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Preface

Among the analytical techniques, mass spectrometry is one of the commanding 
analytical tools, which can be used for illuminating the structure and chemical 
properties of different molecules, identifying unknown compounds within a 
sample, and quantifying the concentration of known materials, etc. In recent years 
it has been used as a powerful analytical tool in biological chemistry, specifically in 
proteins, oligonucleotides, oligosaccharides, and lipids. Apart from this, it is also 
used for food toxicity, cancer cells, analysis of availability of minerals in food, and 
pharmaceutical drug analysis.

Today’s world faces many challenges in the fields of life sciences, metabolism, food, 
health, pharmaceuticals, as well as the environment. It has been widely illustrated 
that mass spectrometric techniques, including MALDI, tandem mass spectrometry, 
ion cyclotron resonance and Fourier transform mass spectrometry, time-of-flight 
secondary ion mass spectrophotometry and Fourier transform mass spectrometry, 
etc. have shown a significant role in major challenges and innovations in both 
technology and practical applications. Because of its characterization, mass spec-
trometry is being used in unlimited potential applications in cancer cells, material 
characterization, marine biology, organic synthesis, and food analysis.

As editor of this book, I wish to express my sincere thanks to all authors, scientists, 
researchers, and publishers who generously contributed their research work. My 
thanks are extended to my PhD research guide Professor M.A. Anuse, Department 
of Chemistry, Shivaji University Kolhapur, for his constant support. I am also 
indebted to my postdoctoral research supervisor Professor Yong-Chien Ling, 
Department of Chemistry, National Tsing Hua University, Taiwan, from whom I 
took inspiration to complete tasks on mass spectrometry.

In spite of all efforts, mistakes or uncertain reports may remain within the text. 
Mistakes are human traits, but they do not undervalue the scientific or educational 
worth of a book. Therefore, it is requested that errors are reported to me so that 
corrections can be made in future editions. Hopefully, Mass Spectrometry—Future 
Perceptions and Applications will introduce many facets of mass spectrometry and 
give comprehensive information on sustained progressive research and applications.

Dr. Ganesh S. Kamble
Kolhapur Institute of Technology’s College of Engineering (Autonomous),

Kolhapur, India
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Chapter 1

The Role of Liquid 
Chromatography-Mass 
Spectrometry in Food Integrity 
and Authenticity
Guillem Campmajó, Nerea Núñez and Oscar Núñez

Abstract

Liquid chromatography coupled to mass spectrometry (LC-MS), tandem mass 
spectrometry (LC-MS/MS), and high resolution mass spectrometry (LC-HRMS) 
today are among the most common techniques to guarantee food integrity and 
authenticity. Targeted approaches, where a family of characteristic bioactive 
substances in the analyzed food products are monitored, are a common practice 
to ensure food authenticity regarding the production region since bioactive sub-
stances content and distribution in food depend on multiple parameters such as 
climate conditions, water resources, agrochemical practices, etc. On the other 
hand, non-targeted approaches, such as metabolomic fingerprinting, are a common 
practice where a huge number of spectral detected variables in the analyzed foods 
are monitored. In both approaches, characteristic patterns are searched among the 
analyzed food products by means of statistical chemometric methods to address 
food characterization, classification, and authentication. In the present chapter, the 
role of LC-MS in combination with chemometrics to guarantee food integrity and 
authenticity will be discussed. Coverage of all kinds of applications is beyond the 
scope of the present contribution, so we will focus on the most relevant applications 
published in the last years by addressing the most interesting examples and impor-
tant aspects in the food authenticity field.

Keywords: food authenticity, liquid chromatography, mass spectrometry,  
high resolution mass spectrometry

1. Introduction

Food products are very complex mixtures constituted by a great variability of 
naturally occurring compounds such as lipids, carbohydrates, proteins, vitamins, 
organic acids, and volatile organic compounds, among others. Moreover, they can 
also contain many other substances coming from agrochemical treatments and 
technological processes, or even migrating from the materials employed in food 
packaging, which sometimes are contaminants.

Food manufacturers, researchers, and society in general are also becoming very 
interested in the quality of food products, not only from the nutritional point of 
view but also in relation to food safety issues or regarding the presence of bioactive 
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substances with beneficial properties for consumers (functional foods, nutraceu-
ticals, etc.). Aspects related to the cultivation production region of natural food 
products (fruits, vegetables, etc.), as well as the cultivation techniques employed, 
begin to be also of great interest to the final consumers, giving rise to the consider-
ation of the protected designations of origin (PDO) of natural foodstuffs as impor-
tant food quality attributes.

Nowadays, the food supply production is worldwide distributed and conse-
quently a globalized issue. Although international and local regulatory bodies have 
established important rules in the labeling of food products, in general, it is often 
almost impossible to know the real origin of most of the components of a given food 
product, especially those that have been processed. Within this context, consider-
ing the complexity of the food chain and that many players are involved between 
production and consumption; food manipulation and adulteration practices are 
raising because it is in fact much easier to conduct fraud without being easily 
detected. For example, Moore et al. collected information from published articles 
in scholarly journals and general media, organized it into a database, and reviewed 
and analyzed the data to identify trends within food ingredient fraud practices from 
1980 to 2010 [1]. They observed that olive oil, milk, honey, and saffron were the 
most common targets for adulteration reported in scholarly journals and poten-
tially harmful issues identified include spices diluted with lead chromate and lead 
tetraoxide, substitution of Chinese star anise with toxic Japanese star anise, and 
melamine adulteration of high protein content foods.

Food adulteration practices have a long history and dates back to times when 
trading began. In general, food adulteration is carried out to increase volume, to 
mask the presence of inferior quality components and to replace the authentic 
substances for the seller’s economic gain. However, it must be considered that the 
deliberate adulteration of food and its misrepresentation to deceive final consumers 
is illegal worldwide, having not only economic consequences, but also represent-
ing important health issues when prohibited substances are added to deceive 
the organoleptic properties of the final food product or when the adulterant can 
produce allergy episodes. Thus, the development of new analytical methodologies 
to guarantee food integrity and authenticity is required, also considering that food 
adulteration has become increasingly sophisticated, often being specially designed 
to avoid detection through routine analysis approaches.

The analysis of food products is difficult not only because of the complexity 
and diversity of sample matrices but also due to the great variability of com-
pounds that can be present. In addition, food components differ in polarity, 
structures, as well as in concentration levels, going from components at grams per 
kilogram level to those found at trace level concentrations (low μg/kg, ng/kg, etc.).  
These are important aspects to consider when selecting the analytical approach 
to employ. Sample treatment and sample extraction procedures, separation and 
determination approaches, and identification and confirmation strategies need to 
be considered simultaneously when addressing the development of an analytical 
method in food integrity and authenticity analyses. Nowadays, liquid chromatog-
raphy coupled to mass spectrometry (LC-MS) or to tandem mass spectrometry 
(LC-MS/MS) is among the most effective analytical techniques for the structural 
characterization and analysis of food products. The appearance of ultra-high per-
formance liquid chromatography (UHPLC) methodologies, either using sub-2 μm 
particle packed columns or porous-shell columns (with sub-3 μm superficially 
porous particles), opened up new possibilities to achieve high throughput chro-
matographic analytical separations, 5- to 10-fold faster than with conventional 
LC methodologies, while keeping or even improving chromatographic resolu-
tions [2]. The use of liquid chromatography coupled to high resolution mass 
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spectrometry (LC-HRMS) and accurate mass measurements have recently gained 
huge popularity due to the great ability of these methodologies to provide more 
comprehensive information regarding the exact molecular mass, elemental com-
position, and detailed molecular structure of a given compound. In comparison 
to classical low resolution mass spectrometry (LRMS) techniques, HRMS allows 
to differentiate isobaric compounds (substances with the same nominal mass-to-
charge ratio but different elemental compositions). Moreover, the high resolution 
attainable with HRMS favors the simplification of sample treatment and prepara-
tion procedures, leading to faster analytical methodologies with less and simple 
sample manipulation. HRMS allows to perform both screening and quantitation 
in a single run, including targeted, suspect, and non-targeted analyses. Another 
important advantage of HRMS, especially when data is stored in full-scan mode, 
is the possibility of later stage retrospective analysis, allowing the identification 
and determination of new unknown or suspected compounds in a previously 
analyzed food sample.

An important aspect in food products, especially those of plant origin, is that 
the presence, distribution, and content of many bioactive substances is related to 
many food features such as the variety and species of the products, the degree of 
maturation in the fruits and vegetables employed, the geographical production 
areas, the growing and manufacturing practices used, etc. A similar consideration 
can be mentioned for food products of animal origin, where many substances pres-
ent in the final product will be related to the animal species, the farming practices 
employed, the animal stress, etc. Therefore, food chemical profiling, for instance of 
amino acids, biogenic amines, alcohols, aldehydes, esters, acids, terpenes, polyphe-
nols, etc., can be exploited as sample data descriptors to achieve the characteriza-
tion, classification, and authentication of food products.

Regarding chemical profiling in food integrity and authenticity by LC-MS 
and LC-HRMS methodologies, two main approaches are typically employed: 
targeted and non-targeted analyses. Targeted approaches can be performed by both 
LC-MS(/MS) and LC-HRMS techniques and are based on the specific determina-
tion of a given group of known selected chemicals, or a group of chemicals belong-
ing to the same family or with a similar structural feature. The concentrations (or 
peak signals) of these targeted compounds are then used as food features (markers) 
to address food integrity and authenticity. This approach requires, in general, a 
previous quantitation step using standards for each targeted component. However, 
when dealing with food products, which as previously commented are very complex 
matrices, the quantitation of some chemicals may be a difficult task, especially due 
to the possibility of unknown interfering compounds. In contrast, non-targeted 
approaches (based on metabolomic fingerprinting) are mainly employed with 
LC-HRMS techniques. These fingerprinting approaches are based on untargeted 
analysis of instrumental responses without assuming any previous knowledge of 
relevant or irrelevant food components. In the case of LC-HRMS, food sample 
fingerprinting information consists, in general, of peak intensity values recorded as 
a function of m/z and retention times [3].

Due to the complexity of food sample matrices and the variability of chemical 
components that can be present, the amount of chemical data that can be extracted, 
especially when dealing with non-targeted LC-HRMS fingerprinting approaches, 
is huge. As a consequence, in order to extract (bio)chemical information from 
the sample data sets able to characterize, classify and authenticate food products, 
chemometric data treatment methodologies are necessary. Multivariate methods 
such as principal component analysis (PCA) and partial least squares-discriminant 
analysis (PLS-DA) are among the most employed chemometric methods for explor-
atory and classification purposes in food integrity and authenticity [4].
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In the next sections, several examples dealing with targeted and non-targeted 
strategies based on LC-MS(/MS) and LC-HRMS methodologies, in combination 
with chemometrics, to guarantee food integrity and authenticity will be addressed.

2. Targeted approaches

2.1 LC-MS(/MS) methodologies

LC-MS and LC-MS/MS are among the most common techniques used in the 
literature to obtain qualitative, quantitative, and structural information in the 
determination of low molecular weight compounds in a great variety of sample 
matrices, including foodstuffs. The low sensitivity typically achieved when LRMS is 
employed, especially with some analyzers such as triple quadrupole (QqQ ) and ion 
trap (IT) instruments, makes them ideal to be employed when targeted approaches 
are intended. This strategy is based on the specific determination of a given group of 
compounds (i.e., some selected chemicals, a group of chemicals belonging to the same 
family, etc.) that can then be used as biomarkers to address food integrity and authen-
ticity. Although this approach typically requires the quantitation of these chemicals 
by using adequate standards for each targeted component, in some cases targeted 
profiling is also possible by means of employing only the peak area signal of a given 
set of compounds, without the requirement of knowing the concentration values.

Polyphenols, aromatic secondary metabolites ubiquitously spread through the 
plant kingdom, are among the most common biomarkers employed to address food 
integrity and authenticity when targeted LC-MS(/MS) methodologies are employed 
in the analysis of plant-related foodstuffs [5] and some selected applications found 
in the literature are summarized in Table 1.

As can be seen in the table, reversed-phase liquid chromatography (RPLC), 
mainly employing C18 columns [6–12] and gradient elution with an acidified 
aqueous solution and methanol or acetonitrile as mobile phase components, is 
usually proposed. For example, Seraglio et al. [7] described the development 
of a reproducible and sensitive method for the simultaneous determination of 
32 phenolic compounds in bracatinga (Mimosa scabrella Bentham) honeydew 
honey samples using HPLC-ESI-MS/MS. The separation was performed with a 
C18 reversed-phase column in less than 17 min, using gradient elution with water 
and acetonitrile, both acidified with 0.1% formic acid. Other stationary phases 
have also been proposed for the separation of polyphenols in food products. For 
instance, Alakolanga et al. [13] described the use of a C18 amide reversed-phase 
column for the determination of 35 phenolic compounds in fruits of Flacourtia 
indica (Burm. F.) Merr. and Flacourtia inermis Roxb trees. Due to the high number 
of compounds and the complexity of the sample matrix, a gradient elution pro-
gram of 80 min was employed. In another application, a fluorinated porous-shell 
column (Ascentis Express F5) was proposed for the determination of 15 polyphe-
nolic compounds in Passiflora subpeltata fruit pulp with a 38 min gradient elution 
program [14].

Regarding the ionization of polyphenols, electrospray (ESI) in negative mode 
[10–13], positive mode [9], or exploring both positive and negative modes [6–8, 
14] is generally employed. However, other atmospheric pressure ionization 
(API) sources have also been described in the literature for the determination of 
polyphenols in food characterization and authentication. For example, Parets 
et al. [12] compared the use of ESI, atmospheric pressure chemical ionization 
(APCI), and dopant-assisted atmospheric pressure photoionization using four 
organic solvents as dopants (toluene, acetone, chlorobenzene, and anisole) for 
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Compounds (sample) Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Polyphenols (pomegranate) Ascentis Express C18 column (150 × 3.0 mm, 2.7 μm)
Gradient elution (0.4 mL·min−1): (A) water with 2% 
formic acid (B) methanol:water 90:10 (v/v) with 0.5% 
formic acid
H-ESI (±)
IT (full-scan 100–1500 m/z and MS2 product ion scan 
mode 50–1500 m/z)

– [6]

Polyphenols (Passiflora 
subpeltata fruit)

Ascentis Express F5 (150 × 2.1 mm, 2.7 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile
H-ESI (±)
QqQ (MRM acquisition mode)

– [14]

Phenolic compounds (honey) VENUSIL C18 column (100 × 2.1 mm, 3 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-TRAP (MRM acquisition mode)

– [7]

Phenolic compounds (Flacourtia 
indica and Flacourtia inermis 
fruit)

C18 amide column (250 × 3 mm, 5 μm)
Gradient elution (0.5 mL·min−1): (A) water with 0.05% 
formic acid (B) methanol
ESI (−)
IT (full-scan and auto-MSn mode)

– [13]

Phenolic compounds (artichoke, 
garlic and spinach)

Zorbax Eclipse Plus C18 column (100 × 2.1 mm, 1.8 μm)
Gradient elution (0.2 mL·min−1): (A) methanol (B) 
water with 0.1% formic acid and 30 mM of ammonium 
acetate
H-ESI (±)
QqQ (MRM acquisition mode)

– [8]

Phenolic compounds (berries) Wakosil C18 column (150 × 4.6 mm, 5 μm)
Gradient elution (1 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (+)
Quadrupole MS (full-scan mode 100–800 m/z)

– [9]

Phenolic compounds (tomato 
fruits)

BEH Shield RP18 column (150 × 1 mm, 1.7 μm)
Gradient elution (0.13 mL·min−1): (A) water:acetonitrile 
95:5 (v/v) with 0.1% formic acid (B) water:acetonitrile 
40:60 (v/v) with 0.1% formic acid
H-ESI (−)
QqQ (full-scan and product ion scan mode)

ANOVA [10]

Polyphenols (fruit extracts) Kinetex C18 (100 × 4.6 mm, 2.6 μm)
Gradient elution (1 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol
H-ESI (−)
QqQ (MRM acquisition mode)

PCA [11]

Polyphenols (cranberry-based 
pharmaceutical preparations 
and natural extracts)

Hypersil Gold C18 column (50 × 2.1 mm, 1.9 μm)
Gradient elution (0.285 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol
H-ESI (−)/APCI (−)/APPI (−)
QqQ (MRM acquisition mode)

PCA [12]

Heated-electrospray ionization (H-ESI), multiple reaction monitoring (MRM), quadrupole-ion trap (Q-TRAP), 
electrospray ionization (ESI), analysis of variance (ANOVA), atmospheric pressure chemical ionization (APCI), 
atmospheric pressure photoionization (APPI).

Table 1. 
Selected targeted LC-MS(/MS) methods using polyphenols as biomarkers to address food integrity and 
authenticity.
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the determination of 29 polyphenols in grape- and cranberry-based fruit extracts 
and cranberry-based pharmaceutical preparations. ESI and acetone-assisted APPI 
showed a good performance for the ionization step of the targeted polyphenolic 
compounds, providing good sensitivity for most of the analyzed polyphenols. 
However, when addressing the classification and authentication of the analyzed 
extracts, the authors described that results obtained by UHPLC-APPI-MS/MS 
were more satisfactory and the discrimination of the sample classes was excellent 
in comparison to UHPLC-ESI-MS/MS, attributing this behavior to the higher 
robustness of APPI source in the presence of matrix effects.

Quadrupole MS, QqQ , and IT instruments are the most employed for the 
LC-MS(/MS) determination of polyphenols in food integrity and authenticity. 
Regarding the acquisition mode, full-scan and product-ion scan modes are typically 
employed with IT instruments, while MRM acquisition mode is applied with QqQ 
instruments due to the sensitivity improvement observed in comparison with prod-
uct-ion scan in this kind of instruments. Nevertheless, some authors are also propos-
ing the use of MRM acquisition mode with Q-TRAP instruments [7], although no 
special improvement in sensitivity is described. Regarding the use of MS2, several 
acquisition strategies can be found in the literature. For instance, Brighenti et al. 
[6] proposed the use of the SmartFrag function of the IT mass analyzer to ensure 
that every precursor ion receives the appropriate collision energy in order to obtain 
adequate product-ion scan spectra with the better fragmentation possible.

In order to address food integrity and authenticity, the comparison of data 
obtained from different sample matrices is required. Therefore, chemometric meth-
odologies, such as PCA, that allow the comparison of multiple variables play an 
important role in this aspect. However, several works are addressing food authentic-
ity directly by comparison of targeted bioactive substances’ content, without the 
requirement of employing any chemometric strategy. This is the case, for example, 
of the work described by Ribas et al. [10] that showed significant differences in the 
phenolic content of three Spanish tomato varieties depending on the cultivar variety 
(“Caramba,” “Montserra,” and “Pera de Girona”).

Even though the concentration data of some targeted bioactive substances may 
allow to directly differentiate some food attributes, as previously commented, this 
data could also be subjected to chemometric methods to address food integrity 
and authenticity issues. For instance, Puigventós et al. [11] describes the use of 
LC-ESI-MS/MS method for the determination of 26 polyphenolic compounds in 
fruit-based products and fruit-based pharmaceutical preparations. The polypheno-
lic content was then employed as chemical descriptors to achieve sample classifica-
tion and authentication by means of PCA. As an example, Figure 1 shows the PCA 
plot of scores (a) and plot of loadings (b) for the analyzed samples.

As shown in the plot of scores (Figure 1a), grape and cranberry products 
appeared in different zones so that PCA was basically able to distinguish among the 
two fruits or origins, allowing the authentication of fruit-based extracts. In par-
ticular, grape and related samples were located to the top-left part of the graph. In 
contrast, cranberry samples were mainly spread out on the bottom area. Regarding 
the plot of loadings (Figure 1b), it was found that gallic acid and polydatin were 
characteristic of grape-related samples so they were present in higher levels in 
this class of products. In contrast, analytes located to the right part of PC1 such 
as sinapic, ferulic, p-coumaric and chlorogenic acids, as well as quercitrin, were 
comparatively more abundant in cranberry products.

Therefore, the chemometric analysis of targeted bioactive substance contents in 
food products could give an idea of the more discriminant chemical descriptors of a 
given sample, allowing the proposal of future biomarkers to address food integrity 
and authenticity.
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2.2 LC-HRMS methodologies

Even though LC-MS and LC-MS/MS have proved to be useful techniques 
in some food authenticity and integrity applications, as previously described, 
sometimes a more sensitive and selective technique, such as LC-HRMS, is needed 
mainly due to the complexity of food sample matrices and the huge variability on 
bioactive compounds, with different structures and physicochemical properties, 
that they contain [5]. HRMS and accurate mass measurements are emerging as 
one of the best options for the analysis of food samples in order to guarantee the 
unequivocal determination of the elemental composition of a target compound, 
which allows its distinction of other co-eluting isobaric compounds. There are 
mainly four types of HRMS instruments: magnetic sector, time-of-flight (TOF), 
Orbitrap, and Fourier transform ion cyclotron resonance (FT-ICR) instruments, 
being TOF and Orbitrap, as well as some of their hybrid configurations with 
quadrupole or IT analyzers, the most frequently employed in combination with 
LC techniques. In general, TOF instruments present a resolution (instrument’s 
ability to measure the mass of two closely related ions precisely) of approximately 
10,000–40,000 FWHM (full width at half-maximum) with accuracies in the 
mass determination of 1–5 ppm. In contrast, the resolution of Orbitrap instru-
ments is in the range of 10,000–140,000 FWHM (or even higher) with 1–2 ppm 
mass accuracy (for comparison, conventional quadrupole MS instruments show 
a resolution of 1000 FWHM and accuracies of 500 ppm) [5]. Recent advances in 
both LC-TOF-MS and LC-Orbitrap-MS methods have reduced instruments costs, 
make the analysis more simple, and have considerably improved accuracy, offering 
today bench-top instrumentation that is amenable to screening and identification 
of a great variety of compounds in food matrices, not only for targeted ones, but 
also for non-target or unknown chemicals [5].

In this section, the use of targeted LC-HRMS methodologies in order to address 
the food integrity and authenticity issue will be discussed. Table 2 summarizes 
some selected applications described in the literature employing targeted LC-HRMS 
methodologies in food integrity and authenticity.

As can be seen in Table 2, and in line with previously commented targeted 
LC-MS and LC-MS/MS methodologies, polyphenols are ubiquitously used as 
biomarkers in targeted LC-HRMS approaches [15–19], whether considering a 

Figure 1. 
PCA results using normalized concentrations as analytical data obtained using LC-ESI-MS/MS polyphenolic 
profiles. (a) Score plot of PC1 vs. PC2 that shows the separation among grapes-based samples (green circles) 
and cranberry-based samples (red circles). (b) Loading plot PC1 vs. PC2 that shows the polyphenolic content 
of among grapes- and cranberry-based samples. Reproduced with permission from Ref. [11]. Copyright (2015) 
Springer.
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the determination of 29 polyphenols in grape- and cranberry-based fruit extracts 
and cranberry-based pharmaceutical preparations. ESI and acetone-assisted APPI 
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specific polyphenolic class or a wider selection. However, polyphenols are not 
always the best choice to solve the analytical problem even when plant-related food 
products are addressed, and therefore some other compounds can be employed. For 
instance, Megías-Pérez et al. [20] used the determination of low molecular weight 

Compounds 
(sample)

Chromatographic separation and mass 
spectrometry

Data analysis Ref.

Kaempferol 
derivatives 
(saffron)

Ascentis Express Fused-core C18 column (100 × 
2.1 mm, 2.7 μm)
Gradient elution (0.4 mL·min−1): A) water with 
0.1% formic acid (B) acetonitrile with 0.1% formic 
acid
H-ESI (−)
Q-TOF (full-scan mode 100–1700 m/z)

– [15]

Polyphenols 
(kiwifruit juice)

Waters XTerra MS C18 column (250 × 4.6 mm, 
5 μm)
Gradient elution (0.8 mL·min−1): (A) water with 
0.5% acetic acid (B) water:acetonitrile 1:1 (v/v) 
with 0.5% acetic acid
H-ESI (−)
Q-TOF (full-scan mode 50–1500 m/z)

ANOVA, PCA 
and SLDA

[16]

Polyphenols
(berry fruit juice)

Phenomenex C18 column (100 × 2.1 mm, 2.6 μm)
Gradient elution (0.3 mL·min−1): (A) water with 
0.1% formic acid (B) methanol with 0.1% formic 
acid
H-ESI (±)
Q-TOF (full-scan mode 50–1000 m/z)

PCA-DA and 
OPLS-DA

[17]

Polyphenols
(red spice paprika)

Syncronis C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.25 mL·min−1): (A) water with 
0.01% acetic acid (B) acetonitrile
H-ESI (−)
LTQ-Orbitrap (full-scan mode 100–1000 m/z)

PCA [18]

Low molecular 
weight
carbohydrates 
(cocoa beans)

BEH X-Bridge Amide column (150 × 4.6 mm, 3.5 
μm)
Gradient elution (0.4 mL·min−1): (A) water with 
0.1% ammonium hydroxide (B) acetonitrile with 
0.1% ammonium hydroxide
H-ESI (+)
TOF (full-scan mode 50–1200 m/z)

ANOVA, PCA 
and PLS-DA

[20]

Polyphenols 
(cranberry-based 
extracts)

Ascentis Express C18 column (150 × 2.1 mm, 2.7 
μm)
Gradient elution (0.3 mL·min−1): (A) water with 
0.1% formic acid (B) acetonitrile with 0.1% formic 
acid
H-ESI (−)
Q-Orbitrap (full-scan mode 100–1500 m/z)

PCA and PLS [19]

Small bioactive 
lipids
(rice)

Acquity UPLC BEH C18 column (50 × 2.1 mm, 
1.7 μm)
Gradient elution (0.5 mL·min−1): (A) water 
with 10 mM ammonium hydroxide (B) 
acetonitrile:isopropanol 90:10 (v/v)
H-ESI (−)
Q-TOF (full-scan mode 50–1200 m/z)

PCA and 
OPLS-DA

[21]

Stepwise linear discriminant analysis (SLDA), principal component analysis-discriminant analysis (PCA-DA), 
orthogonal partial least-squares discriminant analysis (OPLS-DA), partial least-squares regression (PLS).

Table 2. 
Recent advances of targeted LC-HRMS methodologies in food integrity and authenticity.
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carbohydrates for the classification of cocoa beans from different origins and status 
of fermentation, whereas Zhu et al. [21] studied the presence of small bioactive 
lipids as markers to differentiate among diverse varieties of rice.

Regarding the chromatographic separation, almost all the works described in 
the literature propose the use of C18 stationary phase columns [15–19, 21]. In fact, 
Guijarro-Díez et al. [15] tested and compared a C18 and a cyano column, both hav-
ing the same size and particle diameter, for the chromatographic separation of five 
kaempferol derivatives and geniposide in the analysis of saffron samples, obtaining 
a better resolution and peak efficiency when using the C18 column. Alternatively, 
the separation of polar compounds, such as low molecular weight carbohydrates, 
can be improved and optimized by using hydrophilic interaction liquid chromatog-
raphy (HILIC) columns as it offers ample chromatographic resolution [20].

As shown in Table 2, H-ESI has been established as the most common option for 
the ionization step whether positive mode [20], negative mode [15, 16, 18, 19, 21]  
or both [17] are employed. In order to ensure a good ionization of the targeted 
compounds (avoiding in-source fragmentation), Guijarro-Díez et al. [15] studied 
both positive and negative ionization modes, as well as different mobile phase 
compositions, looking for the highest signal-to-noise (S/N) ratio in the determina-
tion of kaempferol derivatives in saffron samples. Negative ESI mode and the addi-
tion of 0.1% formic acid to the mobile phase showed to be the best option, being 
a general trend described in the literature for the determination of polyphenolic 
compounds [5].

Among all the range of mass analyzers, TOF and Orbitrap-based mass spec-
trometer technologies are usually employed in these type of targeted studies, espe-
cially hybrid instruments such as quadrupole-time-of-flight (Q-TOF) [15–17, 21],  
quadrupole-Orbitrap (Q-Orbitrap) [19], and linear trap quadrupole-Orbitrap 
(LTQ-Orbitrap) [18] configurations. The main advantage of these types of instru-
ments in front of single HRMS analyzers is the possibility to make data dependent 
MS/MS experiments. These acquisition modes provide interesting spectral informa-
tion that compared with online-databases and with the obtained accurate mass 
measurements can improve the tentative identification and confirmation of a given 
targeted compound. It should be mentioned that only when pure standards are 
available, the theoretical chromatographic retention time as well as the standard 
fragmentation pathway are also compared and an undoubtedly identification can 
be done. In contrast, authors who work with simple HRMS analyzers, such as TOF, 
normally resort to LRMS analyzers able to perform tandem experiments such as 
QqQ or IT instruments in order to obtain this fragmentation pathway data [20].

Data treatment selection is strongly related to the food analytical challenge 
that has to be solved. In some applications, such as some adulteration food frauds, 
particular biomarkers are significantly discriminant between native and adulter-
ated food samples and their determination allows the detection of that illegal 
practice. As an example, characteristic and endogenous glycosylated kaempferol 
derivatives were used as authenticity markers able to detect and quantify the 
adulteration in saffron samples regardless the substance used as adulterant [15]. 
Depending on the compound selected as biomarker, a limit of detection for the 
adulteration content between 0.2 and 2.5% was achieved. However, a statistical 
procedure like ANOVA is usually needed for the evaluation of the significance of 
difference for targeted compounds among different types of samples. Guo et al. 
[16] used this strategy to verify the capability of targeted polyphenols to classify 
kiwifruit juices according to their variety and geographical origin. Even though 
the presence of certain polyphenols was significantly different in each case, none 
of them was able to cluster the samples by itself. It is in these types of situations 
when multivariate data analysis techniques have gained relevance, as they can 
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specific polyphenolic class or a wider selection. However, polyphenols are not 
always the best choice to solve the analytical problem even when plant-related food 
products are addressed, and therefore some other compounds can be employed. For 
instance, Megías-Pérez et al. [20] used the determination of low molecular weight 

Compounds 
(sample)

Chromatographic separation and mass 
spectrometry

Data analysis Ref.

