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Abstract—This review is devoted to the consideration of mass spectrometric platforms as applied to omics sci-
ences. The most significant attention is paid to omics related to life sciences (genomics, proteomics, meta-
bolomics, lipidomics, glycomics, plantomics, etc.). Mass spectrometric approaches to solving the problems
of petroleomics, polymeromics, foodomics, humeomics, and exosomics, related to inorganic sciences, are
also discussed. The review comparatively presents the advantages of various principles of separation and mass
spectral techniques, complementary derivatization, used to obtain large arrays of various structural and quan-
titative information in the mentioned omics sciences.
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INTRODUCTION
In the last decade of the XX century, virtually new

sciences with the names containing the suffix “omics”

emerged [1]. In the literature, such scientific branches
are shortly named “omics,” meaning they are all
engaged in versatile studies of complex mixtures and
operate on large amounts of data. Hereafter, we also
call these sciences “omics” and their research appara-
tus “omics technologies.” Most of the omics formed to
date belong to the life sciences, and proteomics and
genomics arose first. Dozens of scientific disciplines
like glycomics, metabolomics, lipidomics, transcrip-
tomics, interactomics, degradomics, neuromics, and
others have a close relationship with proteomics and
genomics. Some of these sciences gave birth to partic-
ular scientific fields, engaged in studying narrower
arrays of bioorganic compounds, for example, steroi-
domics, glycoproteomics, phosphoproteomics, and
others. In fact, such sciences as pharmacogenomics
and pharmacoproteomics, which use omics technolo-
gies to develop and investigate the physiological prop-
erties of pharmaceuticals, should be considered inde-
pendent. The use of the suffix “omics” in the names of
newly emerging sciences that were not directly related
to the life sciences have been criticized for quite a long
time; it is curious that the proposal to name peptidom-
ics a science related to the synthesis and research of
oligopeptides was also considered ineligible. Never-
theless, the names of petroleomics, polymeric,
humeomics, etc., dealing with samples of inanimate
nature and using the general research principles of
omics technologies, have already confidently taken
root in the scientific lexicon.

Working with large amounts of data is not complete
without statistical, mathematical, information sys-
tems, and databases. Mass spectrometry (MS) is the

Abbreviations: Ionization techniques: electron ionization (EI);
electrospray ionization (ESI); matrix-assisted laser desorp-
tion/ionization (MALDI) and its matrixless versions like
SALDI; mass spectrometry imaging (MSI); matrix-assisted
laser desorption/ionization with mass spectrometric imaging
(MALDI-MSI); atmospheric pressure photoionization (APPI);
atmospheric pressure photochemical ionization (APPCI);
chemical ionization (CI); atmospheric pressure chemical ion-
ization (APCI). Methods for separation, decomposition, and anal-
ysis of ions: Fourier-transform ion cyclotron resonance mass
spectrometry (FTICR-MS); orbital ion trap Orbitrap (LTQ,
Orbitrap); combination of quadrupole and time-of-flight mass
spectrometer mass analyzers (QTOF); ion mobility mass spec-
trometry (MS-IM); mass spectrometry based on a triple quad-
rupole analyzer (triple quad); collision induced dissociation
(CID = CAD); electron-transfer higher-energy collision disso-
ciation (EThcD); surface induced dissociation (SID); electron-
transfer dissociation (ETD); electron capture dissociation
(ECD); post-source decay in MALDI (PSD); infrared multi-
photon dissociation (IRMPD); ultraviolet photodissociation
(UVPD); electron photodetachment dissociation (EPD);
selected reaction monitoring (SRM); parallel (multiple) reac-
tion monitoring (MRM). Online and offline methods for presepa-
ration of complex mixtures: high performance liquid chromatog-
raphy (HPLC); two-dimensional liquid chromatography (2D-
LC); two-dimensional combined chromatography
HILIC/HPLC; two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE): liquid chromatography (LC), ultra-high
pressure liquid chromatography (UHPLC) or ultra-perfor-
mance liquid chromatography (UPLC); liquid chromatography
under critical conditions (LCCC); liquid adsorption chromatog-
raphy (LAC); liquid exclusive adsorption chromatography
(LEAС); capillary electrophoresis (CE); capillary zone electro-
phoresis (СZE); capillary electrophoresis/mass spectrometry
with ESI (CE/ESI-MS); hydrophilic interaction liquid chroma-
tography (HILIC); size-exclusion chromatography (SEC).
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Fig. 1. Relationship between omics sciences included in the methods of systems biology. Reproduced with modifications from [8]
with permission. Copyright © 2014 Elsevier Ireland Ltd.
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most powerful research and analytical tool in many
omics sciences. Highly sensitive, precise, rapid, and
selective technique with high dynamic range has
proven to be particularly effective and informative
when combined with separation techniques, tandem
experiments, and informational approaches, provid-
ing comprehensive research. We can assume that mass
spectrometry laid a foundation for the bunch of omics
sciences. Indeed, many of them took shape as sciences
after the invention in the 1980s of fundamentally new,
highly effective methods of ionization and analysis of
ions, among which were electrospray ionization (ESI)
[2, 3] and matrix-assisted laser desorption/ionization
(MALDI) [4, 5]. The role of these methods was
emphasized in several reviews that have been periodi-
cally published over the past 20 years and which are
cited below in the main part of this review, but here are
some more [6, 7]. Within the framework of this review,
we did not touch specifically upon bioinformatics sys-
tems, various software, and databases, many of which
were developed for the interpretation of data and
results of omics studies. At the same time, we were
aware that without their use, vast arrays of mass spec-
tral data, in particular, obtained using tandem mass
spectrometry, cannot be processed manually.

1. MASS SPECTROMETRY
IN OMICS LIFE SCIENCES

Biological systems are incredibly complex samples
for study because of the enormous number of pro-
cesses simultaneously occurring in them. Even one
living cell is a constantly operating biochemical labo-
ratory, and the interaction of cells in multicellular sys-
tems, in its versatility, is an almost inexhaustible object
of research. In the early 2000s, the concept of systems
biology, a branch of science that studies the interac-
tion of the components of biologic systems and the
characteristics of their functions and behavior result-
ing from this interaction, was introduced into wide sci-
entific use. Its leading methods include interrelated
JOURNAL OF
omics sciences: genomics, transcriptomics, proteom-
ics, and metabolomics (Fig. 1) [8].

1.1. Genomics and Transcriptomics
Winkler [9] proposed the term “genome” in 1920

to designate the totality of genes in all chromosomes in
the nucleus of a cell of an organism. Currently, the
genome is considered the complete set of DNA in
organisms, including all of its genes. The term
“genomics” was coined by geneticist Roderick in 1986
during a microsymposium at an international confer-
ence in Bethesda (United States) [1]. The essence of
this scientific interdisciplinary biological science is the
study and comparison of genomes throughout a body,
emphasizing their analysis, sequencing, mapping, the
study of functional properties, evolutions, and edit-
ings.

Transcriptomics is a branch of genomics. Its task is
to study a transcriptome, a set of RNAs formed in one
or a series of cells at a specific point in time. This set
consists of ribosomal (rRNA), transport (tRNA), and
messenger (mRNA) types of RNA. Of these, mRNA
serves as a transmitter of genetic information encoded
in DNA. The sequence of nucleotides in mRNA mol-
ecules contains all the information about the amino
acid sequence in a protein chain. After translation,
these RNAs are rapidly degraded. During translation,
tRNAs take part as an intermediate between nucleic
acids and proteins: they attach activated amino acid
residues and transfer them to the site of synthesis of
protein polypeptide chains. rRNAs do not participate
in the process of information transfer and constitute
the bulk of the ribosomes. Other types of RNA per-
form their specific functions in biochemical processes.
All types of RNA are synthesized on a DNA template,
and the sequence of ribonucleotides in them is com-
plementary to the sequence of deoxyribonucleotides
in DNA [10].

