-state fermentation (LSF) vinegars in 
terms of production technology. SSF is the fermentation of 

microorganisms on a solid substrate with little or no free 
water, while LSF refers to the fermentation method in which 
the state of the material appears liquid in the acetic acid fer-
mentation stage [8]. These processes lead to different kinds 
of vinegar with their own unique flavor characteristics.

Aroma has long been considered a vital feature of con-
sumers’ perception of vinegar quality, which directly affects 
consumers choices and preferences [9]. Volatile compounds 
provide different aroma characteristics of vinegar and have 
an important impact on the sensory quality of vinegar. The 
volatile compounds in vinegar mainly include alcohols, 
esters, aldehydes, acids, lactones, phenols and so on [10]. 
These compounds usually have little content in vinegar, but 
they can give vinegar a special aroma in an appropriate pro-
portion. The flavor of vinegar is an important factor impact-
ing its quality. The amount of vinegar flavor is of great sig-
nificance to the nutritional value and hygienic indices of 
vinegar. Hence, the determination of aroma components of 
vinegar is conducive to the identification of the quality of 
vinegar. The types of aroma components in vinegar are com-
plex and easy to change. Different raw materials, origins, 
climates and brewing technologies make the flavor and taste 
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of vinegar very different [11]. Therefore, research on volatile 
flavor substances in vinegar is essential for quality control.

Given the important role of volatile flavor substances in 
vinegar analysis, numerous reports have been conducted. 
Previous studies have mainly targeted the effects of differ-
ent brewing processes on the volatile flavor substances of 
vinegar [12], the changes in volatile flavor substances in the 
process of vinegar production [13], the characteristics of 
volatile flavor substances of vinegar with different acidities 
[14], the changes in volatile flavor substances of vinegar dur-
ing the aging process [15], and the characteristics of volatile 
flavor substances of certain types of vinegar [16–18]. How-
ever, to the best of our knowledge, research evaluating the 
volatile flavor substances of SSF vinegar and LSF vinegar 
has been inadequately investigated. Hence, there is a large 
demand for fast and reliable methods to evaluate and com-
pare the volatile organic compounds (VOCs) between SSF 
and LSF vinegars.

Headspace solid-phase microextraction (HS-SPME) is 
a solvent-free sample preparation technique that integrates 
preconcentration, extraction, and sample introduction into 
one step [19]. Combined with gas chromatography-mass 
spectrometry (GC–MS), it can objectively, accurately and 
quickly evaluate VOCs in samples. With its good repro-
ducibility and stability, this technique has been extensively 
used in the separation and analysis of volatile and semi-
volatile samples, and this method is widely utilized in the 
study of vinegar volatile aroma [20]. Nevertheless, the use 
of HS–SPME–GC–MS coupled with multivariate statistical 
analysis for characterizing and distinguishing Chinese-style 
SSF vinegar and LSF vinegar has rarely been studied.

In this work, HS-SPME followed by GC–MS was used 
to analyze and identify the volatile compounds of four SSF 
vinegars and four LSF vinegars. The types and contents of 
the volatile compounds of vinegar samples were compre-
hensively compared via multivariate statistical analysis. 
Hierarchical cluster analysis and principal component anal-
ysis were carried out based on the composition of volatile 
components. These results were expected to make a signifi-
cant contribution to elucidating the differentiation of the 

composition and content of volatiles in SSF vinegars and 
LSF vinegars. By extension, this study also laid the founda-
tion for future research on the mechanism of VOCs genera-
tion, thereby promoting the genetic improvement of vinegar 
flavor.

Materials and methods

Materials

Four kinds of SSF vinegar samples were numbered 
SF1–SF4, and four kinds of LSF vinegar samples were 
numbered LF1–LF4. These samples were all commercially 
widely consumed brands in China. Information about the 
vinegar samples is presented in Table 1.

