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Abstract: Vinegars are natural products manufactured by two-step fermentation. One of the most
famous is balsamic vinegar, especially that produced in Modena, Italy. Its unique production process
positively distinguishes it from other vinegars. There are basically three types of balsamic vinegar:
common balsamic vinegar, Balsamic vinegar of Modena, and Traditional balsamic vinegar of Modena.
The chemical analysis of these vinegars is mainly carried out by using gas or liquid chromatography,
often coupled to mass spectrometric detection. Although gas chromatography is generally used for
the determination of the overall profile of volatile organic compounds, furfurals, phenolic compounds,
and organic acids, high-performance liquid chromatography is typically applied for the determination
of amino acids, sugars, and polyphenols. The two complementary techniques, the combination of
which is useful for the detailed characterization of balsamic vinegars, are reviewed and discussed in
this article.

Keywords: balsamic vinegar; gas chromatography; high-performance liquid chromatography;
volatile compounds; phenolic compounds

1. Introduction

Balsamic vinegar produced in Modena and Reggio Emilia, Italy, is one of the most
widely known vinegars on the European continent. The name “balsamic” comes from the
word balm (medicinal ointment) because its miraculous medicinal abilities were assumed,
for example, in the fight against the plague. The first mention of this vinegar dates to the
11th century, when it was given to the Emperor of the Holy Roman Empire, Henry III. In
the following centuries, it was a gift to other important personalities [1]. At the end of the
16th century, the Dukes of Este used this vinegar as a gift for the nobles. The Napoleonic
Wars, during which Duke Ercola III’s supplies were stolen, may have been responsible
for spreading balsamic vinegar into the world. Another act, spreading balsamic vinegar
throughout the world, occurred in 1862, when an Italian lawyer, Francesco Agezzotti,
revealed in a letter the secret of making balsamic vinegar to his friend, from whom the
recipe spread next [2]. To preserve its tradition and origin, balsamic vinegar received a
protected designation of origin in the year 2000, which allows products called “traditional
balsamic vinegar of Modena” (TBVM) or “traditional balsamic vinegar of Reggio Emilia”
(TBVRE) and “balsamic vinegar from Modena” (BVM) to be produced only in these two
Italian provinces [3]. Vinegars, known as “balsamic vinegars” (BV), do not bear any
protected designation of origin and can be produced anywhere in the world [4].

The TBVM and TBVRE production process (Figure 1) is completely unique and in-
cludes the concentration of grape must (the most used varieties are Trebbiano Modenese,
and Lambrusco) on an open fire (for at least 30 min and at a temperature higher than 80 ◦C)
followed by the first fermentation, in which the sugars of the grape must are oxidized to
ethanol by means of yeast. Then, ethanol is bacterially oxidized to acetic acid in the second
fermentation, mainly by the genera Acetobacter and Gluconacetobacter species [5]. This
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usually occurs in a series of five wooden barrels, where the final product passes in sequence
through all barrels. The material for barrel production is, for example, mulberry, cherry,
chestnut, oak, or juniper wood. Each of these barrels gives the vinegar a unique property.
Traditional balsamic vinegars mature in barrels for at least 12 years (TBVM—affinato) or
25 years (TBVM—extravecchio). During this time, a replenishment process occurs, which
means maintaining a constant level of intermediate in the barrels by transferring the liquid
from one barrel to another. Liquid losses during evaporation are compensated by adding
fresh must to the first barrel. Vinegar ages in a factory with uncontrolled temperature
changes, while high summer temperatures support microbial activity and low winter tem-
peratures support the evolution of taste. Grapes and all steps in the production process,
including the aging of vinegar, must occur in the Italian provinces of Modena and Reggio
Emilia. No other additives may be added during the maturation process and no techniques
may be used to speed up the production process. The result is a dark brown liquid with a
high density, sweet and sour, fruity, and complex taste [6–9].
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Figure 1. Scheme of the production of TBVM.

