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Abstract: Secondary metabolites are molecules with unlimited applications that have been gaining
importance in various industries and studied from many angles. They are mainly used for their
bioactive capabilities, but due to the improvement of sensibility in analytical chemistry, they are also
used for authentication and as a quality control parameter for foods, further allowing to help avoid
food adulteration and food fraud, as well as helping understand the nutritional value of foods. This
manuscript covers the examples of secondary metabolites that have been used as qualitative and
authentication molecules in foods, from production, through processing and along their shelf-life.
Furthermore, perspectives of analytical chemistry and their contribution to metabolite detection and
general perspectives of metabolomics are also discussed.
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1. Metabolomic Studies
1.1. Which “omic” Is It?

The great advance of genome sequencing technologies and studies of high-throughput
in recent decades allowed the emergence of scientific areas that work on uncovering
the complex biological systems at the molecular scale, such as molecular biosciences [1].
In 1990, the Human genome project (HGP) was established to map the human genome
sequence, and in 2003, the project accomplished its goal, with the sequence being published
and stored in the GenBank database. This database was created by The National Center
for Biotechnology Information and holds DNA sequences from around 105,000 organisms,
and the amount continues to grow [2]. The sequencing of the human genome has ushered
in a new age in genomic studies, with the enhancement of techniques, the emergence
of new technologies, the production of large amounts of data, and the development of
bioinformatics [3,4].

Since the sequencing of the human genome, the studies of omic technologies have
grown due to the pursuit of comprehension of biological mechanisms and functions at
different cellular levels. The suffix “omic” in word indicates the studies of molecules such
as genes, transcription, proteins, and metabolites with the purpose of better understanding
biological systems in an integrated approach, investigating the processes involved, the
response mechanisms, the products generated, the functions performed, the factors that
influence the system, etc. The most notable examples are genomics, transcriptomics,
proteomics, and metabolomics [3,5].

Dettmer et al. [6] described the “omic cascade”, with genomics indicated as the first
level of the cascade, followed by transcriptomics, proteomics, and finally metabolomics.
The collection of data from each level of the cascade may constitute a complex database for
understanding the response of biological systems to different perturbations (e.g., environ-
mental, genetic, disease-related). Metabolomics is at the end of the chain and represents
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the closest to a phenotype of cells tissues or organisms; it also represents essential building
blocks and is necessary for the comprehension of changes in biological systems [5]. In
essence, the four goals of metabolomics are to identify, quantify, investigate the dynam-
ics, and elucidate the mechanisms of metabolism, considering the metabolites and the
biological systems [7].

Metabolomic “is the study of the metabolite profiles of all the small-molecules in
a living system”, providing a snapshot of the organism’s metabolic state and allowing
for a better understanding of the metabolic pathways, their influences (e.g., health, diet,
environmental factors), and impacts. Regarding metabolomic studies, there are other terms
important to define and differentiate; “metabolome” is the complete set of metabolites
in a living cell, tissue, organ, or organism [8–10] and metabolites small molecules with
low molecular weight (<1–2 kDa) that are part of the metabolic reactions of an organism
and essential for the maintenance of cellular functions. Due to the complexity, variety,
and dynamics of metabolites, their analysis becomes an arduous and challenging process,
usually requiring the application of different analytical techniques [3,5,6].

The metabolomics research can be divided into two main groups with some sub-
divisions: (a) analytical technique, including sample preparation, extraction, separation,
and detection with an appropriate method and data acquisition; and (b) data analysis,
involving preprocessing, processing, and mining data according to the components of
interest, as well as data treatment for visualization and storage to build a database [3,9].
One factor that has allowed the progress of omic studies is the advancement of analytical
chemistry with more accurate and powerful equipment and techniques. Examples are
chromatographic techniques, either liquid or gaseous, as well as capillary electrophoresis,
which are widely used to fragment the components of the sample, which are subsequently
identified by other techniques coupled to the equipment (e.g., mass spectrophotometer),
enabling the quantification of metabolites. Furthermore, methodologies for analysis should
provide an illustration of metabolites in a biological system at specific instants with ade-
quate sensitivity and reproducibility.

Despite constant advancement, our knowledge is still limited, and more research is
needed to understand metabolic pathways, identify individual metabolites, and integrate
the information to build a metabolic network model that may predict the dynamics of
biological systems as closely as possible [9].

1.2. Applications of Metabolomics

The application of metabolomic knowledge includes biomarkers, disease mechanisms,
and new drugs [11] in different fields, namely medicine, agriculture, environmental sci-
ences [12], and food science [13].

Metabolomics is a tool that can be used to accelerate the process of drug discovery
and development, and it is useful in several steps for drug validation, namely in the
identification of the responsible metabolite or biomarker, identification of the compound
in chemical mixtures, study of the metabolism of the drug itself and the possible effects
in the organism (e.g., toxicity and efficacy) [14]. Biomarkers can be useful to identify the
presence of pollutants or to study climate changes and relate them to the effects on the
biological system of an animal or plant. Campillo et al. [15], citing Wu and Wang [16] and
Zhang et al. [17] regarding the application of metabolomics, studied metabolic responses
in marine bivalves due to the presence of contaminants, such as lead, and revealed that the
presence of this contaminant might cause neurotoxicity, osmotic, and energy metabolism
dysregulation. However, the author also highlighted the possible interdependence between
environmental stressors and pollutants in the results. In his article, he studied the effects of
the contaminant polycyclic aromatic hydrocarbon fluoranthene in mussels and concluded
that environmental stresses, in this case, nutritional stress, may cause similar changes in
metabolic concentrations as pollutants.

Regarding medicine, metabolomics can be useful to identify the mode of action of new
drugs by analyzing biochemical pathways and, in conjunction with complementary assays,
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identify therapeutic potential [18]. It can also be applied to understand how diseases
and/or health problems act on organisms, the effects of drug use, and drug development
and to identify responsible biomarkers [19]. It is important to note that the information
generated through research contributes to the complementation of medicine and related
areas; epidemiological databases are just one example [19].

Environmental metabolomics investigates natural and anthropological effects on
metabolism through disturbances in the environment, analyzing the biochemical impacts
of xenobiotics and diseases (e.g., differences in metabolite concentrations) on metabolic
processes and relating these to variations in biological functions [15]. Cramer et al. [20]
evidenced an increase, from 2001 onwards, of abiotic stresses (e.g., water, temperature,
light, chemical, CO2, and NOx oxide) on biologic systems and how this may impact agricul-
ture and limit crop production. The authors highlighted the dynamism and complexity of
metabolic responses, which can vary according to the duration, type and level of stress, type
of cell, plant species, and other factors. Furthermore, they exemplified how water scarcity
can inhibit growth and how reactive oxygen and nitrogen species may alter enzyme activity
and gene regulation, affecting plant sugars; they also conducted several studies relating
key aspects of abiotic stresses and the effects on metabolic responses of plants. A multi-
targeted approach concerning “omics” is essential to understand the regulatory pathways
and impacts related to environmental stresses, thus allowing a consistent identification
of desired molecules and the construction of key regulatory network models for further
biotechnological applications involving agriculture. Involving a different point of view,
Almuhayawi et al. [21] investigated the consequences on Alfafa sprouts (Medicago sativa
L.) of rising CO2 levels and reported that increased CO2 provided an increase in photo-
synthetic processes, boosting the production of nutrients (fats, fibres, carbohydrates, and
proteins), minerals, and bioactive compounds, such as vitamins, phenolics, flavonoids,
and antioxidant metabolites, favoring antioxidant and anti-inflammatory capacity of the
vegetable. The author also evidenced the plant’s potential as a functional food. When
thinking about global warming and climate change, it is often associated only with negative
changes. However, the previous study demonstrated the importance of investigations of
metabolic processes from various perspectives, highlighting ways of obtaining benefits
from the problem of rising levels of CO2.

In the food field, metabolomics is related to the food system and can be involved
in food safety, quality, and composition studies, in investigations of bioactivity of food
metabolites and the relationship between diet and human health. The food product, to-
gether with its entire production chain (cultivation, manufacturing, storage, preparation,
and consumption), comprises a complex set of systems, and to have a deeper comprehen-
sion of these systems, multidisciplinary approaches are required. Multifactor analysis and
analytical techniques are tools to unravel the complexity of these interactions and their
impact on food quality and safety [22,23].

