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Omic sciences have been of ultimate importance to comprehend the complex 
biochemical reactions and related events that occur in a biological system. The 
classical central dogma of molecular biology, which states that genetic infor-
mation flows unidirectionally from DNA to RNA and then to proteins, has 
been gradually replaced and complemented by the systems biology approach. 
This multidisciplinary approach tries to explain the biological system as a 
whole, where the entire organism is influenced by a variety of internal events 
as well as the environment, showing that each level of the biological informa-
tion flux may influence the previous or the subsequent one.

Separation techniques constitute the first primordial dimension to obtain 
comprehensive data on biological samples analyses. The second dimension 
method has often been the hybridization of separation techniques with mass 
spectrometry and, more rarely, nuclear magnetic resonance. 

This book presents liquid chromatography, gas chromatography, and cap-
illary electrophoresis, the three main separation techniques lately available, 
applied to key omic sciences, such as proteomics, metabolomics, peptido-
mics, glycomics, and foodomics. Additionally, important directions on pro-
teomics and metabolomics large set of data analyses are also approached. The 
fundamentals of each technique will not be covered herein. Instead, the recent 
advances in such techniques will be presented focusing on the application to 
omics analyses and unique aspects in each case. Therefore, this book intends 
to offer wide ranging options available to researchers on omics sciences, and 
how to integrate them in order to achieve the comprehension of a biological 
system as a whole.

Campinas, São Paulo, Brazil Ana Valéria Colnaghi Simionato
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The New Omics Era into Systems 
Approaches: What Is the 
Importance of Separation 
Techniques?

Flávia da Silva Zandonadi, Fábio Santos Neves, 
Elisa Castañeda Santa Cruz, Alessandra Sussuilini, 
and Ana Valéria Colnaghi Simionato

Abstract

Omics sciences have been facing challenges 
in different fields, especially in life sciences. 
One of these challenges involves assessing 
biology into systems interpretation. With the 
advance of genomics, molecular biology has 
been projected into the realm of systems 
 biology. In a different direction, systems 
approaches are making definitive strides 
toward scientific understanding and biotech-
nological applications. Separation techniques 
provided meaningful progress in the omics 
era, conducting the classical molecular biol-
ogy to contemporary systems biology. In this 
introductory chapter, the relevance of these 

techniques to the development of different 
omics sciences, within the systems biology 
context, will be discussed.

Keywords

Systems biology · Genomics · Proteomics · 
Metabolomics · Separation techniques

1  Systems Biology

How are biologists building strategies to under-
stand life? This question has been methodically 
surveyed by exploring the characteristics of liv-
ing organisms in different ways. Moreover, as a 
reflection of the necessity in deciphering the bio-
logical dynamics, the progress of cost-effective 
technologies able to comprehensively assess 
DNA, RNA, protein, and metabolites, molecules 
that orchestrate all the biological dynamics, has 
also been promoted. Before defining systems 
biology and omics sciences, it is important to 
describe the main approaches applied in life sci-
ences since the beginning of these studies.

In 2004 Westerhoff and Palsson developed a 
series of arguments about two scientific schools 
considering their origin in the expansion of molec-
ular biology to genome-wide analyses [1]. The idea 
of biology using integration tools is not new. The 
first regulatory circuit within the molecular biology 
context was described more than 40 years ago [1, 
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2]. These studies were conducted focusing on the 
regulatory mechanisms, admittedly on a small 
scale. Molecular biologists began to apply systems 
approaches to unravel the molecular components 
and the logic that underlie cellular processes, often 
in parallel with the characterization of individual 
macromolecules. High- throughput technologies 
have made the scale of such inquiries much larger, 
enabling the view of the genome, for example, as 
the “system” in study [3–5].

As mentioned before, the dynamics of life is 
assessed by the studies of DNA, RNA, proteins, 
and metabolites. Behind these molecules, studies 
were addressed under investigation of multiple 
escalation levels, i.e., molecular, cellular, organ-
ism, and ecological organization. Survey by 
reductions, as defined by the classical scientific 
method, explores complexity in its individualized 
parts. The biological system has been dissected 
into their constituent parts and explained accord-
ing to the chemical basis of numerous living pro-
cesses [6, 7], thus producing multifaceted and 
disconnected knowledge. Beyond the philosophy 
of biology, reductionism method could be encom-
passed, according to Brigandt and Love [7]:

… a set of ontological, epistemological, and meth-
odological claims about the relations between dif-
ferent scientific domains. The basic question of 
reduction is whether the properties, concepts, 
explanations, or methods from one scientific 
domain (typically at higher levels of organization) 
can be deduced from or explained by the proper-
ties, concepts, explanations, or methods from 
another domain of science (typically at lower lev-
els of organization).

From this definition, the multifaceted and discon-
nected knowledge of the biological dynamics 
could no longer be questioned under reductionist 
pragmatism. Automation, miniaturization, and 
multiplexing of various assays led to the genera-
tion of additional omics data types [8]. These 
enormous amounts of information that come 
from the omics sciences (such as genomics, pro-
teomics, and metabolomics) no longer could be 
interpreted under compartmentalization contexts 
but as an integrated system.

For this reason, a more formal and mechanistic 
framework was required to analyze multiple high-
throughput data types systematically [9, 10]. At 
this moment, the structure of scientific theories, the 

relations between scientific disciplines, the nature 
of explanation, the diversity of methodology, and 
aspects of biological complexity, especially the 
regulation process under environmental influences, 
changed to system status. Not only biology but 
other areas reached the center of the status of a new 
concept, the science of complex systems.

The knowledge from classical chemistry has 
provided human and technological resources, 
from analytical techniques to recent develop-
ments in high-throughput approaches and bioin-
formatics. The biological investigation from the 
bewildering diversity of interactions and regula-
tory networks has produced a formal and mecha-
nistic framework necessary to analyze multiple 
high-throughput data types systematically [10], 
as represented in a summarized timeline inserting 
omics sciences into systems biology (Fig. 1).