Kaempferol 
derivatives 
(saffron)

Ascentis Express Fused-core C18 column (100 × 
2.1 mm, 2.7 μm)
Gradient elution (0.4 mL·min−1): A) water with 
0.1% formic acid (B) acetonitrile with 0.1% formic 
acid
H-ESI (−)
Q-TOF (full-scan mode 100–1700 m/z)

– [15]

Polyphenols 
(kiwifruit juice)

Waters XTerra MS C18 column (250 × 4.6 mm, 
5 μm)
Gradient elution (0.8 mL·min−1): (A) water with 
0.5% acetic acid (B) water:acetonitrile 1:1 (v/v) 
with 0.5% acetic acid
H-ESI (−)
Q-TOF (full-scan mode 50–1500 m/z)

ANOVA, PCA 
and SLDA

[16]
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(berry fruit juice)

Phenomenex C18 column (100 × 2.1 mm, 2.6 μm)
Gradient elution (0.3 mL·min−1): (A) water with 
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PCA-DA and 
OPLS-DA

[17]

Polyphenols
(red spice paprika)
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ANOVA, PCA 
and PLS-DA

[20]
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(cranberry-based 
extracts)
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μm)
Gradient elution (0.3 mL·min−1): (A) water with 
0.1% formic acid (B) acetonitrile with 0.1% formic 
acid
H-ESI (−)
Q-Orbitrap (full-scan mode 100–1500 m/z)

PCA and PLS [19]

Small bioactive 
lipids
(rice)

Acquity UPLC BEH C18 column (50 × 2.1 mm, 
1.7 μm)
Gradient elution (0.5 mL·min−1): (A) water 
with 10 mM ammonium hydroxide (B) 
acetonitrile:isopropanol 90:10 (v/v)
H-ESI (−)
Q-TOF (full-scan mode 50–1200 m/z)

PCA and 
OPLS-DA

[21]

Stepwise linear discriminant analysis (SLDA), principal component analysis-discriminant analysis (PCA-DA), 
orthogonal partial least-squares discriminant analysis (OPLS-DA), partial least-squares regression (PLS).

Table 2. 
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carbohydrates for the classification of cocoa beans from different origins and status 
of fermentation, whereas Zhu et al. [21] studied the presence of small bioactive 
lipids as markers to differentiate among diverse varieties of rice.

Regarding the chromatographic separation, almost all the works described in 
the literature propose the use of C18 stationary phase columns [15–19, 21]. In fact, 
Guijarro-Díez et al. [15] tested and compared a C18 and a cyano column, both hav-
ing the same size and particle diameter, for the chromatographic separation of five 
kaempferol derivatives and geniposide in the analysis of saffron samples, obtaining 
a better resolution and peak efficiency when using the C18 column. Alternatively, 
the separation of polar compounds, such as low molecular weight carbohydrates, 
can be improved and optimized by using hydrophilic interaction liquid chromatog-
raphy (HILIC) columns as it offers ample chromatographic resolution [20].

As shown in Table 2, H-ESI has been established as the most common option for 
the ionization step whether positive mode [20], negative mode [15, 16, 18, 19, 21]  
or both [17] are employed. In order to ensure a good ionization of the targeted 
compounds (avoiding in-source fragmentation), Guijarro-Díez et al. [15] studied 
both positive and negative ionization modes, as well as different mobile phase 
compositions, looking for the highest signal-to-noise (S/N) ratio in the determina-
tion of kaempferol derivatives in saffron samples. Negative ESI mode and the addi-
tion of 0.1% formic acid to the mobile phase showed to be the best option, being 
a general trend described in the literature for the determination of polyphenolic 
compounds [5].

Among all the range of mass analyzers, TOF and Orbitrap-based mass spec-
trometer technologies are usually employed in these type of targeted studies, espe-
cially hybrid instruments such as quadrupole-time-of-flight (Q-TOF) [15–17, 21],  
quadrupole-Orbitrap (Q-Orbitrap) [19], and linear trap quadrupole-Orbitrap 
(LTQ-Orbitrap) [18] configurations. The main advantage of these types of instru-
ments in front of single HRMS analyzers is the possibility to make data dependent 
MS/MS experiments. These acquisition modes provide interesting spectral informa-
tion that compared with online-databases and with the obtained accurate mass 
measurements can improve the tentative identification and confirmation of a given 
targeted compound. It should be mentioned that only when pure standards are 
available, the theoretical chromatographic retention time as well as the standard 
fragmentation pathway are also compared and an undoubtedly identification can 
be done. In contrast, authors who work with simple HRMS analyzers, such as TOF, 
normally resort to LRMS analyzers able to perform tandem experiments such as 
QqQ or IT instruments in order to obtain this fragmentation pathway data [20].

Data treatment selection is strongly related to the food analytical challenge 
that has to be solved. In some applications, such as some adulteration food frauds, 
particular biomarkers are significantly discriminant between native and adulter-
ated food samples and their determination allows the detection of that illegal 
practice. As an example, characteristic and endogenous glycosylated kaempferol 
derivatives were used as authenticity markers able to detect and quantify the 
adulteration in saffron samples regardless the substance used as adulterant [15]. 
Depending on the compound selected as biomarker, a limit of detection for the 
adulteration content between 0.2 and 2.5% was achieved. However, a statistical 
procedure like ANOVA is usually needed for the evaluation of the significance of 
difference for targeted compounds among different types of samples. Guo et al. 
[16] used this strategy to verify the capability of targeted polyphenols to classify 
kiwifruit juices according to their variety and geographical origin. Even though 
the presence of certain polyphenols was significantly different in each case, none 
of them was able to cluster the samples by itself. It is in these types of situations 
when multivariate data analysis techniques have gained relevance, as they can 
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Figure 2. 
PCA score plot of PC1 vs. PC2 obtained using UHPLC-HRMS (Orbitrap) polyphenolic profiles for the 
classification and authentication of fruit-based extracts and cranberry-based pharmaceutical preparations. 
Reproduced with permission from Ref. [19]. Copyright (2018) American Chemical Society.

combine information regarding the content of a large number of compounds. As 
an example, an unsupervised PCA was applied in order to study the geographi-
cal and botanical origin of Serbian red spice paprika samples (Lemeška and 
Lakošnička varieties) by using the concentration of 25 polyphenols, obtained by 
a targeted LC-HRMS method, and 13 carbohydrates, quantified by high perfor-
mance anion exchange chromatography with pulsed amperometric detection [18]. 
The scores plots for the first two PCs, which explain 52.75% of the total variance, 
show a good discrimination between samples of different origin. In fact, loadings 
plot revealed a strong influence of particular phenolic acids and flavonoid gly-
cosides in the separation of Lemeška paprika samples, while flavonoid aglycones 
and carbohydrates mainly affected the discrimination of the Lakošnička variety. 
In addition, Lakošnička samples were also classified according to their harvesting 
year (2012 or 2013). On the other hand, Barbosa et al. [19] also used chemometric 
multivariate analysis tools, but with the aim of preventing the possible adultera-
tion of cranberry-based commercial pharmaceuticals with other ineffective and 
less expensive fruit-based extracts. Cranberry (Vaccinium macrocarpon) and its 
derivatives are known to prevent urinary tract infections as they contain A-type 
proanthocyanidins, which exhibit bioactive activity; in contrast, less expensive 
fruits like blueberry, raspberry, or grapes are richer in B-type proanthocyani-
dins, which does not exhibit this beneficial effect in human health. The authors 
developed a targeted polyphenolic UHPLC-HRMS (Orbitrap) method for the 
classification, authentication and detection of frauds in fruit-based extracts, and 
a total of 106 samples including cranberry-, grape-, blueberry-, and raspberry-
based natural products, as well as cranberry-based pharmaceutical preparations 
presented in different formats were analyzed. Then, a built user-accurate mass 
database of 53 polyphenols containing spectral data and several confirmation 
parameters (accurate mass measurements, isotopic pattern matches, product-ion 
scan spectra, and chromatographic retention time) was applied for screening and 
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confirmation purposes. The obtained polyphenolic content, which was described 
in a data matrix containing the peak area of each detected target compound, 
was employed as chemical descriptors by PCA. As can be seen in Figure 2, the 
obtained scores plots show a good discrimination between cranberry-based 
samples in front of any other fruit-based sample, showing the ability of the 
developed method to clearly authenticate the fruit extracts according to the type 
of fruit employed.

Moreover, a PLS model was developed to predict and quantify fraud levels 
of adulterant fruit (grape, blueberry, and raspberry) extracts in cranberry-fruit 
extracts, reaching calibration errors below 0.01% and prediction errors in the 
range of 2.71 and 5.96%, demonstrating the suitability of polyphenolic targeted 
LC-HRMS methods in food integrity and authenticity.

3. Non-targeted LC-HRMS (metabolomics) approaches

Modern HRMS analyzers, such as TOF and Orbitrap (and their hybrid configu-
rations), have focused the analysis of food samples from a totally different perspec-
tive as did before, mainly due to their high capacity to generate and register a large 
amount of information, especially when working in full-scan or in data-dependent 
scan acquisition modes. In fact, in the last years, there has been a trend toward non-
targeted LC-HRMS metabolomic approaches, either by studying the metabolomic 
profiles of food, where chemometrics plays an essential role in the data treatment, 
or by a retrospective analysis in order to identify unknown compounds that could 
become new food biomarkers. Although non-targeted metabolomic approaches 
are potentially much more informative than targeted approaches in practice, the 
annotation of the features either obtained by using databases or by matching with 
pure standard data is frequently required. However, in many cases, metabolomic 
fingerprinting is enough to classify and discriminate among food samples; there-
fore, further metabolite identification is not needed. Moreover, it should be taken 
into account that when dealing with non-targeted metabolomics, the final anno-
tated metabolites are strongly dependent on the global experimental approached 
employed (including sample treatment, separation and detection, as well as the 
specific instrumentation used). As an example, Díaz et al. [22] studied the influence 
of the global approach on the final annotated metabolites in non-targeted metabo-
lomic analysis of 42 red wine samples (from three different Spanish PDO) when 
comparing two LC-MS interplatforms that differed in columns, mobile phases, gra-
dients, chromatographs, mass spectrometers (Q-Orbitrap [Platform #1] and Q-TOF 
[Platform #2]), data processing, and marker selection protocols. Figure 3 shows 
a scheme of the experimental workflow described by the authors. The authors 
showed that despite the ability of the platforms to distinguish the wine classes at 
both the spectral and the annotated metabolite level, a strong divergence among the 
annotated metabolites involved in the discrimination was found. For example, at 
the annotated features level, PDO classes were separated using both experimental 
setups (Figure 4a and b). When annotated metabolite level was employed, a total 
of 9 and 8 features were identified for Platforms #1 and #2, respectively, although 
none of them was common. PCA models built using only these annotated features 
resulted in a clear separation when the Q-TOF was employed (Figure 4d), but 
with the Q-Orbitrap, wines from Ribera del Duero PDO and Rioja PDO were not 
completely separated (Figure 4c). When results obtained using both compared 
platforms were considered, the resulting PCA model performed including only the 
annotated features common for both platforms showed a high degree of similarity 
between them (Figure 4e and f).
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Figure 2. 
PCA score plot of PC1 vs. PC2 obtained using UHPLC-HRMS (Orbitrap) polyphenolic profiles for the 
classification and authentication of fruit-based extracts and cranberry-based pharmaceutical preparations. 
Reproduced with permission from Ref. [19]. Copyright (2018) American Chemical Society.

combine information regarding the content of a large number of compounds. As 
an example, an unsupervised PCA was applied in order to study the geographi-
cal and botanical origin of Serbian red spice paprika samples (Lemeška and 
Lakošnička varieties) by using the concentration of 25 polyphenols, obtained by 
a targeted LC-HRMS method, and 13 carbohydrates, quantified by high perfor-
mance anion exchange chromatography with pulsed amperometric detection [18]. 
The scores plots for the first two PCs, which explain 52.75% of the total variance, 
show a good discrimination between samples of different origin. In fact, loadings 
plot revealed a strong influence of particular phenolic acids and flavonoid gly-
cosides in the separation of Lemeška paprika samples, while flavonoid aglycones 
and carbohydrates mainly affected the discrimination of the Lakošnička variety. 
In addition, Lakošnička samples were also classified according to their harvesting 
year (2012 or 2013). On the other hand, Barbosa et al. [19] also used chemometric 
multivariate analysis tools, but with the aim of preventing the possible adultera-
tion of cranberry-based commercial pharmaceuticals with other ineffective and 
less expensive fruit-based extracts. Cranberry (Vaccinium macrocarpon) and its 
derivatives are known to prevent urinary tract infections as they contain A-type 
proanthocyanidins, which exhibit bioactive activity; in contrast, less expensive 
fruits like blueberry, raspberry, or grapes are richer in B-type proanthocyani-
dins, which does not exhibit this beneficial effect in human health. The authors 
developed a targeted polyphenolic UHPLC-HRMS (Orbitrap) method for the 
classification, authentication and detection of frauds in fruit-based extracts, and 
a total of 106 samples including cranberry-, grape-, blueberry-, and raspberry-
based natural products, as well as cranberry-based pharmaceutical preparations 
presented in different formats were analyzed. Then, a built user-accurate mass 
database of 53 polyphenols containing spectral data and several confirmation 
parameters (accurate mass measurements, isotopic pattern matches, product-ion 
scan spectra, and chromatographic retention time) was applied for screening and 
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confirmation purposes. The obtained polyphenolic content, which was described 
in a data matrix containing the peak area of each detected target compound, 
was employed as chemical descriptors by PCA. As can be seen in Figure 2, the 
obtained scores plots show a good discrimination between cranberry-based 
samples in front of any other fruit-based sample, showing the ability of the 
developed method to clearly authenticate the fruit extracts according to the type 
of fruit employed.

Moreover, a PLS model was developed to predict and quantify fraud levels 
of adulterant fruit (grape, blueberry, and raspberry) extracts in cranberry-fruit 
extracts, reaching calibration errors below 0.01% and prediction errors in the 
range of 2.71 and 5.96%, demonstrating the suitability of polyphenolic targeted 
LC-HRMS methods in food integrity and authenticity.

3. Non-targeted LC-HRMS (metabolomics) approaches

Modern HRMS analyzers, such as TOF and Orbitrap (and their hybrid configu-
rations), have focused the analysis of food samples from a totally different perspec-
tive as did before, mainly due to their high capacity to generate and register a large 
amount of information, especially when working in full-scan or in data-dependent 
scan acquisition modes. In fact, in the last years, there has been a trend toward non-
targeted LC-HRMS metabolomic approaches, either by studying the metabolomic 
profiles of food, where chemometrics plays an essential role in the data treatment, 
or by a retrospective analysis in order to identify unknown compounds that could 
become new food biomarkers. Although non-targeted metabolomic approaches 
are potentially much more informative than targeted approaches in practice, the 
annotation of the features either obtained by using databases or by matching with 
pure standard data is frequently required. However, in many cases, metabolomic 
fingerprinting is enough to classify and discriminate among food samples; there-
fore, further metabolite identification is not needed. Moreover, it should be taken 
into account that when dealing with non-targeted metabolomics, the final anno-
tated metabolites are strongly dependent on the global experimental approached 
employed (including sample treatment, separation and detection, as well as the 
specific instrumentation used). As an example, Díaz et al. [22] studied the influence 
of the global approach on the final annotated metabolites in non-targeted metabo-
lomic analysis of 42 red wine samples (from three different Spanish PDO) when 
comparing two LC-MS interplatforms that differed in columns, mobile phases, gra-
dients, chromatographs, mass spectrometers (Q-Orbitrap [Platform #1] and Q-TOF 
[Platform #2]), data processing, and marker selection protocols. Figure 3 shows 
a scheme of the experimental workflow described by the authors. The authors 
showed that despite the ability of the platforms to distinguish the wine classes at 
both the spectral and the annotated metabolite level, a strong divergence among the 
annotated metabolites involved in the discrimination was found. For example, at 
the annotated features level, PDO classes were separated using both experimental 
setups (Figure 4a and b). When annotated metabolite level was employed, a total 
of 9 and 8 features were identified for Platforms #1 and #2, respectively, although 
none of them was common. PCA models built using only these annotated features 
resulted in a clear separation when the Q-TOF was employed (Figure 4d), but 
with the Q-Orbitrap, wines from Ribera del Duero PDO and Rioja PDO were not 
completely separated (Figure 4c). When results obtained using both compared 
platforms were considered, the resulting PCA model performed including only the 
annotated features common for both platforms showed a high degree of similarity 
between them (Figure 4e and f).
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This study shows the complications that may arise on the comparison of non-
targeted metabolomic platforms even when metabolite focused approaches are used 
in the identification.

Table 3 summarizes a wide variety on non-targeted LC-HRMS applications in 
food integrity and authenticity. As previously indicated, these non-targeted meth-
odologies can be considered as blind approaches toward the unknown metabolomic 
composition of a particular group of samples. For that reason, the selection and 
optimization of the chromatographic separation or ionization technique have to be 
done conscientiously as they will delimit the detected compounds according to their 
hydrophobicity and ionization capacity. As can be seen in the table, reversed-phase 
stationary columns are also usually chosen to conduct the chromatographic separa-
tion in non-targeted LC-HRMS approaches. This is because this separation mode 

Figure 3. 
Summary of the experimental workflow compared. Reproduced with permission from Ref. [22]. Copyright 
(2016) Elsevier.

Figure 4. 
Plots of scores obtained for the PCA analysis for Platforms #1 and #2 at the all features level (a and b), 
platform specific annotated metabolite level (c and d) and interplatform validated metabolites (e and f). 
Reproduced with permission from Ref. [22]. Copyright (2016) Elsevier.
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Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Oregano Acquity HSS T3 column (100 × 2.1 mm, 1.8 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 50–1200 m/z)

PCA and 
OPLS-DA

[39]

Lamb ZIC p-HILIC column (100 × 2.1 mm, 5 μm)
Gradient elution (0.25 mL·min−1): (A) acetonitrile with 
0.1% formic acid (B) water with 16mM ammonium 
formate
ESI (±)
Orbitrap (full-scan mode 55–1100 m/z)

Fold 
change, 
t-test and 
PCA

[44]

Tomato juices C30 column (250 × 4.6 mm, 3 μm)
Gradient elution (1.3 mL·min−1): (A) methanol:methyl 
tert-butyl ether:water with 2% ammonium acetate 60:35:5 
(v/v/v) (B) methyl tert-butyl ether:methanol:water with 
2% ammonium acetate (v/v/v)
APCI (+)
Q-TOF (full-scan mode 100–1700 m/z)

Fold 
change and 
t-test

[41]

Coffee Ascentis Express C18 column (150 × 2.1 mm, 2.7 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 100–1700 m/z)

PCA and 
PLS-DA

[23]

Tomato Phenomenex Luna C8 column (100 × 2 mm, 3 μm)
Gradient elution (0.35 mL·min−1): (A) water:methanol 98:2 
(v/v) (B) methanol:water 98:2 (v/v)
H-ESI (+)
Q-Orbitrap (full-scan mode 74–1100 m/z)

PCA [40]

Beef meat Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.4 mL·min−1): (A) water (B) methanol
ESI (+)
LTQ-Orbitrap (full-scan mode 50–2000 m/z)

PCA and 
PLS-DA

[24]

Citrus fruit/
fruit juices

Acquity UPLC BEH C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4 mL·min−1): (A) water with 10 mM 
ammonium acetate (B) acetonitrile
H-ESI (+)
Q-TOF (full-scan mode 50–1200 m/z)

PCA, 
PLS-DA 
and 
SIMCA

[31]

Wild 
strawberry

XSelect CSH C18 column (150 × 2.1 mm, 1.6 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile:water 80:20 (v/v) with 0.1% 
formic acid
H-ESI (±)
LTQ-Orbitrap (full-scan mode 200–1600 m/z)

PCA [32]

Eggs Phenomenex Luna Omega C18 column (150 × 2.1 mm, 3.5 
μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid and 5 mM ammonium formate (B) methanol 
with 0.1% formic acid and 5 mM ammonium formate
H-ESI (±)
Q-Orbitrap (full-scan mode 75–1000 m/z)

PCA [33]

Garlic Mediterranea Sea C18 column (150 × 4.6 mm, 5 μm)
Gradient elution (0.7 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 30–1700 m/z)

ANOVA 
and PCA

[34]
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targeted metabolomic platforms even when metabolite focused approaches are used 
in the identification.

Table 3 summarizes a wide variety on non-targeted LC-HRMS applications in 
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odologies can be considered as blind approaches toward the unknown metabolomic 
composition of a particular group of samples. For that reason, the selection and 
optimization of the chromatographic separation or ionization technique have to be 
done conscientiously as they will delimit the detected compounds according to their 
hydrophobicity and ionization capacity. As can be seen in the table, reversed-phase 
stationary columns are also usually chosen to conduct the chromatographic separa-
tion in non-targeted LC-HRMS approaches. This is because this separation mode 

Figure 3. 
Summary of the experimental workflow compared. Reproduced with permission from Ref. [22]. Copyright 
(2016) Elsevier.

Figure 4. 
Plots of scores obtained for the PCA analysis for Platforms #1 and #2 at the all features level (a and b), 
platform specific annotated metabolite level (c and d) and interplatform validated metabolites (e and f). 
Reproduced with permission from Ref. [22]. Copyright (2016) Elsevier.
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Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Oregano Acquity HSS T3 column (100 × 2.1 mm, 1.8 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 50–1200 m/z)

PCA and 
OPLS-DA

[39]

Lamb ZIC p-HILIC column (100 × 2.1 mm, 5 μm)
Gradient elution (0.25 mL·min−1): (A) acetonitrile with 
0.1% formic acid (B) water with 16mM ammonium 
formate
ESI (±)
Orbitrap (full-scan mode 55–1100 m/z)

Fold 
change, 
t-test and 
PCA

[44]

Tomato juices C30 column (250 × 4.6 mm, 3 μm)
Gradient elution (1.3 mL·min−1): (A) methanol:methyl 
tert-butyl ether:water with 2% ammonium acetate 60:35:5 
(v/v/v) (B) methyl tert-butyl ether:methanol:water with 
2% ammonium acetate (v/v/v)
APCI (+)
Q-TOF (full-scan mode 100–1700 m/z)

Fold 
change and 
t-test

[41]

Coffee Ascentis Express C18 column (150 × 2.1 mm, 2.7 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 100–1700 m/z)

PCA and 
PLS-DA

[23]

Tomato Phenomenex Luna C8 column (100 × 2 mm, 3 μm)
Gradient elution (0.35 mL·min−1): (A) water:methanol 98:2 
(v/v) (B) methanol:water 98:2 (v/v)
H-ESI (+)
Q-Orbitrap (full-scan mode 74–1100 m/z)

PCA [40]

Beef meat Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.4 mL·min−1): (A) water (B) methanol
ESI (+)
LTQ-Orbitrap (full-scan mode 50–2000 m/z)

PCA and 
PLS-DA

[24]

Citrus fruit/
fruit juices

Acquity UPLC BEH C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4 mL·min−1): (A) water with 10 mM 
ammonium acetate (B) acetonitrile
H-ESI (+)
Q-TOF (full-scan mode 50–1200 m/z)

PCA, 
PLS-DA 
and 
SIMCA

[31]

Wild 
strawberry

XSelect CSH C18 column (150 × 2.1 mm, 1.6 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile:water 80:20 (v/v) with 0.1% 
formic acid
H-ESI (±)
LTQ-Orbitrap (full-scan mode 200–1600 m/z)

PCA [32]

Eggs Phenomenex Luna Omega C18 column (150 × 2.1 mm, 3.5 
μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid and 5 mM ammonium formate (B) methanol 
with 0.1% formic acid and 5 mM ammonium formate
H-ESI (±)
Q-Orbitrap (full-scan mode 75–1000 m/z)

PCA [33]

Garlic Mediterranea Sea C18 column (150 × 4.6 mm, 5 μm)
Gradient elution (0.7 mL·min−1): (A) water with 0.1% 
formic acid (B) methanol with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 30–1700 m/z)

ANOVA 
and PCA

[34]
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Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Parmigiano 
Reggiano 
cheese

Kinetex XB C18 column (100 × 3 mm, 2.6 μm)
Gradient elution (0.5 mL·min−1): (A) water with 0.2% 
formic acid (B) acetonitrile with 0.2% formic acid
H-ESI (−)
Orbitrap (full-scan mode 50–900 m/z)

PCA Class 
Method

[35]

Cheeses Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
acetic acid (B) acetonitrile with 0.1% acetic acid
H-ESI (±)
Orbitrap (full-scan mode 65–1000 m/z)

PCA [36]

Myrtle berry XSelect CSH C18 column (150 × 2.1 mm, 3.5 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
ESI (−)
LTQ-Orbitrap (full-scan mode 200–1600 m/z)

PCA [37]

Saffron Ascentis Express C18 column (100 × 2.1 mm, 2.7 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
formic acid or 10 mM ammonium formate (B) acetonitrile 
with 0.1% formic acid or 10 mM ammonium formate
H-ESI (±)
Q-TOF (full-scan mode 100–1700 m/z)

PCA, 
PLS-DA 
and 
OPLS-DA

[38]

Eggs Thermo Scientific Accucore C18 column (100 × 2.1 mm, 
2.6 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid and 5 mM ammonium acetate (B) methanol 
with 0.1% formic acid and 5 mM ammonium acetate
H-ESI (+)
Q-TOF (full-scan mode 100–1000 m/z)

PCA [25]

Olive oil Acclaim RSLC C18 column (100 × 2.1 mm, 2.2 μm)
Gradient elution (0.2 mL·min−1): (A) water:methanol 
90:10 (v/v) with 5 mM ammonium acetate (B) methanol 
with 5 mM ammonium acetate
H-ESI (−)
Q-TOF (full-scan mode 50–1000 m/z)

PCA [26]

Saffron Phenomenex Kinetex C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4–0.6 mL·min−1): (A) water with 5 mM 
ammonium formate or acetate (B) methanol
H-ESI (±)
Q-TOF (full-scan mode 100–1200 m/z)

PCA and 
OPLS-DA

[27]

Honey Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-Orbitrap (full-scan mode 80–1200 m/z)

PCA and 
PLS-DA

[28]

Beer Hypersil Gold aQ column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.6 mL·min−1): (A) acetonitrile with 
0.1% formic acid (B) water with 0.1% formic acid
H-ESI (±)
LTQ-Orbitrap (full-scan mode 50–1000 m/z)

PCA and 
PLS-DA

[43]

Tiger nut BEH C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4–0.5 mL·min−1): (A) water:methanol 
95:5 (v/v) with 0.1% formic acid and 5 mM ammonium 
formate (B) 2-propanol:methanol:water 65:30:5 (v/v/v) 
with 0.1% formic acid and 5 mM ammonium formate
H-ESI (±)
Q-TOF (full-scan mode 100–1200 m/z)

PCA and 
OPLS-DA

[29]
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provides a great chromatographic separation of semi-polar metabolites, which 
comprise a wide number of compounds (phenolic acids, flavonoids, alkaloids, or 
glycosylated species) that have proved to be useful and interesting for the authenti-
cation of food samples. Although C18 is generally proposed [23–38], some strategies 
have employed other reversed-phases such as HSS T3 [39], C8 [40], and C30 [41]. 
For instance, Black et al. [39] used a HSS T3 column for the separation of potential 
biomarkers able to identify adulteration in oregano samples, while Martinez et al. 
[40] proposed a C8 column with the aim to separate unknown food markers for the 
discrimination of tomato samples obtained in organic or conventional crops.

On the other hand, the enhanced bioavailability of tangerine tomato lycopene 
in front of red tomato lycopene, which is attributed in part to tetra-cis lycopene 
geometric configuration in tangerine variety rather than all-trans configuration of 
red variety, took Cichon et al. [41] to study and compare the metabolomic phyto-
chemical composition between them. A C30 column was chosen for the chromato-
graphic separation taking advantage of its high selectivity toward the separation of 
hydrophobic structurally related isomeric compounds. Even though RPLC is widely 
exploited in these applications, there is a range of polar metabolites (amino acids, 
carbohydrates, sugars, amines, or organic acids) that normally elute in the solvent 
front. Thus, polar endcapped C18 [42, 43] or HILIC [44] columns can be employed 
for their study as they offer an alternative selectivity. As an example, Gallart-Ayala 
et al. [43] used a polar-endcapped C18 column for the separation of moderate polar 
compounds in order to compare beers obtained by different brewing procedures.

Accordingly to targeted approaches, H-ESI is also the most employed ionization 
technique in the non-targeted LC-HRMS approach. However, in this case, normally 
both positive and negative ionization modes are studied [23, 27–30, 32–34, 36, 38, 
39, 42–44], since it is not intended to find determined compounds but rather to 
study which of them provides a solution to the food integrity and authentication 
challenge, even if they are not identified. In some applications, other API sources 
can offer an interesting ionization range as well as less matrix effect. For instance, 
instead of H-ESI, APCI operated in positive ionization mode was used to analyze 
lipophilic extracts of tomato juices detecting a total of 423 compounds among 
which 352 were significantly different between the two types of juices studied [41].

As described in Table 3, hybrid HRMS analyzers (Q-Orbitrap, LTQ-Orbitrap 
and Q-TOF) are also widely employed in non-targeted LC-HRMS methodologies. 
The possibility to study the fragmentation of unknown molecular features allows 
their identification and confirmation in order to establish them as future targeted 
compounds for particular applications. Even though single HRMS analyzers do 

Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Tea Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile
H-ESI (±)
Q-Orbitrap (full-scan mode 100–1500 m/z)

PCA, 
HCA and 
PLS-DA

[30]

Chicken Hypersil Gold aQ column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 100–1000 m/z)

PCA [42]

Soft independent modeling by class analogy (SIMCA).