2. Metabolomic Studies in Foods
2.1. General Considerations

In recent years, food metabolomic research has been growing due to the importance
that food has for the economy and mankind [24]. The challenges in the food industry
are constant and evolve with the new demands from consumers, such as more natural,
healthy, and sustainable foods. In this sense, the industry must adapt to provide food with
quality and safety, even though adversities in the face of climate changes, variation in the
availability of resources, and means of production are ever-growing [23]. The global trend
towards a plant-based diet, in addition to studies showing beneficial effects for health
and the environment, is one example where metabolomics can be applied to ensure the
quality of food for consumption. In plant-based products, the sensory characteristics are
strongly related to the presence of secondary metabolites. Among these features, the flavor
is the attribute that stands out the most and encompasses a set of several compounds
associated mainly with taste and scent. Generally, the taste is linked with primary and
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secondary non-volatile metabolites (e.g., organic acids, polyphenols, alkaloids, tannins, and
peptides), while the aroma is strictly linked with volatiles (e.g., esters, alcohols, aldehydes,
terpenoids, and apocarotenoids). Therefore, the evaluation with omic technologies of the
biochemical profile of fresh plant-based products regarding flavor metabolites presents
itself as a potential instrument to measure the freshness and quality of the product, as
well as to help build the path for further shelf-life, nutritional, and economic stability
assessments [25].

The constant advance of omic technologies and studies, with greater integration of
analysis between different molecule profiles, has driven the emergence of new omics
strands, such as “foodomics”. This term, which emerged at the beginning of the 21st
century, encompasses studies related to nutrition and food analysis with an omic ap-
proach [26,27]. Traceability, safety, quality, authenticity, functionality, toxicity, presence of
contaminants, and impact on human health of food products are issues that can are investi-
gated by foodomics [28]. Within metabolomics and foodomics, understanding secondary
metabolites is essential to study their impact on food, health and how they can be used to
ensure food safety, authentication, quality, and characteristic nutritional aspects.

2.2. Primary and Secondary Metabolites

As explained in Section 1.1, metabolites are small molecules related to metabolic
reactions. Metabolites can be classified spatially as endogenous and exogenous, the former
being derived from biochemical processes (e.g., carbohydrates, lipids, amino acids, fatty
acids, or vitamins, polyphenols, and alkaloids) and the latter from xenobiotic metabolites
(e.g., drugs, pesticides, pollutants, toxins, and food constituents). Another important
classification is the provenance of the metabolite in relation to the metabolism that produces
them; it is divided into primary and secondary [19,29].

Primary metabolites (PM) are molecules that act in the fundamental activities of organ-
isms (growth, development, and reproduction) and are present in all types of organisms.
Some examples are amino acids, nucleotides, vitamins, ethanol, organic acids, and sugars,
among others [8,30,31]. Secondary metabolites (SM) are molecules that participate in the
protective functions of the organism and do not play a direct role in the essential processes
of growth, reproduction, and development of the organism, e.g., phenolic compounds, ter-
penoids, alkaloids, bacteriocin, and polyketides, among others. Although these molecules
are produced in minor quantities in relation to the primary metabolites, they are natural
compounds of great value and quite diverse in terms of structure, being plants, fungi,
and bacteria the producers of these molecules [8,32–34]. Approximately 350,000 secondary
metabolites, which are synthesized by plants, mostly phenolic compounds, and 70,000 by
microorganisms have been identified [35]. Regarding the metabolites of microorganisms,
only a small fraction of them have practical applications and are used in pharmaceuticals,
agriculture, and other fields [36]. SM are usually produced in higher quantities under stress-
ful situations, such as environmental adversities, nutrient shortages, or limited resources
for growth [37].

The bioactive compound is another term widely used and related to secondary metabo-
lites. They can be defined as SM, as they are not associated with the essential activities of
cells. These molecules are widely present in the human diet, and their activity can pro-
vide various health benefits (e.g., prevention of cardiovascular diseases, cancer, diabetes,
antiallergenic, and anti-inflammatory effects). Moreover, they are already widespread
in the pharmaceutical and nutraceutical industries due to their bioactivity, and they are
increasingly being applied to the food industry for different purposes [38]. Figure 1 shows
a few examples of secondary metabolites from plants, fungi, and bacteria and possible
application in the food field, mainly as biomarkers. In addition, the SM can act for different
purposes in metabolomics studies.
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with bioactivity; phenolic compounds are the most prevalent ones in plants and synthe-
sized from the pentose phosphate, shikimate, and phenylpropanoid pathways in plants 
[32]. The study of plant metabolites was one of the factors that helped boost the develop-
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Secondary metabolites derived from fungi throughout history have greatly impacted 
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Figure 1. Depiction of some examples of applications of secondary metabolites from bacteria, fungi, and plants in
metabolomics, mainly as biomarkers, found in previous studies. The same metabolite may have different functions in
the food field, for example, as an indicator of quality in the processing and as a nutritional component. In addition, the
metabolites of microorganisms are mostly indicative of toxins and food contamination [39–45].

Plant secondary metabolites are part of the plant defense system, acting to protect
from the surrounding natural environment, namely ultraviolet radiation, insects, or other
predators, especially due to plants being sessile organisms. This secondary metabolism
operates as an intermediary in the relations among the biosystems and the plants [36].
Besides being an “armour”, it can also act on other fronts, such as signaling to attract polli-
nators and animals that can spread its seeds. Some examples of secondary metabolites are
alkaloids, steroids, saponins, terpenes, tannins, flavonoids, and lignins, among others with
bioactivity; phenolic compounds are the most prevalent ones in plants and synthesized
from the pentose phosphate, shikimate, and phenylpropanoid pathways in plants [32]. The
study of plant metabolites was one of the factors that helped boost the development of
metabolomics due to the great variety and opportunities for research into plant biological
systems. These metabolites can be applied in quality control, identification of food adulter-
ation and contamination, as well as biomarkers [9]. They are valuable not only in the food
industry but also in the pharmaceutical, cosmetic, perfume, and dyeing industries [46].
Secondary metabolites of plants can be applied in different fields of products, such as
drugs, insecticides, flavorings, and colorants. These molecules are also a great part of the
human diet providing color, flavor, and scent to the food [36].

Secondary metabolites derived from fungi throughout history have greatly impacted
medicine in a positive way by saving lives. The prime and best-known example of sec-
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ondary metabolites used in medicine is penicillin, discovered in the late 1920s. The phar-
maceutical industry continuously searches for metabolites that can be used, and through
research, several bioactive SM have already been discovered to inhibit the growth of fungi,
bacteria, protozoa, insects, and parasites. Brief examples of SM are the aforementioned
penicillin, cephalosporin (antibiotic), statins and cyclosporin (pharmaceutical products),
and mycotoxins (toxic metabolites for humans) [47]. Other functions that should be men-
tioned are the cholesterol-lowering effect of lovastatin and immunosuppressive power
of cyclosporine, among many others with life-saving bioactivities [36]. Therefore, these
molecules present great potential for application in medicine, mainly for drug discovery
and drug development and as agricultural chemicals. Fungi SM encompass a wide range of
structures due to the need for survival in distinct habitats making fungi highly dependent
on secondary metabolites. Thus, several of these organisms produce multiple types of
secondary metabolites, and researchers point out that less than 10% of fungi have been
investigated for their bioactive compounds. Some of these SM can have negative impacts,
namely mycotoxins which can act as food contaminant, and in closed environments form
molds, with a negative impact on food. Thus, the study of these substances becomes
important to know and identify their bioactive pathway besides seeking ways to reduce
their contamination [35,48].

Bacteria secondary metabolites biosynthesis occurs in the last phase of growth (sta-
tionary phase). These microorganisms are capable of producing multiple molecules with
distinct biological functions, such as pigments, hormones, toxins, pesticides, immunosup-
pressants, antibacterial, and anticancer compounds [37,49]. Some examples are bacteri-
ocins (antibacterial), siderophores (antibiotics), terpenoids, antimycins (fungicidal), gel-
danamycin (antibiotic), prodigiosin (pharmacological effects), and vancomycin (antibiotic).
The vast majority of bioactive compounds from bacteria are produced by actinomycetes
(phylum of Gram-positive bacteria) [34,50]. Bacteria SM can be applied in the pharma-
ceutical, agriculture, cosmetic, and animal feed industries. These SM are valuable for the
development of new drugs for the pharmaceutical industry, acting with therapeutic proper-
ties against infectious diseases, cardiovascular diseases, and cancer. However, as well as in
fungi, some metabolites may cause harmful effects on human and animal health, especially
when related to food. Food pathogenic bacteria secrete toxins that can contaminate food
products and processing water. These organisms become lodged in food products that
have not been treated properly or have suffered damage (e.g., dairy products, canned, and
packaged foods) and thus cause illness to the organism that consumes these products [37].