Systems biology describes changes and con-
nects variables over time, taking the chaotic, 
unpredictable, or counterintuitive contrasting 
with much simpler linear system properties from 
the reductionist methods. Defined as a new level 
of understanding and capturing of the dynamics 
of large sets of interacting components, the field 
combined the molecular and cell biology 
approaches with a stronger commitment toward 
quantitative experimentation under physiological 
conditions and with formal mathematical model-
ing (e.g., R-Theory) [11].

Unquestionably, the mathematical models are 
crucial for handling the associated complexity as 
formal representations to system-level under-
standing, but the main idea of the next topics is to 
describe the progress of main separation tech-
niques, developments, and important milestones 
of the evolution of molecular biology into sys-
tems biology.

2  Omics Sciences and the 
Systems Biology Era

The identification, qualification, and application 
of diagnostic and prognostic biomarkers remain 
the holy grail of the current omics paradigm. 
Genomics, moving on to proteomics and metabo-
lomics, premise, and promise of systems biology, 
has provided a powerful motivation for scientists 

F. da Silva Zandonadi et al.
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to combine the data generated from multiple 
omics approaches (e.g., genomics, transcrip-
tomics, proteomics, and metabolomics) to create 
a holistic understanding of cells, organisms, and 
communities, relating to their growth, adaptation, 
development, and progression to disease. In this 
section, some tools and advanced techniques in 
genomics, proteomics, and metabolomics are 
summarized. These techniques are essential tools 
to the new challenges in life sciences, highlight-
ing the systems biology field into the paradigm 
from omics sciences.

2.1  Genomics to Systems Biology, 
Post-Genomics Era

Around many definitions related to the genomics 
field, the most classic and simplistic one  is the 
study of the complete genome of organisms, aim-
ing at decoding and identifying relationships 
among the gene set, growth, and development of 
the organisms. This science is dedicated to deter-

mine the complete sequence of organisms’ DNA, 
or mapping a smaller genetic scale.

DNA sequencing history began in 1977 when 
Frederick Sanger and colleagues described a 
methodology for determining the sequential 
order of nucleotides that make up the structure of 
DNA, based on the principle of controlled termi-
nation of dideoxynucleotide replication [12]. In 
its original version, this method was not a suit-
able tool for sequencing complex genomes, cov-
ering thousands, millions, or even billions of base 
pairs in complex organisms (e.g., mammals). 
Genome assembly was used to reconstruct the 
exact gene disposition and to locate other genome 
components in the chromosome, since there was 
no computer software available to analyze the 
generated sequences and sort them correctly.

One of the most significant challenges of these 
first steps into the genomics field has been the 
development of new DNA sequencing going 
through different achievements along all over the 
next 30 years. From these first 10 years, genome 
studies have made rapid progress in three genera-

Fig. 1 High-throughput omics timeline to systems biol-
ogy. From classical to modern science, how the high- 
throughput studies and multidisciplinary interpretations 
provide the resurgence of entering biology as a system. 

Classical genetics to genomics (a), protein biochemistry 
to proteomics  (b), metabolomics and emergence of the 
next field (c), systems biology (d)

The New Omics Era into Systems Approaches: What Is the Importance of Separation Techniques?
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tions of gene separation and sequencing 
techniques.

2.1.1  First-Generation Sequencing 
(Gel-Based Sequencing)

 (a) Manual slab gel: Sanger et al. [12] and 
Gilbert and Maxam [13] developed sequenc-
ing by chemical fragmentation techniques or 
chain termination, coupled with gel electro-
phoresis-based size separation [13, 14]. The 
method required a labeled DNA primer, 
which could be labeled by fluorescence or 
radiation. After DNA fragments were sepa-
rated and the bands visualized, the sequence 
was manually read from the pattern of the 
four parallel runs.

 (b) Automatic slab gel: Developed by Smith and 
colleagues [15]. The key differences between 
this method and the former one were the tag-
ging and the number of reactions. By tagging 
four different dyes of different fluorescent 
emission wavelengths instead of one, the 
four reactions were reduced to a single one 
[15], which demonstrated optimization in gel 
(such as diameter and length), electrophore-
sis conditions (such as current and tempera-
ture), optics and electronics used in data 
acquisition, and software used in data reduc-
tion (72 Kb/h/slab).

 (c) Capillary gel electrophoresis: Cohen et  al. 
[16] demonstrated the use of polyacrylamide 
gel-filled in capillaries used to reach single-
nucleotide separation of DNA oligonucle-
otide markers by UV detection [16], which 
was improved by using ultrasensitive fluores-
cence by Swerdlow and Gesteland [17], veri-
fying enhanced speed, resolution, and 
efficiency comparing with the former meth-
ods [17]. Furthermore, DNA sequencing 
using capillary array electrophoresis was 
developed by Huang et al. [18], which per-
forms rapid, parallel separation followed by 
on-column detection using multicolor, con-
focal fluorescence scanner.

Genomics began only in the late 1980s, after 
Sanger’s method was modified to allow auto-
mated sequencing and integration with a comput-

erized reading system [19], enabling these 
processes to be carried out on a large scale within 
a high-performance platform. Thus, a leading 
project that drove genomics into the research race 
entitled the Human Genome Project was initi-
ated, which is still considered one of the boldest 
scientific projects in history. It began in 1984 and 
was developed in the subsequent years by a con-
sortium of scientists from the United States, the 
United Kingdom, Japan, France, Germany, and 
China, with the financial support of their respec-
tive governments [20–22]. The next two further 
methods are known as next-generation sequenc-
ing (NGS) due to its parallel and fast high- 
throughput sequencing platforms promoting the 
degree of sequence coverage and accuracy of 
individual reads compared to Sanger’s one.