HS‑SPME extraction

According to the method reported in the literature, HS-
SPME extraction was carried out with a few modifications 
[21, 22]. In this study, to strengthen the signal peak of the 
total ion chromatograms, the sample volume was increased 
to 8 mL and then pipetted accurately by a pipette (BRAND 
Shanghai Trading Co., Ltd., China) into a 15 mL headspace 
vial sealed with sealing film (Nanjing Dahu Scientific Instru-
ment Co., Ltd., China). Subsequently, the fiber (50/30 μm 
polydimethylsiloxane/carboxen/divinylbenzene (PDMS/
CAR/DVB)) of the manual SPME device (Supelco, USA) 
was exposed in the upper space of the sealed vial. New fiber 
needs to be aged at the GC inlet according to the instruc-
tions before use. Moreover, the sealed vial was heated in an 
HH.S21-6 electrothermal constant temperature water bath 
pot (Shanghai Boxun Industrial Co., Ltd. Medical Equip-
ment Factory China) at a increased temperature of 50 °C 
for 30 min. Thereafter, the fiber was withdrawn and imme-
diately inserted into the GC inlet. Finally, desorption was 
accomplished at 250 °C for 3 min. GC/MS analysis was 
performed. The sample was analyzed in triplicate to verify 
the signal stability and obtain a sufficient amount of data. 

Table 1   Vinegar samples information

Samples Fermentation process Acidity Raw material

SF1 Solid state fermentation  ≥ 5.00 g/100 mL Water, sticky rice, wheat bran, rice, edible salt, white granulated sugar, Daqu
SF2 Solid state fermentation  ≥ 5.00 g/100 mL Water, sticky rice, wheat bran, rice, edible salt, white granulated sugar, Daqu
SF3 Solid state fermentation  ≥ 5.00 g/100 mL Water, sticky rice, wheat bran, white granulated sugar, edible salt
SF4 Solid state fermentation  ≥ 3.50 g/100 mL Water, sorghum, Daqu, wheat bran, edible salt, sodium benzoate, sucralose
LF1 Liquid state fermentation  ≥ 9.00 g/100 mL Water, rice, edible alcohol, white granulated sugar
LF2 Liquid state fermentation  ≥ 5.00 g/100 mL Water, edible alcohol, rice, edible salt
LF3 Liquid state fermentation  ≥ 5.00 g/100 mL Water, rice, white granulated sugar, edible salt
LF4 Liquid state fermentation  ≥ 3.50 g/100 mL Water, sticky rice, japonica rice, white granulated sugar, edible salt
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An illustration of the extraction process for HS-SPME is 
presented in Fig. 1.

Analysis of volatile compounds by GC–MS

The analysis of volatile compounds was implemented using 
a Trace ISQ 1300 GC–MS with a standard mass spectrom-
etry library (NIST 2014) workstation (Thermo Fisher Sci-
entific, USA). The GC–MS conditions were employed after 
optimization. The DB-5MS (30 m × 0.25 mm i.d. × 0.25 μm) 
capillary column was employed. The operating system was 
Xcalibur software (v. 2.2, Thermo Fisher Scientific, USA). 
High-purity helium (purity > 99.999%) was employed as the 
carrier gas at a constant flow rate of 1.0 mL/min. The inlet 
temperature was set and maintained at 250 °C. The injec-
tion mode was nondiversion injection. Originally, the oven 
temperature was set at 40 °C for 1 min, then programmed at 
5 °C/min to 130 °C, and finally raised to 220 °C at a rate of 
10 °C/min and finally maintained for 2 min.

The mass spectrometer was operated in electron ioniza-
tion (EI) mode with the electron energy set at 70 eV. The 
transmission line temperature and ion source temperature 
were both set and maintained at 250 °C. The mass spec-
tra was acquired using the full-scan monitoring mode. The 
spectra were collected in a mass range of m/z 33–450. The 
solvent delay time was 1 min.

Identification of volatile compounds

The total ion chromatogram obtained by GC–MS analysis 
was searched by computer and matched with the NIST 14 
standard mass spectral databases. The main volatile com-
ponents in vinegar samples were further determined by 
the retention index (RI) of compounds, which were calcu-
lated under the same chromatographic conditions after the 

injection of a C8–C40 n-alkane series (Shanghai Jieli Bio-
technology Co., Ltd., China) [23].

The relative content of volatile flavor compounds in vin-
egars was quantified by the area normalization method (com-
ponent peak area accounting for the total peak area). The test 
results were expressed as percentages (%).

Data processing

The mean and standard deviation were calculated using 
Excel software (Office 2019, Microsoft Corporation, USA). 
Values are expressed as the mean ± standard deviation (SD) 
resulting from the analysis of three parallel samples. The 
percentage histogram was obtained by Origin 2021 software. 
Principal component analysis and cluster analysis were per-
formed using IBM SPSS statistics 21 software.