The elementary monomeric units of DNA and
RNA macromolecules are nucleotides, consisting of
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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nitrogenous bases, monosaccharides, and phosphoric
acid residues. Molecules of purine (adenine, guanine)
and pyrimidine (thymine, cytosine) structures act as
nitrogenous bases for DNA. The same bases are
included in the nucleotides of RNA molecules, except
that thymine in them is replaced by uracil. In DNA
and RNA, these nitrogenous bases bind to monosac-
charides deoxyribose and ribose, respectively, forming
nucleosides. In nucleotides, the latter is phosphory-
lated at the primary OH group of a monosaccharide,
and this phosphate group phosphorylates the OH
group of a monosaccharide of another nucleotide,
because of which macromolecules of nucleic acids are
formed.

Within the framework of this review, we do not
consider the varieties of genomics and transcriptom-
ics; we only note the possible application of mass
spectrometry in these fields. ESI-MS and MALD-
IMS have the most significant opportunities for the
study of DNA and RNA [11]. These methods can be
used to determine the molecular weights of such mac-
romolecules, their various complexes, and oligonucle-
otides, which is essential in studying their transforma-
tions.

Tandem mass spectrometry is suitable for deter-
mining the primary structure (nucleotide sequence) of
native molecules [12]. However, next-generation
sequencing (NGS), which generates a massive number
of nucleotide sequences, is more efficient and faster.

Of these two methods, MALDI-MS is most often
used in the analysis of nucleic acids. However, RNAs
are more stable than DNA under MALDI-MS condi-
tions. Therefore, the latter are preliminarily converted
into RNA by in vitro transcription. Using MALDI-
MS/MS, post-translational modifications in rRNA
can be decoded, single nucleotide polymorphism
(SNP Genotyping) in the genome and quantitative
analysis of gene expression can be done [13]. Another
option for determining the type of a specific nucleo-
tide is the use of peptidonucleic acids (PNAs) with
missing links: these compounds form pairs with nucle-
otide chains, in which nucleotides interact with PNA
peptides. The nucleotide to be identified turns out to
be opposite the missing link in the PNA and remains
reactive. The products of the reaction with nucleo-
side-specific reagents, after reduction, are detected by
MALDI (Fig. 2) [14].

The application of MS to genomic research, con-
cerning the in vivo decoding of the types and locations
of chemical structural modifications of nucleic acids,
makes excellent progress in this field [15]. As the
intensity of these transformations is relatively low, the
use of a highly sensitive MS in such works is of funda-
mental significance. Therefore, the use of preliminary
chemical modification is of particular interest, which
was discussed in sufficient detail in [16].
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
1.2. Proteomics

Proteomics is one of the most intensively develop-
ing omics sciences (Fig. 3); its purpose is a compre-
hensive, detailed study of the composition, modifica-
tions, and functional properties of protein molecules
in the cells of living organisms. The essential tasks of
proteomics are identifying and quantifying the expres-
sion of both individual types of proteins in biological
samples and all proteins of the body, depending on
their state, participation in a particular biochemical
process, or modification under a targeted action. The
complete set, diversity, and profile of proteins of a cell,
tissue, and organism at each moment are called “pro-
teome.” This term was first introduced by M. Wilkins,
an Australian scientist, who also coined the term “pro-
teomics” [17, 18]. The proteome is the first link in the
information f low resulting from the transcription of
the genome through the transcript. It contains mil-
lions of protein forms. Among them are dynamically
changing post-translationally modified proteins
(phosphorylated, sulfonated, glycosylated, lipidated,
methylated, etc.), which cause rapid physiological
processes and have short lifetimes. Many proteins
interact with other cellular components, while others
are present in the cell in trace quantities. All these fac-
tors pose challenges in identifying, profiling, and
quantifying them.

Mass spectrometry has been the primary analytical
tool virtually since the inception of proteomics as a
science [19, 20]. ESI and MALDI mass spectrometry
with various tandem options and high-resolution
techniques is most widespread in such studies. This
toolkit contributes to research in fundamental pro-
teomics, which aims at obtaining qualitative and
quantitative information about proteins, their compo-
sition, structure, complete or partial amino acid
sequence, isoforms, post-transcriptional and post-
translational modifications (PTMs), conformations,
absolute or comparative quantitative data; it is called
structural proteomics. Functional proteomics, in its
turn, studies proteins in their interactions with other
proteins and nucleic acids. Such studies are usually
based on the results of transcriptomics.

There are two types of proteomics “off-target” and
“target.” The former includes identifying and analyz-
ing the expression of new, previously unexplored pro-
teins, and the latter deals with a comprehensive analy-
sis of a set of already known proteins. In general, car-
rying out these studies is a challenging task because,
according to some assumptions, the human proteome
consists of several million different proteins, the
amount of which is even greater if we take into account
their various proteoforms [21]. We emphasized that
various versions of mass spectrometry combined with
a separation technique demonstrate exceptionally
great possibilities in solving many emerging proteom-
ics problems.
o. 14  2021
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Fig. 2. Schematic diagram of studies to identify a specific nucleoside in the chain using PNA and nucleoside-specific reagents.
Reprinted with modifications from [14] with permission. Copyright© 2017 Elsevier B.V.

Stage 1 Stage 2

Stage 3

Q-sepharose

95°C 5 min
Cooling to 41°C

Reducing agent
41°C for 1 h

Reagents

PNA

Unknown
nucleotide

 DNA−PNA complex Intermediate Complex
modified with

reagent

Product
isolation on

ion-exchange
material

MALDI
mass

spectrum

MALDI target
MALDI mass
spectrometer

CH=N+

−N
H

−

CHO

CHO

CHO

CHO

−N
H

−

CHO

CHO

CHO

CHO

CH2N

C
H

2 N

CH2N

Fig. 3. Number of publications on proteomics in the Web of Science database (WoS, www.webofknowledge.com, Web of Science,
a registered trademark of Clarivative) over the years.

Year

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

N
um

be
r o

f p
ub

lic
at

io
ns

 in
 th

e 
W

oS
 d

at
ab

as
e

0

1000

2000

3000

4000

5000

6000

7000



MASS SPECTROMETRY AS A CRUCIAL ANALYTICAL BASIS 1571
The primary task of the mass spectrometric analy-
sis of proteins is their identification and, in the sim-
plest case, the determination of their primary struc-
ture. For this, mass spectra of peptides are automati-
cally compared with experimental or predicted (in
silico) spectra in databases, or direct de novo sequenc-
ing is performed using tandem mass spectrometry,
yielding MS/MS spectra [22]. In the latter case, tan-
dem devices like “triple quad,” Orbitrap, and others
are often used.

Proteomic technologies include the stages of
(1) isolation of a set of proteins, (2) direct analysis of
them or of peptides obtained by enzymatic hydrolysis
using MS and MS/MS methods in combination with
separation techniques. Here, versions of polyacryl-
amide gel electrophoresis 2D-PAGE or SDS PAGE
(carried out in the presence of sodium dodecyl sul-
fate), capillary electrophoresis, reversed-phase
HPLC, or multivariate HPLC are used. Then, (3) pro-
teins are identified using databases; for example, the
Human RefSeq 75 protein database contains 695218
MS/MS spectra, among which 225758 peptide spec-
tra are assigned to 21164 peptides corresponding to
4493 proteins [23]. Bioinformation systems, for exam-
ple, SEQUEST, Mascot, are also used in this stage.

Modern mass spectrometers based on ESI,
MALDI, or SALDI, ensuring ultrahigh resolution
(above 400000), high accuracy in determining the ion
mass (below 1 ppm), and high sensitivity (limit of
detection up to the attomole level), in combination
with tandem versions, are especially effective for
sequencing peptides and proteins. Within the frame-
work of this review, it does not seem possible to con-
sider the incredible abundance of studies in proteom-
ics, carried out over the past 20–25 years with the use
of MS. We give just some examples to illustrate a gen-
eral idea of the irreplaceable possibilities of MS in this
field.

Two main versions of MS gained the broadest
application in structural proteomics:

(1) The earliest strategy, called “bottom-up,”
involves the initial separation of complex mixtures of
proteins by 2D-PAGE [24], based on isoelectronic
points. Using MALDI-MS, separated proteins are
detected, profiled, and primarily characterized by
comparing the masses of their protonated molecules
with those in databases (peptide fingerprint mapping,
PFM). The target proteins from the separated proteins
are hydrolyzed by proteases (trypsinolysis) directly in
the gel, and sets of the resulting peptides are sequenced
using MALDI-MS/MS or LC/ESI-MS/MS. Then,
the complete or partial amino acid sequence of spe-
cific proteins is found using the structures of peptides
and the corresponding bioinformatics systems (for
example, SEQUEST).