2.1.2  Second-Generation Sequencing
The sequence by synthesis (SBS) method requires 
the direct action of DNA polymerase to produce 
the visible result. Considering Sanger’s method 
is also based on sequence by synthesis, Nyrén 
[23] developed a new technique by using the 
luminescent method for measuring pyrophos-
phate synthesis known as pyrosequencing [23]. A 
few years later, Ronaghi et al. [24] and Nyrén 
[23] performed real- time sequencing by synthe-
sis within a proper choice of enzyme and sub-
strate in a solid-phase format [24]. This approach 
was then bought by 454 Life Science (2005), 
nowadays Roche, which developed an emulsion 
method for DNA amplification and an instrument 
for sequencing by synthesis using pyrosequenc-
ing protocol for solid support and picoliter scale 
volumes [25].

After that, in 2005, Turcatti et  al. developed 
the “Illumina” sequencing platform composed of 
four companies, Solexa and Illumina among 
them. This approach is based on fluorescent 
reversible terminators for sequencing [26, 27].

2.1.3  Third-Generation Sequencing
Braslavsky and colleagues [28] developed a sin-
gle-molecule sequencer (SMS), later commer-
cialized by Helicos BioSciences (2009). This 
technology is capable of sequencing single mol-
ecules without DNA amplification through poly-

F. da Silva Zandonadi et al.
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merase chain reaction (PCR). Moreover, it 
enhanced the sequencing speed and reduced costs 
[28, 29]. Puglisi and collaborators developed 
single- molecule sequencing in real time (SMRT) 
in 2010. This process enables the observation of 
DNA synthesis as it occurs in real time, generat-
ing very long reads of sequences up to 10 kilo-
bases long, which is useful for de novo genome 
assemblies [30].

Although the nanopore DNA sequencing 
methodology started within the second- 
generation sequencers in the 1990s [31], Oxford 
Nanopore announced a third-generation single- 
molecule platform in 2012 that represented a 
clear step onto sequencing of single DNA mole-
cules using this technology, based on the princi-
ple of minute changes in electric current across 
the nanopore immersed in a conducting fluid 
with voltage applied when a moving nucleotide, 
or DNA strand, passes through it and the ion cur-
rent probes the base identity [32]. All these 
approaches have brought the cost of human 
genome sequencing down from US$ 300 million 
in 2001 to US$1500 in 2015 [33, 34]. Within the 
improvements in DNA sequencing, physicians 
can identify a particular type of cancer, enabling 
them to make better choices for treatments.

In the last three decades, the field was mark-
edly characterized by the proliferation and evolu-
tion of technologies, especially for those 
technologies able to provide new possibilities to 
decipher the genome from several species and 
further locate and identify regulatory patterns in 
gene code. The genomics in their structural fields 
starts to dive into the necessity in how to eluci-
date their functions aspects within biological sys-
tems and to begin to understand the mechanisms 
that control interactions [35]. At this time, the 
gene pool is immediately associated to the con-
ception of a practically static set, while its prod-
ucts, represented by a messenger RNA 
(transcriptome) and protein (proteome), have a 
dynamic character, showing continuous changes 
in response to internal and external stimuli [36]. 
However, it is known that there is a complex pro-
cess of regulation, and even at the advanced 
genome sequencing stage, new research plat-
forms have begun to emerge to integrate individ-

ual functional genes and their products (RNAs 
and proteins) into a global context – a new field 
in biology named functional genomics [37].

Functional genomics attempts to describe 
functions and interactions regarding  encoded 
genes and proteins by making use of genome- 
wide approaches, in contrast to the gene-by-gene 
approach of classical molecular biology tech-
niques [38]. Biological high-throughput methods 
were probably the first start for the studies of 
genes and their regulatory molecules, by apply-
ing a data combination derived from the various 
processes related to DNA sequence, gene expres-
sion, and protein function, such as coding and 
noncoding transcription, protein translation, 
protein- DNA, protein-RNA, and protein-protein 
interactions [39].

The classical genomics toward functional 
genomics studies opened investigations based on 
the interaction between genes and their products. 
As mentioned before, high-throughput analytical 
techniques were the most important tools that 
allowed biology to have a new perspective as sys-
tems rather than study their elements one by one 
or few at a time, or even as structural elements. 
Proteins, among the encoded gene products, are 
vital to living organisms, as they comprise the 
machinery required for the operation of meta-
bolic pathways.

Genomics and transcriptomics research have 
progressed due to advances in microarray tech-
nology, but protein studies (proteomics) coined 
to describe the set of proteins encoded by the 
genome. It was evident, among the omics, that 
proteomics emerged during the genomics prog-
ress as a complementary field regarding to the 
functional genomics approach. Even though 
mass spectrometry (MS) is the most common 
technique used for the detection of analytes in 
proteomics and metabolomics research, the 
microarray-based expression [40, 41] and small 
molecule-based array [42, 43] techniques have 
been widely used to integrate gene and protein 
information.

The New Omics Era into Systems Approaches: What Is the Importance of Separation Techniques?
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2.2  Proteomics and the Advance 
in Systems Biology Studies

Proteins, the molecular products of genes, are 
vital to living organisms, as they comprise the 
machinery required for the operation of meta-
bolic pathways. Protein expression depends on 
cellular and environmental conditions. For nearly 
two decades, proteomics research has attempted 
to provide the identity and expression level of 
a  large numbers of proteins in different physio-
logical states in cells, body fluids, or tissues. The 
expectation is that this information will improve 
the understanding of biological functions and 
provide molecular signatures for particular health 
and disease states.

In contrast to mRNA expression analysis, pro-
teomics indicates actual, rather than potential, 
functional states of a biological system. The bot-
tleneck in proteomics is that there is no amplifi-
cation step, like a PCR amplification for 
DNA.  The low abundance and high dynamic 
range of proteins in biological samples, as well as 
data acquisition and analysis time, remain a chal-
lenge in this area. Therefore, proteomics approach 
drives the continuous development of analytical 
techniques and bioinformatics tools aiming to 
deepen the biological functions comprehension.