There are many differences between BVM and TBVM, including production, organolep-
tic properties, and economic aspects of the production. The production of BVM is simpler
and involves mixing cooked grape must with wine vinegar, and with the possibility of
adding a small amount of dye or caramel, which can give dark color and a sweeter taste
to the product. As for the production time of BVM, the producers have a free hand here
and it only depends on them how long they will let the vinegar mature. While BVM
shows a variable degree of acidity and tastes more fruity and sweeter than regular wine
vinegars, TBVM is characterized by low acidity and unique aroma, which is given by aging
in wooden barrels. Another difference is in the volume of the bottle available in a store.
Bottles of TBVM usually have a volume of 250 mL or higher. Bottles of TBVM are sold in
smaller 100 mL bottles. Due to production processes and maturing time, the products also
differ in price. The price of a BVM bottle with a volume of 250 mL starts at 2 euros. On the
other hand, the TBVM bottle is available for an average of 200 euros [4].

Balsamic vinegars contain a wide range of compounds, some of which have not yet
been completely characterized. Most of the current studies focused on the analysis of
sugars, organic acids, phenolic compounds, and furfurals. An overview of the compounds
contained in balsamic vinegar is presented in Figures 2 and 3. The methods used for their
analysis are summarized in Table 1 for analyses using gas chromatography (GC) and Table 2
for analyses by high-performance liquid chromatography (HPLC).
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Table 1. Table of methods used for GC analysis of balsamic vinegar samples.

Analyt/Target Method Column Extraction Procedure Reference

2,3-Butanediol,
2-Hydroxybutanone GC-MS CP Chirasil-Dex LLE by ethyl acetate [17]

4-Methylimidazole GC-MS DB-5 LLE by BEHPA in chloroform [18]

Furan GC-MS SUPELCOWAX 10 HS-SPME (DVB/CAR/PDMS) [19]

Furanic compounds GC-MS DB-Wax HS-SPME (DVB/CAR/PDMS) [20]

Furanic compounds GC-MS Varian CPSil 8CB DHS-TDU (Tenax TA, Tenax GR) [21]

Furanic compounds GC-MS; FID ZB-WAX HS-SPME (DVB/CAR/PDMS) [22]

Glucose a fructose acetates GC-MS DB-5 SPE (silica),
methylenchlorid/MeOH elu. [23]

Glycerol GC-C-IRMS Alltech Heliflex AT-WAX [24]

Chiral amino acids GC-MS Chirasil-L-Val Dowex 50 W X8 cation
exchanger, NH3 elu. [25]

Odour compounds GC-O DB-Wax SPE (LiChrolut-EN),
dichlormethane elu. [26]

Odour compounds GC-MS; O-AEDA Unknown LLE by dichlormethane [27]

Organic acids GC-MS; FID Heliflex AT-1, DB5-MS SPE (C18, NH2), NH4OH elu. [28]

Organic acids, sugars GC-MS; FID Alltech AT-5 SPE (C18), water elu. [29]

Pesticides GC-MS HP-5 SBSE (PDMS) [30]

Phenolic acids GC-MS RTX-5MS SPE (Chem-Elut), n-butanol elu. [31]

Phenolic acids GC-MS RTX-5MS SPE (DPA), ethyl acetate elu. [31]

Phenolic compounds GC-MS Unknown SPE (C8 Isolute), ethyl
acetate elu. [32]

Preservatives compounds GC-MS HP-INNOWax SBSE (PDMS) [33]

Volatile aldehydes GC-MS Stabilwax SPE (LiChrolut-EN),
dichlormethane elu. [34]

Volatile compounds GC-MS; FID DB-Wax SPME (CAR/PDMS) [11]

Volatile compounds GC-MS; FID CPWax-57CB HSSE-TD (PDMS) [35]

Volatile compounds GC-MS; FID DB-Wax SBSE (PDMS) [36]

Volatile compounds GC-MS; FID CPSil 5MS SPME (PDMS) [37]

Volatile compounds GC-MS Zebron ZB-1701 LLE by diethyl ether [38]

Volatile compounds GC-MS Stabilwax SPE (LiChrolut-EN),
dichlormethane elu. [10]

Volatile compounds GC-MS DB-Wax SBSE (PDMS) [39]

Volatile compounds GC-MS Stabilwax SPE (LiChrolut-EN),
dichlormethane elu. [40]

Volatile compounds GC-MS SUPELCOWAX 10 HS-SPME (DVB/CAR/PDMS) [41]

Volatile compounds GC-MS HP Innowax DHS-SPE (Charcoal, Tenax),
diethyl ether elu. [42]

Volatile compounds GC-MS DB-Wax SPME (PDMS, DVB) [43]

Volatile compounds GC-MS Zebron ZB-1701 LLE by ethyl acetate [44]