HPLC–MS combined instruments are especially
effective in such studies. Both normal-phase and
reversed-phase HPLC systems are used, which are
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
compatible with ESI-MS. Various ion traps and scan-
ning mass spectrometers with a relatively narrow range
of measured masses but with high resolution and tan-
dem layout can be used to detect and identify peptides.

(2) The so-called “top-down” proteomics is
becoming more and more widespread [25, 26]. The
development of this approach is associated with the
main disadvantage of the bottom-up method, namely,
the complexity of “assembling” the initial peptide
from its fragments. In the top-down version, a mixture
of intact proteins, without preliminary separation or
proteolysis, is fed into an ESI mass spectrometer oper-
ating in a tandem mode. Each type of protonated pro-
tein molecules generated by ESI undergoes induced
dissociation (for example, ETD or ECD), and the
recorded mass spectra yield virtually complete infor-
mation about the amino acid sequence and, essen-
tially, enables the detection of various highly labile
PTMs, if any, and the location of their positions in
each protein. A possibility of obtaining exhaustive
structural information is perhaps the essential advan-
tage of this methodological approach. The FTICR-
MS and Orbitrap systems are especially effective in
such studies, because they ensure high resolution and
more reliable structural assignments. A possibility of
de novo peptide sequencing by tandem data obtained
using the “top-down” strategy [27] should be paid
special attention. The disadvantage of the top-down
methodology is the limitations on the masses of pro-
teins that can be analyzed by existing mass spectro-
metric systems, especially those of high resolution.
The most effective of them make it possible to study
proteins with molecular weights of an order of 30–
80 kDa. However, some approaches of this method
enable the detection of large polypeptides, for exam-
ple, thyroglobulin with a molecular weight of more
than 660 kDa. The mass spectrum of such molecules
in an intact form cannot be recorded; therefore, they
are subjected to fragmentation because of a change in
the declustering potential [28].

“Shotgun” proteomics probably should be consid-
ered the third version of the protein research strategy.
In contrast to the bottom-up methodology, which
yields a large amount of structural and quantitative
information but is labor-intensive and time-consum-
ing, shotgun proteomics excludes the preliminary sep-
aration of a mixture of proteins by gel electrophoresis
[29]. The protease hydrolyzes the entire test mixture of
proteins, and the resulting mixture of peptides is sepa-
rated by convenient LC options, followed by the
online mass spectrometric detection of each compo-
nent. ESI is the most often used to ionize peptides,
while to determine their structure (in particular,
sequencing), various opt+ions of tandem mass spec-
trometry are applied, based, for example, on the use of
a triple quadrupole (triple quad), a quadrupole with a
time-of-flight analyzer, or a dual time-of-flight ana-
lyzer (TOF/TOF). Recently, Orbitrap (LTQ) has been
used intensively for these purposes, distinguished by
o. 14  2021
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high mass resolution and yields reliable information
about the structure. The use of MALDI tandem mass
spectrometry with LC in the off line mode [30]
excludes the gel separation stage, but generally has
limitations in obtaining information on the structure
of intact proteins. However, it seems convenient for a
comparative analysis of proteomes, especially in ana-
lyzing protein biomarkers in medicine.

An ultrafast method for the determination of pro-
teins for bottom-up proteomics, based on a combina-
tion of gradient LC with ultrashort columns and MS,
includes the recording of high-resolution single mass
spectra (MS1) (Orbitrap) of proteolytic peptides
during their elution and the determination of accurate
masses and the prediction of the retention times
(DirectMS1) [31]. This method demonstrates high
sensitivity and helps to identify a large number of pro-
teins. It offers high coverage of their amino acid
sequences, eliminates the need to obtain MS/MS
spectra, and shortens the time for complete proteomic
analysis (identification of thousands of proteins) to
several minutes. The LC retention times of the
detected peptides are essential parameters for this
approach, the dependence of which on the amino acid
sequence was demonstrated earlier [32].

In recent years, a combined mass spectrometric
technique, including the online separation of proteins
and peptides by capillary electrophoresis (CE), based
on their electrophoretic mobility, has become more
and more widely used in proteomic studies [33]. Cap-
illary zone electrophoresis is most often used in this
case. It is most convenient for mass spectrometric
identification to use ESI with suitable options to
obtain MS/MS spectra. In general, CE–ESI-MS is
especially effective for top-down proteomic analyzes;
it is also called “native” MS.

One of recent directions in proteomic research is
determining the nature and locations in protein mole-
cules of post-translational modifications (PTMs),
which arise in proteins after the translation of infor-
mation by mRNA. About 300 PTM versions are
known [34], among which glycosylation and phos-
phorylation are the most important. Thus, the study of
these PTMs actually led to the creation of glycopro-
teomics and phosphoproteomics. Both tandem bot-
tom-up and top-down mass spectrometric strategies
are quite effective for detecting, positioning, and
quantitative analysis of PTMs [36, 37]. In some cases,
glycosyl and phosphoryl residues can be cleaved off
under CID conditions; therefore, preliminary chemi-
cal modification is used to analyze glycosyl and
phosphopeptides [38]. Activation methods also give
valuable information, yielding complementary data
sets, for example, CID, ETD, and EThcD (Fig. 4)
[39, 40].

Bottom-up proteomic analysis directly in tissues is
another developing field of MS. Dapic et al. [41] ana-
lyzed the approaches used in the sample preparation
JOURNAL OF
(selection of enzymes for hydrolysis, extraction, puri-
fication), assessment of the required amount of start-
ing material with the prospect of analysis at the level of
several cells, etc. Derivatization approaches that
include LC–ESI-MS and MALDI-MSI analysis,
which are increasingly being introduced into clinical
practice, were also considered.

Many mass spectrometric approaches have been
proposed for the absolute and comparative quantita-
tive determination of proteins in proteomes. The main
ones are based on the in vivo or in vitro introduction of
isobaric, isotopically labeled residues into the mole-
cules of proteins or proteolytic peptides [38]. Com-
mercially available reagent kits of iTRAC and TMT
with various amounts and positions of light and heavy
isotopes of O, C, and N became most common for in
vitro derivatization. Both reagents introduce the
appropriate group to the N-termini of proteins and
peptides in parallel samples. Using different options
for recording MS/MS spectra, one can compare
quantitatively from four to eight samples in the case of
iTRAC in one mass spectrometric experiment [42],
and their number can be increased to 54 in the case of
TMT [43]. However, there are approaches to mass
spectrometric quantitative determinations in pro-
teomics without isotope labeling [44].

The entire proteomics toolkit was in demand in
connection with the SARS-CoV-19 virus pandemic.
Initially, all efforts were directed at studying the mech-
anisms of infection [45]. However, the rapid increase
in the incidence has shifted the focus of work to iden-
tifying peptides that could be used in the diagnosis of
diseases [46]. In comparison with tests based on poly-
merase chain reactions, mass spectrometry ensures
greater accuracy in identifying sick patients and more
rapid analyzes themselves [47].

At the end of this section, we should pay attention
to the expansion of protein research by ambient mass
spectrometry. The most significant advantages of
these methods over conventional ESI-MS and
MALDI-MS are the shorter time required to prepare
biological or clinical protein samples for the analysis,
which can also be studied in the solid state [48].

Interactomics is a branch of functional proteomics.
It studies the interaction of proteins with other pro-
teins and other components (mainly nucleic acids) of
the cell and the consequences of such interactions.
Protein interactomics is distinguished, which studies
the interactome, that is, the entire set of proteins inter-
acting with a specific protein, and the organization of
complex protein interactions that determine the cell’s
life. Some physicochemical principles have been pro-
posed, including computer programs, to study
and predict such interactions [49, 50]. In this
brief review, we only consider those techniques in
which the capabilities of MS were manifested to the
greatest extent. Currently, there are two mass spectro-
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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Fig. 4. Mass spectra of the products of the activated decay of the triply charged ion of the N-glycopeptide KLCPD-
CPLLAPLNDSR: (a) CID (ETD and CID in the inset) and (b) ETD and EThcD. Reprinted with modifications from [39] with
permission (Copyright © 2018 Published by Elsevier B.V.) and from [40] with permission.