Proteomics was first defined in 1995, as the 
protein content complementary to a genome [44]. 
This concept and new field of science started 
after the human genome was almost fully 
sequenced and 24,000 encoded genes 
was reported [45]. This information brought new 
challenges into this science area, especially 
involving the measurement and identification of 
the amount of gene products, considering the 
complexity and different regulatory processes. 
Besides, the gene expression step can be modu-
lated from transcription to the posttranslational 
modification (PTM) of proteins. Considering this 
intricate regulatory mechanism, the development 
of a technique that is able to identify the entire 
proteome in a single analysis is very challenging 
[46, 47].

From the definitions established in 1995 to our 
days, proteomics not only complements the 
genome but also provides a better biological, 

phenotypical, and functional understanding of 
the entire physiology. Considering the emerging 
omics fields, since proteomics encompasses the 
quantitative, functional, structural, and PTM 
characterization of proteins, new areas that make 
possible the determination of the protein relation-
ships (interactome) and systems biology were 
developed [48].

In the beginning, a typical proteomics experi-
ment resulted in a list of identified proteins, with 
no information regarding abundance, distribu-
tion, or stoichiometry. Abundance information is 
critical considering the expression regulation 
dynamics, reflecting the balance among the entire 
biochemistry in order to comprise the life dynam-
ics. All the gaps and questions, especially for the 
stoichiometry balances [49], have been answered 
according to the advanced analytical capabilities. 
MS-based proteomics has been extensively used 
to identify the components of biological systems, 
and it is the method of choice to consistently 
quantify the effects of network perturbation in 
time and space [50–52]. Besides the protein level, 
life biochemistry operates in multidimensional 
space. In this way, two important questions have 
been opened in omics fields: (1) how is this bal-
ance achieved and (2) to what extent each of 
these processes contributes to the regulation of 
cellular protein abundances. Moreover, back to 
the regulation events, the biochemistry of living 
organisms builds up an inside-outside regulatory 
molecular function system that is the main reser-
voir for these questions for the research 
community.

Due to the high complexity of the proteome, 
there is no particular standard method for sample 
preparation [53–56]. For the sample preparation 
procedure based on proteomics, the first and con-
ventional methods used for sample fractionation 
from complex mixtures are one- and two- 
dimensional electrophoresis (1-DE and 2-DE, 
respectively) [56]. Although they are widely used 
as fractionation techniques, at least in the early 
days, both suffer from disadvantages including 
limited dynamic range [57], poor solubilization 
leading to poor resolution at extremes of isoelec-
tric point (pI) [58], and inability to identify pro-
teins in low abundance [59].

F. da Silva Zandonadi et al.
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1-DE is traditionally used as a protein frac-
tionation method, mainly when molecular mass 
is used as separation factor. The technique uses 
sodium dodecyl sulfate (SDS), a detergent that 
solves the poor protein solubilization issue. This 
method is simple, fast, and reproducible and can 
separate proteins in a broad spectrum based on 
the molecular mass. 1-DE technique has been 
used as a step for protein fractionation [60], even 
though the resolving power is limited when used 
for separation of high complex protein mixtures. 
Historically, MS-based proteomics began with 
the use of 2-DE separation. 2-DE uses two physi-
cochemical proteins properties to separate com-
plex samples obtained from cells and tissues 
among other biological sources. Thus, this tech-
nique occurs in two steps: in the first step, the 
isoelectric focusing (IEF) separates proteins 
according to the respective pI; while in the sec-
ond step, polyacrylamide gel electrophoresis 
with SDS (SDS-PAGE) separates proteins 
according to the respective molecular masses 
(MM). Thousands of proteins can be separated 
simultaneously. Moreover, information on pI, 
MM, and relative abundance can be obtained, as 
well as posttranslational modifications, since 
they generally cause altered electrophoretic 
mobility [61]. In general, the generated spots cor-
respond to a single polypeptide chain present in 
the sample. The development of the gel may 
determine the number of polypeptide chains, and 
the amount of each one may be defined with dyes 
and subsequent densitometric analysis [62].

Advances in this technique to separate pro-
teins were the development of narrow ranges of 
pH, besides enhanced software tools for correla-
tion analysis of proteins with  pH [63–66]. 
Afterwards, 2-DE was combined to fluorescence 
probe labeling techniques, giving rise to 
2-DE-DIGE (differential in-gel electrophoresis) 
[67]. The improvement of separation techniques 
in 2-DE gels was based on the need to minimize 
the experimental effects, as well as facilitating 
the comparison step between the samples. 
2-DE-DIGE is a technique based on label sample 
preparation. Samples are labeled separately with 
different fluorescence probes (Cy2, Cy3, or Cy5) 
and combined in the same vial so that the run is 

performed in the 2D gel, thus minimizing the 
experimental variation and facilitating the com-
parison between the same protein from different 
samples (spot matching) [68].

Since the beginning of proteomics, it has 
heavily relied on 2-DE for the separation and 
visualization of proteins. Correlated techniques 
applied to optimize this separation technique still 
show many inherent drawbacks. 2-DE is costly, 
insensitive to low copy proteins, scarcely repro-
ducible, and cannot be used for the entire pro-
teome at the dynamic range view [69].

Over the years, several gel-free proteomics 
techniques have been developed to either fill the 
gaps left by 2-DE or to entirely abolish the gel- 
based techniques. Performing proteomics with-
out gel separation of 2-DE electrophoresis gave 
rise to the term shotgun protein analysis in 1998. 
Developed by Yates et  al., shotgun proteomics 
consists of the combination of enzymatic protein 
digestion, followed by separation by liquid chro-
matography (LC) coupled to sequential (tandem) 
mass spectrometry (MS/MS) [70]. This tech-
nique provided a significant gain in efficiency 
and sensitivity in the analysis of complex protein 
mixtures since it automated the process of pro-
tein separation, minimizing sample loss, in addi-
tion to using nano-flow scale chromatography 
[71].