Volatile compounds GC-TOF-MS RTX-5MS [45]

Volatile compounds GC-MS CP-Wax 52 CB HS-SPME (CAR-PDMS) [46]

Abbreviations: MS—mass spectrometry, FID—flame ionization detector, C-IRMS—combustion isotope ra-
tion mass spectrometry, O—olfactometry, AEDA—aroma extract dilution analysis, TOF—time of flight,
LLE—liquid-liquid extraction, BEHPA—Bis-2-ethylhexylphosphate, HS-SPME—headspace-solid phase mi-
croextraction, DVB—divinylbenzen, CAR—carboxen, PDMS—polydimethylsiloxane, DHS-TDU—dynamic
headspace-thermal desorption unit, SPE—solid phase extraction, elu.—elution, SBSE—stir bar sorptive ex-
traction, HSSE-TD—headspace sorptive extraction-thermal desorption, DHS-SPE—dynamic headspace-solid
phase extraction.
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Table 2. Table of methods used for HPLC analysis of balsamic vinegar samples.

Analyt/Target Method Column Extraction Procedure Reference

Amines HPLC-FLD Luna C18 SPE (Oasis MCX 1), NaOH/MeOH elu. [47]

Amino acids HPLC-DAD Zorbax Eclipse AAA [15]

Amino acids HILIC-MS/MS TSKgel Amide-80 [48]

Amino acids and amines HPLC-DAD Nova-Pak® C18 [14]

Ascrobic acid HPLC-MWD Zorbax Eclipse plus C18 [15]

Dicarbonyl compounds HPLC-DAD Gemini C18 SPE (tC-18 Sep-Pak), MeOH/water elu. [49]

Dicarbonyl compounds HPLC-DAD; MS/MS Zorbax Eclipse XDB-C18 SPE (tC-18 Sep-Pak), water elu. [50]

Furanic compounds IEC-DAD Bio-Rad Aminex HPX 87H [16]

Furanic compounds HPLC-DAD Bio-Rad Aminex HPX 87H [13]

Furanic compounds IEC-DAD Bio-Rad Aminex HPX 87H [51]

Furanic compounds HPLC-DAD SUGAR SH 1011 [52]

Furanic compounds and
patulin HPLC-DAD XBridge C18 [53]

HMF HPLC-DAD Hypersil ODS C18 [54]

HMF, MTCA HPLC-MS/MS Thermo Biobasic-C18 SPE (ODS C18), MeOH/water elu. [55]

Imidazoles HPLC-MS/MS Luna C18 [56]

Molecular weight and
distribution SEC-RI; UV/Vis TSK-gel GMPW(XL) and

G3000PW(XL) [57]

Molecular weight and
distribution SEC-RI TSK-gel GMPW(XL) and

G3000PW(XL) [58]

Ochratoxin A HPLC-FLD C-18 Lichrosphere 100 LLE by chloroform [59]

Organic acids HPLC-UV/Vis Hypersil ODS C18 [60]

Organic acids IEC-DAD; UV/Vis Aminex HPX87-H [61]

Organic acids HPLC-DAD Prevail organic acid column [15]

Organic acids, phenolic
compounds HPLC-DAD Agilent TC-C18, Zorbax

Extend-C18 [62]

Organic acids, sugars HPLC-RI; UV/Vis Bio-Rad Aminex HPX 87H [13]

Phenolic compounds HPLC-DAD Luna C18 [63]

Phenolic compounds HPLC-DAD LiChroCART 250-4
Superspher 100 RP-18 [64]

Phenolic compounds HPLC-MS/MS Waters C18 Online SPE (HyperSep™ Retain PEP) [65]

Phenolic compounds HPLC-MS/MS Synergy Fusion RP18
column SPE (Strata C18-E), MetOH elu. [48]

Phenolic compounds,
HMF HPLC-DAD Zorbax Eclipse plus C18 [15]

Sugars HPLC-RI Carbohydrate HP column [15]

Sugars and derivates HPLC-RI Agilent HI-plex H [12]

Sugars and furfurals HPLC-RI; DAD Bio-Rad Aminex HPX 87H [66]

Sugars and furfurals HPLC-RI; DAD Bio-Rad Aminex HPX 87H SPE (C18), MeOH/water elu. [67]

Taxifolin HPLC-MS/MS Zorbax SB-C18 [64]