CID

ETD−EThcDDeconvolution result

(a)

(b)

138.05

204.09

274.09

c2

y2

292.10

454.15
c4

b5
c5

657.23528.19

731.27

b6
c7

893.32

b8
c8 c9

b9
b10

c11

c12

**

*

*

**

**

*

366.14

1288.47
1361.51 1377.48

KL CPD CPLLAPLNDSR

KL CPD CPLLAPLNDSR

Precursor
ion

m/z

m/z

657.23
z = 1

1383.91
z = 3

1480.94
z = 3

1577.9792
z = 3

R
el

at
iv

e 
ab

un
da

nc
e

R
el

at
iv

e 
in

te
ns

ity
, %

R
el

at
iv

e 
in

te
ns

ity
, %

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
0

10

20

30

40

50

60

70

80

90

100

200 300 400 500 600 700 800 900 1000 1100 13001200 1400 1500 1600 1700 180019002000
0

10

20

30

40

50

60

70

80

90

100

ETD−CID

0
10
20
30
40
50
60
70
80
90

100

200

m/z1800 2000 2200 2400 2600 2800 3000 3200 3400

400 600 800 1000 1200 1400 1600 1800 2000

HCD CO
b c

zy
NH CHR ETD

KL CP D CP LL AP LND SR
metric approaches to the study of protein interactions
[51, 52].

One option is the mass spectrometric determina-
tion of noncovalent protein interactions, based on the
use of the so-called native ESI-MS (to a lesser extent,
MALDI-MS). In this case, the mildest experimental
conditions were selected, under which the noncova-
lent complexes are stable. This approach makes it pos-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
sible to determine the masses and composition of the
complexes and the protein binding constants with high
accuracy. This method was used, for example, to study
the interaction of the virus with the receptors of carrier
cells and confirmed a possibility of using heparin to
prevent this binding (Fig. 5) [53].

Another approach to studying the interactions of
proteins and their organization (conformation, archi-
o. 14  2021
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Fig. 5. ESI mass spectra of recombinant forms of the recep-
tor-binding domain of S-protein, obtained (a) in the absence
of heparinoids and the presence of (b) fondaparinux and (c)
heparin oligomer. Inset: an enlarged region of superimposed
spectra corresponding to the +10 charge state. Reprinted with
modifications from [53] with permission ( Chemistry in
Coronavirus Research: A Free to Read Collection from the
American Chemical Society). Copyright © 2020 American
Chemical Society.
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tecture of complexes, networks) in specific systems is
based on so-called cross-linking mass spectrometry
(XLMS). This principle has been developed for a rela-
tively long time and reviewed in several articles (see,
for example, [38, 54–56]). It includes the use of cross-
linking spacers of a given length, having functional
groups at both ends that readily react with specific
groups in the protein side chains. Such cross-linking
can only occur if the distance between the reacting
groups of the two proteins is not greater than the
length of the resulting bridge. The proteins cross-
linked in this way undergo proteolysis, and the mass
spectrometric sequencing of the resulting peptides
(MALDI-MS, ESI-MS) reveals the attachment sites
of such cross-linkers in each of the interacting pro-
teins. This approach was used in a series of works
devoted to studying protein interactions in various
mitochondria compartments (Fig. 6) [57].

Peptidomics should be considered as a branch of
proteomics, because its task is an exhaustive qualita-
tive and quantitative analysis and the study of all pos-
sible biological properties of low-weight endogenous
oligopolypeptides (conventionally up to 10 kDa) [58,
59]. Peptides in the body either have their functional
properties (for example, as hormonal or signaling
molecules) or are products of the usual enzymatic
hydrolysis of proteins from food. The peptide compo-
sition and their profiles strongly depend on the way
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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food is prepared from such products. Naturally, pep-
tide profiles can be used as biomarker indicators for
detecting pathological processes in the body and vari-
ous diseases [60]. However, this field can obviously
include studies aimed at synthesizing and comprehen-
sively studying the properties of abiogenic oligopep-
tides.

Various extraction and fractionation protocols
were used to study endogenous oligopeptides [58, 59],
and HPLC and CE are valid for online separation
before mass spectrometric analysis. Naturally, the
same mass spectrometric platforms are the most effec-
tive in peptidomics as in proteomics, namely, those
based on ESI, MALDI, SALDI, and with the involve-
ment of tandem options using CID or ETD. The use
of MS-IM seems promising, which makes it possible
to determine the structural features of oligopeptides
and the position of post-translational modifications
(PTMs) in their molecules [61].

Oligopeptides can be detected directly in tissues
and even isolated cells using direct MALDI-MS anal-
ysis. In this case, a biological test sample is applied to
the target, to which a suitable matrix is admixed, facil-
itating the ionization of the peptides. For example,
neuropeptides in tissues and single neurons can be
analyzed [62]. A similar approach can be used for spa-
tially separated visualization of peptides by MALDI-
MSI [63].

Metabolomics is an independent scientific field
dealing with the qualitative and quantitative determi-
nation of low-molecular-weight metabolites in the
body caused by enzymatic reactions and interaction
with each other, which is the body’s metabolism [64].
Therefore, “metabolome” is a complete set of many
thousands of low-molecular-weight metabolites in a
biological cell, tissue, organ, or organism as a whole.
The metabolome is the last link in the transmission of
information in the chain genome → transcriptome →
proteome → metabolome (Fig. 1). Ultimately, it
reflects the course of physiological and pathological
cellular processes, which is essential for medical diag-
nostics. The composition of the metabolome is highly
complex because of both the variety of structural types
with different physicochemical properties (amino
acids, biogenic amines, carbohydrates, lipids, steroids,
nucleosides, etc.) and the dramatic difference in the
concentration of individual metabolites.

The research process in metabolomics includes the
same stages as in proteomics, namely, the selection
and preparation of a biological sample (cells, tissue,
biological f luid), isolation of metabolites (various
methods of liquid– or solid-phase extraction), multi-
component analysis using, most often, a combination
of chromatographic techniques and mass spectrome-
try (GC–MS, GC×GC–MS, LC–MS), and data
collection and interpretation using bioinformation
systems. Conventional GC–MS is still a reliable tool
for analyzing high-volatile metabolites (alcohols,
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
aldehydes, ketones, organic acids, and many others)
and derivatized medium-volatile compounds. Among
medium-volatile compounds, carbohydrates, amino
acids, steroids (see the section on steroidomics), ter-
penes, and higher fatty acids (see the section on lipid-
omics) are of the greatest interest; they can be prelim-
inarily derivatized by silylation, alkylation, acylation,
and other reactions [38, 65]. Nowadays, LC–MS
combinations (HPLC–MS, UPL–MS) are used
more frequently, enabling studying a more compre-
hensive range of metabolites, including polar ones,
without preliminary derivatization. However, in con-
ducting quantitative analyzes by isotope dilution, deri-
vatization of target functional groups (NH2, COOH,
OH, SH, carbonyl) greatly facilitates the task of highly
reliable detection and profiling of various types of
metabolites with ultrahigh sensitivity [66, 67]. Combi-
nations of MS with HILIC and HILIC/HPLC are
rather effective in analyzing highly polar metabolites
[68], and the CE/ESI-MS method is preferable for the
analysis of polar and charged metabolites [69].

In the general case, both “target” (known metabo-
lites) and “off-target” (new metabolites) analysis can
be carried out using mass spectrometry [70]. The tar-
geted analysis of metabolites usually involves their
identification and quantification. An off-target analy-
sis is limited to detecting unknown metabolites with,
where possible, the determination of their structure
and profiling.