Table 3. 
Recent advances of non-targeted LC-HRMS methodologies in food integrity and authenticity.
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Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Parmigiano 
Reggiano 
cheese

Kinetex XB C18 column (100 × 3 mm, 2.6 μm)
Gradient elution (0.5 mL·min−1): (A) water with 0.2% 
formic acid (B) acetonitrile with 0.2% formic acid
H-ESI (−)
Orbitrap (full-scan mode 50–900 m/z)

PCA Class 
Method

[35]

Cheeses Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
acetic acid (B) acetonitrile with 0.1% acetic acid
H-ESI (±)
Orbitrap (full-scan mode 65–1000 m/z)

PCA [36]

Myrtle berry XSelect CSH C18 column (150 × 2.1 mm, 3.5 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
ESI (−)
LTQ-Orbitrap (full-scan mode 200–1600 m/z)

PCA [37]

Saffron Ascentis Express C18 column (100 × 2.1 mm, 2.7 μm)
Gradient elution (0.4 mL·min−1): (A) water with 0.1% 
formic acid or 10 mM ammonium formate (B) acetonitrile 
with 0.1% formic acid or 10 mM ammonium formate
H-ESI (±)
Q-TOF (full-scan mode 100–1700 m/z)

PCA, 
PLS-DA 
and 
OPLS-DA

[38]

Eggs Thermo Scientific Accucore C18 column (100 × 2.1 mm, 
2.6 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid and 5 mM ammonium acetate (B) methanol 
with 0.1% formic acid and 5 mM ammonium acetate
H-ESI (+)
Q-TOF (full-scan mode 100–1000 m/z)

PCA [25]

Olive oil Acclaim RSLC C18 column (100 × 2.1 mm, 2.2 μm)
Gradient elution (0.2 mL·min−1): (A) water:methanol 
90:10 (v/v) with 5 mM ammonium acetate (B) methanol 
with 5 mM ammonium acetate
H-ESI (−)
Q-TOF (full-scan mode 50–1000 m/z)

PCA [26]

Saffron Phenomenex Kinetex C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4–0.6 mL·min−1): (A) water with 5 mM 
ammonium formate or acetate (B) methanol
H-ESI (±)
Q-TOF (full-scan mode 100–1200 m/z)

PCA and 
OPLS-DA

[27]

Honey Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-Orbitrap (full-scan mode 80–1200 m/z)

PCA and 
PLS-DA

[28]

Beer Hypersil Gold aQ column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.6 mL·min−1): (A) acetonitrile with 
0.1% formic acid (B) water with 0.1% formic acid
H-ESI (±)
LTQ-Orbitrap (full-scan mode 50–1000 m/z)

PCA and 
PLS-DA

[43]

Tiger nut BEH C18 column (100 × 2.1 mm, 1.7 μm)
Gradient elution (0.4–0.5 mL·min−1): (A) water:methanol 
95:5 (v/v) with 0.1% formic acid and 5 mM ammonium 
formate (B) 2-propanol:methanol:water 65:30:5 (v/v/v) 
with 0.1% formic acid and 5 mM ammonium formate
H-ESI (±)
Q-TOF (full-scan mode 100–1200 m/z)

PCA and 
OPLS-DA

[29]
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provides a great chromatographic separation of semi-polar metabolites, which 
comprise a wide number of compounds (phenolic acids, flavonoids, alkaloids, or 
glycosylated species) that have proved to be useful and interesting for the authenti-
cation of food samples. Although C18 is generally proposed [23–38], some strategies 
have employed other reversed-phases such as HSS T3 [39], C8 [40], and C30 [41]. 
For instance, Black et al. [39] used a HSS T3 column for the separation of potential 
biomarkers able to identify adulteration in oregano samples, while Martinez et al. 
[40] proposed a C8 column with the aim to separate unknown food markers for the 
discrimination of tomato samples obtained in organic or conventional crops.

On the other hand, the enhanced bioavailability of tangerine tomato lycopene 
in front of red tomato lycopene, which is attributed in part to tetra-cis lycopene 
geometric configuration in tangerine variety rather than all-trans configuration of 
red variety, took Cichon et al. [41] to study and compare the metabolomic phyto-
chemical composition between them. A C30 column was chosen for the chromato-
graphic separation taking advantage of its high selectivity toward the separation of 
hydrophobic structurally related isomeric compounds. Even though RPLC is widely 
exploited in these applications, there is a range of polar metabolites (amino acids, 
carbohydrates, sugars, amines, or organic acids) that normally elute in the solvent 
front. Thus, polar endcapped C18 [42, 43] or HILIC [44] columns can be employed 
for their study as they offer an alternative selectivity. As an example, Gallart-Ayala 
et al. [43] used a polar-endcapped C18 column for the separation of moderate polar 
compounds in order to compare beers obtained by different brewing procedures.

Accordingly to targeted approaches, H-ESI is also the most employed ionization 
technique in the non-targeted LC-HRMS approach. However, in this case, normally 
both positive and negative ionization modes are studied [23, 27–30, 32–34, 36, 38, 
39, 42–44], since it is not intended to find determined compounds but rather to 
study which of them provides a solution to the food integrity and authentication 
challenge, even if they are not identified. In some applications, other API sources 
can offer an interesting ionization range as well as less matrix effect. For instance, 
instead of H-ESI, APCI operated in positive ionization mode was used to analyze 
lipophilic extracts of tomato juices detecting a total of 423 compounds among 
which 352 were significantly different between the two types of juices studied [41].

As described in Table 3, hybrid HRMS analyzers (Q-Orbitrap, LTQ-Orbitrap 
and Q-TOF) are also widely employed in non-targeted LC-HRMS methodologies. 
The possibility to study the fragmentation of unknown molecular features allows 
their identification and confirmation in order to establish them as future targeted 
compounds for particular applications. Even though single HRMS analyzers do 

Sample Chromatographic separation and mass spectrometry Data 
analysis

Ref.

Tea Hypersil Gold C18 column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.2 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile
H-ESI (±)
Q-Orbitrap (full-scan mode 100–1500 m/z)

PCA, 
HCA and 
PLS-DA

[30]

Chicken Hypersil Gold aQ column (100 × 2.1 mm, 1.9 μm)
Gradient elution (0.3 mL·min−1): (A) water with 0.1% 
formic acid (B) acetonitrile with 0.1% formic acid
H-ESI (±)
Q-TOF (full-scan mode 100–1000 m/z)

PCA [42]

Soft independent modeling by class analogy (SIMCA).

Table 3. 
Recent advances of non-targeted LC-HRMS methodologies in food integrity and authenticity.
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Figure 5. 
ESI + OPLS-DA scores plot of the fresh samples against the “1 day” samples. Left area dots (0 h), fresh samples; 
right area dots (1D), “1 day” samples. Reproduced from Ref. [33]. Open Access Journals.

not provide fragmentation data of the detected ions, metabolomics data can solve 
authenticity problematics without the identification of any compound (fingerprint-
ing strategy) as previously commented [35].

The first step of non-targeted LC-HRMS approaches data treatment is the 
conversion of raw data in a matrix built by retention time, m/z values and the area 
or signal of each peak detected. Sometimes, chemical interferences are removed 
from the matrix by fixing some parameters to be achieved such as mass tolerance for 
peak alignment, total intensity threshold, maximum peak shift, and S/N threshold. 
At this point, the generated matrix can be treated by univariate or multivariate data 
analysis. For instance, d’Urso et al. [32], who aimed to compare wild strawberry 
samples of different geographical origin (Sarno and Petina, Italy), growing condi-
tions (spontaneous and cultivated populations), and germplasm (autochthonous 
and non-autochthonous), created a unique data matrix from raw data obtained in 
both positive and negative ionization mode in the performed LC-HRMS analysis fol-
lowing a data fusion procedure. PCA was then applied to the data matrix obtaining 
a scores plot that clearly discriminates between spontaneous and cultivated samples 
regardless the other variables. Moreover, a good classification was also observed for 
the five groups of samples studied, which were different combinations of the above 
geographical origin, growing conditions and germplasm mentioned variables.

Anyways, when the objective of the study is the identification of molecular 
features that could behave as a biomarker in food integrity and authenticity, the 
matrix needs to be reduced. Thus, measures like the elimination of those molecular 
features that are not detected in a minimum percentage of the samples or of those 
that are not observed in the quality controls, which usually consists in a mix formed 
by a constant volume of all the analyzed samples, are normally implemented in the 
non-targeted LC-HRMS workflow.

As an example, Cavanna et al. [33], whose objective was the identification 
and selection of biomarkers responsible of the freshness of egg products, pro-
posed a first reduction of data matrix by establishing some critical parameters 
values: (i) precursor ion deviation of 5 and 10 ppm for negative and positive runs, 
respectively, (ii) maximum peak shift of 0.3 min, (iii) a total intensity threshold 
of 1,000,000 AU, and (iv) a 30% of relative intensity tolerance used for isotope 
search. The authors removed the molecular features that showed a coefficient 
of variation bigger than 40% in the quality control sample, which was prepared 
by mixing 10 μL of each extract sample and was injected at the beginning of the 
sequence as well as every 10 samples analyzed. As a clear separation between fresh 
and non-fresh egg samples was observed when making a PCA study on positive 
and negative ionization modes with the reduced matrixes, the authors then applied 
supervised OPLS-DA. As can be seen in Figure 5, an expected increase in the 
discrimination was achieved.
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S-plots, which correspond to OPLS-DA loading plots, and variable importance 
in projection (VIP) values were used to select the most significant features in the 
clusterization of the samples. In order to identify those molecular features, exact 
mass, the isotopic pattern and MS/MS fragmentation were studied. As a result, 12 
compounds were completely identified (standard injection confirm their identity) 
and 19 were tentatively identified by the authors.

4. Summary and concluding remarks

The role of LC-MS and LC-HRMS methodologies to address food integrity and 
authenticity have been presented and discussed by means of some selected applica-
tions published in the last years.

Most of the methods described in the literature opt for RPLC with mainly C18 
columns, with gradient elution using acidified aqueous solutions and methanol or 
acetonitrile as mobile phase components, probably due to the strong capacity of this 
separation mode when dealing with low molecular weight chemicals with a rela-
tively wide range of polarities. The use of other stationary phases such as C18 amide 
or perfluorinated columns are also proposed in some specific applications.

ESI continues to be the ionization source of choice when dealing with LC-MS 
and LC-HRMS analysis of food products, although in some cases other API sources 
are also employed. APPI has shown to provide similar or slightly better sensitivity 
for some specific applications, such as in the case of the determination of polyphe-
nols, but it resulted in a very feasible option when addressing the characterization 
and classification of natural extracts due to the higher robustness of APPI source in 
the presence of matrix effect. Therefore, although it has not been widely exploited 
in food integrity and authenticity issues up to now, it is strongly recommended 
because of the sample matrix complexity of foodstuffs.

Regarding the mass analyzers, QqQ and IT instruments are the chosen ones 
when LRMS is employed, and TOF and Orbitrap analyzers for HRMS applications. 
However, the selection of LC-MS or LC-HRMS methods usually depends on the tar-
geted or non-targeted approach. When targeted strategies are proposed, some spe-
cific biochemical food components are determined as food features to address food 
integrity and authenticity, requiring a quantitation step using standards for each 
targeted component. In those cases, LC-MS(/MS) methodologies, mainly using 
QqQ instruments, are very appropriate due to the low sensitivity attainable with 
these analyzers, and their good performance for quantitative analysis. Obviously, 
LC-HRMS methods providing higher resolution and accurate mass measurements 
are also a very good option for targeted food analysis, although it is more expensive 
and requires a more specialized staff. In order to achieve sample characterization 
and authentication, the comparison of the content and distribution of the targeted 
chemicals is sometimes enough, but the use of chemometric methods to try to find 
food feature similarities between the analyzed samples is highly recommended, 
especially when both the number of samples and the number of targeted bioactive 
substances increase.

In many applications, the quantitation of some chemicals may be a difficult 
task due to food matrix complexity, especially due to the possibility of unknown 
interfering compounds. In those cases, non-targeted approaches (based on metabo-
lomic fingerprinting) using LC-HRMS have shown to be the best option to address 
food integrity and authenticity. As non-targeted analysis is performed, the high 
resolution and accurate mass measurements attainable with TOF and Orbitrap 
instruments are required. In non-targeted approaches, the measurement of peak 
intensity values as a function of m/z and retention times is frequently enough to 
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Figure 5. 
ESI + OPLS-DA scores plot of the fresh samples against the “1 day” samples. Left area dots (0 h), fresh samples; 
right area dots (1D), “1 day” samples. Reproduced from Ref. [33]. Open Access Journals.

not provide fragmentation data of the detected ions, metabolomics data can solve 
authenticity problematics without the identification of any compound (fingerprint-
ing strategy) as previously commented [35].

The first step of non-targeted LC-HRMS approaches data treatment is the 
conversion of raw data in a matrix built by retention time, m/z values and the area 
or signal of each peak detected. Sometimes, chemical interferences are removed 
from the matrix by fixing some parameters to be achieved such as mass tolerance for 
peak alignment, total intensity threshold, maximum peak shift, and S/N threshold. 
At this point, the generated matrix can be treated by univariate or multivariate data 
analysis. For instance, d’Urso et al. [32], who aimed to compare wild strawberry 
samples of different geographical origin (Sarno and Petina, Italy), growing condi-
tions (spontaneous and cultivated populations), and germplasm (autochthonous 
and non-autochthonous), created a unique data matrix from raw data obtained in 
both positive and negative ionization mode in the performed LC-HRMS analysis fol-
lowing a data fusion procedure. PCA was then applied to the data matrix obtaining 
a scores plot that clearly discriminates between spontaneous and cultivated samples 
regardless the other variables. Moreover, a good classification was also observed for 
the five groups of samples studied, which were different combinations of the above 
geographical origin, growing conditions and germplasm mentioned variables.

Anyways, when the objective of the study is the identification of molecular 
features that could behave as a biomarker in food integrity and authenticity, the 
matrix needs to be reduced. Thus, measures like the elimination of those molecular 
features that are not detected in a minimum percentage of the samples or of those 
that are not observed in the quality controls, which usually consists in a mix formed 
by a constant volume of all the analyzed samples, are normally implemented in the 
non-targeted LC-HRMS workflow.

As an example, Cavanna et al. [33], whose objective was the identification 
and selection of biomarkers responsible of the freshness of egg products, pro-
posed a first reduction of data matrix by establishing some critical parameters 
values: (i) precursor ion deviation of 5 and 10 ppm for negative and positive runs, 
respectively, (ii) maximum peak shift of 0.3 min, (iii) a total intensity threshold 
of 1,000,000 AU, and (iv) a 30% of relative intensity tolerance used for isotope 
search. The authors removed the molecular features that showed a coefficient 
of variation bigger than 40% in the quality control sample, which was prepared 
by mixing 10 μL of each extract sample and was injected at the beginning of the 
sequence as well as every 10 samples analyzed. As a clear separation between fresh 
and non-fresh egg samples was observed when making a PCA study on positive 
and negative ionization modes with the reduced matrixes, the authors then applied 
supervised OPLS-DA. As can be seen in Figure 5, an expected increase in the 
discrimination was achieved.
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S-plots, which correspond to OPLS-DA loading plots, and variable importance 
in projection (VIP) values were used to select the most significant features in the 
clusterization of the samples. In order to identify those molecular features, exact 
mass, the isotopic pattern and MS/MS fragmentation were studied. As a result, 12 
compounds were completely identified (standard injection confirm their identity) 
and 19 were tentatively identified by the authors.

4. Summary and concluding remarks

The role of LC-MS and LC-HRMS methodologies to address food integrity and 
authenticity have been presented and discussed by means of some selected applica-
tions published in the last years.

Most of the methods described in the literature opt for RPLC with mainly C18 
columns, with gradient elution using acidified aqueous solutions and methanol or 
acetonitrile as mobile phase components, probably due to the strong capacity of this 
separation mode when dealing with low molecular weight chemicals with a rela-
tively wide range of polarities. The use of other stationary phases such as C18 amide 
or perfluorinated columns are also proposed in some specific applications.

ESI continues to be the ionization source of choice when dealing with LC-MS 
and LC-HRMS analysis of food products, although in some cases other API sources 
are also employed. APPI has shown to provide similar or slightly better sensitivity 
for some specific applications, such as in the case of the determination of polyphe-
nols, but it resulted in a very feasible option when addressing the characterization 
and classification of natural extracts due to the higher robustness of APPI source in 
the presence of matrix effect. Therefore, although it has not been widely exploited 
in food integrity and authenticity issues up to now, it is strongly recommended 
because of the sample matrix complexity of foodstuffs.

Regarding the mass analyzers, QqQ and IT instruments are the chosen ones 
when LRMS is employed, and TOF and Orbitrap analyzers for HRMS applications. 
However, the selection of LC-MS or LC-HRMS methods usually depends on the tar-
geted or non-targeted approach. When targeted strategies are proposed, some spe-
cific biochemical food components are determined as food features to address food 
integrity and authenticity, requiring a quantitation step using standards for each 
targeted component. In those cases, LC-MS(/MS) methodologies, mainly using 
QqQ instruments, are very appropriate due to the low sensitivity attainable with 
these analyzers, and their good performance for quantitative analysis. Obviously, 
LC-HRMS methods providing higher resolution and accurate mass measurements 
are also a very good option for targeted food analysis, although it is more expensive 
and requires a more specialized staff. In order to achieve sample characterization 
and authentication, the comparison of the content and distribution of the targeted 
chemicals is sometimes enough, but the use of chemometric methods to try to find 
food feature similarities between the analyzed samples is highly recommended, 
especially when both the number of samples and the number of targeted bioactive 
substances increase.

In many applications, the quantitation of some chemicals may be a difficult 
task due to food matrix complexity, especially due to the possibility of unknown 
interfering compounds. In those cases, non-targeted approaches (based on metabo-
lomic fingerprinting) using LC-HRMS have shown to be the best option to address 
food integrity and authenticity. As non-targeted analysis is performed, the high 
resolution and accurate mass measurements attainable with TOF and Orbitrap 
instruments are required. In non-targeted approaches, the measurement of peak 
intensity values as a function of m/z and retention times is frequently enough to 
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achieved food integrity and authenticity. Obviously, due to the huge amount of data 
obtained, especially when working in full-scan mode, the use of chemometrics is 
mandatory. Nevertheless, it has been reported that when dealing with metabolomic 
HRMS methodologies, the final annotated metabolites are strongly dependent on 
the global experimental approach employed (sample treatment, separation and 
detection, instrumentation employed, etc.). This is very important when searching 
for possible food biomarkers, as those will depend on the methodology used.

In conclusion, targeted and non-targeted LC-MS and LC-HRMS methodologies, 
especially in combination with multivariate chemometric methods, are powerful 
tools to address a hot topic nowadays such as food integrity and authenticity, and 
the number of publications in this field will continue to increase in the near future.
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Large Molecule Fragmentation
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Extraction Time-of-Flight Mass
Spectroscopy
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Abstract

A time-of-flight mass spectrometer with a pulsed electron beam, delayed and
pulsed extraction of the recoil ion is reported. This new technique is named as
Delayed Extraction Time of Flight Mass Spectrometer (DEToF). The effectiveness
of this technique is highlighted by studying the statistical decay of mono-cations
over microsecond timescales from large molecules. Various details of the design and
operation are performed in the context of electron impact ionization and fragmen-
tation of few PAHs, naphthalene (C10H8), quinoline (C9H8N) and it isomer
Isoquinoline (C9H8N) and are used as a test bench mark for large molecules frag-
mentation dynamics using DEToF. In this chapter we discuss the fragmentation
dynamics of Naphthalene molecule and time evolution of various fragmentation
channels of these PAH, explored using a rapid but delayed extraction of recoil ions.
The temporal behavior of acetylene (C2H2), HCN, diacetylene (C4H2) and
C2H2+HCN loss are observed and compared with the associated Arrhenius decay
constant, internal energy and plasmon excitation energy.

Keywords: large molecule spectroscopy, delayed extraction time of flight, PAHs

1. Introduction

Large molecules in general and in particular, polycyclic aromatic hydrocarbons
(PAHs) are found in the terrestrial environment as well as in the interstellar
medium abundantly [1]. They are primarily formed on earth by the incomplete
combustion of organic molecules. The origin of Diffuse Interstellar Bands (DIBs),
that are absorption features seen in the spectra of astronomical objects in optical
and infrared wavelengths has been attributed to PAHs [2]. Considering the abun-
dance of high energy radiation in the interstellar medium, it remains an interesting
endeavor to understand the mechanism behind the survivability of PAHs in such
environments. Because of such astronomical significance, the interaction of PAHs
with photons and charged particles has seen renewed interest in the last couple of
decades. Even in recent times, several results have been reported globally on the
topic of ion-PAH collisions [3–6]. In addition, detailed experiments are being car-
ried out using synchrotron radiation sources [7]. High energy electron interaction
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A time-of-flight mass spectrometer with a pulsed electron beam, delayed and
pulsed extraction of the recoil ion is reported. This new technique is named as
Delayed Extraction Time of Flight Mass Spectrometer (DEToF). The effectiveness
of this technique is highlighted by studying the statistical decay of mono-cations
over microsecond timescales from large molecules. Various details of the design and
operation are performed in the context of electron impact ionization and fragmen-
tation of few PAHs, naphthalene (C10H8), quinoline (C9H8N) and it isomer
Isoquinoline (C9H8N) and are used as a test bench mark for large molecules frag-
mentation dynamics using DEToF. In this chapter we discuss the fragmentation
dynamics of Naphthalene molecule and time evolution of various fragmentation
channels of these PAH, explored using a rapid but delayed extraction of recoil ions.
The temporal behavior of acetylene (C2H2), HCN, diacetylene (C4H2) and
C2H2+HCN loss are observed and compared with the associated Arrhenius decay
constant, internal energy and plasmon excitation energy.
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1. Introduction

Large molecules in general and in particular, polycyclic aromatic hydrocarbons
(PAHs) are found in the terrestrial environment as well as in the interstellar
medium abundantly [1]. They are primarily formed on earth by the incomplete
combustion of organic molecules. The origin of Diffuse Interstellar Bands (DIBs),
that are absorption features seen in the spectra of astronomical objects in optical
and infrared wavelengths has been attributed to PAHs [2]. Considering the abun-
dance of high energy radiation in the interstellar medium, it remains an interesting
endeavor to understand the mechanism behind the survivability of PAHs in such
environments. Because of such astronomical significance, the interaction of PAHs
with photons and charged particles has seen renewed interest in the last couple of
decades. Even in recent times, several results have been reported globally on the
topic of ion-PAH collisions [3–6]. In addition, detailed experiments are being car-
ried out using synchrotron radiation sources [7]. High energy electron interaction

25



with PAHs, on the other hand, has not been investigated in the context of radiation
tolerance of PAHs.

High energy photon impact studies are often made using synchrotron radiation
sources [8–10] with atoms or molecules as targets. Such mass spectrometric tech-
niques along with the secondary electron selectivity methods like photoelectron-
photoion coincidence (PEPICO) spectroscopy and threshold photoelectron-
photoion coincidence (T-PEPICO) spectroscopy helps in determining the appear-
ance energy and time scales of various dissociation channels of molecules very
accurately. By modeling the line shape of the mass spectrum that arises due to slow
decay, corresponding decay constant can be measured for microsecond range [11].
Longer decay times are probed using ion traps with variable extraction time [12]. It
is essential to note that the excitation mechanism in conjunction with the appropri-
ate electron spectrometer gives a very narrow range of internal energy left in the
molecule. In particular, near the threshold, the internal energy is generally larger
than the original thermal energy of the molecule, leading to resulting decay con-
stants also range in a narrow band of values. Considering that the Arrhenius law
decay rates are extremely sensitive to the internal energy, this factor very impor-
tantly implies that the decay rates with such secondary electron gated species will
lie in a narrow range. Charged particle interaction with molecules will have a much
broader range of internal energies and a precise value of decay constant cannot be
obtained even with a suitable secondary electron energy gating. Hence modeling of
exact decay curve for charged particle collision induced dissociation is deemed
impractical. Moreover often minor fragmented peaks will interfere with the tail of
mass spectrum due to isotopic effects or due to the presence of many hydrogen
atoms in the molecule.

Electron impact ionization is one of the oldest mass spectrometric tools but it
mainly focuses on identifying the possible ionization and fragmentation channels
particularly between 70 and 100 eV energy. Typically, the mass spectrometric data
available in the database is taken in this range, because ionization cross-section
normally peaks in this region [13]. In past, several electron impact ionization inves-
tigations have been done mainly on inert gasses, diatomic or triatomic molecular
gasses. Several experiments and modeling attempts have been made for such studies
with electron energy up to few keV [14–16]. But such studies are very rare for larger
molecules; the main reason is the complexity of a large number of decay channels,
difficulties in separating indirect from direct ionization processes. For large
molecules there are few attempts have been made in some specific cases for
target specific energy loss modeling within the charged particle interaction with
molecules [17].

The stability of PAHs during the interaction of charged particles, cosmic rays
and photon sources in the interstellar medium is of our interest [4, 7]. It has been
shown conclusively that for charged particle interaction with naphthalene, the
plasmon excitation is a major channel particularly at high velocities of projectile
wherein the other processes have diminishing cross section [4]. It is also seen that
acetylene (C2H2) loss comes as a by-product of such plasmon excitation with a very
specific range of decay constants. We use naphthalene as a model since it exhibits
many general spectroscopic and structural properties of larger PAHs [18]. An
attempt is made to investigate the interaction of high energy electron beam with
PAHs and assess the time dependence of C2H2 evaporation in comparison with the
other channels using a Time-of-Flight (ToF) mass spectrometer. Recent studies on
benzene using PEPICO highlight the importance of the time variation of the decay
channel [11]. We explore the time evolution of various decay channels within the
first 5 μs of naphthalene ionization. This is achieved by the correlated pulsing of the
electron source and recoil ion extraction field. We specifically target C2H2 and
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diacetylene (C4H2) evaporation process to identify the influence of plasmon exci-
tation at different electron beam energies up to 1 keV.

The pulsed extraction of ions in a ToF setup can be used to analyze the evolution
of a time-dependent population of various fragmentation channels. If the decay
constants are in the range of 105 � 106, then the thermal velocity dispersion does
not affect the collection efficiency if it becomes possible to probe the system within
sufficient time. Even though such a unique system has limited applicability, it has
helped in our present investigation to study the evaporative loss from a PAH
molecule due to electron impact and the decay rate for acetylene and diacetylene
loss in naphthalene has been shown to have decay constant in the range of 105 � 106

sec �1 at 8–9 eV internal energy [12, 18]. So, the decay time of acetylene and
diacetylene is of the order of 1–10 μs. The ionization potential of naphthalene is
8.12 eV [19] and the plasmon resonance of naphthalene is observed at 17 eV [4]. The
instrumentation presented here is very effective under such conditions.

2. Experimental set-up

For detection of product ions we use a Wiley-McLaren type time-of-flight mass
spectrometer [20] with the pulsed extraction technique. The experimental set-up
with the data acquisition system is shown in Figure 1. This experimental set-up
consists of pusher (labeled as P1 in Figure 1) as well as puller (labeled as P2 in
Figure 1) plates of thickness 1 mm and outer diameter of 105 mm and the puller
plate has an opening diameter of 26 mm and for field uniformity that is covered
with a nickel mesh characterized by 40 lines per inch, which allows a transmission
efficiency of 95% of the molecular ions. For the field-free drift of ions, we have a
drift tube of length 200 mmwith an opening of 25 mm covered by a nickel mesh for
field uniformity. Between pusher (P1) and puller plates (P2) there is 16 mm gap
while that between the puller and the drift tube is 5 mm. A low current – high
energy (1–5 keV) electron gun is used for ionizing the target molecule, which is
custom made using CRT tube. Electron gun produces electron from filament via
thermionic emission with a current of typically about 180 mA. There are two sets of

Figure 1.
The developed experimental set-up.
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with PAHs, on the other hand, has not been investigated in the context of radiation
tolerance of PAHs.
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sources [8–10] with atoms or molecules as targets. Such mass spectrometric tech-
niques along with the secondary electron selectivity methods like photoelectron-
photoion coincidence (PEPICO) spectroscopy and threshold photoelectron-
photoion coincidence (T-PEPICO) spectroscopy helps in determining the appear-
ance energy and time scales of various dissociation channels of molecules very
accurately. By modeling the line shape of the mass spectrum that arises due to slow
decay, corresponding decay constant can be measured for microsecond range [11].
Longer decay times are probed using ion traps with variable extraction time [12]. It
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ate electron spectrometer gives a very narrow range of internal energy left in the
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impractical. Moreover often minor fragmented peaks will interfere with the tail of
mass spectrum due to isotopic effects or due to the presence of many hydrogen
atoms in the molecule.
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available in the database is taken in this range, because ionization cross-section
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many general spectroscopic and structural properties of larger PAHs [18]. An
attempt is made to investigate the interaction of high energy electron beam with
PAHs and assess the time dependence of C2H2 evaporation in comparison with the
other channels using a Time-of-Flight (ToF) mass spectrometer. Recent studies on
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The pulsed extraction of ions in a ToF setup can be used to analyze the evolution
of a time-dependent population of various fragmentation channels. If the decay
constants are in the range of 105 � 106, then the thermal velocity dispersion does
not affect the collection efficiency if it becomes possible to probe the system within
sufficient time. Even though such a unique system has limited applicability, it has
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drift tube of length 200 mmwith an opening of 25 mm covered by a nickel mesh for
field uniformity. Between pusher (P1) and puller plates (P2) there is 16 mm gap
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custom made using CRT tube. Electron gun produces electron from filament via
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positional X-Y deflectors mounted after the focusing lens and two apertures
(A1,A2), one between the two deflector sets (A1) and the other after the deflectors
(A2), to discriminate the secondary electrons from the internal scattering of the
beam. The whole electron gun assembly is floated, which voltage is decides the
electron beam energy. A pulsed switch with a variable ON time width is used to
operate the electron gun. For pulsed extraction ToF, a high voltage in the push-pull
mode with a 50 ns rise and fall time is used which is a home-built high voltage
MOSFET switch. A cylindrical Faraday cup made from stainless steel (SS-304), of
length 100 mm and radius 25 mm to collect electron beam. This Faraday cup is
placed at a distance of 50 mm from the exit of the interaction region. The Faraday
cup is biased to +36 V using batteries to collect projectile electrons as well as the
secondary electrons produced by the primary beam due to collision with Faraday
cup wall. The intended target molecule is introduced into the interaction zone that
is well localized in space through a fine capillary of internal diameter 300 microns
and length of 15 mm. To avoid any possible secondary electron emission due to the
electron beam colliding with the capillary, the capillary exit is kept nearly 5 mm
away from the center of the ToF interaction region. A channel electron multiplier
(CEM) is used for the detection of molecular ions, which is biased to a voltage of
�2600 V. The electron gun, the pusher and puller plates are pulsed as per our
pulsing sequence for delayed time-of-flight mass spectrometry as shown in
Figure 2. Molecular ions produced due to electron impact (in the well-focused
interaction region) are accelerated by the electric field and compensated for the
special spread in the second region before entering the field-free drift tube followed
by the ion detector. A multi-hit time-to-digital converter [Agilent TDC (Model:
U1051A)] is employed as part of data acquisition system. To filter out the noises
picked up by the detector due to switching pulses, we use a desired gate pulse.