β-carboline alkaloids HPLC-DAD; MS/MS Eurospher 100 C18,
Symmetry C18 LLE by ethyl acetate [68]

Abbreviations: HMF—hydroxymethylfurfural, MTCA—1-methyl-1,2,3,4-tetrahydro-β-carboline-3-carboxylic
acid, FLD—fluorescence detector, DAD—diode-array detector, HILIC—hydrophilic interaction chromatography,
MS/MS—tandem mass spectrometry, MWD—multiple wavelength detector, IEC—ion-exclusion chromatography,
SEC—size-exclusion chromatography, RI—refractive index detector, UV/Vis—ultraviolet/visible light detector,
SPE—solid phase extraction, elu.—elution, LLE—liquid-liquid extraction.
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2. Separation Methods for Characterization of Balsamic Vinegars
2.1. Gas Chromatography

For samples containing volatile components, gas chromatography is usually the first
method of choice, especially coupled to single- or tandem-mass spectrometry (GC-MS,
GC-MS/MS). The history of GC dates to the first half of the twentieth century and its
invention is inevitably related to the names of Martin and James, who constructed the
first chromatograph with an inert carrier gas used as a mobile phase [69]. After decades
of research, the technique has matured into the routinely used tool for the analysis of
gases, liquids, or suitably dissolved solids. It is usually used for the analysis of organic
compounds in the range of molecular weights from 2 to 1000 Da.

The main application area of GC is in the studies of food and edible plants, where a
number of groups of compounds are analyzed, including pesticides, endocrine-disrupting
chemicals, estrogens, fatty acids, etc. [70]. Balsamic vinegar samples are typically highly
complex mixtures containing hundreds of compounds, while most of them are volatile.
More than 1500 compounds were detected by GC-MS methods; however, the number of
unequivocally identified compounds is usually much lower [38]. Several groups of com-
pounds were quantified using GC, comprising organic acids, esters, alcohols, aldehydes,
ketones, furanes, phenols, lactones, odorous compounds, amino acids, and others.

In the case of the analysis of the profile of volatile organic compounds (VOCs) of
balsamic vinegar (Figure 4), GC is most often coupled with MS detection, while the choice
of extraction techniques can be diverse (Table 1).
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2.2. Liquid Chromatography

In 1952, with the advent of gas chromatography, Martin and Synge suggested the
possibility of using a liquid mobile phase for rapid separation, similar to GC. To do this, it
was necessary to achieve a small particle size of the stationary phase and the use of pressure
on the mobile phase. In 1960, Hamilton, Bogue, and Anderson reported the use of liquid
chromatography (LC) for amino acid separation, unfortunately, without the wider attention
of other scientists. HPLC was therefore introduced in the late 1960s, when Kirkland, Huber,
and Horvath published their work about this method, dealing with the development of
uniformed small-particle sorbents [72].
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High-performance liquid chromatography is applicable for the separation and analysis
of complex chemical mixtures into individual components. Thanks to its almost universal
use, it is one of the most widely used analytical methods, especially in food analysis. The
most commonly used is the reversed-phase mode, where the stationary phase is less polar
than the mobile phase. Gradient elution is often used to speed up the whole analysis
process, using two mobile phases (one polar and the other less polar), whose ratio changes
during the process [73].

For the application in the food analysis area, the HPLC is typically used for analyses
of (poly)phenolic compounds, which usually enter food products as secondary plant
metabolites, and exhibit potent antioxidant properties. Together with other non-volatile
compounds (such as sugars, amino acids, or amines), the full characterization of complex
food samples is sometimes difficult with conventional HPLC, and therefore the application
of innovative approaches, for example, multidimensional liquid chromatography [74],
or the application of highly efficient columns packed with porous shell particles can be
essential [75]. For the study of individual compounds contained in plant products, HPLC
is mostly combined with UV/Vis, DAD, and MS detection (Table 2).

2.3. Other Analytical Techniques

Other methods than chromatography for the analysis of balsamic vinegars are less fre-
quently used. There are several studies utilizing nuclear magnetic resonance spectrometric
methods for the characterization of balsamic vinegars [76–83], gel electrophoresis for the
study of acetic acid bacteria [84,85], and electrochemical methods [86–88].