The idea of sample complexity, especially for 
proteins extracted from biological tissues and the 
wide dynamic concentration range, is still the 
main challenge for the technique improvements. 
In this direction, the selective fractionation of 
complex proteome is an efficient strategy to opti-
mize the identification coverage in complex pro-
teomes. Among the improvements, the 
multidimensional methods or systems promote 
the development and comprehension of the pro-
teomics field. The multidimensional methods 
[72] means that the idea of combining different 
separation techniques is fundamental [73]. 
According to the proteome experts, such methods 
are the way to understand the inherent challenges 
in gaining insight beyond the “tip of the proteo- 
berg” (The Multidimensional Future of 
Proteomics, 2016).

The New Omics Era into Systems Approaches: What Is the Importance of Separation Techniques?
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Furthermore, the multidimensional techniques 
based on chromatography allow the separation of 
these complex mixtures by using multiple col-
umns with different stationary phases, coupled 
orthogonally, which means that fractions from 
the first column can be selectively transferred to 
other columns for additional separation.

Any liquid chromatography separation mode 
can be used at the protein level, including ion 
exchange [74, 75], reverse phase [76, 77], hydro-
philic interaction [78], or size exclusion [79], 
prior to digestion. One of the best known multidi-
mensional techniques, also developed by the 
Yates group, was Multidimensional Protein 
Identification Technology (MudPIT). Briefly, this 
technology uses two liquid chromatography sep-
arations modes: in the first dimension, proteins 
are separated in cation exchange columns, 
according to analytes charge density, while in the 
second dimension, the separation occurs in 
reverse phase columns, based on proteins hydro-
phobicity [79, 80]. This methodology has brought 
significant improvement in the dynamic range 
and coverage of the proteome studies. However, 
the increased process complexity, the low repro-
ducibility, the longer analysis time, and the high 
cost of analysis are still the main limitations of its 
use [80, 81].

In the first decade of 2000, important labeling 
techniques were developed, minimizing the pro-
teome complexity and the analysis time once the 
different samples were submitted to the same 
analysis, reducing the variability and the steps in 
the process [82]. Besides, liquid chromatography 
coupled with mass spectrometry (LC-MS) also 
optimizes the proteolytic product separation 
(e.g., truncated polypeptides), expanding the pro-
tein range identification. However, among the 
analytical techniques, LC has been following the 
progress and the necessity to improve proteomics 
separation resolving power, analysis coverage, 
sensitivity, and throughput. Especially in pro-
teomics, LC is still the best option regarding frac-
tionation of peptide mixtures to enable and 
maximize identification and quantification of the 
component peptides by MS, as identification 
technique.

Implementation of liquid phase separations 
before MS analysis reduces the number of ana-
lytes entering the mass spectrometer at any given 
time, which minimizes ionization suppression 
where a nominally detectable species is not 
detected due to detector dynamic range limita-
tions, and under-sampling in ion selection for 
MS/MS analysis in shotgun measurements. 
Furthermore, analytes can be focused within nar-
row zones (or peaks) during the liquid phase 
separation steps, which concentrate them and 
benefits MS detection sensitivity. Within  liquid 
phase separation techniques, LC, especially in its 
capillary format, has significantly advanced over 
the past decade to make it a prevalent technique 
in modern-day proteomics analyses as the physi-
cochemical properties (e.g., mass, charge, and 
hydrophobicity) of peptides make them amena-
ble to efficient LC separation.

2.3  Metabolomics

Recently, the biology studies used to be discussed 
focusing on the gene and products of the gene 
coding, mainly related to transcriptomics and 
proteomics, whose technologies and tools are 
very well established and widely applied. 
However, because of the necessity to fully under-
stand the phenotype diseases caused by DNA 
mutations, attack of pathogens, and environmen-
tal conditions, metabolomics have been an 
expanding field of research to develop and inte-
grate transcriptomics, proteomics, and metabolo-
mics in a fully systems biology approach [83].

In the post-genomics era, metabolomics 
became crucial due to its strong relation to phe-
notype, besides integration with comprehensive 
transcriptomics and/or proteomics systems to 
discover specific biomarkers and validate bio-
markers significance [84]. In this context, metab-
olomics has been used to validate and verify the 
regulation of genes and/or proteins in a biological 
system and their corresponding variations (e.g., 
upregulation, downregulation, concentration, or 
intensity levels) under specific experimental con-
ditions (e.g., different times, gene mutations, 
biotic or abiotic stress, phenotype alterations). 
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Moreover, it has been a relevant field to investi-
gate functional integration of gene expression to 
transcriptomics and proteomics, as well as the 
emerging fields of “phenomics” and “fluxomics,” 
contributing to the development of biological 
system networks, the identification of unknown 
gene/protein functions, abnormal gene- 
metabolite relationships due to knowns/
unknowns gene mutations, and the analysis of 
metabolic pathways to explore biochemical 
activities [85]. Metabolite levels can reflect the 
closer integration of gene expression and protein 
synthesis, considering the influence of the envi-
ronmental conditions and/or other organism’s 
interactions as well as to control gene expression 
through allosteric interactions of transcriptions 
factors related to specific metabolites [86]. 
Therefore, untargeted metabolomics tries to mea-
sure all metabolites, which can be assessed by a 
multiplatform study (in a cell, tissue, or organ-
ism) within a specific design, reflecting a snap-
shot of all the physiological events as a response 
of gene expression and environmental conditions 
[85]. While metabolomics contributes to the 
obtention of a snapshot of the biological system 
under investigation, integration between tran-
scriptomics, proteomics, and metabolomics led 
to visualization of a well-detailed picture or net-
work with the respective biological mechanisms 
and their association to diseases from gene muta-
tion or phenotypic alterations, constituting the 
so-called systems biology approach (Fig. 2).