A detailed analysis of a metabolome containing a
vast number of various structural types of metabolites
is virtually impossible without automatic identifica-
tion using standard mass spectral databases. Such
databases continue to be developed, and, along with
search engines, they usually contain both ordinary and
MS/MS spectra of known identified metabolites.
Whenever possible, they contain the theoretical
MS/MS spectra of metabolites, predicted from meta-
bolic reactions but not yet detected, constructed based
on fragmentation patterns (in silico). Among such
databases, the Human Metabolome Database
(HMDB) is by far the most important and informa-
tive; the latest version of HMDB 4.0 was released in
2018 [71]. It contains 7418, 2544, and 26 880 experi-
mental, expected, and predicted GC–MS mass spec-
tra, respectively, and 22 198, 2265, and 279 972 of the
MS/MS spectra of the same origin. It also includes a
large number of detected, expected, and predicted
human metabolites. We should also pay attention to
the development of an approach to the automatic
deconvolution of GC–MS data and the identification
and classification of mixture components, which is
essential for metabolic studies. The main goal of these
procedures is to enable the scientific community to
perform various manipulations with these data within
the framework of the molecular network analysis plat-
form (Global Natural Product Social Molecular Net-
working, GNPS) [72].
o. 14  2021
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Metabolic studies based on various approaches of
gas chromatography–mass spectrometry are becom-
ing more widespread in clinical practice [73]. The
main focus here is on the early diagnosis of various
diseases, including cancer [74], diabetes [75], and
heart disease [76].

A special section of metabolomics, pharmacome-
tabolomics, is also of great interest, with the main task
to predict the effect of drugs on the profile of metabo-
lites using a mathematical model. Mass spectrometry,
indeed, plays a dominant role in this field as a method
of analysis [77]. The results of mass spectrometric
imaging methods, yielding the distribution of drugs
and their metabolites over the body’s tissues, are the
most interesting [78].

Lipidomics is usually considered as a particular
branch of a more general scientific field, metabolom-
ics. It seems that the term “lipidome” appeared in the
publications in 2001 to denote a complete set of lipids
in a biological system. The term “lipidomics” began to
be widely used in 2003; it distinguished the science
dealing with the complete identification and quantita-
tive analysis of biogenic lipids in the cell lipidome at
the molecular level and the study of their interaction
with other metabolites, lipids, and proteins [79]. Cur-
rently, lipids are divided into eight main categories:
fatty acyls (for example, fatty acids), glycerolipids,
glycerophospholipids, sphingolipids, prenols, sterols
and other steroids, saccharolipids, and polyketides.
Each group consists of subclasses, their molecules
containing specific functional groups are character-
ized with different polarities and vary in size. In total,
43636 lipids are included in the well-known LIPID-
MAPS Structure Database (LMSD), among which
more than 21000 have a known structure and about
22000 are computer-generated. The study of a partic-
ular type of lipids is sometimes referred to as “target”
lipidomics.

Highly sensitive MS is the primary experimental
method of lipidomics [80, 81]. Early studies that can
be attributed to this type of omics were carried out
using GC–MS. However, with the invention of ESI,
the corresponding mass spectrometric version began
to be intensively introduced. As applied to studies by
MS, lipidomics is divided into two types: “off-target”
(global) and “target.” The former is to detect and
quantify all lipids (known and unknown) in a lipi-
dome. The latter type of lipidomics aims to detect spe-
cific lipid components in the study of complex biolog-
ical problems. Another particular type of lipidomics is
based on mass spectrometric imaging (MS imaging),
which includes studying the distribution of lipid com-
ponents in cells and tissues.

In the last 10–15 years, various LC–MS versions
have been most developed, which, in general, provide
global lipidome profiling [82]. Lipidome analysis gen-
erally includes extraction of lipids from a sample (liq-
uid-phase extraction with mixtures of chloroform or
JOURNAL OF
methyl (tert-butyl) ether with methanol, or solid-
phase extraction), sample processing (for example,
derivatization), and acquisition and processing of
mass spectral data. The mass spectrometric termina-
tion uses ESI, high resolution, positive or negative ion
recording mode, or tandem capabilities. Online LC–
MS combinations use normal-phase and reversed-
phase LC and HILIC. Several databases have been
created for the automatic identification of lipidome
components, containing MS/MS spectra for known
lipid structures and theoretically generated fragment
spectra of candidates, as well as search engines [83].

Along with this methodology, the so-called “shot-
gun” lipidomics has become widespread, including
mass spectrometric analysis of a crude extract of a bio-
logical sample, injected directly into an ESI source
without preliminary chromatographic separation.
This direction was initiated by the first works carried
out in the last decade of the XX century [84]. To iden-
tify lipid components by shotgun lipidomics, it is con-
venient to use tandem MS or high-resolution mass
spectrometry. MALDI-MS also has significant ana-
lytical potential in lipidomics [80].

An applied method for an exhaustive study of lipids
in cells and tissues is the combination of LC or HILIC
with MS-IM [85, 86]. In this case, lipids of the glycer-
olipids, sphingolipids, and glycerophospholipids
types, in ionic form, are separated and detected based
on the ionic mobility of their molecules, reflecting the
size, volume, charge, and mass, while their subclasses
are separated using HILIC. In many cases, MS-IM
helps to determine the classes and subclasses of lipids,
the degree of unsaturation of acyl residues, and the
position of double bonds, to distinguish the type of
their attachment to the glycerol base (sn-regioisomer-
ism), etc., by analysis of the drift time and diagnostic
fragment ions.

Tandem mass spectrometry (ESI) with UVPD
proved to be very useful for studying the fine structure
of acyls in the lipidome. This method reliably deter-
mines the position of unsaturation in mono- and
diunsaturated fatty acids with nonconjugated and con-
jugated double bonds, as well as in polyenoic acid
molecules [87].

Online or off line derivatization significantly facili-
tates the determination of the structures of target lipids
by various combined chromatographic methods and
MS. In particular, various types of chemical modifica-
tion are effective in analyzing fatty acids and acyls by
GC–MS, LC–MS, and MS imaging [88]. Online
ozonation has been widely used to determine the dou-
ble bond position in acyl residues and fatty acids by
LC–MS. Aldehyde ions formed upon ozonation and
splitting of double bonds are characteristic ions here.
In particular, this strategy proved to be effective in the
analysis by LC combined with MS-IM [89], making it
possible to obtain additional information about the
structure and identify the presence of saturated variet-
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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Fig. 7. Principles of touch spray mass spectrometry.
Reprinted with modifications from [93] with permission.
Copyright © 2014 The Royal Society of Chemistry.
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ies of acid residues. An interesting chemical modifica-
tion for determining the position of double bonds in
acyl residues of phospholipids is the online photo-
chemical reaction of Paternò Büchi with carbonyl
compounds (for example, acetone) in a f low-through
reactor located between the outlet from the LC col-
umn and the inlet to the mass spectrometer. The zone
of the microreactor is irradiated with UV light, each
eluent undergoes a [2+2] cycloaddition reaction with
a ketone, and the resulting four-membered rings
under the conditions of a CID mass spectrometer are
broken in half, forming characteristic ions [90].

We should also note the online combination of
TLC with MALDI-MS, applied in lipidomic studies
[91]. Recently, ambient mass spectrometry has been
used especially frequently for lipid analysis, which
reduces sample preparation to a minimum. The high
ionization efficiency of lipid molecules makes it possi-
ble to avoid the matrix effect in relation to them. For
example, MS with desorption electrospray ionization
(DESI) has been successfully used to visualize tri-
glycerides in tissues [92].

Another example of the application of this
approach is the use of a method that involves taking a
sample with a needle, on which a sample is applied in
one way or another (Fig. 7). Then the needle is moist-
ened with a solvent and placed at the entrance cone of
the mass spectrometer, after which a voltage drop is
created between the cone and the needle, causing
desorption of microdroplets with analyte ions [93].
The method is called Touch Spray mass spectrometry.

Less than 10 years ago, the first results of profiling
of metabolites and peptides at a one-cell level were
reported [94]. It is evident that the unique capabilities
of MS will be actively used in lipid studies as well.

Steroidomics is another type of independent omics
subclass of lipidomics. A steroidome is a complete set
of endosteroid metabolites in a cell or body. The term
steroidomics was first proposed in 2004 [95] to denote
the scientific industry involved in the detailed charac-
terization and quantitative analysis of steroids (estro-
gens, corticosteroids, bile acids, oxysterols, various
steroid conjugates, metabolites, etc.) in the metabolic
profile. Steroidomics should be separated from lipid-
omics into an independent subgroup because of the
fundamental role of steroids in human physiology, the
formation of cell structures, signal transmission, and,
in particular, their participation in the processes of the
onset and development of many diseases, especially,
oncological (oncosteroids) [96].