3. Characterization of the Compounds Presented in Balsamic Vinegars

Vinegar is generally an aqueous solution of acetic acid, trace organic acids, and other
types of compounds, that is, esters, ketones, and aldehydes, which together contribute to its
organoleptic properties. When used as a food ingredient, it also possesses potential health
benefits, including antimicrobial, antioxidant, and antitumor activity, due to the content of
a wide variety of bioactive compounds, for example, phenolic compounds, vitamins, phy-
tosterols, carotenoids [89]. In the following text, the main classes of compounds determined
in balsamic vinegars using chromatographic methods are reviewed and discussed.

3.1. Organic Acids

One of the most abundant groups of VOCs are organic acids, which are formed by
the oxidation of alcohols by acetic acid bacteria. Volatile acids with the highest concen-
tration levels typically include acetic acid, benzoic acid, phenylacetic acid, isovaleric acid,
isobutyric acid, and octanoic acid [10,38,39]. Cocchi et al. [28] in their study focused on
the determination of organic acids by GC using derivatization procedures. The authors
identified malic acid as the most abundant organic acid. During the maturation of vinegar,
the concentration of organic acids increases significantly, especially for vinegars aged in
wooden barrels [90]. Acid content also increases during the storage of vinegar in glass
bottles [35].

Morales et al. [61] applied the method of ion exchange chromatography to samples of
different vinegars, including one BVM. The authors focused on the main organic acids in
vinegars, namely citric, tartaric, malic, lactic, and acetic acid. The method was successfully
validated. Of the selected acids, acetic acid had the highest concentration in BVM, followed
by malic acid.

Masino et al. [13] used the HPLC method for the characterization of organic acids,
sugars, and furans of balsamic vinegar. The highest concentration of acetic acid was
detected, which is in agreement with the study by Morales et al. [61]. Succinic acid, malic
acid, and gluconic acid were detected as other major organic acids in this study as well.
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3.2. Furanic Compounds

The presence of furanic compounds in balsamic vinegars is associated with the heating
of glucose solutions. Furans are generally formed by Maillard reactions between reducing
sugars and amino acids, but they can also come from oak barrels, or from the addition
of caramel as a frequently used food colorant. The importance of these analytes lies
in identifying the organoleptic properties of the products and the possible commercial
fraud [10,20,39]. The major furans in balsamic vinegars include hydroxymethylfurfural
(HMF), furfural, and 5-acetoxymethylfurfural, with some studies reporting dominance of
HMF (Figure 5) and others 5-acetoxymethylfurfural. Other frequently identified furans are
5-methylfurfural and 2-acetylfuran [10,38,39].
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Theobald et al. [54] focused their work on the analysis of HMF in various types of
vinegar. This compound is a good indicator of age, heat treatment, deterioration, and food
adulteration. The HPLC method coupled with the diode array detector (DAD) was used for
analysis. The authors concluded that balsamic vinegars, and especially traditional balsamic
vinegars, contain the highest concentration of HMF compared to other types of vinegar.
The same conclusion was reached by Giordano et al. [20].

Gaspar and Lucena [53] performed the analysis of selected furfurals (HMF, 5-methy-
lfurfural, furfural) and patulin in food products, including balsamic vinegar, using the
HPLC-DAD method. Furfural and patulin are good markers of food quality. Regarding
patulin, this is the first study to specifically target this mycotoxin in balsamic vinegar. The
balsamic vinegar contained all three selected furfurals but did not show signs of patulin.
The authors recommend the method for controlling food quality.

Antonelli et al. [66] in their study reported changes in some furanic compounds (HMF,
furoic acid, furfural) during the concentration of grape must be used to produce balsamic
vinegar. They used the HPLC-DAD method to analyze these compounds. The results of
the study show that the furanic content increases during the thermal concentration of must,
with the highest increase for HMF.

The determination of furanic compounds was studied by Chinnici et al. [16]. The
aim of this work was to create a simple and fast method for the determination of selected
furanic compounds in TBVM. They used the method of ion exchange chromatography
(IEC) with DAD detection. The presence of HMF, furfural, and 2-furoic acid was detected
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in all samples. In contrast, no sample contained 4-hydroxy-2,5-dimethyl-3-(2H)-furanone
(DHMF), 2-acetylfuran, or furfuryl alcohol.

Several other works have dealt with the LC method and furanic compounds [13,51,52,
55,67,91,92]. However, their list is beyond the scope of this paper.