The functions of metabolites can vary in several areas and affect the human diet in
different ways, both directly and indirectly. Hamacher et al. [51] reported the influence that
condensed tannins might have when present in cattle diets, such as increased productivity,
decreased methane (greenhouse gas) emissions, enhanced taste, smell and fatty acid profile
of milk and meat, but they pointed out that these effects may vary with the concentration
and presence of other bioactive compounds. Liu et al. [52] studied the relationship between
browning in lettuce (Lactuca sativa L.) and the metabolic phenolic profile of the vegetable to
identify possible biomarkers and apply them as a tool in the industry. The metabolites were
analyzed by ultra-high performance liquid chromatography coupled with high-resolution
mass spectrometry (UHPLC–HRMS) using a principal component analysis to analyze data.
Twelve phenolic metabolites were identified as potential biomarkers for lettuce browning;
caffeoylquinic acid, 9S,12S,13S-trihydroxy-10Z-octadecenoic acid, and caffeoyltartaric acid
have already been reported in previous studies. The identification of biomarkers allows
greater agility in the evaluation of lettuce browning. However, different production
conditions should be evaluated to validate the markers. Pereira et al. [53] studied the
effects of grapevine red blotch disease on Cabernet Sauvignon grape and wine quality in
relation to primary and secondary metabolites. This virus may impact the metabolic
pathways of grapevines, altering the production of secondary metabolites at ripening and
the defense mechanisms of the plant, thus reducing them. The evaluation was done by
employing two techniques, 1H NMR spectroscopy and reverse-phase high-performance
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liquid chromatography with diode array detector (RP-HPLC–DAD), specifically for the
phenolic compounds profile, and statistically treated with analysis of variance, comparing
the values by t-test and principal component analysis (PCA) for multivariate analysis. The
results showed changes in the content of secondary metabolites in seed, pulp, and skin
due to the presence of the virus. Zhan et al. [54] carried out a study, which identified and
quantified 225 metabolites from residues of veterinary drugs and contaminants in raw
milk samples by applying ultra-performance liquid chromatography and tandem mass
spectrometry (UPLC–MS/MS). The research demonstrated the potential of this tool for
monitoring and ensuring food safety in dairy processing

3. Platforms for Metabolomic Studies: Analytical Methods and Data Processing
3.1. General Aspects of Metabolomic Workflow

The two main pillars for the identification of structures of compounds in products
are its purity and characterization of its elemental composition. For this purpose, ana-
lytical, chromatographic, and spectroscopic methods can be applied. The first relates to
combustion and high-resolution mass spectrometry analysis to establish the elemental
composition, considering molecular mass. The second is through the representation of
peaks in chromatograms obtained from chromatography techniques. Additionally, the last
one is by means of spectra obtained by absorption of infrared and ultraviolet spectrum
and integration into the nuclear magnetic resonance [55]. Molecular analysis is one of the
cornerstones involving studies for food safety, authentication, and quality [56].

Within the methods used for metabolomics, the analytical analyses can be grouped in
fingerprinting when it is intended to determinate a pattern of metabolites in the sample
without necessarily being interested in identifying and quantifying the components, and
profiling, which usually consists in identifying and quantifying as many metabolites as
possible [13]. The first approach generally aims to compare profiles according to varia-
tions in the surrounding ecosystem, whether environmental, genetic, or disease-related,
while the latter studies a specific pathway or set of metabolites [57]. Related to that, the
analyses may be targeted or untargeted; the targeted analyses the metabolites are already
defined and known, whereas in the untargeted analyses, the objective is to gather all the
metabolomic information of the sample, defining at a later point the desired data for the
statistical analyses. The mixture of these two approaches may be an option to obtain
complementary and more complete results [25,29]. Choi et al. [58] applied metabolomics
with both approaches (targeted and untargeted) as well as LC–MS and GC connected to
a flame ionization detector (FID) techniques to evaluate the quality and composition of
coffees from Asia, South America, and Africa, according to the region of origin. Untargeted
analysis was employed to obtain an overview of the metabolic profile of the samples and
targeted for the quantitative analysis of metabolites and, in the end, used a PCA was
applied for statistics. The authors pointed out the potential of integration between analyses
to identify coffee quality in relation to the origin.

The workflow of metabolomics studies can be divided into a few steps (Figure 2).
However, not all are necessary, depending on the selected techniques. As there is more than
one possible approach, defining the experimental design according to the research purpose
is the first essential step for a satisfactory analysis [57]. Sample choice and preparation,
as well as the extraction and detection method, are also initial factors that will determine
the triumph of processing and comparison in data analysis and, consequently, the final
result [9].

Sample preparation should consider acquisition, storage, and extraction. In the first
two aspects, if not done correctly, metabolic changes may occur and mask, alter, inhibit,
or overexpress specific metabolites, reducing the reliability of the results. The latter is
critical for the course of the analysis because from it, the compounds of interest will be
isolated from the specific matrix to be subsequently analyzed by the detection appara-
tus. In certain cases, pre-treatments are applied to concentrate the sample (e.g., milling,
lyophilization, and microextraction techniques), volatilize the sample when analyzed by
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gas chromatography (e.g., derivatization), or remove undesired solid particles (e.g., cen-
trifugation) [57,59]. Separation in the food field is mostly done by liquid chromatography
(LC), high-performance liquid chromatography (HPLC) and ultraperformance liquid chro-
matography (UPLC), gas chromatography (GC), or capillary electrophoresis (CE) due to
the wide range of molecules identification and resolution that can be obtained. Detection
can be carried out by ultraviolet light (UV), near-infrared spectrometry (NIR), mass spec-
trometry (MS), or nuclear magnetic resonance (NMR). In addition, emerging technologies
such as ion mobility (IM) and imaging mass spectrometry (IMS) are becoming tools to
complement existing methodologies. However, the most commonly used in food analysis
are NMR and MS. The combination of these techniques is widely used, the detection
is coupled to the separation equipment, resulting in GC–MS, LC–MS, UPLC–MS, and
HPLC–UV [24,42,59–63].

After data acquisition, the next steps relate to the multi-dimensional data analysis. Pre-
processing is important to “clean” the data obtained in the detection to narrow down the
most relevant information and “optimize” the data analysis [64]. This process may include
noise filtering (removal of signals from the equipment and the experimental procedure),
peak definition (identification of metabolite signals) and peak alignment (correction of
possible peak deviations), normalization (removal of small variations caused by the method
that are usually constant in samples), scaling (adjustment of the intensity of different
variables), and transformation (adjustment of the distribution of the data and mitigating
large outliers) [7,65].

The large amount of data generated by metabolomic studies demands the applica-
tion of multivariate statistical techniques for its processing, enter Chemometrics. This
field of chemistry applies “mathematical and statistical methods to extract relevant chem-
ical information and to correlate quality parameters or physical properties to analytical
data” [66] and a hot topic research area that has been growing, especially in the food
sector [59,67]. In metabolomics, univariate analyses, such as analysis of variance (ANOVA)
and t-test, can be used as auxiliary tools, indicating significance in variations between
metabolites from different samples and further delimiting the variables for multivariate
analyses [57]. Regarding multivariate analyses, they can be supervised when information
about the groups of interest in the sample is already known, or unsupervised, which
are exploratory techniques. The main examples of the former are partial least squares
(PLS), partial least squares discriminant analysis (PLS-DA), orthogonal projections to latent
structures discriminant analysis (OPLS-DA), linear discriminant analysis (LDA), soft inde-
pendent modelling of class analogy (SIMCA), random forests (RF), and artificial neural
network (ANN) [64,65]. The latter rely on PCA, cluster analysis (CA), hierarchical cluster-
ing (HCA), and t-distributed stochastic neighbor embedding (t-SNE) [7,60]. The treatment
for visualization of the outputs is important to facilitate the understanding and relationship
of the results, and, finally, the results obtained should be critically analyzed for inclusion
or not in databases [9].