Stainless steel (SS� 304) high vacuum chamber with metal joints are used to
place the whole experimental setup. For better alignment, the time-of-flight mass
spectrometer is mounted along the axis of the chamber and electron gun in perpen-
dicular to its axis which ensure the cross beam (perpendicular) interaction of
projectile beam and the molecular jet. There are several auxiliary ports for pumping,
electrical connections and vacuum gauges. The whole chamber is pumped by two

Figure 2.
Pulsing sequence used for delayed extraction time-of-flight mass spectrum.
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turbo molecular vacuum pumps backed by a rotary pump. The pressure of the
chamber goes down to 5:8� 10�8 mbar, that rises up to a maximum of 5:0� 10�7

mbar with the target gas. With naphthalene as the target, no heating was
required due to the relatively large vapor pressure at 300 K. With the naphthalene
target (has a purity greater than 98 %), the chamber pressure was maintained
at � 3:0� 10�7 mbar.

3. High voltage MOSFET switch

Electron beams are very sensitive to electrode voltages and hence in a time of
flight spectrometer used in electron impact studies, they need special arrangement
to limit the effect of the extraction voltages on the pusher and puller. Usually, this
can be achieved by pulsing the extraction voltages. Switching noise pickup on the
detector channels are the major complications with this arrangement. The electron
beam cannot be allowed to persist during the extraction process, failing to which the
beam might cause a large number of secondary electrons produced due to the
deflected beam hitting the electrodes and then causing additional undesired ioniza-
tion events. While we extracting the recoil ions it becomes essential to blank the
electron beam. For this purpose, the present experiment with electron impact
ionization requires two sets of fast switches, one set for switching electron beam
and the other for switching of pusher and puller simultaneously. By using commer-
cial off the shelf power MOSFETs we built fast switches to achieve this. Very
commonly used fast single output switches are detailed in few literature for various
applications [21–24]. Dual output fast pulsers for time-of-flight mass spectrometry
are also available commercially, but are quite expensive generally.

It is necessary to have a pair of switches which can operate in a synchronized
manner to switch the pusher and puller plates in the spectrometer which enables us
to control the extraction cycle accurately. We use a pair of fast power MOSFETs
triggered in synchronism to achieve this. A brief schematic of the high voltage
MOSFET switch circuit is as shown in Figure 3. In order to minimize the probability
of damage to the external TTL pulse generator due to noise produced by the high

Figure 3.
Schematic of high voltage MOSFET switch (push-pull).
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voltage section of the circuit, the TTL pulse is passed through several logic gates.
This pulse is then used to trigger a MOSFET driver (IC31415P) and the output of the
driver is fed to a toroidal transformer with single primary (two turns) and a pair of
secondary (five turns each). Gate of the main power MOSFET is controlled by each
of the two outputs, triggers a pair of small signal MOSFETs (BS170) which in turn
control the. We have tested the switch with voltages as high as �300 V and could
achieve rise/fall times of less than 50 ns with load (shown in Figure 4b, c).
Figure 4a shows the fall/rise time at the end of the pulse was about 5 μs (note push-
pull mode fall time) and was not necessary to improve as it played no role in the
measurement.

A pair of deflectors and an aperture in between are used to achieve the electron
beam pulsing. A single output MOSFET switch is used for one of the deflectors
closer to the electron gun and this switch was derived from the same circuit
described above but by using only one branch and using a cascade of four identical
MOSFETs to achieve pulsing ability for voltages as high as �2000 V.

4. Simulation

For optimized geometry as well as voltages for ion trajectory (as shown in
Figure 5a, we performed the Simulation of our time-of-flight mass spectrometer
with SIMION8.0 [25]. We simulated conditions with as much as 2.5 mm

Figure 4.
High voltage MOSFET switch output (a) push-pull mode, (b) rise time ð<50nSÞ in push mode, (c) fall time
ð<50nSÞ in pull mode.

Figure 5.
(a) Trajectory simulated for naphthalene (C10H8) with 480 μm/μs velocity from different position (colored as
blue, green, black, white, brown) in the interaction region (b) Particle distribution in the interaction region.
Red contours are the equipotential lines.
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displacement of the center of the interaction region along the ToF axis as well as in
the direction perpendicular to the ToF axis (Figure 5b). From our simulation the
collection efficiency is estimated by assuming a spherical distribution of the source
of diameter 6 mm and assuming an rms velocity twice as large as the value of 300 K
that is 480 μm/μs is as the worst case scenario and in all the cases, we could achieve
100% collection efficiency. The electron beam is pulsed with a width of 500 ns. By
using deflector blank pulsing method the pulse rise and fall times of 50 ns was
obtained, where we pulse the deflector just before the first aperture and hence the
electron pulse was effectively on for about 400 ns. The molecular ion extraction
field (i.e., pusher-puller plates) is pulsed to 125 V/cm to extract the ions immedi-
ately after electron beam pulse is deflected off. The pusher-puller pulse are delayed
for delayed extraction of molecular ions, for various delay times with reference to
the electron beam pulse. From our calculation 99.9% of the naphthalene intact ions
are expected to have thermal velocities less than 480 μm/μs at room temperature
and this implies that they can move only 2.5 mm in 5 μs, as our simulations gave us
the freedom of shifting the source position of the naphthalene target over the range
of 2.5 mm. Thus, we have considered 5 microseconds as the maximum value of our
delayed extraction time. The effect of the rise time of the extraction voltage to the
molecular velocity spread is numerically calculated, which is 20 μm/μs for naph-
thalene molecule. So by taking into consideration the spread in thermal velocity, as
well as the field effect for naphthalene molecule, the total spread in the velocity is
expected to be a maximum of 500 μm/μs. In this case also we could achieve collec-
tion efficiency of 100% as per our simulation.

5. Result and discussions

Various projectile electron beam energy values with varying amounts of delay
between the electron pulse-off and extraction pulse-on time are used for recording
the Naphthalene mass spectra. The mass spectra obtained at different beam ener-
gies, as well as extraction delays, are systematically normalized to the single ioniza-
tion peak area. For comparison between different beam energies and delay
combinations, the area of each individual peak after such normalization could
directly be considered.

A typical mass spectra is dominated by singly ionized naphthalene molecule
followed by prominent peaks originating due to acetylene evaporation losses, as
well as intact di-cation, and di-cation with H2=2H2 loss as shown in Figure 6. There
are several energetic fragmentation channels are also visible but are not as promi-
nent. The intensity of single C loss and minimal intensity of 3C loss are hardly seen.
The single ionization peak is preceded by one or two H atom loss is in general. The
mass spectra reported here is not discernible due to our modest resolution. The
possible loss of multiple H along with acetylene loss is negligible as shown in the
acetylene loss region. On the other hand, the diacetylene loss region, shows two
clear peaks due to loss of C4H2 and C4H4 and the latter could be due to the
sequential loss of two acetylene molecules. Significantly, the peak following mass at
64 mass units can be assigned clearly to the di-cation. The formation of exactly half
mass fragment for naphthalene is highly improbable unless it is accompanied by
several other peaks due to the concurrent loss of multiple H atoms and that would
cause a large spread in the mass spectra. A dominant 2H=H2 loss channel is observed
with about 50% of the di-cation peak intensity and a fast evaporation of neutral 2H
or H2 and hence a large internal energy deposition due to low impact parameter
collision is indicated distinct appearance of such a peak. We could ignore safely the
2H loss channel as it is observed to be less likely in previous investigations as
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displacement of the center of the interaction region along the ToF axis as well as in
the direction perpendicular to the ToF axis (Figure 5b). From our simulation the
collection efficiency is estimated by assuming a spherical distribution of the source
of diameter 6 mm and assuming an rms velocity twice as large as the value of 300 K
that is 480 μm/μs is as the worst case scenario and in all the cases, we could achieve
100% collection efficiency. The electron beam is pulsed with a width of 500 ns. By
using deflector blank pulsing method the pulse rise and fall times of 50 ns was
obtained, where we pulse the deflector just before the first aperture and hence the
electron pulse was effectively on for about 400 ns. The molecular ion extraction
field (i.e., pusher-puller plates) is pulsed to 125 V/cm to extract the ions immedi-
ately after electron beam pulse is deflected off. The pusher-puller pulse are delayed
for delayed extraction of molecular ions, for various delay times with reference to
the electron beam pulse. From our calculation 99.9% of the naphthalene intact ions
are expected to have thermal velocities less than 480 μm/μs at room temperature
and this implies that they can move only 2.5 mm in 5 μs, as our simulations gave us
the freedom of shifting the source position of the naphthalene target over the range
of 2.5 mm. Thus, we have considered 5 microseconds as the maximum value of our
delayed extraction time. The effect of the rise time of the extraction voltage to the
molecular velocity spread is numerically calculated, which is 20 μm/μs for naph-
thalene molecule. So by taking into consideration the spread in thermal velocity, as
well as the field effect for naphthalene molecule, the total spread in the velocity is
expected to be a maximum of 500 μm/μs. In this case also we could achieve collec-
tion efficiency of 100% as per our simulation.

5. Result and discussions

Various projectile electron beam energy values with varying amounts of delay
between the electron pulse-off and extraction pulse-on time are used for recording
the Naphthalene mass spectra. The mass spectra obtained at different beam ener-
gies, as well as extraction delays, are systematically normalized to the single ioniza-
tion peak area. For comparison between different beam energies and delay
combinations, the area of each individual peak after such normalization could
directly be considered.

A typical mass spectra is dominated by singly ionized naphthalene molecule
followed by prominent peaks originating due to acetylene evaporation losses, as
well as intact di-cation, and di-cation with H2=2H2 loss as shown in Figure 6. There
are several energetic fragmentation channels are also visible but are not as promi-
nent. The intensity of single C loss and minimal intensity of 3C loss are hardly seen.
The single ionization peak is preceded by one or two H atom loss is in general. The
mass spectra reported here is not discernible due to our modest resolution. The
possible loss of multiple H along with acetylene loss is negligible as shown in the
acetylene loss region. On the other hand, the diacetylene loss region, shows two
clear peaks due to loss of C4H2 and C4H4 and the latter could be due to the
sequential loss of two acetylene molecules. Significantly, the peak following mass at
64 mass units can be assigned clearly to the di-cation. The formation of exactly half
mass fragment for naphthalene is highly improbable unless it is accompanied by
several other peaks due to the concurrent loss of multiple H atoms and that would
cause a large spread in the mass spectra. A dominant 2H=H2 loss channel is observed
with about 50% of the di-cation peak intensity and a fast evaporation of neutral 2H
or H2 and hence a large internal energy deposition due to low impact parameter
collision is indicated distinct appearance of such a peak. We could ignore safely the
2H loss channel as it is observed to be less likely in previous investigations as
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demonstrated by Jochims et al. [8] and thus unless stated explicitly otherwise, we
will only refer to H2 loss possibility wherever the loss of 2 mass units is concerned.
The effect is even stronger in the case of di-cation that a large peak is observed at
51 mass units coming from di-cation of naphthalene with the loss of one acetylenes
and the acetylene loss competes with H loss in the case of single ionization. Simi-
larly, this peak is again accompanied by H2 loss along with acetylene loss. As shown
earlier in ion-PAH collisions studies [4, 6] we see the dominant H2 channel. It is
C3Hþ

3 and C3Hþ
4 that dominate the spectra and the rest largely come as by-products

of various decay channels in the mass region near 39 units.

Figure 6.
The mass spectrum of naphthalene(C10H8) at 1000 eV electron impact (Inset: naphthalene fragments).

Figure 7.
Projectile electron beam energy dependence of different decay channel with zero delay time extraction. Decay
channels are labeled as listed above.

32

Mass Spectrometry - Future Perceptions and Applications

For low-Z targets like hydrocarbons, the projectile energy dependence of the
electron impact ionization process is very commonly known to peak at about 70–
100 eV and at higher energy, the cross section varies as lnE=E. Interestingly, the
acetylene loss channel that shows a distinctly different behavior, as seen from
Figure 7 except that all the channels considered here follow a similar trend.

Thus, we have considered the following decay channels for our analysis.

i. C10H8 þ e� ! C10Hþ
8 þ 2e�

ii. C10H8 þ e� ! C8Hþ
6 þ C2H2 þ 2e�

iii. C10H8 þ e� ! C8Hþ
5 þ C2H2 þHþ 2e�

iv. C10H8 þ e� ! C6Hþ
6 þ C4H2 þ 2e�

v. C10H8 þ e� ! C6Hþ
5 þ C2H2 þ C2Hþ 2e�

vi. C10H8 þ e� ! C6Hþ
4 þ C4H4 2� C2H2ð Þ þ 2e�

vii. C10H8 þ e� ! C5Hþ
3 þ C2H2 þ C3H3 þ 2e�

viii. C10H8 þ e� ! C4Hþ
4 þ C4H2 þ C2H2 þ 2e�

ix. C10H8 þ e� ! C4Hþ
3 þ 2� C2H2 þ C2Hþ 2e�

x. C10H8 þ e� ! C4Hþ
2 þ 3� C2H2 þ 2e�

xi. C10H8 þ e� ! C3Hþ
3 þ C3H3 þ C4H2 þ 2e�

xii. C10H8 þ e� ! C10Hþþ
8 þ 3e�

xiii. C10H8 þ e� ! C10Hþþ
6 þ 2H=H2 þ 3e�

xiv. C10H8 þ e� ! C8Hþþ
6 þ C2H2 þ 3e�

xv. C10H8 þ e� ! C8Hþþ
4 þ C2H2 þ 2H=H2 þ 3e�

The loss of one or more H atom from the intact mono-cation is not shown
explicitly in the list but is one of the most important channels. As observed by
Gotkis et al., the primary decay channel for naphthalene is either H loss or acetylene
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The loss of one or more H atom from the intact mono-cation is not shown
explicitly in the list but is one of the most important channels. As observed by
Gotkis et al., the primary decay channel for naphthalene is either H loss or acetylene
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loss [12]. It should be noted that the loss of multiple H and acetylene fragments are
the prominent statistical decay modes for PAHs and therefore they can be very
useful in understanding the dynamics of the internal degrees of freedom in PAHs.
Acetylene loss is clearly the most useful channel to study from the data we present
here. Higher order ionizations like double and triple ionization are low impact
parameter processes and thus a detailed direct coulomb interaction model is more
relevant in such cases. In this study our main goal is to explore the plasmon excita-
tion which is a large impact parameter process and it is known to produce singly
charged cations for the case of PAHs [26]. We expect strong dynamical and statis-
tical effects in the singly charged naphthalene ions and the associated evaporation
products like single and double acetylene loss in our case. Various decay channels
are referred in the manuscript according to the numbers given in the list above.

Jochims et al. are discussed the reaction sequence for acetylene loss and the
formation of phenyl-acetylene C8Hþ

6 from C10H8 in detail [26]. An intermediate is
formed by the breaking of the transannular bond accompanied by the migration of
H in the naphthalene cation and this is followed by the successive cleavage of C-C
bond with a loss of C2H2 molecule and the formation of polyacetylene cation [26].

The first six decay channels are considered here with mono-cations and the rest
may come from very energetic mono-cation or di-cation. Thus the processes
governing the production of the latter decay channels can be treated as low impact
parameter and high internal energy channels. And subsequently these decay chan-
nels are expected to have substantially large decay rates compared to the decay rates
for mono-cations leading to decay channels ii and iii. This unique behavior is
evident as shown in Figure 8a–c in which plot the relative intensity of all the decay
channels at 250, 500 and 1000 eV electron impact energies. The very first clear
observation is that the decay channels ii evolve very differently compared to the
rest of the channels as a function of extraction delay and this can be seen in
Figure 9a, b. The diacetylene loss channel show an increase in the yield fraction
followed by a steady population or a slight decrease up to 5 μs extraction delay on
the other hand, the last five decay channels show a clear decrease from the zero
delay onwards. This decay behaviors indicates that the last five reactions have decay
rates that are much larger than 106 and assuming these arise from the statistical
dissociation.

The interaction energy for the formation of larger sized fragments according to
reactions iv - viii needs to be well above 22 eV as discussed by Ruhl et al. [18]. The
plasmon excitation is expected to peak at about 17 eV [26]. In the data for each
beam energy, we observe that compared to the acetylene loss the decay channel iii
peak shows a faster rate of change and this can be understood from the fact that the
decay rate of channel iii is marginally higher than that of the acetylene loss channel.
Interestingly we see a gradual decrease in the relative intensity of all the daughter
channels as a function of projectile energy. We can assign two major possibly for the
decay channel iii: [1] neutral acetylene evaporation from mono-cation and [2] the
dissociation of C4Hþ

2 fragment. Moreover, this could also be the C4Hn fragment but
it is not resolved well in our spectra. The population of evaporative products grows
substantially in earlier times and after about 3 μs, it starts to drop again and
behavior is seen even at 500 and 1000 eV beam energies. This suggesting that the
first increase comes due to plasmon excitation and reduces its contribution as we go
to higher beam energies and this observation is in complete agreement with the
behavior seen in decay channel ii. On the other hand, the rest of the channels, show
gradual and continuous decrease in yield with extraction delay time. In the case of
decay channel ii, the scales are longer than that for channel ii is seen. The decay
channel iv to viii represents more energetic processes and hence show a decrease in
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population fraction. These channels from the zero delay time, indicating suffi-
ciently fast decay accompanied by sufficient kinetic energy release to cause fast
dispersion of daughter ions from the interaction volume.

6. Conclusion

For PAHs in general and for naphthalene in particular a strong influence of the
plasmon resonance excitation is known to be present. This effect has recently
gained importance due to its possible role in the formation of molecular hydrogen
and acetylene molecules in ISM and has been under investigation using far-UV
photo-excitation as well as heavy ion-induced excitation. In this work, we have
shown the effect of plasmon excitation under by high energy electron impact
excitation. The time evolution of the acetylene evaporation, which is known to be a
by-product of the plasmon excitation process, is measured for this study. A pulsed
electron source along with the pulsed extraction of recoil ions using fast high
voltage pulses is implemented and varying the extraction delay we observe the
parent and daughter ion yields of naphthalene molecule is observed.

The most dominant low energy channels commensurating with the excitation
energy, in range of 7–8 eV leading to a total energy loss of 15–16 eV range is the
decay channels leading to loss of acetylene and the loss of diacetylene. Acetylene
loss shows much weaker energy dependence compared to the other channels which
again is a well-known property of plasmon excitation. In the case of acetylene
evaporation processes the time scales of few microseconds are seen and yields of

Figure 9.
(a) Decay channel ii (C2H2 Loss) and (b) decay channel iii (C4H2 or 2� C2H2 loss) at various electron
impact energies.

Figure 8.
Various fragmentation channels of naphthalene at (a) 250 eV, (b) 500 eV, (c) 1000 eV electron impact
energies. Decay channels are labeled as listed above.
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loss [12]. It should be noted that the loss of multiple H and acetylene fragments are
the prominent statistical decay modes for PAHs and therefore they can be very
useful in understanding the dynamics of the internal degrees of freedom in PAHs.
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tion which is a large impact parameter process and it is known to produce singly
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channel iv to viii represents more energetic processes and hence show a decrease in
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population fraction. These channels from the zero delay time, indicating suffi-
ciently fast decay accompanied by sufficient kinetic energy release to cause fast
dispersion of daughter ions from the interaction volume.
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gained importance due to its possible role in the formation of molecular hydrogen
and acetylene molecules in ISM and has been under investigation using far-UV
photo-excitation as well as heavy ion-induced excitation. In this work, we have
shown the effect of plasmon excitation under by high energy electron impact
excitation. The time evolution of the acetylene evaporation, which is known to be a
by-product of the plasmon excitation process, is measured for this study. A pulsed
electron source along with the pulsed extraction of recoil ions using fast high
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acetylene evaporation population grow by about 20% as the delay is varied from
0 to 5 μs. Importantly, this work demonstrates that the relatively simple and well-
known technique of delayed extraction time-of-flight mass spectrometry can be
very useful in certain circumstances like broader energy loss mechanisms i. e,
plasmon excitation in charged particle interaction with PAHs. The time evolution of
a group of statistical decay channels that could otherwise be inaccessible due to the
large range of decay constants can be probed using this unique technique.

Author details

Najeeb Punnakayathil
Department of Physics, Stockholm University, Stockholm, Sweden

*Address all correspondence to: najeeb.punnakayathil@fysik.su.se

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

36

Mass Spectrometry - Future Perceptions and Applications

References

[1] Salama F, Allamandola LJ. Electronic
absorption spectroscopy of matrix-
isolated polycyclic aromatic
hydrocarbon cations. i. the naphthalene
cation (C10H

+
8). The Journal of

Chemical Physics. 1991;94(11):
6964-6977

[2] Lessen D, Freivogel P, Maier JP.
Laboratory evidence for highly
unsaturated hydrocarbons as carriers of
some of the diffuse interstellar bands.
Nature. 1993;366(6454):439-441

[3] Postma J, Bari S, Hoekstra R, Tielens
AGGM, Schlathölter T. Ionization and
fragmentation of anthracene upon
interaction with kev protons and
particles. The Astrophysical Journal.
2010;708(1):435

[4] Mishra PM, Rajput J, Safvan CP, Vig
S, Kadhane U. Electron emission and
electron transfer processes in proton-
naphthalene collisions at intermediate
velocities. Physical Review A. 2013;88:
052707

[5] Kadhane U, Misra D, Singh YP,
Tribedi LC. Effect of collective response
on electron capture and excitation in
collisions of highly charged ions with
fullerenes. Physical Review Letters.
2003;90:093401

[6] Reitsma G, Zettergren H, Boschman
L, Bodewits E, Hoekstra R, et al. Ion-
polycyclic aromatic hydrocarbon
collisions: Kinetic energy releases for
specific fragmentation channels. Journal
of Physics B: Atomic, Molecular and
Optical Physics. 2013;46(24):245201

[7] Mishra PM, Avaldi L, Bolognesi P,
Prince KC, Richter R, Kadhane UR.
Valence shell photoelectron
spectroscopy of pyrene and fluorene:
Photon energy dependence in the far-
ultraviolet region. The Journal of
Physical Chemistry A. 2014;118(17):
3128-3135

[8] Jochims H, Baumgärtel H, Leach S.
Structure-dependent photostability of
polycyclic aromatic hydrocarbon
cations: Laboratory studies and
astrophysical implications. The
Astrophysical Journal. 1999;512(1):500

[9] Boschi R, Clar E, Schmidt W.
Photoelectron spectra of polynuclear
aromatics. iii. The effect of nonplanarity
in sterically overcrowded aromatic
hydrocarbons. The Journal of Chemical
Physics. 1974;60(11):4406-4418

[10] Schmidt W. Photoelectron spectra
of polynuclear aromatics. v.
correlations with ultraviolet absorption
spectra in the catacondensed series. The
Journal of Chemical Physics. 1977;66(2):
828-845

[11] Alagia M, Candori P, Falcinelli S,
Pirani F, Mundim MSP, Richter R, et al.
Dissociative double photoionization of
benzene molecules in the 26–33 ev
energy range. Physical Chemistry
Chemical Physics. 2011;13(18):
8245-8250

[12] Gotkis Y, Oleinikova M, Naor M,
Lifshitz C. Time-dependent mass
spectra and breakdown graphs. 17.
naphthalene and phenanthrene. The
Journal of Physical Chemistry. 1993;
97(47):12282-12290

[13] Linstrom PJ, Mallard WG. NIST
Chemistry WebBook, NIST Standard
Reference Database Number 69. Vol.
20899. Gaithersburg, MD: National
Institute of Standards and Technology;
2016

[14] Deutsch H, Margreiter D, Märk T. A
semi-empirical approach to the
calculation of absolute inner-shell
electron impact ionization cross
sections. Zeitschrift für Physik D
Atoms, Molecules and Clusters. 1994;
29(1):31-37

37

Large Molecule Fragmentation Dynamics Using Delayed Extraction Time-of-Flight Mass…
DOI: http://dx.doi.org/10.5772/intechopen.84407



acetylene evaporation population grow by about 20% as the delay is varied from
0 to 5 μs. Importantly, this work demonstrates that the relatively simple and well-
known technique of delayed extraction time-of-flight mass spectrometry can be
very useful in certain circumstances like broader energy loss mechanisms i. e,
plasmon excitation in charged particle interaction with PAHs. The time evolution of
a group of statistical decay channels that could otherwise be inaccessible due to the
large range of decay constants can be probed using this unique technique.

Author details

Najeeb Punnakayathil
Department of Physics, Stockholm University, Stockholm, Sweden

*Address all correspondence to: najeeb.punnakayathil@fysik.su.se

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

36

Mass Spectrometry - Future Perceptions and Applications

References

[1] Salama F, Allamandola LJ. Electronic
absorption spectroscopy of matrix-
isolated polycyclic aromatic
hydrocarbon cations. i. the naphthalene
cation (C10H

+
8). The Journal of

Chemical Physics. 1991;94(11):
6964-6977

[2] Lessen D, Freivogel P, Maier JP.
Laboratory evidence for highly
unsaturated hydrocarbons as carriers of
some of the diffuse interstellar bands.
Nature. 1993;366(6454):439-441

[3] Postma J, Bari S, Hoekstra R, Tielens
AGGM, Schlathölter T. Ionization and
fragmentation of anthracene upon
interaction with kev protons and
particles. The Astrophysical Journal.
2010;708(1):435

[4] Mishra PM, Rajput J, Safvan CP, Vig
S, Kadhane U. Electron emission and
electron transfer processes in proton-
naphthalene collisions at intermediate
velocities. Physical Review A. 2013;88:
052707

[5] Kadhane U, Misra D, Singh YP,
Tribedi LC. Effect of collective response
on electron capture and excitation in
collisions of highly charged ions with
fullerenes. Physical Review Letters.
2003;90:093401

[6] Reitsma G, Zettergren H, Boschman
L, Bodewits E, Hoekstra R, et al. Ion-
polycyclic aromatic hydrocarbon
collisions: Kinetic energy releases for
specific fragmentation channels. Journal
of Physics B: Atomic, Molecular and
Optical Physics. 2013;46(24):245201

[7] Mishra PM, Avaldi L, Bolognesi P,
Prince KC, Richter R, Kadhane UR.
Valence shell photoelectron
spectroscopy of pyrene and fluorene:
Photon energy dependence in the far-
ultraviolet region. The Journal of
Physical Chemistry A. 2014;118(17):
3128-3135

[8] Jochims H, Baumgärtel H, Leach S.
Structure-dependent photostability of
polycyclic aromatic hydrocarbon
cations: Laboratory studies and
astrophysical implications. The
Astrophysical Journal. 1999;512(1):500

[9] Boschi R, Clar E, Schmidt W.
Photoelectron spectra of polynuclear
aromatics. iii. The effect of nonplanarity
in sterically overcrowded aromatic
hydrocarbons. The Journal of Chemical
Physics. 1974;60(11):4406-4418

[10] Schmidt W. Photoelectron spectra
of polynuclear aromatics. v.
correlations with ultraviolet absorption
spectra in the catacondensed series. The
Journal of Chemical Physics. 1977;66(2):
828-845

[11] Alagia M, Candori P, Falcinelli S,
Pirani F, Mundim MSP, Richter R, et al.
Dissociative double photoionization of
benzene molecules in the 26–33 ev
energy range. Physical Chemistry
Chemical Physics. 2011;13(18):
8245-8250

[12] Gotkis Y, Oleinikova M, Naor M,
Lifshitz C. Time-dependent mass
spectra and breakdown graphs. 17.
naphthalene and phenanthrene. The
Journal of Physical Chemistry. 1993;
97(47):12282-12290

[13] Linstrom PJ, Mallard WG. NIST
Chemistry WebBook, NIST Standard
Reference Database Number 69. Vol.
20899. Gaithersburg, MD: National
Institute of Standards and Technology;
2016

[14] Deutsch H, Margreiter D, Märk T. A
semi-empirical approach to the
calculation of absolute inner-shell
electron impact ionization cross
sections. Zeitschrift für Physik D
Atoms, Molecules and Clusters. 1994;
29(1):31-37

37

Large Molecule Fragmentation Dynamics Using Delayed Extraction Time-of-Flight Mass…
DOI: http://dx.doi.org/10.5772/intechopen.84407



[15] Kim Y-K, Rudd ME. Binary-
encounter-dipole model for electron-
impact ionization. Physical Review A.
1994;50:3954-3967

[16] Vallance C, Harland PW, Maclagan
RG. Quantum mechanical calculation of
maximum electron impact single
ionization cross sections for the inert
gases and small molecules. The Journal
of Physical Chemistry. 1996;100(37):
15021-15026

[17] Hwang W, Kim Y-K, Rudd ME.
New model for electron-impact
ionization cross sections of molecules.
The Journal of Chemical Physics. 1996;
104(8):2956-2966

[18] Ruehl E, Price SD, Leach S. Single
and double photoionization processes in
naphthalene between 8 and 35 ev. The
Journal of Physical Chemistry. 1989;
93(17):6312-6321

[19] Van Brunt RJ, Wacks ME. Electron-
impact studies of aromatic
hydrocarbons. iii. Azulene and
naphthalene. The Journal of Chemical
Physics. 1964;41(10):3195-3199

[20]Wiley WC, McLaren IH. Time-of-
flight mass spectrometer with improved
resolution. Review of Scientific
Instruments. 1955;26(1150):39-441

[21] Baker R, Johnson B. Series operation
of power mosfets for high-speed, high-
voltage switching applications. Review
of Scientific Instruments. 1993;64(6):
1655-1656

[22] Jiang W. Fast high voltage switching
using stacked mosfets. IEEE
Transactions on Dielectrics and
Electrical Insulation. 2007;14(4):
947-950

[23] Chappell P, Campden K. Switching
performance of power mosfets with
capacitive loads at high frequency and
high voltage for square wave generators.