3.3. Phenolic Compounds

Phenolic compounds belong to the group of substances called antioxidants [93], as
they help fight oxidative stress, which can be the cause of liver, neurodegenerative, and
cardiovascular diseases [94,95]. Their presence in vinegars is associated with original
raw material, aging in wooden barrels (e.g., siringol, eugenol), or with the biological
decarboxylation of acids (e.g., ethylphenol, ethylguaiacol) [10]. Although some phenols
may have a beneficial effect on the overall aroma of vinegar (e.g., vanillin, eugenol), yeast-
formed phenols have a negative impact on organoleptic properties, and their aroma is
characterized as a spicy, animal, etc. [96,97].

Various volatile phenolic compounds have been identified in balsamic vinegars [10,35,
39,41,96]. The main phenols in vinegars are phenolic acids, which, because of their lower
volatility, cannot be identified by GC without derivatization procedures. Therefore, HPLC
predominates in their analysis, but phenols can be determined by GC after derivatization
with bis(trimethylsilyl)trifluoroacetamide [98].

HPLC coupled with DAD or MS detection is the most commonly used method
for the analysis of phenolic compounds in samples with a complicated matrix, such as
vinegars [11,62–65,96]. The main phenolic compound is gallic acid (Figure 6), whose con-
tent increases during maturation in chestnut barrels [64]. On the contrary, in other types
of vinegar, gallic acid belongs to substances with a minor content. At the same time, bal-
samic vinegars have the highest antioxidant activity compared to other vinegars [62,63].
Phenolic acids generally have higher content in balsamic vinegars than other groups of
phenols. In addition to gallic acid, other major acids are protocatechuic acid, caffeic acid,
and p-coumaric acid. Of the other substances, protocatechuic aldehyde, ethyl gallate, and
tyrosol should be referred to [11,65,96].
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3.4. Amino Acids and Amines

Erba and Brückner [25], in their study, focused on the analysis of chiral amino acids in
various vinegar samples, including balsamic vinegar, using chiral gas chromatography in
combination with mass spectrometry. The results of the study show that balsamic vinegars
have an increased content of D-Pro and D-Ala during maturation. At the same time, the
amino acids D-Ala, D-Asp, and D-Glu originate from microbial activity and may be useful
markers for distinguishing between fermentative and synthetically produced vinegars.

Chinnici et al. [14] analyzed 23 amino acids and 11 amines using the HPLC-DAD
method in their work. In addition to BVM and TBVM vinegars, the authors also analyzed
the well-known Jerez vinegar (VJ). The authors concluded that balsamic vinegars may
contain higher concentrations of amino acids than Jerez vinegars. They identified proline,
glycine, and γ-aminobutyric acid as the main amino acids. The lowest concentration of
amines was found in TBVM.

Ordóñez et al. [47] dealt with the analysis of biogenic amines in samples of various
vinegars, including balsamic vinegar. With a few exceptions, balsamic vinegar showed a
higher qualitative and quantitative amount of biogenic amines compared to other vinegars.
The highest concentrations of histamine, agmatine, and putrescine were found.

3.5. Esters

Esters are another group of VOCs identified in vinegars. They are formed during
alcoholic fermentation or by reactions between organic acids and alcohols during matura-
tion in wooden barrels [36]. Ethyl 3-hydroxybutyrate, ethyl hydrogen succinate, and ethyl
octanoate have been identified as the main esters present in balsamic vinegars [10,38,39].
Compared to traditional Spanish vinegars, balsamic vinegars have a higher content of long-
chain esters. Dihydroxymethyl jasmonate has been recommended as a possible marker to
distinguish between Italian and Spanish vinegars [39].

3.6. Acetates

A separate group of esters are acetic acid esters (or acetates). In balsamic vinegars, they
are formed by esterification between acetic acid and alcohols. 1,2,3-propanetriol diacetate,
2-phenylethyl acetate, ethyl acetate and 4-methyl-2-pentyl acetate were identified with the
highest content in balsamic vinegars [10,39]. Neryl acetate was recommended in a study by
Marrufo-Curtido et al. [39] as a discriminant parameter to distinguish TBVM-extravecchio
from other types of balsamic vinegar.

3.7. Alcohols

Due to the high residual ethanol content, alcohols are among the main groups in
vinegars in terms of concentrations [35]. Other alcohols with a higher content in balsamic
vinegars are benzyl alcohol, furfuryl alcohol, butoxyethoxyethanol, and phenylethyl alco-
hol [10,35,38,39]. During the maturation of vinegar, the content of some alcohols, such as
isoamyl alcohol and ethoxy-1-propanol, can decrease [40].