Results and discussion

Analysis of volatile compounds in different 
fermented vinegar samples

The GC–MS instrument (Thermo Fisher Scientific, Trace 
ISQ 1300) used in this study can perform complete scans in 
an accurate and rapid manner, providing reliable and sub-
stantive molecular weight and structural details. The vola-
tile compounds of 4 kinds of solid fermented vinegar and 4 
kinds of liquid fermented vinegar produced in China with 
high sales volume were extracted by HS-SPME and analyzed 
by GC–MS. A total of 38 different volatile compounds were 
identified by NIST library combined with RI, including 5 
alcohols, 17 ethers, 3 acids, 4 heterocyclic compounds, 4 
aldehydes, and 5 other volatiles. The detailed information 
of the identified compounds is denoted in Table 2, given 
emphasis on the metadata which include retention times, 
compound name, CAS number, relative contents expressed 
as the mean ± SD, retention index, and literature retention 
index.

The volatile components in vinegar are affected by raw 
materials, starters, and processing technologies, which 
constitute their different characteristics [24]. As shown in 
Figs. 2 and 3, the numbers and content of volatiles in the 
SSF vinegar and LSF vinegar samples exhibited great diver-
sity. In terms of the types of compounds (Table 2, Fig. 2), 
SSF vinegar contained a wider variety of compounds than 
LSF vinegar. All vinegar samples contained the largest 
number of ester compounds. The results were in accord-
ance with the data reported in previous studies [25]. Further 
comparison for each category of volatiles in terms of volatile 
compound contents (Fig. 2) showed that SSF vinegar con-
tained a higher relative content of heterocyclic compounds 
than LSF vinegar, which accounted for 34–52% of the total Fig. 1   Illustration of the extraction process for HS-SPME
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volatiles. In addition, there are higher content of acids (rang-
ing from 16 to 32%) and esters (ranging from 10 to 32%) in 
SSF vinegar, followed by alcohols (ranging from 5 to 12%). 
In comparison to that in SSF vinegar, the content of acids 
had the largest proportion (ranging from 42 to 98%), fol-
lowed by esters (ranging from 2 to 52%) in LSF vinegar. Yu 
et al. reported similar results [26].

Some characteristic and bioactive volatile components 
of vinegars reported in the literature could also be authen-
ticated in this study [27]. For instance, phenylethyl alco-
hol, detected in both SSF and LSF vinegars, has a soft, 
pleasant and long-lasting rose aroma and good antibacte-
rial activity [28]. Compounds such as benzaldehyde, and 

benzeneacetaldehyde detected in the samples were aromatic 
aldehydes with antioxidant and anti-inflammatory activities 
[29]. Furthermore, esters, which usually have typical fruit 
flavor characteristics, are the main substances that constitute 
the flavor of vinegar. The esters in vinegar are an impor-
tant indicator for judging the quality of vinegar [30]. For 
example, 2-phenylethyl acetate, as a highly valued natural 
volatile ester with a rose-like odor that is widely used to 
add scent or flavor to cosmetics, soaps, foods and drinks, 
which was detected in both SSF and LSF vinegars [31]. 
Heterocyclic compounds in vinegar are mainly produced by 
microbial fermentation, and generally have important bioac-
tive activities and the flavors of nuts, coke and baking [32]. 
Compounds such as trimethyl-pyrazine, and tetramethyl-
pyrazine detected in sectional vinegar samples were reported 
as bioactive alkaloids. These compounds have been proved 
to have pharmacological effects in clinical application for 
more than 30 years and having played an important role in 
anti-cardiovascular disease [33]. There are also other VOCs 
in vinegar, that are usually less abundant but have an impor-
tant effect on the quality and flavor of vinegar. For example, 
phenolic compounds can play a fragrant and aromatic role, 
which are especially important to the quality of vinegar [34]. 
The structures of the major volatile compounds identified in 
the vinegar are presented in Fig. 4.

Dendrogram classification of hierarchical cluster 
analysis (HCA)

When many indicators are used to distinguish different 
samples, unsupervised data processing as a visualization 
protocol is often used to evaluate the clustering trend 
[35]. HCA is a numerical data integration method that 
can accurately describe the differences between different 

Fig. 2   The numbers of volatiles identified in vinegar samples

Fig. 3   The contents of volatiles identified in vinegar samples

Fig. 4   Structures of the major volatile components identified from 
vinegar samples
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vinegar varieties. It is conducive to locating the homoge-
neity among vinegar varieties to a certain extent accord-
ing to the volatiles with similar characteristics. Euclidean 
distance was used as the measurement standard, and the 
intergroup connection method was used as the characteris-
tic of the systematic clustering model [36]. The clustering 
data were processed by hierarchical tree. The horizontal 
axis represents the Euclidean distance between popula-
tions, and the vertical axis represents the degree of flavor 
similarity and diversity among populations. Taking 38 
volatile compounds and their contents as the elements of 
the new data matrix, a matrix containing 8 samples and 38 
variables (volatile compounds) was constructed for HCA.