3.2. Separation Techniques
3.2.1. Gas Chromatography (GC)

GC is a chromatographic separation technique capable of analyzing complex matrices
and in which a gas constitutes the mobile phase. Briefly, the equipment’s working principle
is based on sample volatilization and transport by a gas flow through a specific column until
detection. The column is composed of two phases: the mobile phase, usually hydrogen or
helium gas; and the stationary phase, which can be a porous, non-porous solid, or a liquid
that can retain the substances for identification. Separation of the components occurs along
the column with the passage of the mobile phase. In each partition of the column, after
reaching equilibrium with the stationary phase, a portion of the solute is retained in the
partition, and the remaining part continues to be transported by the mobile phase to the
next segments of the column and the process repeats. Equilibrium is reached according to
the solubility of each component at the column temperature [68–71].
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GC is a technique with good fragmentation reproducibility, sensitivity, and poten-
tial for reliable identification and is mainly applied to identify volatile, gaseous com-
pounds [14,72], as well as polar and non-polar metabolites with thermal stability. Some
examples of compounds analyzed by GC are lipids, sugars, amino acids, and phosphory-
lated metabolites. Disadvantages of GC compared to LC is the need for one or more deriva-
tization steps to cause thermal stability and volatility to prepare the sample, which can
lead to errors and variations, hampering data comparison and impact on reliability [29,73].
Beleggia et al. [74] investigated the effects on the metabolic profile in the industrial process-
ing of five pasta products. GC–MS and LC–MS were applied for metabolic profiling while
ANOVA, PCA, and factor analysis were the statistical classifications used, identifying a
total of 76 metabolites. The results showed that processing could negatively affect the
quality, health benefits, and nutritional value of pasta due to temperature degradation
and processing time of phytosterols, hydroxy fatty acids, tocopherols, and carotenoids.
The control of the production parameters, as the use of lower temperatures, are possible
solutions based on the results of the metabolomic studies. Therefore, this highlights the
importance of such studies to develop the quality, understand the nutritional value, and
ensure safety of food products.

3.2.2. Liquid Chromatography (LC)

The separation principle of LC is basically the same as GC (equilibrium between the
solute in the mobile phase and the partitions of the column and retention of the different
analytes), but the main change is that the mobile phase is a liquid. LC is a well-known
and widely used technique by research and industry, it can perform target and non-target
analyses and is also capable of separating complex systems and components with different
molecular weights and polarity, such as food matrices [56,75]. The stationary phase can be
composed of silica, alumina, polar-bonded silica, or nonpolar-bonded silica. Regarding
the mobile phase, there are innumerous options; however, the solvent choice must be
in accordance with the performance of the instrument and allow suitable retention and
separation of the solute in the column for analysis [75,76].

The great versatility of separation, sensitivity, resolution, and consistency and great
range of identification of metabolites turn LC coupled with MS into the major technique ap-
plied in metabolomics [72]. This conjugation is capable of analyzing different compounds,
such as terpenes, steroids, flavonoids, amino acids, dyes, and contaminants, besides being
very efficient to investigate other plant secondary metabolites and food composition [9,56].
The disadvantages of LC are the need for high volumes of grade solvents, therefore increas-
ing the cost of the process. Secondary metabolites are preferentially analyzed by LC due
to their size, due to some becoming too large after sample preparation to be analyzed by
GC techniques [73]. Additionally, due to the thermal instability and polarity of organic
compounds [56], only a mere 20% can be analyzed by GC without any pre-treatment [77].

Advances in LC techniques, such as HPLC, UPLC, and UHPLC, in addition to the
evolution of columns, allow faster and more efficient analysis of complex mixtures, favor-
ing, for example, the identification of contaminants in food with greater agility [13]. HPLC
is already a widely used technique to identify anthocyanins, flavonols, flavanols, and
hydroxycinnamic acids in seeds, grapes, wine, and plant extracts [53]. In relation to food
applications, it can act in the identification and characterization of biomarkers associated
with contaminants, origin, processing, and assisting in quality control and authenticity [56].
Cubero-Leon et al. [78] studied the metabolome of carrots (Daucus carota L.) according to
production system and region of origin, applying LC–MS and OPLS-DA as techniques. The
OPLS-DA model was able to distinguish the differences between conventional and organic
production of carrots and predict the region of origin of the vegetable. Secondary metabo-
lites related to plant defense, along with metabolites related to carbohydrate metabolism,
were biomarkers responsible for the differentiation.
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3.2.3. Capillary Electrophoresis (CE)

Despite the fact that CE is not a chromatographic technique, it is an analytical method
for the separation of complex mixtures [79]. The operation of the CE is based on the
application of a potential difference, generating an electric field in which the ions move
through the capillary. Thus, charged substances, such as ions (cations and anions), migrate
to the positive or negative pole according to the cargo. The vast majority of capillaries
used are made of fused silica [80] and filled with buffer solution to allow separation [81].
The separation is done according to the mass-to-charge ratio (m/z), and the components
must possess a charge for separation to occur. Although it has a better separation efficiency
than HPLC, it has a lower sensitivity [82]. It is an underestimated technique in relation
to chromatographic techniques, which can be explained by the greater consolidation
of chromatographic techniques in the market and by the belief that CE presents less
reproducibility, which can be overcome with improvements in the internal surface of
the capillary [79]. Advantages of this technique are the low cost of consumables, low
sample volume, and simplicity of the equipment, and the peak intensity is related to the
concentration of ions in the sample, allowing quantification on a direct basis. The main
limitation is the need for the analyte to be charged, but it can be overcome with specific
treatments [79,80].

As in GC and LC techniques, in CE, the union with MS enhances the application
and has shown growth in recent years [81]. Metabolomics CE-based studies in the food
field are widely in connection with metabolite profiling, and despite identifying secondary
metabolites, the main findings and biomarkers are still related to primary metabolites [83],
for example, to identify potential biomarkers to differentiate conventional and transgenic
soybean [84] and to differentiate conventional and transgenic maize. Both studies used
capillary electrophoresis time-of-flight mass spectrometry (CE-TOF-MS) [85].

3.2.4. Ion Mobility–Mass Spectrometry (IM–MS)

IM is gas electrophoresis, which separation principle of this technique occurs according
to the characteristics (charge, size, and shape) of the ions generated due to ionic collisions
that happen in the medium. IM–MS technique has emerged in recent years with the aim
of improving the analysis of metabolites, in a fast way, also in the structural and mass
aspect [86]. It is a separation technique with low separation time (in the millisecond
range) and can be a tool employed to increase the reliability in the identification of non-
targeted metabolomics studies, especially when coupled with the MS method [87]. The
union of IM–MS with other chromatographic techniques (e.g., LC–IM–MS) enhances the
multidimensional separation while maintaining the same dimensional range [63]. Being
a relatively new technique in metabolomics applications, there are still some challenges
related to software capacity for data extraction, calibration, database construction, and
standardization. However, it presents great potential for metabolomic studies [86].

3.3. Detection Techniques
3.3.1. Nuclear Magnetic Resonance (NMR)

NMR is a popular and widely applied technique in metabolomic studies, and in the
last two decades, it has been rising alongside MS. NRM is a powerful technique that can
be applied in liquid and solid matrices with versatility and is able to identify and charac-
terize metabolites in complex systems such as food [88,89]. The working principle of the
technique is based on the magnetic properties existing in atoms with odd atomic numbers.
Due to the odd number, a nuclear spin is generated, creating a magnetic moment. Thus,
when an external magnetic field is applied by NMR, an interaction occurs between them
and the equipment is able to extract information about the sample [89,90]. The elemental
composition of food generally shows at least one isotope of H (hydrogen), C (carbon), N
(nitrogen), P (phosphorous), or O (oxygen) that can be identified by NRM, reinforcing the
suitability of the technique for food analysis [91,92]. Advantages of this method are repro-
ducibility and non-destructibility, allowing an analysis of the integral sample, as well as
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robustness and low downtime of the instrument. The main disadvantages are few software
resources, small spectral databases, overlapping peaks, and low sensitivity [11,88] with a
required concentration range between micro and millimolar, and a considerable investment
in equipment and technician training. Compared to mass spectrometry methods, NMR is
about 50% less sensitive; however, it is advantageous in the sense that it has methods with
lower operating cost, mainly due to the low cost of sample preparation, allowing direct
and quantitative correlation between molar concentration and the magnetic resonance
values [12,73].

Due to these advantages and evolution (e.g., higher magnetic fields, cryogenic probes,
and automation), NRM is gaining space in the food science field for authentication, safety,
quality, sensory evaluation, nutritional composition, and interaction with human health,
such as in beverages, meats, oils, vegetables, and other food products [89,90]. Moreover,
despite being high-cost equipment, it is the technique seen as the most viable for large-scale
applications compared to MS-based techniques [91]. Metabolomics technology based on
1H NMR is already applied and commercialized for wine authentication and quality. Amar-
gianitaki and Spyros [43] reviewed NMR metabolomic approaches, including examples
of secondary metabolites, to obtain data on different aspects of wine production (culti-
var, geographical origin, and vintage). The authors cited the evaluation of anthocyanins
(e.g., peonidin-3-glucoside, petunidin-3-glucoside, cyanidin-3-glucoside, delphinidin-3-
glucoside, and malvidin-3-glucoside) with the application of 1D and 2D NMR for authenti-
cation in Slovenian red wines against the presence of black rice anthocyanins, as well as
the union of LC–NMR and LC–MS to identify the composition of four different varieties of
grapes. Another application was the use of 1H NMR spectroscopy and PCA score plot to
differentiate the starter fermentation of white wines. In the end, the authors highlighted the
importance of the integration between NMR and analytical techniques, such as LC–MS and
GC–MS, to obtain more complete wine metabolomic profiles, including phenolic, aromatics
and volatiles, and tannins, among others. Rocchetti and O’Callaghan [12] point to 1H NMR
as an efficient tool to trace metabolites in milk, namely organic acids, vitamins, aromatic
compounds, and nucleotides.