3.8. Aldehydes and Ketones

Aldehydes originate in vinegars from alcohol oxidation or are extracted from wooden
barrels, and therefore their concentration is expected to be higher in vinegars produced by
traditional methods [46]. Among aldehydes, siringaldehyde and octanal occur in balsamic
vinegars at the highest concentration levels [10,35,38,39]. However, the major aldehydes
are furfurals which also belong to the group of furan derivatives and are discussed in detail
in Section 3.2. Acetoin is often identified as the main volatile ketone and its concentration
increases during the acetification process [99].

3.9. Lactones

The presence of lactones in balsamic vinegars is due to sugar degradation and cy-
clization of hydroxyacids during fermentation, but also from wooden barrels [35]. α-
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methyl-γ-crotonolactone and δ-2-decenolactone have been identified as typical lactones for
TBVM. The lactones with the highest concentration levels are pantalactone, γ-butyrolactone,
angelicalactone, whiskeylactone and δ-2-decenolactone [10,39].

3.10. Odorous Compounds

Corsini et al. [26] in their work used the GC method in combination with olfactometry
(GC-O) for the determination of active odor compounds in TBVM and BVM. This is the
first study to apply the GC-O method to balsamic vinegars. Several active odor compounds
were identified in the study, of which 14 compounds are considered by the authors of high
importance (e.g., 2,3-butanedione, acetic acid, furan-2-carbaldehyde). The authors mention
the possibility of using this method to distinguish TBVM from BVM.

Ugliano et al. [27] in their work used GC-MS and GC-O coupled with AEDA (aroma
extract dilution analysis) methods for analysis and comparison of the main odorous com-
pounds in TBVM, BVM, and other common wine vinegars. The authors identified acetic
acid, diacetyl, 3-methylbutanoic acid, and unidentified compounds with balsamic, caramel,
and honey aroma as the main components of the odor in TBVM. For BVM, they identified
acetic acid, 3-methylbutanoic acid, 2-phenylethanol, and an unidentified compound with
caramel aroma as the main odor components. For common wine vinegars, the main odor
components were acetic acid, 3-methylbutanoic acid, 2-phenylethanol, and an unidentified
compound with a licorice aroma.

3.11. Sugars

Lalou et al. [12] aimed to determine the physicochemical and sensory properties of
balsamic vinegars produced in Greece and to compare the results with available data on
balsamic vinegars produced in Italy. They used the HPLC method to determine glucose,
fructose, glycerol (RI detection), and HMF (UV/VIS detection). Relatively large differences
in the content of these compounds were founded, probably depending on the starting
material and the production process.

Masino et al. [13] focused their study on the relationship between the physical and
chemical profiles of balsamic vinegar and its sensory quality to determine which parameters
are suitable for determining the quality of vinegar and which are unnecessary. They
used the HPLC method for the analysis of acids, sugars, and furanic compounds. Of
these compounds analyzed by HPLC, the analysis of sugars and HMF is important for
determining the quality of vinegar.

From both mentioned studies that deal with the analysis of sugars [12,13] and com-
pared to other studies [10,14–16,50], it is obvious that glucose and fructose are among the
compounds with the highest concentration in balsamic vinegar.

3.12. Dicarbonyl Compounds

Papetti et al. [49] studied the effect of in vitro digestion on free α-dicarbonyl com-
pounds (glyoxal, methylglyoxal, and diacetyl) in balsamic vinegars using the HPLC-DAD
method. Previous studies have proven the toxicity of these compounds [100,101]. The
authors conducted an in vitro exposure of selected α-dicarbonyl compounds to digestive
enzymes. They concluded that digestive enzymes significantly change the concentration of
α-dicarbonyl compounds, depending on the compound.