Metabolomics plays an important role in the 
analysis of gene function or loss of function. It 
contributes with information about biological 
systems, as products from biochemical pro-
cesses in living systems, which are influenced 
by abiotic (environment and stage of develop-
ment) and biotic factors (transcription, mRNA 
degradation, posttranslational modification, 
protein dynamics, metabolite concentrations, 
and fluxes) [87, 88]. As an emerging and devel-
oping field, various concepts and definitions for 
the term “metabolomics” are found in the scien-
tific literature. Drexler et  al. define metabolo-
mics as the “qualitative and quantitative (relative 
or absolute)  analysis of the entire endogenous 

metabolome (metabolites with masses less than 
1500 Da)” [89].

Metabolome analysis has recently been used 
in systems biology studies to quite comprehen-
sively investigate the metabolic changes origi-
nated from genetic, environmental, and organism 
differences factors by comparing the basal levels 
of metabolites with those produced after altera-
tion [90]. Autism is a genetic disease into intel-
lectual disability (ID) diseases most commonly 
caused by fragile X syndrome (FXS). FXS is 
caused by the mutation of the X-linked fragile X 
mental retardation 1 (fmr1) gene resulting in their 
hypermethylation. The metabolic signature and 
biomarker identification associated with FXS due 
to fmr1 gene inactivation results in brain metabo-
lism alterations related to neurotransmitter levels, 
osmoregulation, energy metabolism, and oxida-
tive stress response. Cardiovascular and meta-
bolic disorders are also strongly related to gene 
mutations. Systems biology has been used to 
understand the impact of these genetic disorders 
in human metabolism through identification of 
variance in the promoter of specific genes as 
fads1, elovl2, acads, acadm, acadl, sptlc3, etfdh, 
and slc16a9 that are responsible to enhanced 
change in the conversion rate of several metabo-
lites associated with dyslipidemia, obesity, and 
diabetes. The elovl2 and slc16a9 genes have been 
associated to lipid concentration, as well as ara-
chidonic acid, and cholesterol/triglyceride levels 
have been related to variant of the fads1 gene that 
encodes a fatty acid desaturase enzyme [91, 92]. 
Therefore, information of the organism’s pheno-
type can be explained as a consequence of the 
genome mutation and/or environment on the 
metabolome.

The two most commonly used strategies for 
metabolomics analysis are “targeted” and “untar-
geted.” Targeted analyses are directed to certain 
classes of compounds related to known and spe-
cific metabolic pathways for their quantification 
by using specialized extraction protocols, separa-
tion methods, and detection techniques. On the 
other hand, the untargeted analysis is directed to 
establish the fingerprint of metabolites present in 
a sample, constituting a qualitative analysis of 
crude metabolite mixtures [89].

The New Omics Era into Systems Approaches: What Is the Importance of Separation Techniques?
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A targeted approach is applied to detect few or 
several metabolites, if not all, according to ana-
lytical technique limitations, included in a tar-
geted pathway. Primary metabolites including 
sugars, amino acids, and tricarboxylic acids that 
are involved in primary metabolic processes, 
such as respiration and photosynthesis, and 
 secondary metabolites including alkaloids, phe-
nolics, steroids, lignins, and tannins can be 
detected and quantified [93–95]. It requires opti-
mization of the selected metabolite extraction 
step to reduce matrix effect and maximize the 
recovery and overall sensitivity for detection, 
generally using specific internal standards [96]. 
On the other hand, an untargeted approach 
focuses on the analysis of all metabolites (or 
most of them) of a biological system, not requir-
ing a prior knowledge of the metabolites that will 
be altered under gene expression or mutation, 
causing phenotypical changes from transcrip-
tomics, proteomics, or metabolomics alterations. 
Moreover, they can be detected using multivari-
ate statistical analysis tools, such as principal 
component analysis (PCA), hierarchical cluster 
analysis (HCA), and discriminant analysis (DA) 
as partial least squares regression (PLS), PLS dis-
criminant analysis (PLS-DA), Orthogonal-
PLS-DA (O-PLS-DA) [97]. An untargeted 
analysis is usually applied prior to the targeted 
one to set a specific pathway to be studied, as 

well as the metabolites that vary under any 
genetic or phenotypic conditions [85, 93].

The main analytical techniques employed in 
recent metabolomics studies are nuclear mag-
netic resonance (NMR), one-dimensional and 
comprehensive two-dimensional gas chromatog-
raphy coupled to mass spectrometry (GC-MS 
and GC  ×  GC-MS, respectively), and liquid 
 chromatography coupled to mass spectrometry 
(LC- MS), although other techniques such as cap-
illary electrophoresis coupled to mass spectrom-
etry (CE-MS) have also been employed. All these 
techniques and methods can be applied to the 
analyses of samples containing a wide variety of 
metabolites. However, each of them has different 
advantages and disadvantages considering detec-
tion and quantification limits, sensitivity, selec-
tivity, interference, resolution, repeatability, 
reproducibility, and physicochemical characteris-
tics of the compounds [89, 98]. In untargeted or 
targeted metabolomics, there is no single proto-
col capable of identifying and quantifying all 
possible metabolites in a single analysis, and due 
to a high degree of structural diversity, molecular 
mass, and main polarity differences between pri-
mary and secondary metabolites, there is no sin-
gle protocol capable of identifying and 
quantifying all possible metabolites in a single 
analysis. Therefore, generally biphasic or tripha-
sic extraction protocols with organic/aqueous 
solvents are performed to reduce sample com-

Fig. 2 Integrated systems biology from genomics to phenomics through transcriptoms, proteomics, and metabolomics 
sciences
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plexity, generating high polar, low polar, and pro-
tein fractions. Afterwards, sample fractions are 
analyzed by different separation techniques using 
suitable stationary phases and instrument plat-
forms to obtain the best metabolite profile [99, 
100].