3.3.2. Mass Spectrometry (MS)

MS is one of the analytical techniques that exhibits the largest growth in publications
in recent years, and the food sector is a major beneficiary of this growth. The working
principle of MS considers three stages: conversion, characterization, and detection. The
equipment converts the sample into gaseous ions by ionization, which are then sepa-
rated by a mass-to-charge ratio (m/z) in a mass analyzer and, in the end, are detected
and recorded by a detection system according to the amount of each ion species [93,94].
Despite the advantages of using NRM, in the dispute between NRM and MS detection
methods, MS usually comes out ahead as the choice in most metabolomic studies. The
main reasons are the higher sensitivity (identification at nanoscale), wider detection range,
powerful molecular structure detection, large spectral database, greater variety of available
software, and smaller equipment footprint [7,88,91,94]. Nevertheless, it is a method that
has disadvantages, such as being destructible to the sample, lower reproducibility, complex
sample preparation, more fragile instrument, with longer downtime, and the need to use
chromatographs, and the quantitative correlation is not direct with the intensity obtained,
depending on the efficiency of ionization [88,91].

The combination involving chromatographic techniques (detection) and mass spec-
trometry (separation) contemplates an effective tool for the analysis of complex matrices
as is the case of foods, characterizing the structure and mass of molecules in a robust and
precise manner [65]. Mamat et al. [61] gathered the GC–MS and LC–MS techniques to
evaluate the metabolic profile (primary and secondary metabolites) in mangosteen (Garcinia
mangostana Linn.) at different times of ripening. Fruit ripening is a phenomenon that can
change the texture, nutritional profile, flavor, and coloration due to biochemical and physi-
ological processes. GC–MS was able to identify 57 metabolites and LC–MS, 98 metabolites.
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Regarding secondary metabolites, the application of variable influence on projection (VIP)
(≥1.00 and p ≤ 0.05) pointed out the greatest influence of the following compounds:
neoisostegane, epirobinetinidol-(4β,8)-catechin, α-mangostin, and gartanin in the ripening
stages. The metabolomic results are a source of information for producers and for solution
development to expand the shelf life of mangosteen in the market. Lee et al. [95] studied
the presence of markers to differentiate the herbal Schisandra chinensis herb according to
their origin from China and Korea with the help of metabolomics. LC–MS and GC–MS were
applied for primary and secondary metabolites analysis and PCA for multivariate statistical
analysis. The study pointed out nine secondary metabolites (omisin D, tigloylgomisin P,
gomisin G, angeloylgomisin P, schisantherin C, gomisin B, gomisin F, benzoylgomisin O,
and benzoyl isogomisin O) and three primary metabolites (1,2,3-propanetricarboxylic acid,
d-fructose, and galactose oxime) as biomarkers; the secondary metabolites showed more
qualitative and quantitative values in relation to the discrimination performed.

3.4. Data Processing

After acquiring the analytical data, metabolomics proceeds to computational analysis,
performing multivariate statistical analysis and comparing characteristics, in addition to
evaluating and relating to existing data in metabolomic databases [28,96]. The treatment
transforms the outcomes into discernible data, synthesizing key findings by transferring
large amounts of analytical data into discrimination maps, score and loading plots. The
identification process uses existing specific databases as a resource for comparison accord-
ing to the fragment ions obtained in the assay [12]. Table 1 presents a set of metabolomics
databases involving metabolomic pathways, general and specific metabolites, spectra,
molecule characterization, etc.

Table 1. Examples of some online omics databases.

Metabolites Databases URL * References

Kyoto Encyclopedia of Genes and Genomes
(KEGG) http://www.genome.jp/kegg/ [14]

Human Metabolome Database (HMDB) https://hmdb.ca/ [14,29]

Lipid Maps https://www.lipidmaps.org/ [14]

METLIN database https://metlin.scripps.edu/landing_page.php?
pgcontent=mainPage [14,29]

BioCyc https://biocyc.org/
[14]

Spectral Database for Organic Compounds https://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi

Lipidblast https://fiehnlab.ucdavis.edu/projects/lipidblast
[29]

MassBank of North America https://mona.fiehnlab.ucdavis.edu/

Food Component Database https://foodb.ca/ [24]

PhytoHub https://phytohub.eu/
[23,24]

PhenolExplorer http://phenol-explorer.eu/

CHEMnetBASE https://www.chemnetbase.com/faces/search/
SimpleSearch.xhtml [35]

Milk Composition Database (MCDB) https://mcdb.ca/
[12]

Bovine Metabolome Database (BMDB) https://bovinedb.ca/

BiGG Models http://bigg.ucsd.edu/

[97]
SetupX and BinBase https://fiehnlab.ucdavis.edu/projects/binbase-setup

SYSTOMONAS http://www.systomonas.de

MetaboLights database https://www.ebi.ac.uk/metabolights/

MetaCyc https://metacyc.org/

http://www.genome.jp/kegg/
https://hmdb.ca/
https://www.lipidmaps.org/
https://metlin.scripps.edu/landing_page.php?pgcontent=mainPage
https://metlin.scripps.edu/landing_page.php?pgcontent=mainPage
https://biocyc.org/
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi
https://fiehnlab.ucdavis.edu/projects/lipidblast
https://mona.fiehnlab.ucdavis.edu/
https://foodb.ca/
https://phytohub.eu/
http://phenol-explorer.eu/
https://www.chemnetbase.com/faces/search/SimpleSearch.xhtml
https://www.chemnetbase.com/faces/search/SimpleSearch.xhtml
https://mcdb.ca/
https://bovinedb.ca/
http://bigg.ucsd.edu/
https://fiehnlab.ucdavis.edu/projects/binbase-setup
http://www.systomonas.de
https://www.ebi.ac.uk/metabolights/
https://metacyc.org/
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Table 1. Cont.

Metabolites Databases URL * References

HumanCyc https://humancyc.org/

BioCyc https://www.biocyc.org/

Reactome https://reactome.org/

WikiPathways https:
//www.wikipathways.org/index.php/WikiPathways

Chemspider http://www.chemspider.com

[98]PubChem https://pubchem.ncbi.nlm.nih.gov

Knapsack http://kanaya.naist.jp/knapsack_jsp/top.html

Biological Magnetic Resonance Data Bank
(BMRB) https://bmrb.io/

[91]
NMRShiftDB2 database https://nmrshiftdb.nmr.uni-koeln.de/

AIST spectral database in Japan https://sdbs.db.aist.go.jp

* All sites were accessed on 22 July 2021.

Comparing data is still an arduous and challenging process [14], although in the
market, there are different available tools to process data for use in MS and NMR. How-
ever, the outputs tend to vary according to the used software, impacting the results and
hindering the comparison between the data [12]. Multivariate data analysis is popular
to manage data from untargeted metabolomics studies [14]. The application of PCA is
an option for drawing first conclusions from a group of samples, such as the main dif-
ferences, due to the exploratory nature of the analysis, while also being a methodology
widely used for classification and comparison of samples. Reid et al. [99] studied the
adulteration of strawberry purées, in which apple purées were added to “complement”
the product. The authors used solid-phase microextraction with gas chromatography and
chemometric data analysis by means of a PCA to differentiate the constituents present in
the sample. The methodology proved to be satisfactory to identify adulteration, especially
at higher concentrations. Moreover, it was possible to identify the reference compounds
for the adulteration analysis, excluding compounds that were not essential and favoring
a more specific statistical analysis. Although the studies present the potential of using
this technique, namely for food authentication, further research is still necessary for its
improvement, specifically to identify different varieties of apples and fermentation levels
of strawberry puree.