Another study focusing on the analysis of α-dicarbonyl compounds in balsamic vine-
gars was carried out by Daglia et al. [50]. The presence of glyoxal, methylglyoxal, 2,3-
butanedione, 3-deoxyglucosone, 3,4-dideoxyglucosone-3-ene, hydroxypyruvaldehyde, and
dihydroxyacetone was confirmed by the HPLC-DAD-MS/MS method. Furthermore, the
authors evaluated the cytotoxicity of glyoxal, methylglyoxal, 2,3-butanedione in vitro. The
authors concluded that the dietary intake of selected α-dicarbonyl compounds is not a
significant source of toxicity.
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3.13. Other Compounds Identified by GC

Cunha et al. [18] used the GC-MS method to determine 4-methylimidazole (4-MEI),
which is a known neurotoxic agent and is formed in balsamic vinegars during the targeted
coloring by caramel. 4-MEI was extracted with bis-2-ethylhexylphosphate and derivatized
by isobutylchloroformate for identification. The concentration of 4-MEI in balsamic vinegar
was higher than in various sauces or dark beer, and the authors recommend a targeted
control of these substances in food.

Cirlini et al. [23] in their study focused on the identification of fructose and glucose
acetates. The presence of these acetates has never been demonstrated in vinegars before,
although it could be assumed that these esters are formed from sugars in starting materials
and acetic acid, which is one of the most basic compounds in vinegars. They used GC-
MS and nuclear magnetic resonance (NMR) spectroscopy methods for identification. The
authors confirmed the presence of both acetates and found a higher concentration of glucose
acetate in TBVM than in BVM.

There are other studies focused on GC analysis of balsamic vinegar dealing with the
determination of the 13C/12C glycerol isotope ratio [24], the determination of 2,3-butanediol
and 2-hydroxybutanone [17], the analysis of volatile aldehydes [34], the development of
new analytical methods for the characterization, authentication, and quality evaluation of
BVM [102], the determination of preservatives by the SBSE-TD-GC-MS method [33], and
the determination of pesticides by SBSE extraction [30].

3.14. Other Compounds Identified by LC

Hillmann et al. [48] decided in their study to perform a qualitative and quantitative
analysis of taste-active and taste-modulating substances in BVM and TBVM. They also
focused on the changes in these compounds during the vinegar production process. They
used the HPLC-MS/MS method to determine phenolic acids, phenolic acid esters, vanillin,
and HMF. They quantified monosaccharides, alditols, organic acids, cations, and inorganic
ions by ion chromatography. They determined the content of 15 amino acids by hydrophilic
interaction chromatography (HILIC) coupled with MS/MS. A total of 59 compounds were
analyzed and other techniques, such as NMR, were used. The authors concluded that
the concentrations of some taste-active compounds in BVM and TBVM may be different.
For example, BVM contains 2x more acetic acid, which is characterized by its acetic taste,
compared to TBVM. TBVM, on the other hand, contains almost three times more sweet-
tasting glycerol. According to the authors, during the maturing of vinegar, there is a
decrease in acidity and, conversely, a slight increase in sweet taste.

Falcone and Giuidici [57] performed the first semiquantitative determination of molec-
ular weight and molecular weight distribution for TBVM using gel permeation chromatog-
raphy with a refractive index detector (RI) and UV/VIS detection. The tested samples were
determined as a compositionally and structurally heterogeneous mixture of copolymers
with a wide range of molecular weights from 2 to more than 2000 kDa. The authors pro-
pose the use of the molecular weight distribution parameter as a marker of the aging of
balsamic vinegars.

Other LC papers for the study of balsamic vinegars deal with the distribution of molec-
ular weight by gel permeation chromatography [58], determination of ochratoxin A [59],
identification and quantification of β-carboline alkaloids in food [68], determination of
4-methylimidazole and 2-acetyl-4(5)-tetrahydroxybutylimidazole [56] and technological
parameters that affect the maturation and maturation of BVM [103]. However, their more
detailed description is beyond the scope of this text.

4. Conclusions

Chromatographic methods play an important role in the study of balsamic vinegars.
Because of their highly complex matrix, LC and GC methods are an ideal choice for
studying food or plant products, such as vinegars. Gas chromatography is used more to
characterize the overall profile of volatile organic compounds, furfurals, and organic acids.
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Liquid chromatography is used for the analysis of furfurals, organic acids, sugars, phenolic
compounds, and amino acids. Despite the high number of studies on balsamic vinegar,
there are only a few works that combine both chromatographic methods, which could
provide a better overview of the chemical composition of balsamic vinegars. Furthermore,
the use of two-dimensional techniques could provide further useful information in the
field of balsamic vinegar studies. Especially in liquid chromatography, the detection of
individual compounds should be performed by more sensitive and selective MS and
MS/MS techniques instead of using UV/Vis or DAD detection.
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