Analytical instrumentations are commonly 
associated with metabolomics to measure 
 numerous metabolites (from hundreds to thou-
sands of compounds) in order to evaluate meta-
bolic changes in response to external stimuli, 
such as attack of pathogens or changes of envi-
ronmental conditions, and elucidate metabolic 
pathways of the gene expression or mutations. 
However, simultaneous separation and detection 
of all metabolites in a biological sample with 
appropriate analytical sensitivity and resolution 
in a single analysis has not been achieved yet, 
due to high sample complexity (numerous metab-
olites with different chemical classes in a wide 
range of concentration levels), pointing to the 
demand of analytical techniques improvement 
[101].

Ion mobility mass spectrometry (IMS) has 
gained popularity over the last few years due to 
high selectivity and resolution power for several 
isomeric compounds variety. Differential mobil-
ity spectrometry (DMS) has been utilized in tar-
geted metabolomics to separate small molecules, 
although it has a great potential to be used in 
untargeted metabolomics as well [102, 103]. 
DMS addresses high selectivity through unique 
mass-to-charge and migration time combina-
tions, allied to high accuracy. The DMS-MS 
analysis is typically four times faster than a typi-
cal LC-MS one, showing potential to the screen-
ing of numerous metabolites in order to address 
system biological tasks [103].

IMS resolution, selectivity, and accuracy 
improvement, mainly related to recent mass 
spectrometry advances, allowed detection of 
hundreds to thousands features in a single analy-
sis, requiring advanced data analysis tools. Big 
data has become a fundamental aspect of systems 
biology to elucidate the complex networks by 
which gene expression, gene mutation, pathogen- 
host  interaction, or environmental-host  interac-

tion is developed. The big data tools, such as 
machine learning and deep learning algorithms, 
and neural networks programmable in Python, 
Java, MATLAB, and R languages, allows map-
ping and modeling pathways to identify underap-
preciated gene, RNA, proteins, or metabolite 
functions and connections [104]. Diseases are 
driven by genetic and epigenetic factors and 
 environmental factors such as attack of patho-
gens, leading to disturbance in immunological 
balance [105].

Systems biology and the main omics, 
approached in this book, provide new perspec-
tives in science, rescuing the idea of how to under-
stand biology as a system. Under molecular and 
cellular biology, during the last centuries, the 
studies were conducted by simplified methodolo-
gies, as the reductionism. Nevertheless, from the 
first classical sequencing techniques, the progress 
of the high-throughput techniques has moved for-
ward the biology fields into the systems approach.

3  Perspectives

It is clear that the open questions in science have 
conducted the scientists into incredible knowl-
edge fields. Classical science, even with the sim-
plified methods (reductionism), has driven fields 
as genomics, proteomics, and metabolomics into 
systems biology progress. Looking back to the 
literature, the evolution of analytical techniques 
plays a key role in biology, especially in molecu-
lar biology areas (DNA/RNA, proteins, and 
metabolites), where the separation and character-
ization methods use analytical chemistry tools 
for comprehensive analyses of biological sys-
tems. However, as originated from classical sci-
ence, these techniques allowed the progress and 
evolution of the theoretical and technological 
advances in nano-biotechnology, robotics, genet-
ics, mathematics, and computational biology, 
among others, determining factors that allowed 
and facilitated integrative approaches, which 
constitute the main purpose of systems biology.

The New Omics Era into Systems Approaches: What Is the Importance of Separation Techniques?
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Abstract

Since its inception, liquid chromatography- 
mass spectrometry (LC-MS) has been contin-
uously improved upon in many aspects, 
including instrument capabilities, sensitivity, 
and resolution. Moreover, the costs to pur-
chase and operate mass spectrometers and 
 liquid chromatography systems have 
decreased, thus increasing affordability and 
availability in sectors outside of academic and 
industrial research. Processing power has also 
grown immensely, cutting the time required to 

analyze samples, allowing more data to be 
feasibly processed, and allowing for standard-
ized processing pipelines. As a result, pro-
teomics via LC-MS has become popular in 
many areas of biological sciences, forging an 
important seat for itself in targeted and untar-
geted assays, pure and applied science, the 
laboratory, and the clinic. In this chapter, 
many of these applications of LC-MS-based 
proteomics and an outline of how they can be 
executed will be covered. Since the field of 
personalized medicine has matured alongside 
proteomics, it has also come to rely on various 
mass spectrometry methods and will be elabo-
rated upon as well. As time goes on and mass 
spectrometry evolves, there is no doubt that its 
presence in these areas, and others, will only 
continue to grow.

Keywords
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1  Introduction

To study the many aspects of cell biology, a diz-
zying amount of equipment and tool sets are 
available or even required for different applica-
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tions. Liquid chromatography is one such tool 
that has many individual uses; however, for many 
assays, including proteomics, it is better com-
bined with another methodology, such as tandem 
mass spectrometry (MS/MS). One reason for this 
is due to the sheer complexity of protein- 
containing samples [1] and the wide dynamic 
range of proteins in living organisms [2]. 
Attempting to separate proteins by chromato-
graphic methods alone would not be sufficient for 
the identification and quantitation of the thou-
sands of different proteins and their isoforms and 
modified states that are present in a cell or 
tissue.

This problem is recognized  – and greatly 
reduced – by coupling LC with mass spectrome-
try (MS) or tandem mass spectrometry (MS/MS), 
which can perform global identifications as well 
as other assays like the extremely sensitive quan-
titation of predetermined proteins. For these 
applications, separation by LC also plays a vital 
role in improving mass spectrometry methods by 
reducing the complexity of the sample at any 
given time point, additionally improving repro-
ducibility from online coupling [3]. Over the past 
few decades, advances in LC-MS technology by 
way of sensitivity, resolution, reproducibility, 
and automation, as well as reductions in the costs 
to purchase and operate the systems [4], have 
caused their role in a clinical setting to steadily 
increase [5–7].