The similarity of samples could be represented by the 
size of the Euclidean distance. The smaller the Euclidean 
distance is, the greater the similarity. Figure 5 that the 
eight vinegar varieties can be obviously divided into two 
groups when the Euclidean distance is 6. In the cluster 
diagram of volatile compounds, four kinds of SSF vinegar 
belonged to one group at the minimum distance, indicat-
ing that they had the greatest similarity. Four kinds of 
LSF vinegars belonged to another group. However, the 
Euclidean distance between the sample LF2 and the other 
three LSF vinegars was larger, indicating that the volatile 
components in LF2 were different from those in the other 
three LSF vinegars. This result was consistent with the 
result that the amount and content of volatile components 
in LF2 were lower. The HCA results showed that it could 
discriminate different kinds of vinegars by responding spe-
cifically to VOCs from samples.

Principal component analysis (PCA)

The VOCs of vinegar are rich in variety and quantity. Usu-
ally, subtle changes in these compounds will affect the fla-
vor of vinegar. Therefore, it is of great importance to study 
the relationship between the differences in VOCs in vin-
egar and the variety and quality of vinegar. PCA is also an 
unsupervised clustering method, that does not need a priori 
dataset knowledge [37]. It is the most widely used data 
dimensionality reduction algorithm, which can sequentially 
find a group of mutually orthogonal coordinate axes from 
the original space. The selection of new coordinate axes is 
closely related to the data itself. PCA has been widely used 
in food flavor analysis to show the relationship between sam-
ples [38]. For example, Zhu et al. quantitatively analyzed the 
VOCs in Shanxi aged vinegar by SPME–GC–MS, and veri-
fied its linearity, repeatability, reproducibility and accuracy. 
The difference and similarity between Shanxi aged vinegar 
samples was studied in combination with PCA [39].

The Kaiser–Meyer–Olkin (KMO) and Bartlett sphericity 
tests were first performed on the original data in Table 2. 
The closer the KMO value is to 1, the stronger the correla-
tion between variables. In this study, the original data show 
that KMO = 0.68 > 0.5, and the significant value of Bart-
lett's sphericity test was 0. The results indicated that the 
data of this study were applicable to PCA [40]. The two-
dimensional data matrix was then imported into SPSS 21 
software for PCA. Figure 6 shows that when the extraction 
score was 3, the cumulative eigenvalue reached 97.546%. 
The results can reflect the vast majority of odor informa-
tion of all samples [40]. Hence, three principal components 
were extracted. As shown in Fig. 5, the spatial distribution 

Fig. 5   Cluster pedigree diagram of volatile of vinegar samples
Fig. 6   Loading plot after PCA of the vinegar samples by the three 
principle components (PC1, PC2, and PC3)
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of different points shows that the eight samples were obvi-
ously divided into two parts: one part was concentrated in 
the upper part of LF1, LF2, LF3 and LF4, and some sam-
ples overlapped, indicating that their volatile composition 
was very similar. The other part was gathered in the lower 
area. The results also indicated that VOCs in SSF vinegars 
and LSF vinegars were significantly different. The main 
difference was that SSF vinegars contained a wider variety 
of VOCs than LSF vinegars and SSF vinegars contained 
a higher relative content of heterocyclic compounds than 
LSF vinegars (Table 2, Fig. 2). The PCA results and HCA 
results confirmed each other, which can better distinguish 
SSF vinegar and LSF vinegar.

Conclusion

The volatile components of four kinds of SSF vin-
egars and four kinds of LSF vinegars were studied by 
HS–SPME–GC–MS coupled with multivariate statistical 
analysis. The analysis results indicated that there were obvi-
ous differences in the types and contents of volatile com-
ponents in the two different ways of fermenting vinegars. 
The volatile components mainly included acids, esters, 
heterocyclic compounds, alcohols, aldehydes and other 
compounds, which likely resulted in different aroma char-
acteristics and qualities of vinegar. PCA and HCA were suc-
cessfully applied to evaluate and distinguish between SSF 
vinegars and LSF vinegars based on a database of volatile 
components. This study not only provides a feasible method 
for distinguishing different vinegar varieties, but also lays a 
theoretical foundation for the improvement of vinegar flavor.
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