At present, virtually no analytical method can give
comprehensive qualitative and quantitative informa-
tion on the entire composition of the steroid in a single
experiment. GC–MS and HPLC–MS, including tan-
dem versions (MS/MS), are most often used to detect
and profile steroids in biological f luids and tissues [97,
98]. Currently, both methods can be used for target
and off-target steroid assays, including qualitative and
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
quantitative determinations. The quantitative analysis
of steroids is carried out by isotopic dilution using
internal standards in the form of 2H-labeled or, better,
13C-labeled steroid structures. When analyzed by
GC–MS, steroids and their metabolites are prelimi-
narily released from conjugates (glucuronides, sul-
fates) by enzymatic hydrolysis.

Because of a significant variety of structural types
of the determined steroid systems, each of the above
methods is usually limited to determining relatively
narrow structurally related classes. The use of derivat-
ization or the involvement of specific online extraction
and separation procedures can expand the range of
simultaneously analyzed steroids [99]. For example,
Chortis et al. [100] applied GC–MS in combination
with preliminary enzymatic hydrolysis of primary ste-
roid conjugates followed by the derivatization yielding
methyloximes of trimethylsilyl esters [38] to detect
adrenocortical carcinoma by analyzing metabolites of
the corresponding endogenous steroids. Steroidomics
technology was also used to study the metabolic pro-
cess leading to the formation of bile and other steroid
acids in the cerebrospinal f luid.

Recently, a combination of liquid chromatography
(HPLC or UHPLC) and tandem mass spectrometry
based on ESI, APCI, and APPI has been increasingly
used for steroid analysis. The combined LC–MS
method is convenient because it enables simultaneous
determination of steroid structures of different polari-
ties, often without additional derivatization. However,
preliminary derivatization is still used for this type of
analysis, using a targeted modification of steroid sub-
o. 14  2021
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structures. Such approaches, including the conversion
of carbonyl groups by reaction with hydroxylamine or
2-hydrazinopyridine, were proposed for the highly
sensitive determination of endosteroids by
HPLC/ESI-MS and UHPLC/ESI-MS [101], respec-
tively. We can also note a preliminary modification of
carbonyl groups with the introduction of a fixed
charge (Girard’s reagent), carried out to detect and
determine off-target steroid metabolites by a com-
bined method of LC with high-resolution MS (LTQ-
Orbitrap) [102]. In another case, the principles of ste-
roidomics based on UHPLC in combination with
high-resolution MS (QTOF) were involved in the pro-
cess of simultaneous identification and profiling of
large arrays of “exogenous” metabolites formed from
anabolic steroids as a method of doping control [103].
Note that LC–MS can also be used to determine
native steroid conjugates, in particular, sulfates [104].

Glycomics. The term “glycan” refers to any carbo-
hydrate or saccharide that is free or associated with
another noncarbohydrate molecule. The complete set
of such glycans and glycoconjugates in the body is
called “glycome.” The science of “glycomics” deals
with studying the structure of glycans and their partic-
ipation in various genetic and physiological processes.

The most common glycoconjugates belong to a
series of glycoproteins, where N-glycans (the carbohy-
drate residue is attached to the side chains of asparag-
ine or arginine) and O-glycans (the sugar residue is
attached through the side hydroxyl group of serine,
threonine, tyrosine, and some other amino acids) are
distinguished. As noted in the section on proteomics,
the formation of the corresponding conjugates (glyco-
sylation) is one of the most common post-transla-
tional modifications (PTMs) of proteins, which are
the subject of research in glycoproteomics (determina-
tion of the nature of glycans and the place of their
attachment in protein molecules). Glycans in cells can
also be attached to lipids (glycolipids) or exist as poly-
saccharides in a free state.

To determine the structure (sequence, branching)
of oligosaccharides attached to proteins, one can use
their preliminary enzymatic cleavage from protein
molecules with a subsequent study by the tandem
MALDI-MS method in combination with derivatiza-
tion [38]. The monosaccharide composition of such
glycans and free oligosaccharides in the cell is found
by GC–MS methods after derivatization (silylation,
acylation) of the cleaved molecules. MALDI-MS/MS
or LC–ESI-MS/MS is effective in determining the
complete structure of both carbohydrate and protein
parts of intact glycoproteins [105, 106]. D. Harvey
published a series of detailed reviews devoted to the
application of MALDI-MS to the analysis of carbohy-
drates and glycoconjugates (see the latter one [107]).
MALDI-MS/MS yields a large amount of informa-
tion on the structure of both saccharides isolated from
glycolipids enzymatically and intact conjugates [108].
JOURNAL OF
One of the problems of glycomics is the difficulty of
distinguishing carbohydrate stereoisomers with many
asymmetric centers. Combinations of mass spectrom-
etry with ion mobility spectroscopy have excellent
prospects in this case, because the latter enables the
separation of stereoisomeric forms by their different
spatial structures (Fig. 8) [109].

We should mention the development of glycoinfor-
mation computer platforms, databases, and learning
algorithms to interpret glycomic studies automatically
and predict PTM protein sites. Many of them are
based on the use of various mass spectrometric data
[110].

2. OMICS SCIENCES RELATED
TO THE APPLICATION OF A COMPLEX 

OF APPROACHES TO SPECIFIC SAMPLES
2.1. Plantomics

Plantomics should be attributed to life sciences. In
general, it combines a variety of suitable omics dis-
cussed above for life sciences, such as proteomics,
peptidomics, and metabolomics [111]. In plantomics
research, such mass spectrometric methods as GC–
MS, LC–MS, MALDI-MS, and MALDI-MSI are
effectively used, as well as methods of ionization in air,
that is, desorption ESI and ESI with laser ablation.

The main purpose for determining the composi-
tion of compounds of plant raw materials is to study
the physiology of plants [112]. In addition to solving
fundamental problems, applied goals related to detect-
ing and identifying biologically active compounds for
their further use as medicines are often pursued [113].
As most of these compounds are polar, they are stud-
ied using “soft” mass spectrometric methods com-
bined with tandem mass spectrometry. As in other
omics studies, the obtained data sets are processed
using various computer algorithms [114].

Plantomics, as other omics related to the study of
living organisms, both mass spectrometric imaging,
which enables the study of the distribution of bioactive
compounds in plant tissues [115], and ambient mass
spectrometry are widely used. To study plants, a par-
ticular version of this method was developed, ioniza-
tion from the leaf. In this case, a fragment of plant
material is moistened with a solvent and placed in a
special metal clip near the entrance cone of the mass
spectrometer [116]. A voltage drop between the clip
and the cone ensures the desorption of microdroplets
containing compounds that are part of the plant mate-
rial (Fig. 9). This approach makes it possible to detect
both endogenous [117] and exogenous compounds
[118].

The study of lignin structure is an essential field of
plantomics, often singled out as a separate science.
This biopolymer is the second most widespread after
cellulose and is one of the most promising renewable
sources of raw materials for processing to obtain fuels
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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Fig. 8. (a) Separation of doubly deprotonated ions of disialylated glycan isomers and (b, c) mass spectra of individual isomers.
Reprinted with modifications from [109] with permission (ACS AuthorChoice Licens). from ACS Publications. Copyright ©
2019 American Chemical Society.
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and organic synthesis products. Although lignin for-
mally consists of a small set of monomer units, the
compounds obtained by polymerization have complex
nonlinear structures, which makes them extremely
difficult to study. Another problem is the low solubility
of lignins, limiting the use of many mass spectrometric
methods in omics sciences [119]. The ionization effi-
ciency of different types of lignin molecules and prod-
ucts of lignin degradation also differ significantly;
therefore, it is recommended to use several methods
for its analysis with the goal of achieving complemen-
tary data sets [120].