PLS and OPLS analysis can assist in obtaining more accurate and robust data, validat-
ing the information from the exploratory analysis by amplifying the variability between
samples [12,64]. LDA and PLS-DA are supervised statistical analyses that use latent vari-
ables to enhance the differentiation between classes. The first sets a direction and focuses
on the distinctions between classes for the analysis. The second defines a matrix to perform
the classification between samples. This strategy has already been employed to evaluate
adulteration in lavender essential oils, both in relation to quality and to geographical origin,
according to the chemical compounds involved, including secondary metabolites [64].
Pramai et al. [100] evaluated the relation of metabolites and biological activity by PLS-DA
of three germinated rice varieties and one non-germinated standard, with the application of
the metabolomic technique for separation and detection of H1 NRM. The results obtained
demonstrated the separation of the varieties into three clusters, therefore allowing differen-
tiation besides the correlation between bioactivity and presence of metabolites (a-linolenic
acid, g-oryzanol, a-tocopherol, g-aminobutyric acid, 3-hydroxybutyric acid, fumaric acid,
fatty acids, and amino acids) and the increase of phenolic content after rice germination.
Regarding the metabolic pathway of biosynthesis analyzed, the increased production of
secondary metabolites in the rice may bring benefits for the nutritional value and health.

https://humancyc.org/
https://www.biocyc.org/
https://reactome.org/
https://www.wikipathways.org/index.php/WikiPathways
https://www.wikipathways.org/index.php/WikiPathways
http://www.chemspider.com
https://pubchem.ncbi.nlm.nih.gov
http://kanaya.naist.jp/knapsack_jsp/top.html
https://bmrb.io/
https://nmrshiftdb.nmr.uni-koeln.de/
https://sdbs.db.aist.go.jp
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4. Application in Foods
4.1. Food Safety

Food safety is a topic that has been growing over the years due to the greater ease
with which regional products with specific characteristics can be marketed across the globe,
as well as tighter regulations and consumer awareness. In this sense, this issue has become
an essential aspect of attention for governments and regulatory agencies to protect the
consumer and ensure quality. Regulatory agencies can act by defining and controlling
what is and what is not allowed in food, both in relation to the prohibition of substances
and the definition of a maximum admitted amount, as well as setting labeling standards
to ensure safety. The development of MS-based metabolomics analysis is a powerful tool
to assist in the detection of substances in food and for regulatory purposes [13,101]. In
the European Union (EU), the regulation (EU) n◦ 1169/2011 has an objective targeted
at developing principles, requirements, and responsibilities regarding food information,
including labeling, aimed at consumer safety [102]. The EU has a series of initiatives to
fight food fraud, such as the development of The Food Fraud Network and geographical
indicators to ensure the specific quality that the consumer expects from the product,
namely Protected Designation of Origin (PDO), Protected Geographical Indication (PGI),
Geographical Indication (GI), Traditional Specialty Guaranteed (TSG), the product of EU’s
outermost regions, and mountain product [103,104]. The Codex Alimentarius (part of
the union between the Food and Agriculture Organization of the United Nations and the
World Health Organization Food Standards Programme) also has a collection of standards
and guidelines concerning the nutritional content and labeling of foods to protect and
better enlighten consumers [105]. To achieve food safety, food quality and authentication
are important aspects. Table 2 shows some examples of the application of metabolomics
studies in the food field with such goals.

Table 2. Examples of metabolomic approach (authentication, quality, and nutritional) in foods.

Food Purpose of Analysis Detection
Technology Data Treatment References

Authentication

Milk compounds (sugars, vitamins,
nucleotides, and aromatic compounds)
to distinguish milk from pasture and
indoor total mixed ration-based diets

1H NMR PLS-DA [12]

Authentication Variation of coffee components by
region

LC–MS and GC-FID;
targeted and

non-targeted analysis
PCA [58]

Authentication

Identification of anthocyanin content
of red wines to detect possible

adulteration with black rice
anthocyanins

1H NMR and Fourier transform near-infrared

[43]

Authentication
Identification of anthocyanins in

Pinot Noir, Cabernet Sauvignon, and
Merlot red wines

NMR and LC–MS

Authentication
Anthocyanins profile of grape berry
skins belonging to different grape

varieties
HPLC–MS and HPLC–NMR

Authentication Analysis of the aromatic composition
of wine phenolic extracts LC–NMR/MS

Authentication

Differentiation of fiano di Avellino
white wines obtained by fermentation
with either a commercial or a selected
autochthonous Saccharomyces cerevisiae

yeast starter

1H NMR PCA
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Table 2. Cont.

Food Purpose of Analysis Detection
Technology Data Treatment References

Authentication
Metabolite profiling to study the

fermentative behavior of lactic acid
bacteria in grape wines

1H NMR and GC

Authentication

Negroamaro red wines obtained
through different wine-making

technologies (traditional, ultrasounds,
and cryomaceration with dry ice) and
soil management practices (soil tillage

and cover crop)

1H NMR and GC
PCA (unsupervised)

and OPLS-DA
(supervised)

Authentication

Prediction of the origin of the
agricultural system through
metabolite profile of carrots

(Daucus carota L.)

LC–MS; untargeted OPLS-DA [78]

Authentication

Determination of Schisandra chinensis
herb origin through GC–MS and

LC–MS, and primary or secondary
metabolites

GC–MS and LC–MS PCA [95]

Quality
Identification of metabolomic marker

compounds to predict lettuce
(Lactuca sativa L.) browning

UHPLC–HRMS;
untargeted analysis PCA; SIMCA 13 [52]

Quality

Identification of metabolites in
mangosteen (Garcinia mangostana
Linn.) that contribute to ripening

characteristics

GC–MS and LC–MS PCA and PLS-DA [61]

Quality

Influence of grapevine red blotch
disease on the primary and secondary

metabolites in skin, pulp, and seed
tissues of Cabernet sauvignon grapes at

harvest

1H NMR and
RP-HPLC–DAD

PCA, analysis of
variance and the two

means of each variable,
t-test

[53]

Quality

Identification of biomarkers
compounds responsible for freshness

and non-freshness of egg products
and validation of molecules

(UHPLC–HRMS);
untargeted

SIMCA, PCA, and
OPLS-DA [106]

Quality/Nutritional

Investigation of metabolite profile
variations during industrial pasta

processing for five different
commercial products

GC–MS and LC–MS ANOVA, PCA, and
factor analysis [74]

Nutritional
Metabolite profile and discrimination
among the different germinated rice

(black, red, and white)

1H NMR PCA and PLS-DA [100]

Nutritional

Investigation of metabolic changes
following dietary intervention with

soy isoflavones in healthy of
premenopausal women

1H NMR and
RP-HPLC–DAD

PCA and SIMCA-P [107]

4.1.1. Quality Control for Foods

Food quality is a factor that encompasses several product characteristics, namely taste,
color, composition, smell, and other physical and chemical properties, making its analysis
quite complex and challenging. Moreover, a single analytical technique is not enough to
investigate all these factors simultaneously [13]. All stages of the food production chain
can interfere with food quality. The final quality properties of a cultivated plant depend
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on its metabolome [9]. In green teas, for example, non-volatile metabolites are essential in
determining the flavor quality and functionality of the tea. Flavonoid glycosides, caffeine,
and catechins influence the bitterness and organic acids impact on the fruitiness and acid-
ity. Carotenoids and fat-soluble chlorophylls have an effect on the physical parameters,
such as the color and shape of the dry tea [108]. The quality of post-harvest plant-based
products is also related to the evaluation of the presence of contaminants, microorganisms,
heavy metals, and maximum levels of permitted substances [25]. Food processing is a
dynamic process that transforms food (e.g., heating, mixing, drying, and fermenting) and
may change its properties, such as texture, flavor, and aroma, and modify the nutritional
profile. Therefore, once again, secondary metabolite analysis becomes a tool to evaluate and
maintain a standard of quality and safety [23,24]. Lopez-Sanchez et al. [40] investigated the
effects of industrial processes on metabolites in tomato, broccoli, and carrot purees in liquid
and semi-liquid states. Metabolomics profiling targeted approaches applying HPLC cou-
pled to photodiode array detector and GC–MS and untargeted approach applying 1H NMR
for polar components, reversed-phase LC-PDA-QTOF MS for semi-polar and headspace
solid-phase micro extraction (SPME) coupled to GC–MS for volatiles components. The
author pointed out the perturbation in phytochemical profiles (carotenoids, flavonoids,
glucosinolates, and volatiles) of vegetables only modifying the processing order, in this
case between blending and heat treatment. Change is mainly driven by the activation of
endogenous enzymes.

Quality control is important, because it is linked to the well-being and relations with
the consumer, aiming at an suitable final product, both in relation to product safety and
acceptance [25].