Measurement Science and Technology.
1992;3(4):356

[24] Bernius MT, Chutjian A. High-
voltage, full-floating 10-mhz square-
wave generator with phase control.
Review of Scientific Instruments. 1989;
60(4):779-782

[25] Dahl D. Simion 3D Version 6.0. In:
43rd ASMS Conference on Mass
Spectrometry and Allied Topics;
Atlanta, Ga; 1995. p. 717

[26] Jochims H, Rasekh H, Rühl E,
Baumgärtel H, Leach S. The
photofragmentation of naphthalene and
azulene monocations in the energy
range 7–22 ev. Chemical Physics. 1992;
168(1):159-184

38

Mass Spectrometry - Future Perceptions and Applications

39

Chapter 3

Mass Spectrometry as a Workhorse 
for Preclinical Drug Discovery: 
Special Emphasis on Drug 
Metabolism and Pharmacokinetics
Vijayabhaskar Veeravalli, Lakshmi Mohan Vamsi Madgula 
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Abstract

Mass spectrometry as an instrument is popular, given its sensitivity, selectivity, 
speed and robustness. In this chapter, we have briefly deliberated on various mass 
spec platforms, their hardware components and specific applications in preclinical 
drug discovery with a special emphasis on drug metabolism and pharmacokinetic 
assays. Basic principle of operation of mass spectrometer and various ionization 
techniques/mass analyzers was explicitly discussed. Compatibility of mass spec-
trometers with ultrafast LC and various throughput techniques, enabled evaluation 
of thousands of compounds with quick turnaround times. Faster generation of 
results corresponding to in vitro ADME and in vivo pharmacokinetic assays, aid 
medicinal chemists to refine their combinatorial synthetic chemistry efforts and 
expedite the lead optimization and identification phases of drug discovery. Mass 
spectrometer is a powerful tool for both qualitative and quantitative applications. 
While quantitative applications include measurement of absolute/relative con-
centrations, qualitative features assist in identification of molecular structures of 
metabolites and putative biotransformation pathways. Qualitative inputs are more 
precise and accurate, with the advent of high-resolution mass spectrometry tech-
nology. Although, mass spectrometry has many built-in advantages, it also suffers 
from matrix effects, as the samples analyzed are mostly of biological origin and are 
complex in nature. In this chapter, we have defined the nature of matrix effects and 
various approaches by which these matrix effects can be mitigated.

Keywords: mass spectrometer, mass analyzers, ionization sources, DMPK, ADME, 
LC–MS/MS, matrix effects

1. Introduction

Since its discovery 100 years ago by Sir J.J. Thompson for the quantitative 
measurement of the mass and charge of cathode rays, mass spectrometer eventually 
evolved as a reliable analytical platform aimed at the analysis of small and large 
molecules [1]. While hyphenation of mass spectrometry with gas chromatogra-
phy achieved its early success, however, liquid chromatography could not due to 
indigent mass spec interfaces. This is given the inability of interfaces to handle 
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higher flow rates of liquid sample. Additionally, ionization techniques such as 
chemical and electron impact ionization did not suit for thermolabile and high 
molecular weight compounds [2, 3]. Advancement in ionization techniques such 
as fast atom bombardment that suited for analysis of large molecules, thermospray 
and particle beam ionization which were efficient for small molecules enabled the 
fruitful hyphenation of liquid chromatography with mass spectrometry [4–7]. 
Thermospray in general forms ammonium adducts, while particle beam gener-
ated electron impact spectra. Within a few years thermospray was succeeded by 
atmospheric pressure ionization techniques such electrospray ionization (ESI), 
atmospheric pressure chemical ionization (APCI), atmospheric pressure photoion-
ization (APPI) and atmospheric pressure matrix assisted laser desorption ionization 
(AP-MALDI). Mass spectrometer operates on the principle of ionization of analytes 
followed by their separation based on their mass-to-charge ratio [8]. Various mass 
spectrometer analyzers ranging from linear trap, ion trap, triple quadrupole, time 
of flight and orbitrap have specific applications for sample analysis in preclinical 
drug discovery and development.

Medicinal chemistry efforts in drug discovery is majorly focused on understand-
ing the right combination of new chemical entity (NCE) properties that helps in 
cherry-picking the compounds with promising properties to progress from discov-
ery to development phase. In the process of lead optimization, NCE’s are subjected 
to a series of drug metabolism and pharmacokinetic assays to assess the druggable 
properties and mitigate late stage failures. Almost 40% of failures in development 
phase were due to poor pharmacokinetic properties of NCE’s [9]. However, this 
percentage had gradually decreased to 10% as major pharmaceutical companies 
incorporated drug metabolism and pharmacokinetic screening (DMPK) in lead 
optimization phase of drug discovery. In this view, compounds must pass through 
a series of screens that scrutinize the problematic compounds until a small number 
have been selected for more rigorous testing in the development phase. Hence, lead 
optimization typically is an iterative process that uses the DMPK data to optimize 
the druggable properties of NCE’s. Regardless of the screening panel, qualita-
tive and quantitative analytical results to understand absorption, distribution, 
metabolism and excretion (ADME) properties were generated using liquid chro-
matography–tandem mass spectrometry (LC–MS/MS) [10–17]. In this chapter, we 
have briefly discussed on various atmospheric pressure ionization techniques/mass 
analyzers, and applications of mass spectrometer in drug discovery with special 
emphasis on drug metabolism and pharmacokinetic assays.

2. Atmospheric pressure ionization

Ionization in atmospheric ionization sources occur at atmospheric pressure and 
ions then gets transferred into the vacuum. As the liquid completely converts in to 
gas phase in the ionization source, those ionization techniques that use atmospheric 
pressure ionization are more convenient to hyphenate with liquid chromatography. 
These ionization techniques include electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI), and atmospheric pressure photoionization 
(APPI) and are most widely used. Additionally, MALDI that also uses atmospheric 
pressure ionization is getting popular with its unique feature in performing mass 
spectrometry imaging (MSI) and analysis of large molecules [18]. Also, other 
ionization techniques such as desorption electrospray (DESI) or direct analysis in 
real time (DART) are becoming popular for the analysis of surface or solid samples 
[19, 20]. However, their applications in the field of drug metabolism and pharmaco-
kinetics are very limited.

41

Mass Spectrometry as a Workhorse for Preclinical Drug Discovery: Special Emphasis on Drug…
DOI: http://dx.doi.org/10.5772/intechopen.88385

2.1 Electrospray ionization (ESI)

In ESI, analytes initially get charged with the assistance of electrical energy 
and charged ions transfer from solution to gaseous phase, before subjecting to 
mass spectrometric analysis. Ionic species in solution can be analyzed as such, 
whereas neutral compounds can be converted to ionic species and studied by 
ESI-MS. Electrospray ionization occurs in four stages: 1) charging of analytes in the 
capillary tube 2) formation of fine spray of charged droplets 3) solvent evaporation 
4) columbic explosion/Rayleigh scattering of ions from the droplet (Figure 1). 
The liquid effluent moves from liquid chromatography to the mass spectrometer 
through a fused silica capillary maintained at voltage of 2.5–6.0 KV. In negative 
mode, to avoid discharge the range is lower (3–4 KV) than positive mode. ESI is 
a condensed phase ionization process and the ions have to be already present in 
solution. To generate ions, the pH has to be adjusted in such a way that ionizable 
groups are either protonated or deprotonated. In some cases, neutral molecules can 
be analyzed by the formation of adducts with ions such as ammonium, sodium, 
potassium, acetate or silver. Charged droplets undergo nebulization in the presence 
of nebulizer gas. After nebulization, charged droplets further reduce in size with 
the assistance of heat and breakdown in to minute droplets. Finally, as the droplets 
grow smaller and smaller, ions get released in to gaseous phase by a mechanism 
called rayleigh scattering/columbic explosion. The emitted ions are sampled by a 
sampling skimmer cone and are then accelerated into the mass analyzer for sub-
sequent measurement of molecular mass and ion intensity [21–24]. An important 
characteristic of ESI-MS is it works as a concentration-dependent detector, which 
means MS response is directly proportional to concentration of analyte. Hence, 
irrespective of flow rate of mobile phase post column to the ionization source, 
response remains the same as long as the source-gas conditions are optimal for the 
flow rate. ESI technique is suitable for the analysis of polar to moderately polar 
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higher flow rates of liquid sample. Additionally, ionization techniques such as 
chemical and electron impact ionization did not suit for thermolabile and high 
molecular weight compounds [2, 3]. Advancement in ionization techniques such 
as fast atom bombardment that suited for analysis of large molecules, thermospray 
and particle beam ionization which were efficient for small molecules enabled the 
fruitful hyphenation of liquid chromatography with mass spectrometry [4–7]. 
Thermospray in general forms ammonium adducts, while particle beam gener-
ated electron impact spectra. Within a few years thermospray was succeeded by 
atmospheric pressure ionization techniques such electrospray ionization (ESI), 
atmospheric pressure chemical ionization (APCI), atmospheric pressure photoion-
ization (APPI) and atmospheric pressure matrix assisted laser desorption ionization 
(AP-MALDI). Mass spectrometer operates on the principle of ionization of analytes 
followed by their separation based on their mass-to-charge ratio [8]. Various mass 
spectrometer analyzers ranging from linear trap, ion trap, triple quadrupole, time 
of flight and orbitrap have specific applications for sample analysis in preclinical 
drug discovery and development.

Medicinal chemistry efforts in drug discovery is majorly focused on understand-
ing the right combination of new chemical entity (NCE) properties that helps in 
cherry-picking the compounds with promising properties to progress from discov-
ery to development phase. In the process of lead optimization, NCE’s are subjected 
to a series of drug metabolism and pharmacokinetic assays to assess the druggable 
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phase were due to poor pharmacokinetic properties of NCE’s [9]. However, this 
percentage had gradually decreased to 10% as major pharmaceutical companies 
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tive and quantitative analytical results to understand absorption, distribution, 
metabolism and excretion (ADME) properties were generated using liquid chro-
matography–tandem mass spectrometry (LC–MS/MS) [10–17]. In this chapter, we 
have briefly discussed on various atmospheric pressure ionization techniques/mass 
analyzers, and applications of mass spectrometer in drug discovery with special 
emphasis on drug metabolism and pharmacokinetic assays.

2. Atmospheric pressure ionization

Ionization in atmospheric ionization sources occur at atmospheric pressure and 
ions then gets transferred into the vacuum. As the liquid completely converts in to 
gas phase in the ionization source, those ionization techniques that use atmospheric 
pressure ionization are more convenient to hyphenate with liquid chromatography. 
These ionization techniques include electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI), and atmospheric pressure photoionization 
(APPI) and are most widely used. Additionally, MALDI that also uses atmospheric 
pressure ionization is getting popular with its unique feature in performing mass 
spectrometry imaging (MSI) and analysis of large molecules [18]. Also, other 
ionization techniques such as desorption electrospray (DESI) or direct analysis in 
real time (DART) are becoming popular for the analysis of surface or solid samples 
[19, 20]. However, their applications in the field of drug metabolism and pharmaco-
kinetics are very limited.
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2.1 Electrospray ionization (ESI)
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potassium, acetate or silver. Charged droplets undergo nebulization in the presence 
of nebulizer gas. After nebulization, charged droplets further reduce in size with 
the assistance of heat and breakdown in to minute droplets. Finally, as the droplets 
grow smaller and smaller, ions get released in to gaseous phase by a mechanism 
called rayleigh scattering/columbic explosion. The emitted ions are sampled by a 
sampling skimmer cone and are then accelerated into the mass analyzer for sub-
sequent measurement of molecular mass and ion intensity [21–24]. An important 
characteristic of ESI-MS is it works as a concentration-dependent detector, which 
means MS response is directly proportional to concentration of analyte. Hence, 
irrespective of flow rate of mobile phase post column to the ionization source, 
response remains the same as long as the source-gas conditions are optimal for the 
flow rate. ESI technique is suitable for the analysis of polar to moderately polar 
molecules.

2.2 Atmospheric pressure chemical ionization (APCI)

In atmospheric pressure chemical ionization, unlike ESI, sample evaporation 
occurs first, followed by ionization in gas phase through corona discharge needle 
(Figure 2) [25]. The ionization principle is mostly similar to chemical ionization; 
however, it occurs at atmospheric pressure. APCI-MS can also be called as mass-
sensitive detector, as the higher flow that goes in to ionization source, the higher will 
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Mechanism of electrospray ionization process.
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Figure 2. 
Mechanism of atmospheric pressure chemical ionization process.

be the peak response. One important requirement in APCI for optimal sensitivity is 
the sample has to be completely evaporated, before subjecting to ionization. First an 
aerosol of mobile phase is formed with the assistance of nebulizer gas. This aerosol 
is further subjected to heating at 200–550°C in a ceramic tube enabling complete 
evaporation. Even though higher temperatures are employed, the actual tempera-
ture felt by analyte molecules is way lesser due to a phenomenon called evaporative 
cooling effect/evaporation enthalpy. Next, analyte molecules in gas phases were 
bombarded with electrons formed from corona discharge needle [26, 27]. In positive 
mode primary ions such as N2+ are formed by electron impact. These ions further 
react with water in several steps by charge transfer to form H3O+. Ionization of the 
analytes occurs then by proton transfer from H3O+. In negative mode ions are formed 
either by: (i) resonance capture (AB to AB−), (ii) dissociative capture (AB to B−) or 
(iii) ion–molecule reaction (BH to B−). One disadvantage with APCI when compared 
to ESI is, APCI is not suitable for thermolabile compounds as typical temperatures 
experienced by the analyte molecules are ~150°C. However, in case of ESI, molecules 
encounter temperatures ~40°C in the process of evaporation.

2.3 Atmospheric pressure photo ionization (APPI)

APPI by design is similar to APCI, with only difference being the replacement of 
corona discharge needle with gas discharge krypton lamp (10.0 eV) that produces 
ultraviolet photons [28–30]. Evaporation of liquid phase happens in pneumatic 
nebulizer. While ionization potential for most of the analytes is less than 10 eV; 
mobile phase constituents such as water, acetonitrile and methanol has higher 
potential requirements. Presence of dopants such as toluene or acetone will help in 
enhancing the sensitivity of analyte ions. Dopant molecules absorb photon energy 
and eject an electron, resulting in the formation of radical cation. Ionization of 
analytes can happen by two processes: 1) Charge transfer between analyte and 
radical cations generated from dopant molecules. 2) Charge transfer between 
dopant molecules and mobile phase components and finally from mobile phase 
components to analytes (Figure 3). Similar to other atmospheric pressure ioniza-
tion techniques, APPI is also suitable for negative mode of ionization. Sensitivity 
of APPI is flow rate dependent and better sensitivities have been reported at low 
flow rates. When compared to APCI, APPI offers lesser matrix effects and minimal 
source contamination. Success of APPI as an ionization technique was reported in 
the analysis of steroids and quinones [31–33].
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In a nut shell, ESI is useful for the analysis of moderately polar to highly polar 
analytes; APCI covers moderately polar to non-polar analytes, whereas APPI suits 
for non-polar to moderately polar analytes.

2.4 Matrix assisted laser desorption ionization (MALDI)

MALDI operates on principle of ionization of analytes dissolved in a matrix 
consisting of organic compound (sinapinic acid, α-cyano-4-hydroxycinnamic acid, 
2,5-dihydroxybenzoic acid) and evaporated to dryness on a target plate [34]. Matrix 
crystallizes up on drying and the analyte dissolved with in it also gets co-crystal-
lized. Firstly, laser beam hits the dried sample and ionize organic compound, which 
later ionize the analyte molecules. Laser beam causes both desorption and ioniza-
tion of analytes. Nitrogen laser emitting at 337 nm and Nd: YAG laser emitting at 
355 nm are the most widely used ones (Figure 4). MALDI is considered as a very 

Figure 3. 
Schematic representation of atmospheric pressure photo ionization process.

Figure 4. 
Mechanism of matrix assisted laser desorption ionization process.
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of APPI is flow rate dependent and better sensitivities have been reported at low 
flow rates. When compared to APCI, APPI offers lesser matrix effects and minimal 
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soft ionization technique that causes minimal fragmentation of the analyte ions and 
is also suitable for analysis of large molecules ranging from peptides to proteins, lip-
ids and polymers [35–38]. It is also amenable to high throughput and target sample 
plates can be readily stored for future use. One major advantage of MALDI-MS is 
chromatographic separation of analytes is not required. However, due to lack of 
separation, matrix interferences impact the analytical results [39, 40]. Additionally, 
MALDI is not suitable for low molecular weight compounds. Also, MALDI needs 
TOF as an analyzer to cover high mass range in a linear mode, whereas ESI can 
be coupled with any mass analyzer. Recently, MALDI has been coupled to triple 
quadrupole and successfully used for the analysis of small molecules [41, 42].

3. Mass analyzers

3.1 Quadrupole analyzer

Quadrupole mass analyzer consists of four hyperbolic or circular rods positioned 
in parallel and are located diagonally at identical distances from each other. The 
rods are diagonally connected. Positive direct current (DC; U) is applied to one pair 
of rods and negative potential is applied to the other pair of rods. Apart from direct 
current, alternating radiofrequency (RF; Vcos ωt) potential is also applied to these 
rods. The ion trajectory is affected in x and y directions by the total electric field 
composed by a quadrupolar alternating field and a constant field. Because there 
is only a two-dimensional quadrupole field the ions accelerated after ionization, 
maintain their velocity along the z axis.

The motion of ions in the quadrupole can be best described by Mathieu 
Equations [43]. The ions supposedly travel in a stable trajectory and only those 
ions that travel in stable trajectory reaches detector. Mass spectrum is obtained by 
ramping RF and DC voltages in a constant ratio. When DC voltage is set to zero and 
RF voltage is maintained, all ions pass through quadrupole. It is the DC voltage that 
helps in filtering out the ions of interest and generate mass spectrum (Figure 5). 
Hence, the quadrupoles that apply only RF voltages just act as ion guides or collision 
cell. Mass resolution for typical quadrupole analyzers falls in the range 0.6–0.8 da 
units, which is defined to be a unit resolution. However, current generation high 
resolution mass spectrometers offer to determine masses within 5–10 ppm error.

3.2 Triple quadrupole mass analyzer

Triple quadrupole mass analyzer consists of two RF/DC mass analyzers and two 
RF only mass analyzers. Q0and Q2 (collision cell) were considered to be RF only 
quadrupoles, whereas Q1 and Q3 falls under RF/DC mass analyzers [44]. Hence, Q0 
and Q2 acts as ion guides and Q1 and Q3 acts as mass filters. Q0 acts as an ion guide 
by focusing all the ions obtained from ionization source to Q1. Q1 even though a RF/
DC mass analyzer, can also be operated in RF only quadrupole depending on the 
type of analysis. When it comes to qualitative analysis, Q1 acts as a RF only quadru-
pole, whereas in case of quantitative analysis it acts as RF/DC quadrupole. Similarly, 
Q3 also operates in both modes based on the analytical requirements. Q2 in addition 
being a RF only quadrupole, acts as a collision cell to fragment the ions and generate 
compound specific information, which enables the mass spec to be a more specific 
and selective detection system (Figure 6). Process of generation of fragment ions in 
the collision cell is termed as collision induced dissociation (CID), which happens 
with the assistance of neutral argon or nitrogen gas [45, 46].

45

Mass Spectrometry as a Workhorse for Preclinical Drug Discovery: Special Emphasis on Drug…
DOI: http://dx.doi.org/10.5772/intechopen.88385

Based on the modes in which the mass analyzers are operated and the analytical 
requirements, they can be briefly classified as below:

While full scan modes are useful in understanding the total pool of masses pres-
ent in the sample analyzed, product ion scan helps in obtaining structural informa-
tion of a precursor ion. Precursor ion scan is suited to find structural homologs of 
a selected fragment ion. In multiple reaction monitoring mode (MRM), a selected 
parent ion (Q1 mass) is fragmented within the collision cell and selected fragment 
ion analyzed by the detector. Together this series of events forms a reaction where 
multiple ions are monitored, hence the term multiple reaction monitoring.

3.3 Linear ion trap mass analyzer

The quadrupole ion trap and the related quadrupole mass filter were invented by 
Paul and Steinwedel [47]. A quadrupole ion trap (QIT or 3D-IT) mass spectrometer 
operates with a three-dimensional quadrupole field. The QIT is formed by three 
electrodes: a ring electrode with a donut shape placed symmetrically between two 
end cap electrodes. QIT is a RF only quadrupole that acts a storage device and ions 
are focused to center of trap by collision with helium gas. Motion of ions in trap is 
regulated by axial and radial frequencies. The quadrupole ion trap can store only 
a limited number of ions before space charging occurs. To circumvent this effect, 
most instruments have an automatic gain control procedure (AGC). This procedure 
exactly determines the adequate fill time of the trap to maximize sensitivity and 
minimize resolution losses due to space charge. Ion motion can be modified either 
by exciting the radial or the axial frequencies by applying a small oscillating poten-
tial at the end cap electrodes during the RF ramp. Linear ion trap enables higher 
sensitivity than triple quadrupole mass spec analyzers in full scan mode, given the 
capability of ion accumulation before traveling to the detector (Figure 7).

Figure 5. 
Schematic diagram of operation of quadrupole mass analyzer.

Figure 6. 
Schematic diagram of triple quadrupole mass analyzer.
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There are more than a few important features which impact the time neces-
sary to attain a mass spectrum (duty cycle): (i) injection time (0.5–500.0 ms), 
(ii) scan speed (5000–20,000 m/z units/s), (iii) separation of the parent ion and 
fragmentation in tandem MS or MSn. Contrarily to the triple quadrupole, MS/MS 
is not performed in space but in time. Fragmentation happens with the assistance 
of helium as collision gas. Also, duty cycles for fragmentation (MS/MS) are much 
shorter in linear ion trap when compared to triple quadrupole mass analyzer. One 
major challenge in linear ion trap is to trap precursor ion and fragment in the same 
space. Often, due to this disadvantage, fragmentation spectra generated in linear 
ion trap differs from that of triple quadrupole CID. Also, number of MRM transi-
tions that can be monitored in linear ion trap are quite less [4–8] when compared to 
QqQ mass analyzers (~100 MRM transitions can be monitored).

Due to the high sensitivity in MSn mode, ion traps are particularly attractive 
for qualitative analysis in drug metabolism, metabolomics and proteomics studies. 
Similar sensitivities to QqQ mass analyzer can be achieved for quantitative analysis 
on linear ion trap, but at the price of precision and accuracy.

While linear ion traps mainly function on radial ejection, next generation mass 
analyzers called quadrupole linear ion trap use axial ejection. This led to discovery 
of hybrid triple quadrupole mass analyzers, where Q3 performs the function of 
both quadrupole and linear ion trap [48, 49]. Unlike linear ion trap that frag-
ments precursor in time, these hybrid analyzers perform fragmentation in space. 

Figure 7. 
Schematic diagram of linear ion trap mass analyzer.

Mode Q0 Q1 Q2 Q3 Analysis type

Full scan mode (Q1 MS) RF 
only

RF/
DC

RF 
only

RF 
only

Qualitative

Full scan mode (Q3 MS) RF 
only

RF 
only

RF 
only

RF/
DC

Qualitative

Product ion scan (PI) RF 
only

RF/
DC

RF 
only

RF 
only

Qualitative

Precursor ion scan (PC) RF 
only

RF 
only

RF 
only

RF/
DC

Qualitative

Multiple reaction monitoring (MRM) RF 
only

RF/
DC

RF 
only

RF/
DC

Quantitative

Table 1. 
Modes of triple quadrupole operation and analytical requirements.

47

Mass Spectrometry as a Workhorse for Preclinical Drug Discovery: Special Emphasis on Drug…
DOI: http://dx.doi.org/10.5772/intechopen.88385

The major advantage of this analyzer is that qualitative and quantitative analysis 
can be performed in the same LC–MS run.

3.4 Time of flight mass analyzer

Discovered in 1940’s, time of flight mass analyzers achieved popularity after 
1990’s. Time of flight operates on principle of “time that ions need to cross in a field 
free tube of about 1 m length” [50, 51]. The motion of an ion is characterized by its 
kinetic energy Ec = 0.5 m x v2 (m = mass, v = speed). Therefore, the time ions fly 
through the tube is directly proportional to their m/z value. The velocity of the ions 
formed is generally low and they are accelerated by strong electric fields (2000–
2030,000 V) in the direction of the detector. Low mass ions reach the detector 
more rapidly than high mass ions. Due to the short flight time (50–100 msec) and 
the good transmission, a spectrum can be generated within 100 ms over an almost 
unlimited mass range. Mass resolution of time of flight mass analyzer depends on 
the length of flight tube and reduced kinetic energy spread of the ions. Length of 
flight tube is directly proportional to mass resolution. Kinetic energy spread can 
be reduced by increasing time delay between ion formation and acceleration, also 
known as delayed pulse extraction. Also, positioning of electrostatic mirror in the 
drift region of ions increases the mass resolution (Figure 8).

Briefly, the ions with high energy penetrate deeper into the ion mirror region 
than those with the same m/z at a lower energy. Because of the different trajectories, 
all ions of the same m/z reach the detector at the same time. With the reflectron 
the flight path is increased without changing the physical size of the instrument. 
Commercial TOF instruments are available to operate in either linear mode or 
reflectron mode. Even though ESI can be coupled with TOF, but the combination of 
MALDI and TOF is most popular as both operate on the principle of pulsed tech-
nique. Coupling of ESI with TOF needs orthogonal acceleration to drive continuous 
beam of ions [52].

Time of flight instruments are designed to use for qualitative analysis with 
MALDI or atmospheric pressure ionization. MALDI hyphenated with time of flight 
analyzer enables the identification of large molecules such as proteins, peptides, 
lipids and polymers. MS/MS information can also be obtained by CID in drift tube 
with the assistance of nitrogen or argon as collision gas. However, as quadrupole 

Figure 8. 
Schematics representation of a quadrupole time of flight mass spectrometer.
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There are more than a few important features which impact the time neces-
sary to attain a mass spectrum (duty cycle): (i) injection time (0.5–500.0 ms), 
(ii) scan speed (5000–20,000 m/z units/s), (iii) separation of the parent ion and 
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Figure 7. 
Schematic diagram of linear ion trap mass analyzer.

Mode Q0 Q1 Q2 Q3 Analysis type

Full scan mode (Q1 MS) RF 
only

RF/
DC

RF 
only

RF 
only

Qualitative

Full scan mode (Q3 MS) RF 
only

RF 
only

RF 
only

RF/
DC

Qualitative

Product ion scan (PI) RF 
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RF/
DC
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Table 1. 
Modes of triple quadrupole operation and analytical requirements.
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The major advantage of this analyzer is that qualitative and quantitative analysis 
can be performed in the same LC–MS run.

3.4 Time of flight mass analyzer

Discovered in 1940’s, time of flight mass analyzers achieved popularity after 
1990’s. Time of flight operates on principle of “time that ions need to cross in a field 
free tube of about 1 m length” [50, 51]. The motion of an ion is characterized by its 
kinetic energy Ec = 0.5 m x v2 (m = mass, v = speed). Therefore, the time ions fly 
through the tube is directly proportional to their m/z value. The velocity of the ions 
formed is generally low and they are accelerated by strong electric fields (2000–
2030,000 V) in the direction of the detector. Low mass ions reach the detector 
more rapidly than high mass ions. Due to the short flight time (50–100 msec) and 
the good transmission, a spectrum can be generated within 100 ms over an almost 
unlimited mass range. Mass resolution of time of flight mass analyzer depends on 
the length of flight tube and reduced kinetic energy spread of the ions. Length of 
flight tube is directly proportional to mass resolution. Kinetic energy spread can 
be reduced by increasing time delay between ion formation and acceleration, also 
known as delayed pulse extraction. Also, positioning of electrostatic mirror in the 
drift region of ions increases the mass resolution (Figure 8).

Briefly, the ions with high energy penetrate deeper into the ion mirror region 
than those with the same m/z at a lower energy. Because of the different trajectories, 
all ions of the same m/z reach the detector at the same time. With the reflectron 
the flight path is increased without changing the physical size of the instrument. 
Commercial TOF instruments are available to operate in either linear mode or 
reflectron mode. Even though ESI can be coupled with TOF, but the combination of 
MALDI and TOF is most popular as both operate on the principle of pulsed tech-
nique. Coupling of ESI with TOF needs orthogonal acceleration to drive continuous 
beam of ions [52].

Time of flight instruments are designed to use for qualitative analysis with 
MALDI or atmospheric pressure ionization. MALDI hyphenated with time of flight 
analyzer enables the identification of large molecules such as proteins, peptides, 
lipids and polymers. MS/MS information can also be obtained by CID in drift tube 
with the assistance of nitrogen or argon as collision gas. However, as quadrupole 

Figure 8. 
Schematics representation of a quadrupole time of flight mass spectrometer.
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Figure 9. 
Schematic representation of operation of orbitrap mass analyzer.

technology is so successful for both qualitative and quantitative analysis, TOF 
analyzers are used as a hybrid platform with quadrupole analyzers. In these hybrid 
systems, TOF analyzer replaces Q3 of a triple quadrupole system. These hybrid 
systems are termed as QTOF mass spectrometers. QTOF systems offer high mass 
resolution (~40,000) and sensitivity. Accurate mass measurements are especially 
useful in metabolite identification studies and peptide analysis [53]. Various other 
hydrid TOF platforms have been reported including, linear ion trap, quadrupole ion 
trap and TOF-TOF mass spectrometers [54–56].

3.5 Orbitrap mass analyzer

Orbitrap mass analyzer operates on principle of Fourier transform, where 
orbital trapping of ions around an electrode system is achieved with the assistance 
of electrical field [57]. The orbitrap is formed by a central spindle-like electrode 
surrounded by an electrode with a barrel-like shape to create an electrostatic 
potential. The m/z is a reciprocal proportionate to the frequency of the ions oscillat-
ing along the z-axis. Detection is performed by measuring the current image of the 
axial motion of the ions around the inner electrode. The mass spectrum is obtained 
after Fourier transformation of the image current. The orbitrap provides a mass 
resolving power exceeding 100,000 and a mass accuracy ~3 ppm. To be operational 
as a mass spectrometer the orbitrap requires external ion accumulation, cooling and 
fragmentation (Figure 9).

The first commercial instrument to utilize this capability, LTQ Orbitrap Classic, 
was introduced by Thermo Fisher Scientific in 2005, which later underwent many 
innovations with the addition of a collision cell after the C-trap in LTQ Orbitrap XL, 
addition of electron transfer dissociation (ETD) capabilities, followed by MALDI 
source operating at reduced pressure with high-end LTQ Orbitrap XL MALDI 
instrument, and finally a stacked ring rf ion guide (so called S-lens) brought about 
10-fold higher transfer efficiency in the MS/MS mode.

Typically, the highest resolving powers available in TOF devices are several 
times lower than the resolution in Orbitrap, although recent multipass TOF devices 
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are capable of ultrahigh resolution (R ≥ 100,000 at m/z 400) [58, 59]. While TOF 
accompanies similar resolution in both MS and MS/MS modes, orbitrap suffers 
from low resolution in MS/MS mode. Orbitrap technology will endure to progress 
towards increased resolving power, acquisition speed, sensitivity and mass accu-
racy. These developments will indisputably open the arena for new applications as 
the Orbitrap instruments are getting more prevalent and exploring into new areas 
of research.