A separate problem is the use of MALDI mass
spectrometry in the study of lignin. Theoretically, this
biopolymer is a rather convenient sample for studying
by this method, especially because lignin molecules
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
resemble widely used matrix compounds in structure.
Another argument favoring MALDI is the low sensi-
tivity of this method to the type of solvent used for
sample preparation. However, applied results obtained
using MALDI mass spectrometry to study lignin show
a relatively low efficiency of desorption/ionization of
analytes, while the use of ionic liquids leads to an
increase in the ion yield [121]. Nevertheless, the devel-
opment of approaches for using this method in ligni-
nomics remains a challenge for further work in this
field.

2.2. Exposomics
The main task of exposomics is to study the effect

of environmental factors on human health. The con-
cept of the environment, in this case, is interpreted
o. 14  2021
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Fig. 9. Ionization from a leaf. Reprinted with modifica-
tions from [117] with permission. Copyright © 2012 The
Royal Society of Chemistry.
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quite broadly, covering all types of effects on a person
throughout his life. The sum of such impacts forms an
exposome, which includes the impact of endogenous
and exogenous processes at the individual level (for
example, environmental pollution and infection), as
well as general impacts at the global level (for example,
climate and socioeconomic factors) [122]. From the
point of view of analytical chemistry, exosomics is the
study of changes in the metabolome, proteome, tran-
scriptome, and genome of a person as a function of the
state of the environment [123]. This approach prede-
termines the toolkit of this area of research; therefore,
it involves all the methods demanded in the listed
omics approaches and the methods of environmental
analysis and monitoring.

One of the main directions of exposomics is associ-
ated with the study of the effects of various ecotoxi-
cants on the human body [122]. An essential task, in
this case, is to determine a set of compounds with
which the human body interacts. In conventional eco-
logical analysis, the main emphasis is placed on the
target determination of compounds included in the list
of controlled ones. In exosomics, off-target analysis
acquires critical importance, implying the detection
and identification of the maximum available amount
of organic molecules present in the environment. Only
mass spectrometric approaches ensure the achieve-
ment of the required limits of detection and the infor-
mation content of the data obtained [124].

To solve this problem, methods based on gas chro-
matography-mass spectrometry and approaches with
atmospheric pressure ionization are used. Electron
ionization GC–MS is best suited for off-target analy-
sis because of a possibility of using mass spectral data-
bases for identification and “manual” interpretation
of mass spectra based on the array of already obtained
data [125]. To increase the sensitivity and reliability of
JOURNAL OF
the identification of mixture components, two-
dimensional gas chromatography and high-resolution
mass spectrometry are actively used [126]. The use of
a combination of these methods in the original work
devoted to determining the sources of the appearance
of substituted pyridines in the atmosphere made it
possible to identify a set of peat combustion products
[127]. Even larger informational content is achieved
using complementary ionization methods: the soft
method yields an exact empirical formula of an ana-
lyte, and electron ionization enables the determina-
tion of its structure. This approach, for example, made
it possible to identify more than 500 components in
snow samples, including aromatic compounds of var-
ious structures and phthalates [128].

The use of atmospheric pressure ionization meth-
ods combined with tandem experiments and/or high-
resolution mass spectrometry is also helpful for the
off-target analysis of ecotoxicants [129]. However, the
combined use of these methods and GC–MS varieties
to obtain a complementary set of data on polar and
weakly polar compounds seems much more efficient
[130]. For example, using this combination in the off-
target analysis of human milk made it possible to
detect various halogen derivatives in it using a simple
sample preparation procedure (Fig. 10) [131].

Another field of research is the study of changes
that occur in a human body under the action of the
environment. Metabolic approaches are in especial
demand in this case [132], which makes it possible to
detect transformation products that have entered the
body of xenobiotics [133], to find changes associated
with diseases of diverse nature [134], and to identify
the causes of personality disorders [135]. However,
proteomic tools are also helpful to determine the con-
tribution of the environment to the state of the human
body. For example, heatstroke was accompanied by
the production of a series of specific peptides [136].

3. OMICS SCIENCES IN INANIMATE NATURE
3.1. Petroleomics

As mentioned above, some sciences dealing with
the study of inanimate nature also began to be referred
to as omics. These scientific fields deal with vast
amounts of data and pursue goals similar to those that
are characteristic of life omics. Probably, Marshall’s
proposal to single out “petroleomics” as a separate
scientific area, which is aimed “at an exhaustive
description of all chemical compounds of crude oil
and their interactions” [137], was perfectly legitimate.

To date, no universal mass spectrometric method
has been developed that could adequately describe the
total composition of crude oil. Indeed, “petroleome”
is determined by hundreds of thousands of com-
pounds that differ dramatically in structure, elemental
composition, molecular weight, volatility, polarity,
and ionization efficiency: homologous and isomeric
 ANALYTICAL CHEMISTRY  Vol. 76  No. 14  2021
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Fig. 10. Sample preparation for off-target analysis of human milk using a complex of complementary mass spectrometric meth-
ods. Reprinted with modifications from [131] with permission. Copyright © 2020 Elsevier B.V.
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saturated aliphatic, alicyclic, and alkylaromatic
hydrocarbons; N-, S-, O-, and metal-containing
compounds; naphthenic acids; resins; asphaltenes;
etc. So far, it is necessary to use those mass spectro-
metric varieties suitable for studying relatively narrow
structural and functional groups of petroleum com-
pounds. Several reviews have been published on the
use of mass spectrometry to solve various oil chemistry
and petroleum science problems. Let us mention only
comparatively recent ones [138, 139].

Petroleum hydrocarbons were actually the first
organic molecules to be studied by mass spectrometry
[17]. Later, this method was applied to other volatile
petroleum compounds that can be converted to the gas
phase. During this period, the mass spectrometric
method for determining the structures of the non-
group composition of unseparated petroleum fractions
has been developed quite intensively [140]. It was
based on the mathematical processing of large arrays
of total spectra of fractions, classifying this strategy as
petroleomics. However, comprehensive and volumi-
nous data can be obtained using the combined GC–
MS method, capable of performing a component-wise
analysis of oil fractions boiling up to 400–500°C.
Until now, EI mass spectrometry (GC–EI-MS)
remains the most sensitive, reproducible, and quanti-
tative in studies by this method, although impressive
results can be obtained using MS based on CI, APCI,
PI, photoionization, or photochemical ionization.
GC–EI-MS is also widely used to analyze volatile
petroleum hydrocarbons (alkanes, cyclanes, iso-
prenanes) and relatively low-molecular-weight het-
ero-organic compounds separated by GC. This type of
research includes, for example, popular determina-
tions of sterane and triterpane petroleum biomarkers
[141] and adamantanoid structures [142].

The structural and analytical capabilities of gas
chromatography–mass spectrometry have signifi-
cantly expanded with the introduction of two-dimen-
sional GC (GC/GC–MS), which includes a series
connection of two columns with stationary phases of
different polarity. Corresponding combined systems
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 76  N
enable a more detailed study of mixtures by separating
each zone isolated by the first column and detecting
isomeric, minor, and other components that cannot
be detected by a single GC–MS method.

The GC–MS method in various versions is virtu-
ally unsuitable for studying polar and nonvolatile oil
components, which are largely present in heavy frac-
tions. At the same time, the widely used ESI-MS,
MALDI-MS, and APPI-MS are suitable for the ion-
ization of such compounds. Recently, for the analysis
of heavy oil fractions, methods of ionization in air
(ambient mass spectrometry), for example, direct
analysis in real time (DART) [139], have also begun to
be used. All these methods can be applied to the study
of both total and preseparated heavy fractions.

In general, such a methodology results in a detailed
knowledge of the composition of both crude oil and
especially heavy residues, the interest in which is con-
stantly growing because of the expected depletion of
oil fields. The most informative in such studies is char-
acterized by ultra-high resolution mass spectrometry
based on Fourier-transform ion cyclotron resonance
(FT-ICR). That is why petroleomics was singled out as
a separate science by A. Marshall, the most known sci-
entist applying this mass spectral technique to oil
research [137].