4.1.2. Authentication for Foods

Food authentication is part of the process to ensure the veracity of the information
described by the label (e.g., origin, production, processing, and nutritional profile), ensuring
the safety and quality of the product according to the unique characteristics expected by
the consumer. One of the main reasons for adulteration is for economic purposes, that
is, to make the product cheaper, and the major forms are adding lower-cost or non-food
components to high-value products, adding and/or replacing inferior level ingredients
into high-grade foods, and changing the label with false information about the region or
production method of the product. In this way, the advanced omic technologies appear as
tools to counter food fraud [57,101]. For example, organic products usually have higher
added value than inorganic ones due to additional costs in their production, such as
certifications. The final value of the product can be up to 50% more expensive, and data
indicate that in the USA, the organic products market should increase fivefold by 2025.
Therefore, the growth of the market also boosts the increase of frauds. For combating such
frauds, the use of metabolomic techniques based on high-resolution mass chromatography,
including targeted analysis to identify secondary metabolites (e.g., phenolic compounds
and organic acids) and untargeted metabolomic fingerprint analysis, are proving to be
potential tools for such differentiation [72]. Studies related to food authentication are
usually aimed at finding distinctions amongst samples of the same population (e.g., specific
food product) (discriminative) and building statistical models that can predict effects due to
the association of compounds facing different conditions (predictive) [57,109]. Metabolite
profiling can act as an analytical fingerprint and may distinguish these differences from
the existence of biomarkers. In plant foods, in which phenolic compounds (secondary
metabolites) are widely present, they can serve as biomarkers due to their protective
properties against external stresses. For instance, in the absence of pesticides, the plant
tends to increase the production of secondary metabolites to defend itself. However, there
is still a need for generalized research to validate such authentication method, as it is not
a consensus in the scientific community, and metabolic profiles may vary according to
other factors, such as genetics, environmental factors, and/or variations in climate [41].
Erban et al. [110] investigated through metabolomics and machine learning the presence of
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secondary metabolites as processing biomarkers of chia, linseed, and sesame in cookies.
These seeds are considered as high-value food ingredients and defined as “superfoods” by
the market. Untargeted GC–MS metabolomic profiling was the technique chosen, along
with random forest analysis (machine learning technology) and PCA for data processing.
Although the study pointed out the presence of 4 processing-dependent biomarkers for chia
(4-hydroxybenzaldehyde, trisaccharide, methylinositol, and tyrosol) and linseed (succinic
acid monomethylester, raffinose, and two unidentified compounds) besides linoleic acid
and oleic acid as potential biomarkers for sesame seeds in cookies, it evidenced that the
molecules found were not ideal as markers and may not be reliable for authentication. In
addition, the author showed the need for future studies for the presence and variations
of the biomarkers of these seeds in different processing steps and application of different
analytical methods, such as LC–MS, to possibly identify other metabolites as biomarkers.

4.1.3. Food Toxins

Microbial food safety is an important issue for the industry and of paramount interest
to consumers. The various stages of the production chain can present fragile points for
food contamination, namely cultivation, production, processing, storage, and distribution.
Pathogens can settle in the product, develop, and produce toxins that are harmful to
human health. In some cases, these toxins do not change the organoleptic characteristics
but intoxicate only after ingestion. Bacteria, fungi, and algae are the main ones responsible
for the production of these toxins. Therefore, integration between all parties to monitor
and ensure food safety becomes essential. In this sense, “foodomics” becomes an ally for
the prevention and monitoring of pathogens in food during the production stages [111].
Due to the negative impacts that food contamination can have on the organism, there is an
increasing interest in fungal toxins in food and in the safety of food processing. Mycotoxins
can appear in a wide variety of foods (e.g., vegetables, fruits, cereals, and animal products)
and do not necessarily disappear after the complex production steps and are capable of
being transferred to the final product. The metabolomics approach can be applied as a
tool for the development and control of fungal contamination of food to enable a safe
and quality food product. In this context, the identification of mycotoxin biomarkers is
essential to understand the dynamics of these toxins and improve risk assessment in foods
during processing. IMS is an example of a high throughput technique with potential for
the detection and screening of these toxic metabolites in vegetables, fruits, and food of
animal origin [44].

Furthermore, metabolomic studies can identify the metabolites produced in infections
and biomarkers and help to understand the activity of microorganisms during food con-
taminations and disease development. Metabolomic datasets can guide to more accurate ac-
tions against contamination outbreaks and ensure food safety against microorganisms [112].
The presence of toxins deteriorates the quality of food and may cause adverse effects on
human health. Fungi of the genera Fusarium, Aspergillus, Monascus, and Penicillium are
some of the main responsible for the presence of mycotoxins in food. MS-based tools are
techniques capable of identifying these substances [13].

4.2. Nutritional Value Assessment of Foods

Nutritional metabolomics studies the correlations and impacts of food, diet, nutrients,
bioactive components, and microorganisms on biological systems associated with the
metabolism of organisms [113]. In general, nutritional metabolomics studies differ from
pharmacological ones in terms of the intensity of the distinctions between the analysis
outputs. Nutritional metabolomics investigates disorders in the organism’s health and
uses a control for comparison between the application of different diets (e.g., functional
food or nutraceutical) or specific compounds and can evaluate according to the previous
health status. However, the intensity of the differences between “subjects” are usually more
discrete, while pharmaceuticals are more defined and visible [1,24]. LC–MS and GC–MS
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are the preferred techniques due to their sensitivity for experiments with specific diets and
their effects on the individual’s organism [114].

One major goal of nutritional assessment is to evaluate the effects that certain com-
pounds may have on the organism, the synergy between distinct compounds, and biomark-
ers to assess the relationship with health. These molecules can act as indicators of the
body’s nutritional condition. The lack of molecules such as certain fatty acids, carotenoids,
and vitamins can generate dysregulation in fat deposition, cholesterol levels, and insulin
activity, relating to the onset of chronic diseases (e.g., obesity) [1,23,39], for example, assess-
ing the influence of dietary patterns on the human body, such as plant-based, high meat,
or fruit consumption and finding the responsible biomarkers relate to the intake [114].
Another evaluation that can be done is monitoring metabolites in the blood, urine, and
saliva, using the same logic as tests for monitoring the presence of drugs in the body.
This kind of monitoring can help the interpretation of the physiological and biochemical
effects of metabolites in the body. In this sense, urine assessment is a better indicator than
blood for the presence of biomarkers that are excreted by the body (e.g., phytochemicals,
glycosylated, glucuronated, or sulfated conjugates) from specific foods [114]. For instance,
the presence of salicyluric and salicylic acids in the urine indicates high consumption
of fruit and vegetables and can be used to identify vegetarians as they consume more
plant-based foods [115]. Solanky et al. [107] investigated the intake of soy isoflavones by
premenopausal women and reported an influence on the individual’s energy metabolism
and variations of substances in the plasma profile.

Toffano et al. [39] evaluated the dietary status in children and adolescents with the aid
of the Brazilian Healthy Eating Index-Revised (BHEI-R) (index with nutritional recommen-
dations) and the presence of biomarkers. The work pointed out the association of omega-3,
omega-6 fatty acids, and β-carotene with fruit and vegetable intake, as well as the presence
of retinol and pyridoxine with dairy intake. Such association allowed the evaluation of the
diet quality of the population studied in relation to consumption of previous foods and
concluded the precarious nature of the diet of children and adolescents, with low ingestion
of fruits, vegetables, dairy products, and grains. In addition, it obtained as an important
conclusion the validation of the index together with biomarkers as tools to assist future
metabolomics and nutritional studies.

4.3. Food Processing

One objective of food processing is to modify and transform raw foods (e.g., vegetables,
fruits, meat, and milk) into products with higher added value and to promote safety
through techniques, such as fermentation, freezing, heating, mixing, pressing, and others.
During the processing steps, the organoleptic characteristics, besides the nutritional profile
related to the metabolic profile of the food, may change and affect the final attributes of the
product. Moreover, not only processing but also transportation, storage, and packaging
are processing-related steps that can impact product characteristics and quality. Therefore,
monitoring and assessing with metabolomics techniques are potential tools to ensure
quality throughout the food processing chain. In this sense, food safety and authentication
are also involved in processing. Safety is vital to avoid possible contaminations occur
during the process and transfer to the final product, preventing damage to consumer
health [24,116,117]. Authentication can be employed to indicate the processing that food
has undergone, as changes in the metabolite profile generated due to different treatments
can provide characteristic profiles and allow identification of the processing and even
the production site [118]. Monitoring can be done by identifying the deterioration of
metabolites due to a specific process (e.g., freezing and heating), presence of freshness
biomarkers [116], metabolomic profiles, and others. The monitoring can also be useful
to optimize the processing conditions and analyze the lifetime of the products more
efficiently [117].

Processing can be considered an enrichment of the product metabolome, providing
complexity and data for authentication. In addition, monitoring can allow for greater
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standardization in product quality [119]. For example, Lucini et al. [118] identified dis-
tinctions in the phenolic profile of tomato products (crushed pulp, puree, and paste) and
the difference in tomato paste under three different treatments (cold, warm, and hot).
The authors observed the phenolic fingerprint between the paste treatments, especially in
relation to the flavonoids, phenylpropanoids, and lignans, as well as between processing
sites. Furthermore, they indicated the potential of the profiles as processing signatures for
metabolomics studies. Table 3 exemplifies some studies with metabolomics application
related to the presence of secondary metabolites in food processing.