4. Applications in drug discovery

4.1 ADME studies

Drug discovery research was solely driven by chemists and pharmacologist 
in early 1990’s, when very little is known about drug absorption, distribution, 
metabolism and elimination (ADME). However, it did not take much time before 
researchers realized the importance of optimizing ADME properties of NCE’s for 
successfully driving drug discovery programs [60]. In this section, we highlighted 
importance of ADME in drug discovery and its relation to mass spectrometry.

Drug metabolism also known as xenobiotic biotransformation is the process by 
which lipophilic compounds gets eliminated from the body after getting converted 
to hydrophilic species that are easily filtered through kidney. While metabolism is 
desired in few cases where metabolites are the active species producing efficacy, 
there are metabolites that are toxic in nature. In such cases, where toxic by-products 
are produced, metabolism is not desired. Metabolism as a discipline drawn its first 
attention after the publication of RT Williams on Detoxification mechanisms [61].

Drug metabolism over the years with the aid of mass spectrometry technology 
has evolved in understanding the metabolic pathways of NCE’s and also to identify 
the metabolites (both desired and undesired) [62–65]. Mass spectrometry was ini-
tially hyphenated with gas chromatography to understand the metabolic behavior 
of NCE’s. Gas chromatography worked well for analyzing volatile compounds and 
its metabolites, however it did not suit for nonvolatile and thermolabile compounds. 
With the advent of liquid chromatography that can handle and separate compo-
nents without subjecting to evaporation, it became prevalent as an analytical tool 
for understanding drug metabolism in drug discovery and development [66, 67].

As a part of understanding the metabolic properties, NCE’s will be initially 
screened for metabolic stability in across species (human/rat/dog/mouse/monkey) 
and in various matrices including microsomes/S9 fractions/cytosol/hepatocytes, 
plasma, tissue homogenates, and buffer. If metabolism is not desired then com-
pounds will be screened for their stability in relevant matrices and compounds with 
moderate to high stability (defined by half-life and intrinsic clearance) are further 
optimized for additional ADME properties. Various Phase 1 metabolic reactions 
including oxidation, demethylation, hydroxylation and phase 2 metabolic reactions 
covering glucuronidation, sulfation, methylation, amino acids conjugation and glu-
tathione conjugation can be quantitatively and qualitatively studied using LC–MS/
MS. Additionally, for compounds that are unstable, understanding the soft spots 
responsible for instability helps medicinal chemists to make relevant structural 
modifications in order to stabilize the unstable compounds. Understanding the soft 
spots precisely, needs the assistance of high-resolution mass spectrometry instru-
ments such as TOF and Orbitrap. With the accurate mass information obtained 
from these mass spec’s, identifying a metabolite structure will be spot on.

Similarly, other in vitro parameters such as permeability, protein binding, 
solubility, lipophilicity, CYP inhibition and CYP induction also play a key role in 
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Figure 9. 
Schematic representation of operation of orbitrap mass analyzer.

technology is so successful for both qualitative and quantitative analysis, TOF 
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systems are termed as QTOF mass spectrometers. QTOF systems offer high mass 
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hydrid TOF platforms have been reported including, linear ion trap, quadrupole ion 
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was introduced by Thermo Fisher Scientific in 2005, which later underwent many 
innovations with the addition of a collision cell after the C-trap in LTQ Orbitrap XL, 
addition of electron transfer dissociation (ETD) capabilities, followed by MALDI 
source operating at reduced pressure with high-end LTQ Orbitrap XL MALDI 
instrument, and finally a stacked ring rf ion guide (so called S-lens) brought about 
10-fold higher transfer efficiency in the MS/MS mode.

Typically, the highest resolving powers available in TOF devices are several 
times lower than the resolution in Orbitrap, although recent multipass TOF devices 
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are capable of ultrahigh resolution (R ≥ 100,000 at m/z 400) [58, 59]. While TOF 
accompanies similar resolution in both MS and MS/MS modes, orbitrap suffers 
from low resolution in MS/MS mode. Orbitrap technology will endure to progress 
towards increased resolving power, acquisition speed, sensitivity and mass accu-
racy. These developments will indisputably open the arena for new applications as 
the Orbitrap instruments are getting more prevalent and exploring into new areas 
of research.

4. Applications in drug discovery

4.1 ADME studies

Drug discovery research was solely driven by chemists and pharmacologist 
in early 1990’s, when very little is known about drug absorption, distribution, 
metabolism and elimination (ADME). However, it did not take much time before 
researchers realized the importance of optimizing ADME properties of NCE’s for 
successfully driving drug discovery programs [60]. In this section, we highlighted 
importance of ADME in drug discovery and its relation to mass spectrometry.

Drug metabolism also known as xenobiotic biotransformation is the process by 
which lipophilic compounds gets eliminated from the body after getting converted 
to hydrophilic species that are easily filtered through kidney. While metabolism is 
desired in few cases where metabolites are the active species producing efficacy, 
there are metabolites that are toxic in nature. In such cases, where toxic by-products 
are produced, metabolism is not desired. Metabolism as a discipline drawn its first 
attention after the publication of RT Williams on Detoxification mechanisms [61].

Drug metabolism over the years with the aid of mass spectrometry technology 
has evolved in understanding the metabolic pathways of NCE’s and also to identify 
the metabolites (both desired and undesired) [62–65]. Mass spectrometry was ini-
tially hyphenated with gas chromatography to understand the metabolic behavior 
of NCE’s. Gas chromatography worked well for analyzing volatile compounds and 
its metabolites, however it did not suit for nonvolatile and thermolabile compounds. 
With the advent of liquid chromatography that can handle and separate compo-
nents without subjecting to evaporation, it became prevalent as an analytical tool 
for understanding drug metabolism in drug discovery and development [66, 67].

As a part of understanding the metabolic properties, NCE’s will be initially 
screened for metabolic stability in across species (human/rat/dog/mouse/monkey) 
and in various matrices including microsomes/S9 fractions/cytosol/hepatocytes, 
plasma, tissue homogenates, and buffer. If metabolism is not desired then com-
pounds will be screened for their stability in relevant matrices and compounds with 
moderate to high stability (defined by half-life and intrinsic clearance) are further 
optimized for additional ADME properties. Various Phase 1 metabolic reactions 
including oxidation, demethylation, hydroxylation and phase 2 metabolic reactions 
covering glucuronidation, sulfation, methylation, amino acids conjugation and glu-
tathione conjugation can be quantitatively and qualitatively studied using LC–MS/
MS. Additionally, for compounds that are unstable, understanding the soft spots 
responsible for instability helps medicinal chemists to make relevant structural 
modifications in order to stabilize the unstable compounds. Understanding the soft 
spots precisely, needs the assistance of high-resolution mass spectrometry instru-
ments such as TOF and Orbitrap. With the accurate mass information obtained 
from these mass spec’s, identifying a metabolite structure will be spot on.

Similarly, other in vitro parameters such as permeability, protein binding, 
solubility, lipophilicity, CYP inhibition and CYP induction also play a key role in 
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drug disposition [15, 68, 69]. All of these assays have high sensitivity requirements 
and demand quantification of analytes within a few nanomolar range. For example, 
in case of permeability assessment, low permeable compounds such as atenolol 
permeate poorly from apical to basolateral side complicates the quantification of the 
apparent permeability values, if analyzed with low sensitive detectors. Likewise, 
fraction unbound values for highly protein compounds such as warfarin were such 
low that it demands highly sensitive detectors to accurately quantify such low levels. 
Needless to mention that all of the assays performed to optimize ADME properties 
of NCE’s require highly sensitive detection systems. Hence, with its superior detec-
tion sensitivity, mass spectrometer has become an indispensable tool to understand 
the in vitro ADME properties of NCE’s.

As discussed in the previous sections, even though there exist many ionization 
techniques, atmospheric pressure ionization (API) was more successful in drug 
metabolism studies, given its rapid, specific and sensitive methodologies for the 
identification of drugs and its metabolites. Mass spectrometer instruments types 
used in ADME studies vary from those that provide nominal mass information and 
accurate mass information. Nominal mass instruments such as triple quadrupoles 
are useful for quantitative applications, whereas accurate mass instruments includ-
ing QTOF and Orbitrap are used for both quantitative and qualitative applications.

Of the atmospheric pressure ionization techniques available, ESI and APCI 
are the most commonly used. While APCI can accommodate high flow rates and 
produce high sensitivity, nevertheless analytes are subjected to higher temperatures 
in the evaporation process and hence as an ionization technique is not suitable for 
thermolabile (esp. glucuronides, N-oxides and sulfates) compounds. However, ESI 
is comparatively a soft ionization technique and could efficiently ionize these fragile 
compounds without degradation. As a whole, mass spectrometer exhibits both 
qualitative and quantitative applications in drug metabolism studies. However, in 
case of other ADME battery of assays as described above, mass spectrometer is used 
majorly for quantitative applications.

4.2 Metabolite identification

Metabolite identification (Met-ID) provides a variety of inputs in drug discovery 
and development which includes in vitro metabolite profiling in early stages of 
lead identification/optimization, followed by in vitro/in vivo correlation in late 
stage lead identification, characterization of putative metabolites, cross-species 
comparison to identify the right tox preclinical species, understanding drug–drug 
interactions, and identifying pharmacologically active or toxic metabolites and the 
mechanisms by which they are formed [70, 71].

Met-ID is quite challenging when it comes to a) identification of vast number of 
diverse metabolites, b) metabolites that are of low abundance, and c) high through-
put analytical requirements to screen majority of early leads in preclinical drug 
discovery [72]. Even though there exist various platforms such as triple quadrupole, 
linear ion trap, and Qtrap to quantitatively/qualitatively identify metabolites, they 
turned obsolete due to nominal mass information they generate and are no longer 
valuable [73].

The term mass resolution is used to describe the mass resolving power accord-
ing to the degree to which two analytes with close m/z values can be separated and 
identified. A practical and convenient way of evaluating the mass resolution of 
an instrument is the use of the full width at half maximum (FWHM) definition 
in which the m/z/Δm/z ratio is calculated, where m/z is the mass-to-charge value 
of an ion peak and Δm/z is the full width at half the maximal height of the peak. 
Nominal mass instruments generate resolution in low thousands (1000–4000), 
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which cannot separate isobaric ions with similar nominal m/z value. However, high 
resolution mass spectrometers provide resolution in the range of higher thousands 
(10000–100,000), that successfully identify and separate isobaric ions (Figure 10).

For a given nominal mass, there exists many possible molecular structures for 
an assigned biotransformation pathway. Hence, for an accurate molecular structure 
the metabolite has to be scaled up in larger quantities and measured using NMR 
spectroscopy. However, scaling up metabolites to “mg” quantities need tremendous 
efforts, resources and is not an economical approach. Later, with the discovery of 
high-resolution mass spectrometers such as TOF and Orbitrap, that provides accu-
rate mass to the fourth decimal, enabled accurate prediction of molecular structures 
of metabolites [74–79].

In principle, as long as data can be measured accurately, high-resolution data is 
sufficient to demonstrate the presence or absence of defined species. Apart from 
high resolution masses, modern mass spectrometers also generate data with higher 
accuracy. The term mass accuracy is used to define how close the mass measured 
by the mass spectrometer is to the theoretical exact mass of an ion. Mass accuracy 

Figure 10. 
Increased resolution separating two closely arranged analytes with similar nominal m/z values.
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Figure 10. 
Increased resolution separating two closely arranged analytes with similar nominal m/z values.
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is typically expressed as a relative mass error using the ratio of the difference 
between the experimental and theoretical m/z values over the theoretical m/z 
value of an ion.

Metabolite identification studies are typically performed in full scan mode (or) 
data dependent scan mode. In full scan mode, accurate mass information of parent 
ions is studied to understand the biotransformation pathways. However, to propose 
soft spots for metabolites, data dependent scans consisting of combination of full 
scan and product ion scans are performed. Metabolites in general can be considered 
as off springs to the parent molecular ions that carry similar fragments as that 
of parent ion (or) neutral loss fragments. In case of similar fragments to that of 
parent ion, these fragments can be considered unmodified and are similar to that 
of parent. Whereas, if the fragment ions are accompanied by a mass change for a 
given biotransformation pathway, then metabolite soft spot can be proposed with 
precision to that fragment ion (for example, in case of hydroxylation, neutral loss 
fragment in metabolite carries an additional mass of 16 amu) [80]. Additionally, 
apart from fragmentation scans accompanied with full scan, few other specific 
dependent scans consisting of neutral loss scan, and precursor ion scans are used to 
study various biotransformation pathways including glucuronidation, glutathione 
conjugation, sulfation (for example, glucuronidation is accompanied by a specific 
neutral loss of 176 da and glutathione conjugation by a neutral loss of 129 da in 
positive mode) [81, 82]. These specific scan functions are helpful in eliminating the 
background noise and identify the metabolites that exist even at lower abundance.

One major challenge in metabolite identification using LC–MS technology, is 
quantifying the relative abundance of metabolites. As mass spec quantitation is 
accompanied by many source/gas and compound dependent parameters that aid 
in the efficient ionization and detection, minor modifications in the metabolite 
structures alter the sensitivity by few orders of magnitude. Hence, quantitative 
results using mass spectrometer for the metabolites for which synthetic standards 
are not available, is not feasible. Additionally, it is difficult to synthesize each and 
every metabolite and determine their concentrations accurately. Alternatively, 
few researchers used LC-UV hyphenated with mass spectrometer to measure the 
relative abundance of metabolites. However, as majority of metabolites exist in 
low abundance, it becomes difficult to measure their relative abundance by UV 
spectroscopy. Also, UV is prone to differences in analytical sensitivities with minor 
modifications in structure. Hence, future mass spectrometers need to be designed 
to address these key concerns and facilitate evaluation of both quantitative and 
qualitative aspects of metabolites.

4.3 Pharmacokinetic analysis

Screening paradigm in drug discovery includes evaluation of compounds for 
their ADME properties by various in vitro assays. The datasets obtained from these 
assays help in rationalizing the synthetic chemistry efforts and make progress 
towards a pool of lead compounds that exhibit promising in vitro ADME proper-
ties. However, in vitro screening consists of unique assay platforms that can only 
answer a specific question of interest and can never cover all aspects of complex 
biological systems. Hence, it warrants the screening of selected lead compounds in 
preclinical species such as rats, mice, dog, pig and monkey, before progressing to 
clinic [83, 84]. Role of LC–MS/MS in performing bioanalysis of pharmacokinetic 
samples was well reported in the literature [85–88].

Design of pharmacokinetic studies varies from single route administration 
with few sampling points followed by multiple route administration with detailed 
time course evaluation. Samples of various natures ranging from blood, plasma, 
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serum are collected to analyze the systemic concentration levels. Additionally, to 
understand the tissue distribution of compounds, various tissues including liver, 
intestine, brain, spinal cord, heart, lungs, kidneys, skin and adipose tissue are also 
analyzed. Initially, lead compounds are dosed intravenously to understand the 
disposition parameters such as volume of distribution, clearance, half-life and mean 
residence time. Compounds that possess decent pharmacokinetic parameters in 
intravenous route are further evaluated in alternate (enteral and parenteral) routes 
to assess bioavailability and exposure parameters (Cmax, Tmax, AUC0-last). To 
determine plasma concentrations as low as “ng” levels, sensitive analytical detectors 
are needed. HPLC-UV detector systems are proven robust for analyzing concentra-
tions at higher “μg” level. However, as UV detection is not specific, it suffers from 
high background noise when biological samples are analyzed. High background 
noise in turn causes quantitation issues at the lower portion of calibration curve. On 
the other hand, LC–MS/MS detection system is considered to be highly specific and 
selective, as background noise can be eliminated by analyzing selected analytes of 
interest with desired m/z ratios. Also, mass spectrometric detection is considered 
highly sensitive than UV spectroscopic detection. Altogether, these advanced 
features, enabled LC–MS/MS to overcome the limitations of UV detection and is 
more frequently used in drug discovery and development for the bioanalysis of 
pharmacokinetic samples.

Of the various mass spectrometers available in the market, triple quadrupole 
LC–MS/MS systems have demonstrated tremendous success when it comes to 
quantitative applications. Monitoring specific reaction transitions that consist of 
parent and fragment ion, with associated source/gas and compound dependent 
parameters makes the mass spectrometer highly specific, selective and sensitive. 
Pharmacokinetic study samples are in general monitored for plasma concentrations 
over the time profile and hence triple quadrupole systems have achieved greater 
success. However, exploratory studies performed to understand metabolic pattern 
and biotransformation mechanisms of NCE’s again need the assistance of linear 
ion traps and high-resolution mass spectrometer platforms (Orbitrap and TOF). 
As pharmacokinetic study samples are of biological origin and complex in nature, 
extracts obtained after sample preparation complicate the bioanalysis on LC–MS/
MS. This phenomenon in broad terms is termed as Matrix effects. Causes of matrix 
effects and strategies to mitigate these effects are discussed in detail in the succeed-
ing section.

Typically, pharmacokinetic studies are performed by administering a single test 
item in preclinical species. However, screening of single test item is labor intensive, 
not economical and demand higher turn-around times to generate pharmacokinetic 
data. Hence, researchers have come up with an alternate strategy, where a pool of 
compounds are administered in single dose, a technique well-known as cassette dos-
ing or N-in-one dosing. The foundation for designing cassette dosing strategy comes 
from the ability of LC–MS/MS to analyze multiple test items without any chromato-
graphic separation [89–92]. However, disadvantages with cassette dosing include 
altered pharmacokinetics due to drug–drug interaction potential, non-feasibility 
of pooling compounds with close molecular weights and compounds with differing 
physicochemical properties posing formulatability issues. Compounds with differing 
physicochemical properties comes with a challenge of formulating the selected pool 
of compounds in a single formulation vehicle. While issues with physicochemical 
properties and close molecular weights can be taken care of, drug–drug interaction 
appears to be of a major concern. One approach to minimize DDI’s is by administer-
ing the compounds at minimal doses, collectively not exceeding the dose of single 
test item administration [93]. Also, dosing volumes can be kept as low as possible. 
Additionally, along with pool of unknown compounds, a quality control compound 
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is typically expressed as a relative mass error using the ratio of the difference 
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precision to that fragment ion (for example, in case of hydroxylation, neutral loss 
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serum are collected to analyze the systemic concentration levels. Additionally, to 
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analyzed. Initially, lead compounds are dosed intravenously to understand the 
disposition parameters such as volume of distribution, clearance, half-life and mean 
residence time. Compounds that possess decent pharmacokinetic parameters in 
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As pharmacokinetic study samples are of biological origin and complex in nature, 
extracts obtained after sample preparation complicate the bioanalysis on LC–MS/
MS. This phenomenon in broad terms is termed as Matrix effects. Causes of matrix 
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ing section.
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compounds are administered in single dose, a technique well-known as cassette dos-
ing or N-in-one dosing. The foundation for designing cassette dosing strategy comes 
from the ability of LC–MS/MS to analyze multiple test items without any chromato-
graphic separation [89–92]. However, disadvantages with cassette dosing include 
altered pharmacokinetics due to drug–drug interaction potential, non-feasibility 
of pooling compounds with close molecular weights and compounds with differing 
physicochemical properties posing formulatability issues. Compounds with differing 
physicochemical properties comes with a challenge of formulating the selected pool 
of compounds in a single formulation vehicle. While issues with physicochemical 
properties and close molecular weights can be taken care of, drug–drug interaction 
appears to be of a major concern. One approach to minimize DDI’s is by administer-
ing the compounds at minimal doses, collectively not exceeding the dose of single 
test item administration [93]. Also, dosing volumes can be kept as low as possible. 
Additionally, along with pool of unknown compounds, a quality control compound 
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with known pharmacokinetic parameters can be administered. Pharmacokinetic 
study results of unknown compounds can be considered acceptable, as long as qual-
ity control compounds fall within the set acceptance criteria. Compounds with less 
than 5 da difference in molecular weight are difficult to pool, when triple quadrupole 
systems are used for analyzing the pharmacokinetic samples. However, this chal-
lenge can be overcome by considering high resolution mass spectrometric analysis. 
Typical pharmacokinetic parameters studied from intravenous administration 
include half-life (t1/2), clearance (Cl), volume of distribution (Vz), mean residence 
time (MRT), area under the curve (AUC0-last; AUC0-inf), whereas parameters such as 
Cmax, Tmax and area under the curve are studies in other routes of administration. 
When compounds are dosed in multiple routes, along with intravenous route of 
administration, absolute bioavailability values are calculated.

Current fast LC–MS/MS instruments enable analysis of mixture of analytes 
with minimal separation, shorter run times and also feasible for hyphenation with 
ultra-fast liquid chromatography systems. Additionally, latest LC–MS/MS systems 
are capable of analyzing thousands of samples every week due to higher loading 
capacity of samples in autosampler, shorter run times and introduction of 96/384 
well plate formats.

Test samples are analyzed against a calibration curve and a set of quality control 
samples. Calibration curve consists of 8–10 known standards and quality controls 
span the calibration curve at a minimum of 3 levels. Typical accuracy limits for 
qualifying the calibration and quality control samples is set as ±20%. Typical turn-
around times for execution of pharmacokinetic studies right from dosing initiation 
to generation of pharmacokinetic parameters spans 1–2 weeks. Importance of high 
throughput bioanalysis and its role in drug discovery is discussed in detail in the 
section below.

4.4 High throughput bioanalysis

With the combinatorial chemistry efforts leading to synthesis of hundreds of 
compounds in early phases of drug discovery, there is a constant need for analytical 
platforms that can quickly churn out data and help in accelerating the discovery 
process. LC–MS/MS with proven track record as a reliable analytical platform had 
undergone evolutionary changes to support high throughput demands of drug 
discovery [60, 70, 87, 94–96]. These strategies include advancements in chromato-
graphic columns, where lower dimensions and microbore HPLC columns cut short 
run time to one minute per sample. Quick sample run times help in analyzing higher 
number of samples with in the given stipulated time [97]. Faster gradient methods 
with LC pumps that can handle higher pressure also enable analysis with shorter run 
times [98]. With the invention of monolithic HPLC columns that can be operated at 
high flow rates in the order of 5–6 mL/min, analytical run times were significantly 
reduced [99–101]. One disadvantage of these columns is that the high flow rates 
translate in to higher usage of mobile phase, making it an expensive alternative.

Another approach for increasing sample throughput is by the use of parallel 
HPLC columns, where the effluent from two HPLC systems could be combined and 
assayed by using the MRM/SRM capabilities of the MS/MS system [102, 103]. One 
more approach in enhancing the throughput is through staggered analysis approach. 
Here, multiple HPLC columns are used, but the injection time is staggered such that 
the “analytical window” can be selected sequentially in order to maximize the use 
of the MS/MS system and increase sample throughput [104].

On the other hand, throughput can also be increased by pooling of samples, 
provided the sensitivity is not seriously compromised. When these samples are 
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analyzed on triple quadrupole systems, care must be taken to have molecular weight 
differences by at least 5 da. Typically, 4–5 analytes can be pooled and analyzed. 
Only challenge with pooling/cassette strategy (even with high resolution mass 
spectrometers) is its non-suitability for isomeric compounds. With advancements 
in instrumentation technology, modern LC autosamplers are designed to accom-
modate higher sample load. There are autosamplers that can accommodate as high 
as twelve 96 well plates. Higher loading capacity of autosamplers enable unattended 
analysis of large number of samples (Figure 11).

When it comes to sample preparation, robotic platforms can be used to screen 
larger pool of compounds across various in vitro assays. However, this strategy 
can also be used for processing of in vivo samples, provided if the sample cohort is 
higher. In general, automated robotic sample preparation platforms are quite often 
used for screening of compounds in in vitro assays. These robotic platforms help 
in decreasing the manpower involved and time taken for performing the assays. 
However, main disadvantage with robotic platforms is the need for preparation 
of larger volumes of reagents and the cost factor involved. Hence, it is not recom-
mended to use these platforms unless there exists a larger library of compounds.

4.5 Matrix effects

With the sample nature being biological in origin, supernatants obtained after 
sample preparation consists of many endogenous components that compete with 
the analyte of interest and result in either suppression/enhancement of ionization. 
This process of alteration of the ionization of analytes is termed as matrix effects. 
The “matrix” refers to all components in the sample other than analyte(s) of inter-
est. Matrix effects are defined as “interference from matrix components that are 

Figure 11. 
Pictorial representation of LC–MS/MS system with higher loading capacity of autosampler.



Mass Spectrometry - Future Perceptions and Applications

54
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study results of unknown compounds can be considered acceptable, as long as qual-
ity control compounds fall within the set acceptance criteria. Compounds with less 
than 5 da difference in molecular weight are difficult to pool, when triple quadrupole 
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compounds in early phases of drug discovery, there is a constant need for analytical 
platforms that can quickly churn out data and help in accelerating the discovery 
process. LC–MS/MS with proven track record as a reliable analytical platform had 
undergone evolutionary changes to support high throughput demands of drug 
discovery [60, 70, 87, 94–96]. These strategies include advancements in chromato-
graphic columns, where lower dimensions and microbore HPLC columns cut short 
run time to one minute per sample. Quick sample run times help in analyzing higher 
number of samples with in the given stipulated time [97]. Faster gradient methods 
with LC pumps that can handle higher pressure also enable analysis with shorter run 
times [98]. With the invention of monolithic HPLC columns that can be operated at 
high flow rates in the order of 5–6 mL/min, analytical run times were significantly 
reduced [99–101]. One disadvantage of these columns is that the high flow rates 
translate in to higher usage of mobile phase, making it an expensive alternative.

Another approach for increasing sample throughput is by the use of parallel 
HPLC columns, where the effluent from two HPLC systems could be combined and 
assayed by using the MRM/SRM capabilities of the MS/MS system [102, 103]. One 
more approach in enhancing the throughput is through staggered analysis approach. 
Here, multiple HPLC columns are used, but the injection time is staggered such that 
the “analytical window” can be selected sequentially in order to maximize the use 
of the MS/MS system and increase sample throughput [104].

On the other hand, throughput can also be increased by pooling of samples, 
provided the sensitivity is not seriously compromised. When these samples are 
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higher. In general, automated robotic sample preparation platforms are quite often 
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in decreasing the manpower involved and time taken for performing the assays. 
However, main disadvantage with robotic platforms is the need for preparation 
of larger volumes of reagents and the cost factor involved. Hence, it is not recom-
mended to use these platforms unless there exists a larger library of compounds.

4.5 Matrix effects

With the sample nature being biological in origin, supernatants obtained after 
sample preparation consists of many endogenous components that compete with 
the analyte of interest and result in either suppression/enhancement of ionization. 
This process of alteration of the ionization of analytes is termed as matrix effects. 
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unrelated to the analyte” [105, 106]. The process of ion suppression/enhancement is 
in general referred as matrix effect and is main subject of various published reviews 
[107–112].Matrix effects result in significant deviation in precision and accuracy of 
results which in turn debate the reliability of pharmacokinetic parameters of NCE’s 
generated. Matrix effect alters the sensitivity, reproducibility and challenges the 
reliability of analytical techniques. Although matrix effects occur as a result of vari-
ous exogenous and endogenous components, one major area of concern is formula-
tion excipients (an exogenous component) used in the preparation of formulations. 
Dosing vehicles are generally used at high concentrations to solubilize test articles 
of highly lipophilic nature [113–115]. This in turn can be instrumental in causing 
matrix effects, thereby questioning the reliability of preclinical PK parameters. This 
phenomenon has been reported by us in the past for various excipients such as PEG 
400 [110, 116, 117], Cremophor EL [111, 118] and Solutol HS15 [112, 119].

Several mechanisms have been proposed to explain matrix effects, but the exact 
process remains uncertain [120, 121]. Various mechanisms by which matrix compo-
nents cause ion suppression are as follows:

• Charge competition between analyte and matrix components [122, 123].

• Change in droplet surface tension leading to formation of large droplets and 
insufficient desolvation [121, 124].

• Preferential ion evaporation due to matrix components gathering at droplet 
surface.

• Change in mass of analyte ion due to ion pairing and adduct formation

• Co-precipitation with non-volatile matrix components [125].

• Gas phase deprotonation.

Reduction of matrix effects can be achieved through various strategies includ-
ing decreasing the level of matrix components, improving chromatographic 
separation of interfering materials from the analyte, various sample preparation 
strategies, lower injection volumes, and even by simple dilution of samples to 
reduce the overall concentrations of both analyte and co-extracted materials [126, 
127]. Switching ionization sources will also help in mitigating the matrix effects 
[112, 116, 118, 119]. Matrix effects occurring in the early time point samples can 
be monitored, using another aliquot of the early time point samples analyzed at a 
higher dilution [128].

5. Conclusion

Over the past few decades, technological advancements in mass spectrometer 
enabled it to surpass other detection platforms and evolve as an indispensable ana-
lytical tool to support the bioanalytical needs of drug discovery and development. 
Current generation mass spectrometers could efficiently handle both qualitative 
and quantitative aspects of bioanalysis. Additionally, the likelihood of hyphenation 
of mass spectrometers with ultrafast liquid chromatography systems, extended its 
applications to high throughput bioanalysis. Even though significant achievements 
were made in the past, instruments will continue to get more and more sensitive 
and become better acquiescent to automation.
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Application of Two-Dimensional 
Gel Electrophoresis in 
Combination with Mass 
Spectrometry in the Study of 
Hormone Proteoforms
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Abstract

Hormone is a category of important endocrine regulatory proteins in human 
endocrine systems. Clarification of hormone proteoforms directly leads to under-
standing of its biological roles. Two-dimensional gel electrophoresis (2DGE) in 
combination with mass spectrometry (MS) plays important roles in identification 
of hormone proteoforms such as human growth hormone (hGH) proteoforms and 
human prolactin (hPRL) proteoforms. This book chapter will review the hormone 
proteoforms focusing on hGH and hPRL, the methodology of hormone proteoform 
study, and future perspective of human hormone proteoform study to find bio-
markers for in-depth understanding of molecular mechanisms, and individualized 
and precise diagnosis, therapy, and prognostic assessment of hormone-related 
diseases.

Keywords: two-dimensional gel electrophoresis, mass spectrometry, tandem mass 
spectrometry, liquid chromatography, hormone, growth hormone, prolactin, variant, 
proteoform

1. Introduction

Hormone is a category of important endocrine regulatory proteins in the human 
endocrine systems. Hormone is a chemical message substance synthesized by highly 
differentiated endocrine cells and directly secreted into the blood, which has high 
biological activities and transmits information in the body as a messenger. It is a 
vital substance in human life and plays important roles in regulating physiological 
processes such as metabolism, growth, and development.