In this chapter, different methods of carrying 
out several LC-MS- and LC-MS/MS-based pro-
teomic assays will be briefly discussed before 
their various overall applications are covered, 
which can range from laboratorial research to 
personalized medicine, as well as some specific 
examples of their uses. Since the field is expand-
ing quickly, some applications that are still under 
research or going through testing phases will also 
be mentioned, many of which intend to bring 
more applications to the clinic in personalized 
medicine.

2  Proteomics via LC-MS

Mass spectrometry coupled with liquid chroma-
tography (LC-MS) has become a widely used 
platform for many types of research projects. 
With the advent of online coupling between chro-
matographic separation and identification by 
mass spectrometry, many samples can now be set 
up in a queue for separation and any  identification 
with reduced experimenter-based errors. 
Quantitation steps and fine tuning the various 
possible configurations also allow for its use in a 
widening range of experimental designs.

One of the first mass spectrometer designs 
required “eyeball” identification of molecules via 
obtained spectra, limiting both sample complex-
ity and number [8]. However, over 25 years ago, 
advancements in computer systems and infor-
matics allowed for the genesis of computer-based 
identification [9] and the eventual introduction of 
more varied and complex samples. When pro-
teomics was first paired with mass spectrometry, 
one groundbreaking method to obtain large-scale 
proteomic data was to run the sample in a two- 
dimensional gel, whereupon individual spots 
with lower complexity could be excised, digested, 
and injected into the MS system [10].

Even after such a separation or in other types 
of purified samples, a single injection could still 
contain many proteins and even more peptides 
after digestion. Liquid chromatography was found 
to be extremely useful in such cases since a sam-
ple could be fractionated before being analyzed, 
reducing its complexity. In an attempt to reduce 
experimenter error, increase reproducibility, and 
decrease the time necessary to complete an analy-
sis, a liquid chromatography system was coupled 
online to a mass spectrometer, generating a con-
tinuous flow of data across the sample’s elution 
time [11]. Further improving upon the LC-MS 
design, multidimensional liquid chromatography 
systems have been since incorporated and opti-
mized, utilizing multiple columns to quickly trap 
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and separate peptides with reproducibility and 
high-resolution peak separation [12–14].

When brought together, liquid chromatogra-
phy and mass spectrometry now play a key role at 
the center of many types of omic studies [15], 
including proteomics, due to its high resolution 
and sensitivity and the reproducibility of modern 
equipment. A proteomic profile changes both 
with cell type and with a wide range of stimuli 
and regulatory processes, and understanding a 
proteomic snapshot of a cell, as well as how the 
proteome changes in response to a stimulus or 
condition, provides unique insight into the inner 
workings of cells. Since there are 24 standard 
amino acids with dozens of possible modifica-
tions, mass spectrometers must go beyond an ini-
tial mass/charge (m/z) reading of a peptide, which 
would be insufficient to identify a peptide, and 
subsequently a protein, especially in a complex 
mixture.

In assays that require such a level of detail, the 
peptides that are ionized at the mass spectrometer 
ionization source are focused and optionally fil-
tered before peptide fragmentation, with 
collision- induced dissociation (CID) being the 
most widely used method for proteomics [16]. 
The newly formed fragments (or more specifi-
cally the transitions of the precursor ions) can 
then be optionally filtered again before their m/z 
values are registered. Reading multiple combina-
tions of fragments of a single peptide allows a 
mass spectrometer to determine, at least partially, 
the sequence of amino acids present, which 
becomes crucial when performing assays to iden-
tify which proteins are present in a sample [17].

Proteomic assays can be divided into two fun-
damental groups: targeted and untargeted studies. 
In a targeted assay, a specific list of known pre-
cursors and transitions is focused upon to detect 
the presence of those peptides and quantify them. 
When performing targeted assays, dynamic range 
can exceed four orders of magnitude, and sensi-
tivity can be extremely high; sub-fmol/mg-of- 
sample sensitivity has already been obtained 
[18]. Quantitation is also exceptionally accurate 
in targeted studies [19], though the actual accu-
racy also depends on experimenter technique and 
the capabilities of the spectrometer. The limit of 
detection has also rapidly decreased, moving past 

the attomole level [20] into the zeptomole range 
[21]. Such sensitivity has also received attention 
for clinical applications that use extremely small 
sample volumes. In contrast with targeted stud-
ies, untargeted studies trade some of the afore-
mentioned sensitivity for the ability to identify 
the peptides in the sample. By doing so, thou-
sands of proteins [22, 23] and proteoforms [24–
26] can be identified and quantified in a single 
injected sample.

Though different experiments can call for 
modifications to these suggestions, Fig. 1 depicts 
a flow chart to assist in determining which meth-
ods may be compatible with a project that plans 
to involve proteomics. Each of these categories 
will be discussed further in the following sec-
tions. It is always important to keep in mind what 
equipment is available for an experiment as well. 
Due to inherent equipment capabilities and limi-
tations, not every LC-MS setup is able to perform 
both targeted and untargeted experiments [16], 
and not every spectrometer can perform both 
data-dependent and data-independent acquisi-
tion, for example.

3  Targeted Proteomics

Targeted proteomics is especially useful for the 
detection and quantitation of proteins/polypep-
tides with low abundance, the visualization of 
rare isoforms or posttranslational modifications 
(PTMs), and the validation of other identification 
or quantitation methods. A targeted assay has two 
main steps: a selection step and an acquisition 
step. In the selection step, theoretical mass data 
or data acquired from discovery studies is used to 
create a method for the spectrometer that deter-
mines what precursor ions will be filtered at the 
MS1 level and optionally fragmented at the MS2 
level. In MS2 methods, the resulting transitions 
(peptide fragments) can also be preselected so 
they can reach the mass analyzer for identifica-
tion and quantitation, referred to as single reac-
tion monitoring (SRM) or multiple reaction 
monitoring (MRM). If all transitions are allowed 
to reach the mass analyzer for a given precursor, 
this method is called parallel reaction monitoring 
(PRM) and requires a high-resolution mass 
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