Table 3. Examples of metabolomic approach in food processing in foods.

Application in Food Processing Detection Technology Data Treatment References

Variation in phytochemical profiles
(carotenoids, flavonoids, glucosinolates,

volatiles) of tomato, broccoli, and carrot purees
modifying the processing order (between

blending and heat treatment)

HPLC-PDA, GC–MS, 1H
NMR, RP-LC-PDA-QTOF MS,

and GC–MS for volatiles
components

PCA and Student’s t-tests [40]

Investigation of metabolomic profiling of chia,
linseed, and sesame as processing-dependent

biomarkers in cookies production
GC–MS PCA and RF [110]

Investigation of metabolite profile variations
(phytos-terols, hydroxy fatty acids,

tocopherols, and carotenoids) during industrial
semolina pasta processing for five different

commercial products

GC–MS and LC–MS ANOVA, PCA [74]

Investigation of different marinades in chicken
breast fillets. Combination between

pomegranate and lemon juice, probably due to
the synergistic effect of organic acids (lemon
juice) and polyphenols (pomegranate juice),

provided the high decrease in Pseudomonas spp.
bacteria

HPLC system PCA [120]

Investigation of changes in metabolite
composition of marinated meat in soy sauce
during processing as taste quality is directly

related to primary and secondary metabolites

1H NMR
PCA, OPLS-DA, and

ANOVA [121]

Study on metabolomics of lettuce and the
changes after storage of two cultivars with

different susceptibility to browning. Tendency
showed high amounts of phenolic compounds,

fatty acids, and lysophospholipid with the
storage time (day 5) and with the browning

process

UPLC–ESI-QTOF-MS
(untargeted)

PCA and HCA
(unsupervised methods) [122]

Investigation of the relationship between
specific metabolites and the plant matrix with
glucosinolate thermal degradation during food
processing of Brassica vegetables. The interest
is to minimize losses of glucosinolate during

vegetable processing

HPLC-PDA-QTOF MS
(untargeted) PCA, HCA and RF [123]

Optimization by applying metabolic profiling
method to study the effect of typical domestic

storage conditions for five red wines for a
period of 24 months. Storage conditions had a

major impact on the polar metabolite
fingerprint, and the markers revealed included

phenolic compounds, vitamins, and
4-amino-heptanedioic acid and its ethyl ester

UPLC–QTOF-MS (untargeted) PCA, OPLS-DA, t-test,
U-test, and S-plot [124]
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Table 3. Cont.

Application in Food Processing Detection Technology Data Treatment References

Investigation of distinctions in the phenolic
profile of tomato products (crushed pulp,

puree, and paste) and in tomato paste under
three different treatments (cold, warm, and
hot). Distinctions were possible to identify,

especially in relation to flavonoids,
phenylpropanoids, and lignans, as well as

distinctions between the production location

UHPLC/Q-TOF
ANOVA, HCA,

(unsupervised) and
PLS-DA

[118]

Investigation of chemical profile changes
resulting from thermal processing of black

raspberries powder into a nectar beverage with
a metabolomics approach. Degradation

products of anthocyanins were identified along
with other proposed phenolic degradants,

while quercetin, phenolic acids, and ellagic
acid were relatively stable to processing

UHPLC–QTOF-MS
(Untargeted) HCA [125]

Investigation of metabolic changes during
post-harvest of Salvia miltiorrhiza Bunge. The

processing demonstrated great impacts on
phenolic acids than on tanshinones, and

enzymatic browning was the major influencing
factor during post-harvest processing. The

data showed that the reduction of the
enzymatic browning could be achieved by

controlling the moisture and steaming process

UHPLC–QTOF-MS PCA (unsupervised),
PLS-DA, and OPLS-DA [126]

Investigation of metabolomics and proteomics
to study the change mechanism of nonvolatile

compounds during white tea processing.
Decreased content of catechins,

proanthocyanidins, thasins, and phenolic acids
and increased content of free amino acids,

theaflavins, and nucleotides are responsible for
the sweet taste of tea. The drying process was
found to promote the formation of white tea

taste

UPLC–LTQ-Orbitrap-MS
(untargeted) PCA and ANOVA [127]

5. Main Challenges and Difficulties

Although research is increasing, widespread, reliable databases are still limited. More-
over, another challenge is the diversity in chemical and physical properties of metabolites,
hindering the simultaneous analysis of several metabolites by detection and identification
techniques [6]. Recognizing the significant and relevant differences between different
metabolic profiles [9] and construction of a model that allows predictable and reliable
outputs from the obtained data is still a hurdle, especially for bioinformatics, due to the
great complexity and variety of these data [1]. The main challenges for metabolomic analy-
sis in the processing are the complex metabolite profiles, with compounds with different
chemical classes and requiring different analytical methods in addition to a database that
is still under construction [117]. For instance, post-harvest processing steps can impact
the presence of biomarkers in products, adding additional variables and complexity to
authentication analysis. The data set of the experiment presents itself as another challenge.
The size of the study population must be defined to account for variations in origin, season,
climate, species, variety, etc., in addition to being generalized enough for the application
of the models to as yet unknown data. In general, metabolomics studies follow the same
workflow, depending on whether certain steps are required or not. However, the work
possibilities are diverse, as there are options for separation and detection methods, dif-
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ferent analysis software, and distinct statistical analyses. All these factors contribute to
the diversification of results [41]. Standardization of metabolomic analysis methodologies
is another present challenge that is intertwined with the creation of reliable databases.
Standardization allows the acquired data to be comparable between different studies and
enhances the coverage of databases [57,111].

In nutritional, the same problem repeats itself due to a great amount and high dynam-
ics of a metabolite concentration [1]. A large number of results are obtained in the spectrum
of metabolomics data, and identifying all metabolites is a challenge, together with the iden-
tification of metabolites that are specifically related to human nutrition [115]. Age, gender,
genetics, and the different responses of the body to diet complicate the standardization of
metabolomic profiles and comparison between databases, as well as the technological and
database limitation, which still need to evolve to cover the identification of more details of
metabolomic profiles [114].

To summarize, the main difficulties are, beyond reliable databases, which are still
under constant construction and do not always allow comparison of results due to variation
in methodologies, technologies for identification and quantification, as a single technique is
not capable of identifying a complete metabolic profile and does not always have the appro-
priate resolution, and the complexity of the biological systems themselves. Furthermore,
most studies do not just focus on secondary metabolites but on metabolites in general.

6. Trends and Conclusions

The creation of biosensors to identify secondary metabolites in relation to consumer
perception is a potential novelty. Biosensors are devices that can assist in the evaluation
of sensory qualities of plant-based products by means of detection of volatile metabolites.
The main examples are electronic noses and electronic tongues, which through patterns of
metabolite profiles of aromas and flavors can mimic some human sensory characteristics
(taste and scent). In this way, they can assess metabolic impacts on the freshness and quality
of fruits and vegetable products during storage and post-harvest. These biosensors can be
applied in conjunction with GC–MS methodology to provide more integrated information
on metabolites, both in sensory issues and to sample composition [25]. Furthermore, a
potential new form of analysis in foodomic is the multi-block method, which covers not
only the statistics across sample variables but the data set available between different
analysis techniques, for example, between MS and NMR. Foodomics involve complex
interactions and the application of more extensive multivariate analyses. In addition,
analytical data are constantly increasing, with more research and an increasing number of
comprehensive databases available. Therefore, the evolution of chemometrics becomes an
essential factor in enhancing a more complete understanding of biological systems [28].
The combination of different identification techniques is also a trend to enhance the fields
of study of complex biological processes [73].

Despite technological advances, the number of unidentified metabolites, mainly sec-
ondary metabolites, is still large and reduce the “anonymity” of these compounds is a
constant challenge [73]. The evolution of metabolomics applied to food has evolved in
recent years, which is evidenced by the increase of publications, as well as the appearance
of new metabolomic strands, such as foodomics. Alongside this, the development of
faster and more sensitive analytical technologies, chemometrics, bioinformatics, and the
construction of more robust metabolomics databases has allowed the increase in the range
of applications. By making these techniques more “accessible” to industry, it favors food
authentication, control, quality, and safety in a world with global food trading and with
more demanding consumers. The objective of metabolomics is to discover markers and
then make them useful in several sectors, improving traceability, quality, security, and
safety. Despite increasing research, secondary metabolomics still has great potential for
innovation; it is just a matter of how much mankind is willing to invest to further tap into
their inexhaustible potential.
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