Notably, human growth hormone (hGH) and human prolactin (hPRL) are two 
key hormones in human body. The hGH, also known as somatotropin, is produced 
in the acidophilic somatotroph cells of the anterior pituitary gland and is a 191 
amino acid single chain polypeptide, which is released into the blood circulation 
and takes part in the hypothalamic-anterior pituitary-skeletal muscle axis system 
to regulate growth and development in human body [1, 2]. The synthesis and 
release of hGHs are affected by multiple complex feedback mechanisms, and the 
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major regulators are growth hormone-releasing hormone (GHRH) synthesized 
in the hypothalamus, somatostatin derived from various tissues of the body, and 
ghrelin produced in the gastrointestinal tract. The mechanism of the effect of hGH 
is to directly bind with target organs for response of stimulation or it is indirectly 
 influenced by the role of insulin-like growth factor-1 (IGF-1). The IGF-1 secreted 
from hepatocytes responds to the binding of hGH to surface receptors. If the Janus 
activating tyrosine kinases (JAKs) 1 and 2 are activated and bound to the cyto-
plasmic transcriptions factors STAT1, STAT3, and STAT5, and transported into the 
nucleus, thus enhanced gene transcription and metabolism would be induced, and 
the corresponding IGF-1 is generated and released into circulation. IGF-1 affects 
the growth and metabolism of peripheral tissues, which is able to understand as a 
combined impact of IGF-1 and hGH [2, 3]. The deficiency of hGH leads to growth 
deficit in children and the GH deficiency syndrome in adults, conversely, hGH 
hypersecretion results in gigantism or acromegaly [4–7]. It is obvious that hGH 
plays an important role in regulation of human life activities. In addition, hPRL 
should be paid more attention to its relevant functional study. The hPRL, a four 
long α-helix protein hormone, is mainly secreted by lactotrophs in the anterior 
pituitary gland except placental PRL [8]. The secretion of hPRL is usually regulated 
by PRL inhibitors such as dopamine from hypothalamus [9]. The hPRL is a poly-
peptide hormone with a wide variety of functions such as controls osmotic pressure 
and vascularization, participates in the immune response, and promotes neuro-
genesis in maternal and fetal brains [10, 11]. Moreover, the hPRL transports to the 
target organs and tissues via the blood circulation to bind to two different types of 
long or short hPRL receptors (hPRLRs) to activate signal pathways including JaK2 
activation, Ras-Raf-MAPK pathway, modulatory pathways, PI3K and downstream 
pathways, and Stats [12]. However, hGH and hPRL exist multiple structural and 
functional formats, namely different proteoforms. The proteoform can clarify the 
function and effect of specific protein in human body and is an intuitive and visual 
expression of the gene. Therefore, the clarification of hormone proteoforms is nec-
essary to understand its biological roles. Protein proteoforms are primarily derived 
from alternative splicing, post-translational modifications (PTMs), translocation, 
redistribution, and spatial conformation alterations [13]. The protein proteoforms 
can be identified with two-dimensional gel electrophoresis (2DGE) and mass 
spectrometry (MS).

The isoelectric point (pI) and relative mass (Mr) are the basic characteristics of 
a proteoform. 2DGE is depended on different pI and Mr values to separate proteo-
forms, which first separates proteoforms by different pI values in the isoelectric 
focusing (IEF) direction, and second separates proteoforms by different Mr values 
in the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
direction [14]. 2DGE-based Western blotting coupled with specific antibody 
can detect a proteoform of a specific protein. Thus, the proteoforms of hGH and 
hPRL are able to be separated and arrayed with 2DGE. MS is an effect method to 
characterize protein proteoforms and identify PTMs with an analysis of amino acid 
sequence and determination of PTM sites [15]. The combination of 2DGE and MS 
plays an important role in detection, identification, and quantification of proteo-
forms of hGH and hPRL. The MS methods that were used to study the proteoforms 
of hGH and hPRL were commonly divided into peptide fingerprint (PMF) and 
tandem mass spectrometry (MS/MS) analyses. PMF data are commonly obtained 
with matrix-assisted laser desorption/ionization (MALDI)-time-of-flight (TOF) 
mass spectromety (MS), and MS/MS data can be obtained from MALDI-TOF-TOF 
MS or liquid chromatography (LC)-electrospray ionization (ESI)-quadruple-ion 
trap (Q-IT) MS.
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This book chapter will mainly review the hormone proteoforms focusing 
on hGH and hPRL, the methodology of hormone proteoform study, and future 
perspective to find effective and potential hormone proteoform biomarkers for 
in-depth understanding of molecular mechanisms, and individualized and precise 
diagnosis, therapy, and prognostic assessment of hormone-related diseases.

2. Materials and methods

2.1 Tissues and protein extraction

The human control pituitary tissue samples were post-mortem tissues, and 
human pituitary adenoma tissue samples were obtained from neurosurgery. The 
detailed information of those tissue samples were described previously [15, 16]. The 
collected tissues were immediately frozen in liquid nitrogen, and stored at −80°C 
until used. The protein extraction of pituitary control and adenoma tissues was 
performed as described previously [17, 18]. In brief, the contaminated blood in each 
tissue sample was washed with 0.9% NaCl (3 mL, 5×). The proteins were extracted 
with protein extraction buffer that consists of 2 mol/L thiourea, 7 mol/L urea, 40 g/L 
CHAPS, 100 mmol/L dithiothreitol (DTT), 5 mol/L immobilized pH gradient (IPG) 
buffer pH 3–10 NL, and a trace of bromophenol blue, followed by centrifugation 
(15,000×g, 15 min, 4°C). The supernatant was collected as protein sample, and its 
protein concentration was determined with a Bio-Rad 2D Quant kit (Bio-Rad) [15].

2.2 2DGE and 2DGE-based Western blot

Each protein sample was first separated by IEF with pH 3–10 NL IPG strips 
(180 mm × 3 mm × 0.5 mm), under the IEF condition that was a gradient from 0 
to 250 V within 1 h (125 Vh), a gradient from 125 to 1000 V within 1 h (500 Vh), a 
gradient from 1000 to 8000 V within 1 h (4000 Vh), a step-and-hold at 8000 V for 
4 h (32,000 Vh), and a step-and-hold at 500 V for 0.5 h (250 Vh) to achieve a total 
of 36,875 Vh within ~7.5 h [19]. After IEF, proteins were reduced with DTT, and 
alkylated with iodoacetamide, and then were separated with the 12% SDS-PAGE 
resolving gel (250 mm × 215 mm × 1.0 mm) in the Tris-glycine-SDS electrophoresis 
buffer that contained 192 mmol/L glycine, 25 mmol/L Tris-base, and 1 g/L SDS with 
an electrophoresis condition (250 V, 360 min, 25°C) [20]. The 2DGE-separated 
proteins were visualized with silver-staining [21].

After 2DGE, the proteins were transferred onto a polyvinylidene fluoride 
(PVDF) membrane, blocked with bovine serum albumin (BSA), and incubated 
with hormone antibodies and secondary antibody. The proteins on the membrane 
were visualized with 5-bromo-4-chloro-3-indolyl phosphate [15].

The silver-stained 2D gels and 2DE-Western blot images were digitized and 
analyzed with Discovery Series PDQuest 2D Gel Analysis software [22, 23].

2.3 MS-characterization

2.3.1 MALDI-TOF MS

The tryptic peptide mixture was purified with ZipTipC18, and analyzed with a 
Perspective Biosystems MALDI-TOF Voyager DE-RP MS (Framingham, MA, USA). 
The PMF data were obtained to search Swiss-Prot database with PeptIdent software 
for protein identification. The detailed procedure was described previously [22].
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2.3.2 LC-ESI-Q-IT MS

The tryptic peptide mixture was purified with ZipTipC18, and analyzed with 
LC-ESI-Q-IT MS on an LCQDeca mass spectrometer (Thermo Finnigan, San Jose, 
CA, USA). The MS/MS data were obtained to search Swiss-Prot database for protein 
identification. The detailed procedure was described previously [22].

2.3.3 MALDI-TOF-TOF MS

The tryptic peptide mixture was purified with ZipTipC18, and analyzed with 
MALDI-TOF-TOF MS on Perspective Biosystems UltraFlex III MALDI-TOF-TOF 
(Bruker Daltonics). The MS and MS/MS data were obtained to search Swiss-Prot 
database for protein identification. The detailed procedure was described  
previously [15].

2.4 Bioinformatics

Many phosphorylation sites of hGH proteoforms were identified with MS/MS, 
and deamidation was found in many hGH proteoforms. The PTM sites of hPRL 
in human pituitary adenoma and control tissues, including phosphorylation sites, 
N-glycosylation sites, and O-glycosylation sites were predicted with NetPhos 3.1 
Server (http://www.cbs.dtu.dk/services/NetPhos) [24, 25], NetNGlyc 1.0 Server 
(http://www.cbs.dtu.dk/services/NetNGlyc) [26], and NetOGlyc 4.0 Server (http://
www.cbs.dtu.dk/services/NetOGlyc) [27], respectively.

3. Results and discussion

3.1  MS-identification of open reading frames (ORFs) of hGH and hPRL 
proteoforms within 2DGE pattern, and confirmed with Western blot

Over 1000 protein spots were found in each pituitary 2D gel (n = 30). MS is an 
effective method to identify ORFs of a gene across 2DGE map, generally cannot 
identify proteoforms with the common procedure because MS only detects a partial 
amino acid sequence but not its complete sequence of a protein. However, each 
proteoform has its specific pI and Mr, which can be separated with 2DGE. 2DGE 
coupled with MS can effectively array and identify proteoforms that are derived 
from the same gene. Thus, 24 hGH proteoforms (Figure 1A) [1] and 6 hPRL 
proteoforms (Figure 1B) [15] were MS-characterized within pituitary 2DGE map.

Some hGH proteoforms and hPRL proteoforms within 2DGE map (Figure 1) 
were also validated with Western immunoblot. For example, four hPRL proteo-
forms were confirmed with 2DGE-Western blot (Figure 2). It demonstrated that 
2DGE-MS was an effective and reliable approach to detect and identify proteoforms 
derived from hGH and hPRL genes. The other hGH proteoforms and hPRL proteo-
forms were not be validated with immnuoblot, which might be due to no-reactivity 
of antibody to a specific proteoform.

The hGH proteoforms or hPRL proteoforms in each 2D spot were identified with 
MS including PMF and MS/MS. For example, the protein in spot 6 in Figure 1A was 
identified as hGH isoform 1 (P01241) with MALDI-TOF PMF data (Figure 3). The 
protein in spot v6 in Figure 1B was identified as hPRL (P01236) with MALDI-TOF-
TOF PMF data (Figure 4), and MS/MS data (Figure 5).

Therefore, 2DGE-MS clearly identified 24 hGH proteoforms and 6 hPRL 
proteoforms with different pI-Mr distributions on a 2DGE pattern. Furthermore, 
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one investigated the reasons to form those hormone proteoforms, including signal 
peptide, splicing variation, and PTMs such as deamination, phosphorylation, and 
glycosylation.

3.2  MS-determination of signal peptide contained in each hGH or hPRL 
proteoform in human pituitaries

If signal peptide is contained in the sequence of hGH or hPRL, then it means that 
hormone is a prohormone (Figure 6). It is necessary to determine whether signal 

Figure 1. 
2DGE patterns of hGH proteoforms (A) and hPRL proteoforms (B) in human pituitaries. The total proteins 
extracted from pituitary tissues were separated with IPG strip pH 3–10 NL and 12% SDS-PAGE gel, and 
stained with silver-staining. Modified from Zhan et al. [1], with permission from Wiley-VCH, copyright 2005; 
and from Qian et al. [15], with permission from Frontiers publisher open access article, copyright 2018.

Figure 2. 
hPRL proteoforms were validated with 2DGE-Western blot analysis. (A) Western blot image of hPRL 
proteoforms (rabbit anti-hPRL antibodies + goat anti-rabbit alkaline phosphatase-conjugated IgG).  
(B) Silver-stained image on a 2D gel after proteins were transferred to a PVDF membrane. Reproduced from 
Qian et al. [15], with permission from Frontiers publisher open access article, copyright 2018.
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Figure 2. 
hPRL proteoforms were validated with 2DGE-Western blot analysis. (A) Western blot image of hPRL 
proteoforms (rabbit anti-hPRL antibodies + goat anti-rabbit alkaline phosphatase-conjugated IgG).  
(B) Silver-stained image on a 2D gel after proteins were transferred to a PVDF membrane. Reproduced from 
Qian et al. [15], with permission from Frontiers publisher open access article, copyright 2018.
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peptide is contained in each hGH proteoform or hPRL proteoform. MS can identify 
the characteristic tryptic peptide sequences before and after removal of signal peptide 
in hGH or hPRL (Table 1). For 24 hGH proteoforms in human pituitaries, checking 
all MS data of those 24 hGH proteoforms, the tryptic peptide sequence FPTIPLSR 
(position 27–34) (Figure 3) was detected for each hGH proteoform, but no any 
characteristic tryptic peptide sequence before removal of signal peptide was found 
(Table 1). It clearly demonstrated that no signal peptide sequence was contained in 
those 24 hGH proteoforms in the 2DGE pattern (Figure 1A). For 6 hPRL proteoforms 
in human pituitaries, checking all MS data of those 6 hPRL proteoforms, the tryptic 
peptide sequence MNIKGSPWK (position 1–9) (Figure 4) was detected for each hPRL 
proteoform, but no any characteristic tryptic peptide sequence after removal of signal 
peptide was found (Table 1). It clearly demonstrated that signal peptide sequence was 
contained in those 6 hPRL proteoforms in the 2DGE pattern (Figure 1B).

Figure 3. 
MALDI-TOF MS spectrum of hGH isoform 1 (spot 6). T = autodigested fragments of trypsin. M* = oxidized Met.  
C# = carbamidomethyl-Cys. N@ = deamidated Asn. Reproduced from Zhan et al. [1], with permission from 
Wiley-VCH, copyright 2005.

Figure 4. 
MALDI-TOT-TOF MS spectrum of hPRL (spot v6). Reproduced from Qian et al. [15], with permission  
from Frontiers publisher open access article, copyright 2018.
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3.3 MS-identification of splicing variants of hGH in human pituitaries

MS is an effective method to identify splicing variants of hGH. hGH splicing vari-
ant 2 is derived from deletion of positions 58–72 from hGH, hGH splicing variant  
3 is derived from deletion of positions 111-148 from hGH, and hGH splicing variant 4  
is derived from deletion of positions 117-162 from hGH (Figure 6). The character-
istic tryptic peptides for each hGH splicing variant can be theoretically obtained 
and observed by MS (Table 2). The MS data of 24 hGH proteoforms were checked 
one-by-one. The results showed that hGH splicing variant 2 existed in spot 9, hGH 
splicing variant 3 existed in spots 2 and 23, and hGH splicing variant 4 existed in 
spot 13. hGH variant 1 existed in the rest 20 spots.

However, hPRL does not have splicing variants. The Mr of hPRL proteoforms was 
26.0 kDa for v1, 26.1 kDa for v4, 25.9 kDa for v5, and 25.9 kDa for v6 in 2DGE pattern 
(Figure 1), which was almost equal to the Mr (25.9 kDa) of hPRL prohormone. Moreover, 
the Mr of hPRL proteoforms was 26.4 kDa for v2, and 27.9 kDa for v3, which is slightly 
greater than Mr (25.9 kDa) of hPRL prohormone. These data further confirmed that 
those six hPRL proteoforms were not generated from mature hPRL (position 29–227) but 

Figure 5. 
MALDI-TOF-TOF MS/MS spectrum of the tryptic peptide 118SWNEPLYHLVTEVR131 from hPRL in spot v6. 
Reproduced from Qian et al. [15], with permission from Frontiers publisher open access article, copyright 2018.

Figure 6. 
The amino acid sequences of hGH and hPRL prohormones. Modified from Zhan et al. [1], with permission from  
Wiley-VCH, copyright 2005; and from Qian et al. [15], with permission from Frontiers publisher open access 
article, copyright 2018.
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Wiley-VCH, copyright 2005.
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MALDI-TOT-TOF MS spectrum of hPRL (spot v6). Reproduced from Qian et al. [15], with permission  
from Frontiers publisher open access article, copyright 2018.
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hGH proteoforms (Spot No.) Splicing variants Phosphorylation (p) Deamidation (d)

1 1/2 pSer176

2 3; 1/2

3 1 pSer132

4 1

5 1 pSer176; dAsn178

6 1 pSer77, pSer132, 
pSer176

dAsn178

7 1

8 1 pSer176, pSer132

9 2 pSer176

10 1 pSer176

11 1 pSer77, pSer132

12 1 pSer176; pSer132

13 4; 3

14 1 pSer132

15 1 pSer176, pSer132

16 1 pSer176 dAsn178

17 1

18 1 pSer176, pSer132

19 1

20 1

21 1

22 1

23 3; 1

24 1 pSer132
Modified from Zhan et al. [1], with permission from Wiley-VCH, copyright 2005.

Table 3. 
PTMs were identified in hGH proteoforms.

Figure 7. 
MS2 spectrum of a phosphopeptide ([M + 3H]3+: m/z = 899.47; retention time = 51.44 min; scan number 2167) 
derived from hGH proteoform 6 (Spot 6). Reproduced from Zhan et al. [1], with permission from Wiley-VCH, 
copyright 2005.
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hGH proteoforms (Spot No.) Splicing variants Phosphorylation (p) Deamidation (d)

1 1/2 pSer176

2 3; 1/2

3 1 pSer132

4 1

5 1 pSer176; dAsn178

6 1 pSer77, pSer132, 
pSer176

dAsn178

7 1

8 1 pSer176, pSer132

9 2 pSer176

10 1 pSer176

11 1 pSer77, pSer132

12 1 pSer176; pSer132

13 4; 3

14 1 pSer132

15 1 pSer176, pSer132

16 1 pSer176 dAsn178

17 1

18 1 pSer176, pSer132

19 1

20 1

21 1

22 1

23 3; 1

24 1 pSer132
Modified from Zhan et al. [1], with permission from Wiley-VCH, copyright 2005.

Table 3. 
PTMs were identified in hGH proteoforms.

Figure 7. 
MS2 spectrum of a phosphopeptide ([M + 3H]3+: m/z = 899.47; retention time = 51.44 min; scan number 2167) 
derived from hGH proteoform 6 (Spot 6). Reproduced from Zhan et al. [1], with permission from Wiley-VCH, 
copyright 2005.
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Sequence # x Context Score* Kinase Answer

Sequence 6 S NIKGSPWKG 0.779 unsp YES

Sequence 11 S PWKGSLLLL 0.848 PKA YES

Sequence 18 S LLLVSNLLL 0.523 cdc2 YES

Sequence 42 T RCQVTLRDL 0.891 unsp YES

Sequence 61 S IHNLSSEMF 0.718 unsp YES

Sequence 62 S HNLSSEMFS 0.553 unsp YES

Sequence 66 S SEMFSEFDK 0.991 unsp YES

Sequence 72 Y FDKRYTHGR 0.503 INSR YES

Sequence 73 T DKRYTHGRG 0.557 unsp YES

Sequence 90 S CHTSSLATP 0.585 DNAPK YES

Sequence 93 T SSLATPEDK 0.737 unsp YES

Sequence 110 S KDFLSLIVS 0.507 PKA YES

Sequence 118 S SILRSWNEP 0.749 unsp YES

Sequence 124 Y NEPLYHLVT 0.956 unsp YES

Sequence 142 S EAILSKAVE 0.517 CKII YES

Sequence 151 T IEEQTKRLL 0.983 unsp YES

Sequence 163 S ELIVSQVHP 0.623 ATM YES

Sequence 169 T VHTEPKENE 0.541 CKII YES

Sequence 175 Y ENEIYPVWS 0.804 unsp YES

Sequence 191 S ADEESRLSA 0.576 cdc2 YES

Sequence 194 S ESRLSAYYN 0.982 unsp YES

Sequence 207 S LRRDSHKID 0.993 unsp YES
Modified from Qian et al. [15], with permission from Frontiers publisher open access article, copyright 2018. 
*Score > 0.5 means a statistically significant result.

Table 4. 
Prediction of phosphorylation sites in hPRL prohormone (positions 1–227) with NetPhos server with a  
score more than 0.5.

Seq name Position Potential Jury agreement N-Glyc result

Sequence 2 NIKG 0.7530 (9/9) +++

SEQUON 
ASN-XAA-SER/THR.

Sequence 19 NLLL 0.7151 (9/9) ++

Sequence 59 NLSS 0.7380 (9/9) ++

Sequence 84 NSCH 0.7312 (8/9) +

Sequence 104 NQKD 0.6020 (7/9) +

Sequence 120 NEPL 0.6051 (6/9) +

Sequence 172 NEIY 0.5346 (5/9) +

Sequence 198 NLLH 0.5642 (5/9) +

Sequence 212 NYLK 0.6726 (8/9) +

Sequence 224 NNNC 0.5146 (5/9) +

Sequence 225 NNC- 0.3576 (8/9) —

Sequence 226 NC-- 0.3351 (9/9) —
Modified from Qian et  al. [15], with permission from Frontiers publisher open access article, copyright 2018.  
Note: Asparagines predicted to be N-glycosylated are highlighted in bold font.

Table 5. 
Prediction of N-glycosylation sites in hPRL prohormone (positions 1–227) with NetNGlyc 1.0 server with score 
more than 0.5.
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from hPRL prohormone (positions 1–227) in human pituitary tissues. These data coupled 
with MS data clearly demonstrated six hPRL proteoforms were not derived from splicing.

3.4 MS/MS-identification of PTMs in hormone proteoforms

MS/MS was an effective method to identify the PTMs and their modification 
sites of hGH and hPRL to clarify the reasons of formation of hGH proteoforms and 
hPRL proteoforms. MS/MS identified phosphorylation at sites Ser-77, Ser-132, and 
Ser-176 in many hGH proteoforms (Table 3). A representative MS/MS spectrum 
was shown to determine phosphorylation site Ser-77 in hGH proteoform 6 (Spot 6) 
(Figure 7). Also, deamidation was found in many hGH proteoforms. In addition, 
there would be other PTMs in hGH proteoforms that need to be further characterized.

#Seq name Source Feature Start End Score Strand Frame Comment

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 25 25 0.134588 . .

#POSITIVE

#POSITIVE

#POSITIVE

#POSITIVE

#POSITIVE

#POSITIVE

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 42 42 0.190888 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 54 54 0.194926 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 66 66 0.176466 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 73 73 0.111052 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 80 80 0.613645 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 85 85 0.618483 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 88 88 0.602886 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 89 89 0.717093 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 90 90 0.928857 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 93 93 0.778272 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 128 128 0.181904 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 151 151 0.11243 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 163 163 0.424529 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 169 169 0.122664 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 179 179 0.380532 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 183 183 0.309982 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 191 191 0.1589 . .

SEQUENCE netOGlyc 
-4.0.0.13

CARBOHYD 194 194 0.249957 . .

Modified from Qian et  al. [15], with permission from Frontiers publisher open access article, copyright 2018.  
Note: The bold value means a statistically significantly positive result.

Table 6. 
Prediction of O-glycosylation sites in hPRL prohormone (position 1–227) with NetOGlyc 4.0 server with score 
more than 0.5.
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from hPRL prohormone (positions 1–227) in human pituitary tissues. These data coupled 
with MS data clearly demonstrated six hPRL proteoforms were not derived from splicing.

3.4 MS/MS-identification of PTMs in hormone proteoforms

MS/MS was an effective method to identify the PTMs and their modification 
sites of hGH and hPRL to clarify the reasons of formation of hGH proteoforms and 
hPRL proteoforms. MS/MS identified phosphorylation at sites Ser-77, Ser-132, and 
Ser-176 in many hGH proteoforms (Table 3). A representative MS/MS spectrum 
was shown to determine phosphorylation site Ser-77 in hGH proteoform 6 (Spot 6) 
(Figure 7). Also, deamidation was found in many hGH proteoforms. In addition, 
there would be other PTMs in hGH proteoforms that need to be further characterized.
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Prediction of O-glycosylation sites in hPRL prohormone (position 1–227) with NetOGlyc 4.0 server with score 
more than 0.5.
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For hPRL proteoforms, bioinformatics including NetPhos 3.1 Server (http://
www.cbs.dtu.dk/services/NetPhos) [24, 25] predicted 14 pS sites, 5 pT sites, and 
3 pY sites in the hPRL (Table 4), NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/
services/NetNGlyc) [26] predicted ten significantly N-glycosylated sites (Table 
5), and NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/services/NetOGlyc) [27] 
predicted six significantly O-glycosylated sites in the hPRL (Table 6) in human 
pituitaries. These predicted PTM sites in hPRL proteoforms provided clues and 
needed to be confirmed with MS/MS in future studies.

4. Conclusions

hGH and hPRL are two important hormones in human endocrine systems, which 
are synthesized in the pituitary gland and secreted into the circulation system. 
Clarification of hGH proteoforms and hPRL proteoforms in human pituitary is 
essential step to elucidate their biological functions. Alternative splicing and PTMs 
are two important factors to cause proteoforms. 2DGE effectively presented 24 hGH 
proteoforms and 6 hPRL proteoforms with different pI-Mr distributions in 2DGE 
pattern of pituitary tissue proteome. MS/MS effectively identified their splicing vari-
ants and PTMs: (i) 24 hGH proteoforms in pituitary removed their signal peptide, 
whereas 6 hPRL proteoforms in human pituitary did not remove their signal peptide. 
(ii) 24 hGH proteoforms in human pituitary are derived from 4 types of alternative 
splicing variants, whereas 6 hPRL proteoforms do not exist any alternative splicing 
variants. (iii) PTMs pSer-77, pSer-132, and pSer-176 were identified in some of 24 
hGH proteoforms, whereas although no PTMs were identified in hPRL proteoforms 
with MS/MS. However, phosphorylation, N-glycosylation, and O-glycosylation 
have been predicted with bioinformatics in hPRL proteoforms. Deamidation was 
presented in both hGH proteoforms and hPRL proteoforms. Therefore, 2DGE 
coupled with MS plays crucial roles in detection, identification, and quantification 
of hormone (hGH and hPRL) proteoforms, which benefits insight into the molecular 
mechanisms and discovery of effective biomarkers of hormone-related diseases.
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Chapter 5

Applications of Mass 
Spectrometry to the Analysis of 
Adulterated Food
Gunawan Witjaksono and Sagir Alva

Abstract

Food quality and safety are the major issues in food industry around the 
world. With the abundance of processed food with long supply chain in the 
market, food fraud is always a concern. Food fraud is defined as modification of 
an actual labeling of food chemicals in which expensive, less accessible original 
ingredients are replaced by lower cost and more accessible alternatives, which 
is also known as food adulteration. Some of these food adulterations might 
only affect the public mass financially, but some adulteration might affect 
others more seriously. Various food authentication techniques can be utilized 
to ensure safety and quality of food products adhering to the standards, such 
as DNA-based techniques with polymerase chain reaction, vibrational spec-
troscopy, electronic nose, and mass spectrophotometry, which has been used 
widely to estimate pharmaceutical and biological samples. However, most of 
these techniques still require substantial sample preparation or some have very 
high sensitivity to adulterants and are prone to give undefined results. Complex 
mixtures of food adulterants can be identified using very high resolution mass 
spectroscopy. The chemical compounds and structure of natural and mixtures of 
the adulterants are examined in this chapter using advanced mass spectroscopy 
technique and gas chromatography time-of-flight mass spectroscopy to identify 
the lard biomarker.

Keywords: mass spectrometry, gas chromatography time-of-flight mass 
spectrometry, adulterated food, lawful food, mixture food

1. Introduction

Food authentication is a major concern in food industry around the world and 
significantly affects the global food market. Food fraud as defined in [1] which is 
alteration of the true labeling of food ingredients by substituting with cheaper and 
more accessible alternative could affect not only serious consequences to the human 
health, such as food poisoning and food allergy [2–4] but also loss trust in the 
confidence of food quality related to the product, company reputation, and religion 
views [5, 6], which consequently disturbing the global market. Halal and kosher 
food that are diet intake restrictions are laws for Muslims and Jews religion groups 
for daily food consumption and have big world market. The global halal market 
itself worth about $7.049 Billion in 2015, and the analyst projects the market to grow 
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to $1.9 Trillion by 2021 [7]. The continuous growth of such market can only happen 
when consumers’ confidence and trust in the halal labels of the food industry are 
always maintained and preserved [7–9].

Food fraud as also known as food adulteration is not a recent issue where some 
of the fraud have been reported earlier, such as adulteration of formula milk with 
melamine [10–12], mixing of vehicle oil in oil for human consumption in Spain [13], 
and addition of sawdust to make white bread [10, 14]. The incident of 2008 affected 
thousands of babies when their milk powders were adulterated [15]. Another incident 
following that was meat adulteration when prohibited substances were added to the 
food [16]. The concern of food quality and safety becomes a major priority of both 
government ministers and the public due to potential financial loss to the state income 
and increase consumers’ health risks that resulted from breaching the food standards.

The food adulteration related to halal and kosher laws is defined as alteration 
of the original food with pork and its derivatives, such as blood, fat, etc. Lard is a 
generic ingredient, which is commonly used as a food flavor, mixture, and fat-based 
blend. Lard has also been reported to be used as an alternative ingredient for adul-
teration and as a substitute for food-cooking oils, such as butter or margarine. Due 
to their belief, Muslim communities and Orthodox Jews followers are prohibited 
to consume lard. Mass spectroscopy (MS) can be used to provide structural details 
and molecular weight of compounds. Advances of different techniques of MS have 
emerged significantly. Such advanced techniques utilizing either high resolution 
mass spectroscopy, that is, GC-MS, or high performance mass spectroscopy, that is, 
LC-MS, are able to detect more complex compounds with higher accurate identifi-
cation [17, 18]. Several developments in mass spectrometry for the analysis of the 
food adulteration have been reported and shown in Figure 1.

As shown in Figure 1, many food adulterations have been studied in vari-
ous methods of mass spectroscopy, mainly GC and LC using rapid evaporation 
ionization spectrometry (REIMS) technique developed initially by Takats et al. 
[19]. REIMS uses an electrosurgical apparatus that generates surgical smoke after 
interacting with a solid sample creating ionization and desorption of molecules. 
Currently, REIMS-based mass spectroscopy has been widely reported for the study 
of food adulteration, especially for fish and meat adulteration [20, 21]. Another 
emerging technique is GC-TOF MS mass analyzer for the investigation of a vast 
number of organic impurities and residues present at the low levels for food qual-
ity and safety, surrounding environment, and biological applications [22, 23]. 
In the analysis of food quality and safety, GC-TOF MS has been utilized to the 
analysis of in animal-based food origin, such as dioxin-type micro pollutants [24] 
for the environmental analysis, and GC/GC-TOF MS with negative ionization has 
been utilized in sediment and fish samples to profile short- and medium-chain 

Figure 1. 
Some reported work on mass spectrometry development for the investigation of food adulteration.
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chlorinated paraffin [25]. In a recent report related to drug-testing investigations, 
this high-performance mass spectroscopy, that is, GC-TOF MS, is able to analyze 
doping substances [26].