The principal advantage of the FT-ICR–MS
method is a possibility of recording and analyzing
multiline mass spectra of the total fraction of crude
oil, the mass numbers of peaks in which are deter-
mined with high accuracy. This makes it possible to
detect separately isobaric molecular ions and deter-
mine the structural elements of thousands of compo-
nents of the most complex mixtures (various hydro-
carbons, O-, N-, and S-containing structures). The
latest achievement was the assignment of more than
240 000 unique gross formulas to analyze heavy oil res-
idues, achieved using special software to optimize the
data collection process [143]. As an example, we men-
tion the works based on the application of this method
for a detailed study of asphaltenes [144], naphthenic
o. 14  2021
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acids [145], porphyrins [146], sulfur-containing com-
pounds [147], and bitumen [148].

In conclusion of this section, we should pay atten-
tion to specific approaches to the representation and
visualization of ultrahigh-resolution mass spectra (by
now already up to tens of millions), containing tens of
thousands of separated peaks of ions of homologous,
isobaric, carbo-, and hetero-organic compounds.
Along with statistical analysis, Kendrick mass defect
diagrams and van Krevelen diagrams [8, 149] are the
most useful; they were proposed quite long ago but
turned out to be especially necessary for the analysis
and comparison of data in petroleomics. These dia-
grams visualize a series of homologues, compounds
with different degrees of unsaturation and aromaticity,
with different heteroatoms and ratios, and other struc-
tures.

3.2. Polymeromics

Synthetic polymers, like biopolymers, are complex
mixtures that contain a large number of structurally
similar and differing macromolecules. The character-
ization of macromolecules and the determination of
their structural features require unique technologies
that have been classified as “polymeromics” [150].
The field of polymeromics research includes the
determination of molecular weight distribution
(MWD), polydispersity (PD), nature of end groups,
monomeric composition, sequence of units, and
branching in the main macrochain.

Online pyrolytic gas chromatography–mass spec-
trometry should be considered a long-standing omics
platform for mass spectrometric studies of synthetic
polymers [151]. In this case, the polymer sample is
thermally decomposed in a pyrolyzer installed at the
inlet of a gas chromatograph connected to a mass
spectrometer. The resulting relatively low-molecular-
weight products, which are monomeric, n-meric, and
other pyrolysis products, are separated in a chromato-
graphic column; the components are detected and
identified by a mass spectrometer. The corresponding
mathematical processing of the recorded chromato-
grams makes it possible to find the nature of the poly-
mer microstructure, and in the case of copolymers, to
quantify the concentration of homo- and heterodiads,
triads, and other sequences in the macrochain,
enabling the differentiation of statistical, alternating,
and block copolymers. This experimental strategy can
be attributed to bottom-up polymeromics.

With the creation of mass spectrometry with soft
ionization (ESI, MALDI), it became possible to carry
out polymer studies according to the top-down type.
However, because of the specificity of these methods’
ionization principles, nonpolar polymers (for exam-
ple, hydrocarbon polymers) cannot be directly ana-
lyzed. At the same time, many high-molecular-weight
molecules containing heteroatoms or functional
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groups, capable of protonation, are convenient sam-
ples for investigation by these methods. One of the
essential characteristics obtained in this case is the
molecular weight distribution (MWD) and the mono-
meric composition of macromolecules. The problem,
however, is that modern routine mass spectrometers
provide measurements of limited masses, somewhere
around 5000 Da.

At the same time, tandem mass spectrometry with
various methods of induced dissociation (CID, ETD,
ECD, PSD) of primary macromolecular ions can
reveal the nature of end groups, monomeric composi-
tion, and sequence of units in copolymers, branching
in macrochains, and other significant structural ele-
ments [152–154]. A polymer sample before mass
spectrometric analysis can be separated into fractions
using LC, 2D-LC, SEC, and others for a more effi-
cient study.

Methods of chemical derivatization are also suc-
cessfully used in MS studies in polymeromics [155,
156]. A typical example of such a strategy is given in
[156], where, using preliminary acetylation, the nature
of the end groups was determined and linear and cyclic
polyalkylene glycol macromolecules were differenti-
ated (Fig. 11).

3.3. Foodomics

Although food and nutrients, for the most part,
come from living organisms, a separate discipline,
“foodomics,” should be classified as a science of inan-
imate nature [157]. Its purpose is to study food and
nutrients to ensure human health by determining
quality, safety, preservation using omics and bioinfor-
mation technologies.

Foodomics analyzes complex food items contain-
ing nutrients, exogenous dietary supplements in a wide
variety of concentrations. Mass spectrometry is the
essential analytical platform for such studies, using,
particularly, the strategies of genomics, proteomics,
lipidomics, and metabolomics discussed above [158].

One of the main tasks in the application of genomic
approaches to foodomics is to study the origin of vari-
ous types of food sources [159]. Nutrigenomics is
another important field that has recently become an
independent area of knowledge. In nutrigenomics,
works aim to determine the effect of consumed food
products on the human genome and study a possibility
of developing personalized dietary nutrition and the
effect of diets on human health [160]. Metabolic and
proteomic methods, used to solve these problems,
help assess the processes occurring in the human body
under the effect of food preferences [161]. For exam-
ple, the use of off-target metabolome analysis was
used to identify biomarkers of red meat consumption
that may be responsible for the development of type 2
diabetes [162].
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Fig. 11. MALDI mass spectra of (a) polyethylene glycol
and (b) products of its derivatization with capryloyl chlo-
ride.
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Another goal of foodomics is to control the quality
and safety of food. Such tasks include, for example,
the study of food allergens. Most of them are of protein
origin; therefore, various proteomics methods are
used to detect them [163], and the field of knowledge
itself has been proposed to call allergenomics [164].
Although this area of research goes beyond foodomics,
as it studies the mechanism of allergic reactions and
the search for effective protocols for diagnosing aller-
gies, part of this field is devoted to determining the
presence of allergens themselves in food. Such studies
acquire particular value in connection with the intro-
duction of genetically modified organisms into circu-
lation: the undesirable effects of such a modification
can also be expressed in the production of allergens
[165].

The use of omics technologies for confirming the
origin of food products is also in demand. For exam-
ple, the study of the composition of polar compounds
of natural olive oils using ESI mass spectrometry and
statistical analysis identified the markers of their geo-
graphical origin [166].

3.4. Humeomics

Humus is formed by chemical and biological deg-
radation of remains of plant and animal origin [167].
Modern concepts consider humus as a supramolecular
system formed by the self-assembly of relatively low-
molecular-weight heteroatomic compounds. Such a
system is hydrogen-bonded and stabilized through the
formation of metal-containing complexes and adsorp-
tion on the clay surface [168]. As the formation of
compounds and supramolecular complexes depends
on many factors, studying a humeome is one of the
most challenging problems in analytical chemistry.

The solution usually involves a combination of
methods, including the preliminary separation of a
sample and various analytical approaches [169]. The
most informative of these is ultrahigh-resolution mass
spectrometry in combination with various ionization
methods [170]. In particular, FTICR-MS made it
possible to assign more than 6500 unique gross formu-
las in the study of compounds of humic origin [171].
Comparative studies have shown that the absence of a
generally accepted protocol for such studies signifi-
cantly affects the interlaboratory reproducibility of
results [172].

One of the reasons for the interest in humic sub-
stances is their use for increasing soil fertility [173] and
possible antiviral [174] and other biological activity
[175]. The use of mass spectrometry, in this case,
makes it possible to determine the relationship
between the composition of the samples used and the
results of their application.
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CONCLUSIONS

Within the framework of this review, we considered
only briefly the fundamental analytical capabilities of
mass spectrometric platforms in those omics where
they are indispensable or used diversely. Because of
the lack of volume, multi-omics technologies based on
the application of several approaches in one study, sci-
entific branches from broader omics (for example,
proteogenomics, glycoproteomics, phosphoproteom-
ics, lipoglycomics), specific omics in pharmacology
(pharmacogenomics, pharmacoproteomics, vacci-
neomics, nutrigenomics), and others were only men-
tioned or entirely out of the review. In many of them,
mass spectrometry also plays an essential analytical
role. With the development of separation, mass spec-
tral, and bioinformatics techniques, omics studies in
o. 14  2021
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the life sciences are increasingly moving to the level of
analysis of one or several cells, and their role becomes
invaluable in clinical diagnostics.
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