The purpose of this chapter is to describe advanced mass spectroscopy applica-
tions, especially GC-TOF MS technique on investigating food adulteration on pure 
and mixed meat, covering pig fat, chicken, lab, and cow and to identify the pos-
sibility of recognizing a biomarker for lard chemical.

2. Food adulteration

Research communities around the world have been continually working on the 
food adulteration [27]. Water is a simplest and common food adulterant, especially 
for milk. Water mixing in milk could degrade the nutritional content, change the 
taste, and modify the color of milk. Other potentially dangerous adulterants, that 
is, melamine might be added to replicate natural milk, which seriously increase 
the health risk [28]. Melamine was used to increase the viscosity of the milk and to 
keep the composition of fat and carbohydrate to be the same as the original. Such 
milk adulterant had been reported to cause severe health problems, especially to 
the infants and young-aged children and created an unusual health outbreak in 
China in 2008. In some cases, expensive milk is often mixed with the cheaper milk. 
Reported by Calvano et al. [29], milk from unordinary animals, such as buffalo, 
camel, and yak, was mixed with ordinary animals, such goat or cow milk. For 
consumers who are very sensitive to certain types of milk, this kind of food adul-
teration could trigger in them very serious health problem [30].

2.1 Lawful food

It is a compulsory for most religion followers to follow specific compliances in 
their daily dietary meals. Such laws, for instance in Islam belief, are to avoid some 
foods in their dietary consumption, which contain pig meat and its derivatives like 
ham, bacon, sausages, pork, and lard, except in very rare situations. This require-
ment is referred to Halal food.

Halal food industry is currently growing significantly and is estimated to reach 20% 
of global food trade market as world population will consist of 30% Muslim followers 
by the year of 2025 [31]. Other religions also have defined dietary law; for example, 
Judaism has kashrut for the Jewish to follow, which also forbids the consumption of pig 
meat and its by-products [32]. For Hindu religion followers, the consumption of beef 
and its derivative is not permissible [33]. Many food manufacturers violate the require-
ment not to practice food fraud that is mostly due to cheap substitute materials.

Muslims and Jews are some of those religious groups that require diet intake 
restrictions, as they adhere to halal and kosher laws [34, 35], respectively. Although 
halal and kosher laws have similarities, that is, forbidding consumption of pork 
and derivatives, blood, etc., they have differences, such as kosher does not forbid 
alcohol and kosher forbids consumptions of animals that do not chew cud and 
have cloves, etc. [34]. Although halal and kosher are different, both laws severely 
forbid the consumption of pork and its derivatives such as lard [34]. Lard is pig fat 
derived from its adipose tissue and is often used in food production as an emulsion, 
shortening, or as a substitute to butter, margarine, or cooking oils. The identifica-
tion of non-halal meat due to lard adulteration is of high significance. Despite many 
reported work that have been performed to investigate the fingerprint for non-
compliance of halal food, such as lard or pig meat [6, 34, 35], the identification of 
biomarker for non-halal food is still in the early stages.
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2.2 Mixed food

A notorious big scandal that hit Europe in 2013 related to food adulteration was 
the breach of true labeling due to the fraud on the beef sale that has been substi-
tuted with horsemeat [36]. The food fraud also occurred in some other part of the 
world when pharmaceutical preparations and chocolate were suspected to contain 
traces of pork in 2013 and 2014 in Malaysia [37]. In other countries, like India, it 
is not uncommon to sell buffalo meat adulterated with other animal meats due to 
financial issue and availability [38]. Such adulterated meats are very difficult to 
identify especially when such meats are already in the processed form. The practice 
of food fraud also occurs on dairy products, for example, butter is mixed with 
cheaper fats, such as mutton fats, chicken, and pig fats to get higher profits [39]. 
With these many occurrences of food adulterations around the world, ability to 
authenticate pure and mixed food has become a crucial aim for everybody.

2.3 Food safety and quality

Food adulteration practices not only destroy consumer trust and confidence 
in the products and the company reputation but also jeopardize the safety and 
quality of food consumed. The development of food authentication technique is 
necessary in food control because of the need of certain compliance in food process 
and the label to ensure customer confidence and trust to the food product [35, 40]. 
The authentication technique will also validate the food origin that includes its 
geographical, gene, and species source, confirming their production processes and 
their processing techniques [41–43].

The need for food authentication is the result from customer concerns on the 
food nutrition and their health as well as an assurance of the process control and 
food quality purposes. Such authentication techniques will also confirm the exis-
tence of food adulteration, identify the origin of the food and its ingredients, and 
improve the food quality and safety for pure and future mixed food.

For this purpose, mass spectroscopy has been very critical in validating and 
improving food quality and making us caution with any industrial and agriculture 
chemical to prevent harming our health, disturbing the food supply, and damag-
ing the ecosystem that we depend on for our sustainability. The scientific finding 
in the environmental, agricultural, and food sciences has been significant to more 
resourceful and healthier food, improving our quality of life and better living in the 
world population that is reaching 8 billion and beyond.

3. Food authentication detection

There are several methods that can be used in food authentication process, 
such as electrophoretic techniques, differential scanning calorimetry (DSC), 
DNA-based methods (genomics, proteomics), chromatographic methods, isotopic 
techniques, vibrational and fluorescence spectroscopy, elemental techniques, 
non-chromatographics mass spectroscopy, sensory analysis, nuclear-magnetic-
resonance spectroscopy, immunological techniques together with chemometrics 
and bioinformatics [40].

DNA-based technique with polymerase chain reaction [38, 44] is a common 
technique in food authentication testing to ensure halal and kosher brand food 
products adhere to the standards. However, most of these techniques still require 
substantial sample preparation or some have very high sensitivity to adulterants and 
prone to give undefined results if all procedures are not followed exactly.
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Research on vibrational spectroscopy-based food authentication techniques is 
getting more popular [40, 45–52]. This is partly due to the ease of sample prepara-
tion with this technique and relatively quick result and non-destructive nature of 
this method. Such vibrational spectroscopy is able to discriminate with high accu-
racy. For instance, pork meat and lard in meatball broth [45, 47], imported choco-
late [50–53], and vegetable oils [48], etc. are some of the studies. Infrared-based 
detection techniques, such as FTIR or Fourier transform infrared spectroscopy, are 
capable of identifying fingerprint of compound molecules when it is incorporated 
with strong chemometric techniques [47]. Some research findings of lard adulter-
ant are reported either by mixing lard with other animal fats or adulterating lard in 
food [53–55]. Another work on FTIR spectroscopy by Mansor et al. [56] reported 
an accuracy up to 100% in performing classification of lard adulterated in virgin 
coconut oil when the statistical technique, such as discriminant and PLS analysis, 
is incorporated. However, the limitation of lard detection using FTIR spectroscopy 
is highlighted in Rohman and Che Man [57] when identifying meat adulteration. 
Basically, lard has similar IR spectrum with other animal fats and vegetable oils 
since they are composed with (triacylglycerol) TAG, with different lengths of the 
fatty acid.

Animal fats have several chemical compositions, which mostly include TAG. In 
fact, fats share the same fatty acid compounds but different concentrations [58]. 
According to Rohman and Che Man [57], analysis of fats/oils is possible by focusing 
on lipid components as fats which is a part biological substance group. Triglyceride 
is the principal constituent of animal fat, not exception of pig fat. A triglyceride is 
constructed from three fatty acids and one molecule of glycerol [59]. Lard predomi-
nantly consists of saturated fatty acid [59].

Another popular technique that has been continually developed for lard com-
pound detection in food is mass spectroscopy. Several MS methods have been 
reported, and the important ones are liquid-based chromatography and gas-based 
chromatography embedded with mass spectrometry (GC-MS and LC-MS).

3.1 Genomics

One of the most popular food authentication methods is the genomics, where 
verification of foodstuff origin is done by analyzing the cells. Since DNA is similar 
in the whole somatic cells of a particular species, the original tissue of sample would 
not affect the results of the test. The advantage of this method is that it can amplify 
minute samples. Proteomics technique mainly depends on proteins acting as finger-
print of food products and therefore can be applied for a systematic search of new 
marker proteins. These methods are normally utilized to identify incorrect descrip-
tion and food labeling fraud, that is, detection of meats prohibited by Islamic laws 
in sausages [35].

3.2 Electronic nose

Electronic nose or e-nose is to replicate human’s olfactory technique in identify-
ing a particular substance. E-nose is commonly used metal-oxide gas sensor capable 
of detecting volatile organic compound (VOC) for variety detection applications 
including lard adulteration [60] process quality control [61, 62] and used as a 
formaldehyde sensor [63]. Sensing materials used in the electronic nose for metal 
oxide sensor are and tungsten trioxide (WO3) and tin dioxide (SnO2) because both 
materials are reported to be very sensitive to many types of volatile compounds.

The sensor selection used in e-nose was based on the chemical compounds 
found in lard [58]. Decanal was the chemical compound found abundantly in lard 
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but did not have significant presence in chicken fat and beef fat. Table 1 lists the 
decanal content in the fats of interest in terms of Kovats indices. A set of experi-
ments by Kohl et al. [64] revealed that both the sensing materials used in metal 
oxide sensors are sensitive to the presence of aldehydes. It is reported here that such 
sensor is expected to be more sensitive toward lard than other fats.

A scatter plot of sample dataset is shown in Figure 2 [65]. The dataset consists 
of nine unique classes of three types of fat each experimented with three different 
temperatures. Each class consists of 10 observations. Each class is represented in the 
plot by a unique symbol and an abbreviation where the letter “L” represents a lard 
sample, “C” represents a chicken fat sample, and “B” a beef fat sample. The numbers 
40, 50, and 60 after the letters represent the temperature in degree Celsius. A clear 
separation can be seen in the plot as except classes “L40” and “C40” where there 
are no overlaps. The overlap indicates the chemical structure of a chicken fat is very 
similar to lard, and studies conducted with other techniques have proven that as well.

Figure 3 shows the individual plot of the three classes and their responses at dif-
ferent temperatures [65]. Linear regression lines in the background show an upward 
trend in sensor response, with lard having the highest gradient out of the three. 
With the increase of temperatures, the density and rate at which the odor fumes are 
produced must increase, thus giving rise to a higher sensor response. Besides, this 
lard has the lowest melting point among the three fats and will therefore melt and 
turn to gaseous state faster. In terms of settle point values, chicken fat scored the 
highest above the two as more evident from Figure 3. However, the higher settle 
point values of chicken fat can be explained by the fact that chicken fat melting 
points are very close to that of lard.

Figure 2. 
Scatter plot of the entire dataset [65].

Table 1. 
Decanal profile, measured in Kovats indices [58].
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3.3 Vibrational spectroscopy

The principle of vibrational spectroscopy follows the concept that atoms in 
the chemical bonding within the molecule vibrate with certain frequency when it 
is excited. Such vibration frequency can be explained by the laws of physics and 
is shown in reported calculation [66]. The calculation of the lowest fundamental 
frequency of any two atoms that are connected by a chemical bond can be performed 
by assuming that the bond energy results from the vibration of diatomic harmonic 
oscillator and follows Hooke’s Law according to Eq. (1)

  v =   1 ___ 2π    √ 
__

   k __ µ       (1)

where, the vibrational frequency is v, the classical force constant is k, and 
the reduced mass of the two atoms is μ. In contrast to classical spring model for 
molecular vibration, no continuum of energy levels exists. Instead, there are levels 
of discrete energy that can be explained by quantum theory. Using the vibrational 
Hamiltonian, the time-independent Schrödinger equation can be solved for a 
diatomic molecule. A reduced equation of these levels can be written for the energy 
levels of diatomic molecules as:

   E  v   =   
 ( v +   1 _ 2   ) ℏ

 _________________ 2π    √ 
__

   k __ µ      (v = 0, 1, 2, … .)    (2)

or by using hv as the quantum term, the equation can be reduced to

   E  v   =  ( v +   1 _ 2   ) ℏ  (v = 0, 1, 2, … .)    (3)

At certain extension of the stretch, the bond could eventually breakdown when 
the vibrational energy goes beyond the dissociation energy. Table 2 shows the 
different stretching frequencies. When a fast and objective analysis is required, 

Figure 3. 
Response toward change in temperature [65].
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fluorescence and absorption spectroscopies in the range of visible to infrared region 
are better choice. The vibrational spectroscopy is able to provide a fingerprint of 
the vibrational levels of molecules in the mid-infrared (MIR) radiation (4000–
400 cm−1). One of the most common IR spectroscopy techniques is the Fourier 
transform infrared (FTIR) spectroscopy. FTIR spectroscopy utilizes the use of mid 
infrared spectroscopy (4000–400 cm−1), which includes the fingerprint region.

3.3.1 Meat sample preparation

All meat samples were collected from a local slaughterhouse and were washed 
by distilled water. After that, the meat was cut by knife in pieces in the size of 1 cm2 
and stored at −20°C until it was being used. The animal fats extracted from beef, 
mutton, and chicken body fat as well as lard were collected by rendering the adipose 
tissues following the method reported by Che Man et al. [53] with little variation.

3.3.2 Post-processing analysis

Data post-processing was done using two software: Spectrograph 1.1 and 
MATLAB R2017b. Extracting information from spectrum results was carried out 
using Spectrograph 1.1, where the data are preprocessed as needed. MATLAB 
R2017b was used to further analyze the results from preprocessing. Principal com-
ponent analysis (PCA) technique was used to analyze the quality of lard adultera-
tion, while PLS technique was used to analyze the quantity of lard adulteration.

Figure 4 shows FTIR spectra of pure fats. These spectra consist of four regions: 
1st region ranging from 4000 to 2500 cm−1, 2nd region ranging from 2500 to 
2000 cm−1, 3rd region ranging from 2000 to 1500 cm−1, and lastly the fingerprint 
region ranging from 1500 to 800 cm−1.

3.4 Mass spectroscopy

The mass spectroscopy methods are fast becoming popular [50, 68]. This 
method produces unique chemical fingerprinting that can discriminate or verify 

Wavenumber (cm−1) Intensity

 C ≡ N 2260–2220 Medium

 C ≡ C 2260–2100 Medium to weak

 C = C 1680–1600 Medium

 C = N 1650–1550 Medium

~1600 and ~1500–1430 Strong to weak

 C = O 1780–1650 Strong

 C − O 1250–1050 Strong

 C − N 1230–1020 Medium

 O − H  (alcohol) 3650–3200 Strong, broad

 O − H 
(carboxylic acid)

3300–2500 Strong, very broad

 N − H 3500–3300 Medium, broad

 N − H 3300–2700 Medium

Table 2. 
Important IR stretching frequencies [67].
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foods. MS offers many advantages, such as the identification of mass spectral signal 
pattern and possible characterization of specific compounds coming from food 
adulterants. Additionally, MS does not easily react with water, which is different 
case for vibrational spectroscopy. MS can also provide the plant origin by measuring 
the specific chemical compounds. However, MS has disadvantages of direct contact 
requirement to the sample material and larger instrumentation. The spectral resolu-
tion of MS is more detail so it has higher possibility of finding fingerprint of food 
chemicals. MS also gives a higher versatility because of exchangeability of its ion 
sources. With different ion sources, MS can provide various ionization and is able to 
perform measurement of chemically different chemical compounds.

Figure 5 shows the spectrogram of different milks using electrospray ionization 
mass spectroscopy [69]. Obvious differences can be observed among the three milk, 
(a) cow milk, (b) goat milk, and (c) soy milk, by observing the number of peaks 
and peak intensities. The three pure milks and the two mixtures score plots are 

Figure 4. 
Spectrogram from FTIR covering 4000–800 cm−1.

Figure 5. 
ESI mass spectroscopy using ESI spectrogram of the three milk, namely cow milk (a) goat milk, (b) soy milk, 
(c) Plot and (d) shows PCA score plot of the milk data set from the sum of 20 spectra. Each point in plots 
shows a mass spectrum of goat milk (blue), cow milk (yellow), and coy milk (red), the black-color data show 
1:1 mixture of cow and soy milk, and the green shows a mixture of cow and goat milk (e) PCA loading plot of 
the milk data set. [69].
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Figure 5. 
ESI mass spectroscopy using ESI spectrogram of the three milk, namely cow milk (a) goat milk, (b) soy milk, 
(c) Plot and (d) shows PCA score plot of the milk data set from the sum of 20 spectra. Each point in plots 
shows a mass spectrum of goat milk (blue), cow milk (yellow), and coy milk (red), the black-color data show 
1:1 mixture of cow and soy milk, and the green shows a mixture of cow and goat milk (e) PCA loading plot of 
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shown in Figure 5d. The spectrograms of the pure milk samples are well separated 
in the plot, while data points for the mixture of cow and goat milk are positioned in 
the close proximity of those two types. The data points of cow/soy milk mixture are 
shown near around the data points of cow milk.

4. Advanced mass spectroscopy

The recent advanced mass spectroscopy instruments offer higher speed, better 
resolution, higher mass accuracy, and more sensitivity to provide comprehensive 
qualitative investigation, rapid profiling, and better accuracy detection and quan-
tification of chemical compounds in complex matrices. Thus, such advanced mass 
spectrometries such as gas chromatography-mass spectrometry (GC-MS) or liquid 
chromatography-mass spectrometry (LC-MS) are able to investigate and analyze 
the complex adulterants. These advanced mass spectroscopies operate in scan mode 
at better spectrum resolution and accurate mass (HRAM).

This improved high-resolution mass spectroscopy is capable in identifying the 
chemical compounds and mass structure of pure and adulterated processed food, 
the presence of adulterants that create problems affecting food safety and quality, 
and the existence of natural toxin, food degradation and contaminations.

4.1 GC-MS

Gas chromatography (GC) configured with electron capture, flame photometric 
detection, and nitrogen-phosphorous has been used since the early 1970s for residue 
analysis. The confirmation of results was done with additional use of gas chroma-
tography equipped with a different type of column or detector. Nowadays, using GC 
integrated with MS, it is able to simultaneously determine and confirm the chemical 
residues with only one instrument in one analytical run.

Following the commercial of gas chromatography (GC) 50 years ago [70], GC 
has been used widely in the application involving food adulterant analysis and to 
perform both quantitative and qualitative analysis of food ingredients, food addi-
tives, food adulterants, and contaminants in order to discover nutritional contents, 
improve food safety, and introduce different food varieties. Furthermore, GC has 
been reported to be able to identify many organic contaminants at trace levels in 
complex chemical compounds of food and environmental samples.

Nowadays, gas chromatography integrated to mass spectrometry (GC-MS, 
GC-HRMS) utilized electron impact ionization (EI) is the most often employed in 
GC-based MS technique for multi residue chemical analysis in food analysis because 
of its high selectivity and sensitivity and its ability to screen many pesticides from 
different chemical compound classes in very complicated matrices in a single run 
[71]. Advantages of electron impact ionization mass spectroscopy are insignificant 
influence of molecular structure on response and vast number of characteristic 
fragments. GC-MS is suitable for analysis of volatile chemicals. Meanwhile, the 
analysis with more polar compound, LC-MS is more suitable. With the absent of 
chemical derivatization, GC is commonly used for the analysis of sterols, low chain 
fatty acids, oils, aroma components and off-flavors, and many contaminants, such 
as toxins, industrial pollutants, and specific of drugs in foods.

4.2 LC-MS

Liquid chromatography-mass spectrometry (LC-MS) is a combined analyti-
cal chemistry technique that separates mixtures with multiple components and 
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provides structural identity of the individual components with high molecular 
specificity and detection sensitivity. Methods based on liquid chromatography (LC) 
were applied later after GC, because traditional UV, diode array, and fluorescence 
detectors are often less selective and sensitive than GC instruments. But in the last 
few years, the commercial availability of atmospheric pressure ionization caused a 
dramatic change. Compared to traditional detectors, electrospray (ESI) or atmo-
spheric pressure chemical ionization (APCI) in combination with MS instruments 
has increased the sensitivity of LC detection by several orders of magnitude.

An analytical methodology using liquid chromatography-mass spectrometry 
has been reported by Guijarro-Dıez et al. [72] for the detection of the adultera-
tion of saffron samples with gardenia through the determination of geniposide as 
adulteration marker. Figure 6 shows the MS spectra obtained for geniposide, and 
different MS fragments and adducts (Na+ and NH4+) were obtained for geniposide 
under ESI+, whereas when the ESI− mode was employed, the most abundant ion 
corresponded to the adduct [M + HCOO]− (433.1384 m/z), and no fragmentation 
was observed [72].

4.3 High resolution-mass spectroscopy

The instrument of high-resolution mass spectrometry (HRMS) provides better 
accuracy for the analysis of food adulteration. However, due to high instrumental 
complexity, HRMS has previously been limited to the most critical applications, such 

Figure 6. 
Mass spectrogram geniposide spectrogram from gardenia extract investigated by LC-MS with (A) ESI+ and  
(B) ESI− [72].
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as the investigation of natural organic compounds or dioxin-related chemical com-
pounds. The existence of modern HRMS instruments such as time-of-flight (TOF) 
and Orbitrap instruments has significantly changed the utilization of the equipment. 
Therefore, high-resolution mass spectrometry (HRMS) has gotten wider acceptance in 
the last decades for adulterant and residue analysis in food. This positive development 
is because of the availability of more versatile, robust, sensitive, and advanced instru-
mentation. The advantages by HRMS compared to classical unit-mass-resolution are 
ability to provide full-scan spectra, which offers more detail and insight into the mass 
composition of any sample. As a result, the analyst can measure chemical compounds 
without the necessity of compound-specific tuning, the need of retrospective data 
analysis, and has a capability performing an analysis of structural elucidations of sus-
pected chemical compounds. HRMS is still preferable compared with classical hyphen-
ated mass spectrometry in the investigation of quantitative multi residue methods (e.g., 
pesticides and veterinary drugs). It is one of the most powerful tools for identifying the 
unknown and non-targeted samples. Improvement of the hardware and software still 
needs to be addressed by the equipment manufacturers for it to be superior compared 
to hyphenated mass spectrometry and to be a standard trace analysis tool.

HRMS technology provides proteomic research to facilitate new discovery. 
The recent HRMS instruments already have the sensitivity, speed, accuracy, and 
selectivity to deliver comprehensive qualitative analysis, rapid chemical profiling, 
and high-accuracy analysis and detection of proteins in complex compounds. With 
these advantages, HRMS-based method was suitable specifically to perform the 
investigation of meat speciation and to detect food adulteration [73] and is capable 
to identify quite specific tryptic peptides from targeted proteins.

Figure 7. 
The observed chromatograms (XICs) for certain signature of myoglobin proteotypic peptide-fragment pairs. 
The spike was noticed in the chromatograms from beef samples with 1% horse meat (blue indicates extracted 
blank chromatograms) [73].
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Motivated by European scandal [74] in which the horse and pig DNA were 
detected in beef products sold from several retailers, HRMS method developed by 
Orduna et al. [73] were tested by mixing horse meat in beef meat at concentration 
1% w/w. Figure 7 shows the detection of adulteration of horse proteotypic myo-
globin peptide using three different techniques of MS (140,000 FWHM), tMS or 
DIA [73].

5. GC-TOF MS

GC-TOF MS instrument has two operation modes, in which one mode offers 
very high scan rates, allowing the segregation of overlapping spectrum peaks by 
automatically performing deconvolution mass spectral of overlapping spectrum 
signals [75]. Another type of GC-TOF MS instruments provides high mass resolu-
tion, performing data evaluation with a restricted mass window of 0.02 Da [76]. 
For ion separation GC-TOF MS, single-quad instruments are frequently utilized 
used. GC-MS systems with quadrupole ion traps integrated with time-of-flight 
(TOF) mass spectrometers or tandem mass spectrometers are used for the analysis 
of pure and mixture food.

5.1 Sample preparation

The work by Witjaksono et al. [77] was conducted for total nine meat samples 
of three different animal meats, that is, chicken, cow, and pig. Each animal meat 
type is prepared to provide three different samples. The preparation of the animal 
meat samples and the extraction process of these animal body fats have been done 
using similar method mentioned before in the FTIR measurements. After obtaining 
the pure fats, each animal fat (approximately of 50 mg) was dissolved in 0.8 mL 
hexane. Later, the mixture was stirred for 1 min using an apparatus of vortex mixer 
and then stored in the dark at −18°C before going to GC-TOF MS analysis.

5.2 GC-TOF MS results

The analysis for this food adulteration was based on GC-TOF MS to identify and 
study their complex chemical compounds. The equipment used is an Agilent 7693 B 
GC integrated with TOF MS with hp-5ms column. The analysis was performed for 
all nine samples, consisting of three samples each from cow, lard, and chicken fats 
to investigate their aromatic hydrocarbons. The result suggests that the concentra-
tion of 1,2,3-trimethyl-benzene, indane, and undecane in lard fat are higher by 
250, 14.5, and 1.28 times than chicken fat’s concentrations, respectively, and higher 
by 91.4, 2.3, and 1.24 times higher than cow fat’s concentrations, respectively. This 
initial result promises the possibility of finding biomarkers for non-halal food 
adulterants.

Table 3 provides the obtained average area covered by each hydrocarbon 
that is coming from three samples to represent the composition weightage for 
the different fat types. From Table 1, it is obvious that lard is distinctive from 
the other animal fats in several hydrocarbon compositions. Here are the resulted 
hydrocarbons that give bigger percentage area in lard in comparison with the other 
fats: benzene, 1,2,3-trimethyl-; benzene, 1-methyl-3-(1-methylethyl)-; benzene, 
1-methyl-4-propyl-; hexanedioic acid, bis(2-ethylhexyl)ester; p-cymene; tridec-
ane; undecane. By using chemometric and bioinformatics analysis techniques, 
these results could be further analyzed to differentiate and separate the lard fat 
from the other animal fats.
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6. Conclusion

This chapter demonstrated the identification of lard discrimination using 
GC-TOF MS for cow and chicken fats. GC-TOF MS provides confirmation of lard 
biomarker that is different with other animal fats for their volatile hydrocarbon 
compounds in which complex compounds such as benzene, 1-methyl-3-(1-meth-
ylethyl)-, hexanedioic acid, bis(2-ethylhexyl)ester, and p-cymene give significant 
higher compositional percentage in lard fat compared to other animal fats.
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Abstract

Lung cancer patients have the highest mortality among patients with solid 
tumors worldwide and their prognosis is strictly stage-associated. However, only 
15–20% of patients are diagnosed in stage I, since these early tumors are frequently 
asymptomatic. Early detection of lung cancer, which allows effective therapeutic 
intervention, is a promising approach to lowering its mortality rate. However, 
conventional diagnostic methods for lung cancer, such as chest X-ray and CT of the 
chest, produce high costs and potentially false-positive results. Thus, the discovery 
of highly sensitive, specific, noninvasive, and cost-effective lung cancer biomarkers 
combined with conventional approaches, such as X-rays, may improve the sensitiv-
ity of lung cancer screening. Herein, we summarize the most recent studies about 
the molecular pathology of lung cancer and discuss the advancements expected in 
the near future, including the potential biomarkers and liquid biopsy approaches 
for the detection of lung cancer in populations at risk of developing this disease.
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1. Introduction

Despite multimodality treatment strategies including surgery, radiotherapy, 
chemotherapy, and targeted therapy, lung cancer is still the first leading cause 
of cancer-related death in the world with the 5-year lung cancer survival rate 
remaining as low as 15% [1–3]. The most common histologies are summarized as 
non-small cell lung cancer (NSCLC) and account for 80–85% of newly diagnosed 
cases. Surgery is the standard of care for functionally operable early stage NSCLC 
and resectable stage IIIA disease and possesses a potential for cure. However, only 
20% of NSCLC are resectable at diagnosis [4]. Histology and cytology of thoracic 
biopsies are currently the gold standard that asserts early diagnosis of lung cancers 
detected by thoracic imagery. Nevertheless this approach is costly and often detects 
false positive nodules that turn out not to be cancers. Therefore, early detection 
approaches—especially directed toward the population at high risk for the develop-
ment of this disease—remain an unmet clinical need. Several studies have been 
performed to define the ideal approach that should be sensitive, specific, reliable, 
and reproducible for early diagnosis of lung cancer or for prediction of the devel-
opment of this disease in subjects at risk. This review summarizes the molecular 



Mass Spectrometry - Future Perceptions and Applications

106

[64] Kohl D, Heinert L, Bock J, Hofmann 
T, Schieberle P. Systematic studies 
on responses of metal-oxide sensor 
surfaces to straight chain alkanes, 
alcohols, aldehydes, ketones, acids and 
esters using the SOMMSA approach. 
Sensors and Actuators B: Chemical. 
2000;70(1-3):43-50

[65] Latief M, Khorsidtalab A, Saputra I,  
Akmeliawati R, Nurashikin A, Jaswir 
A, et al. Rapid lard identification 
with portable electronic nose. In: IOP 
Conf. Series: Materials Science and 
Engineering. Vol. 260. 2017. p. 012043

[66] Burns DA, Ciurczak EW. Handbook 
of Near-Infrared Analysis. Third ed. 
London, UK: Pearson; 2007

[67] Bruice PY. Organic Chemistry. 8th 
ed. London, UK: Pearson; 2016

[68] Ahmad Nizar NN, Nazrim Marikkar 
JM, Hashim DM. Differentiation 
of lard, chicken fat, beef fat and 
mutton fat by GCMS and EA-IRMS 
techniques. Journal of Oleo Science. 
2013;62:459-464

[69] Gerbig S, Neese S, Penner A, 
Spengler B, Schulz S. Real-time food 
authentication using a miniature mass 
spectrometer. Analytical Chemistry. 
2017;89(20):10717-10725. DOI: 10.1021/
acs.analchem.7b01689

[70] Lehotay SJ, Hajslova J. Application 
of gas chromatography in food analysis. 
Trends in Analytical Chemistry. 
2002;21(9-10):686-697

[71] Anna Stachniuk A, Emilia Fornal E.  
Liquid chromatography-mass 
spectrometry in the analysis of pesticide 
residues in food. Food Analytical 
Methods. 2016;9:1654-1665. DOI: 
10.1007/s12161-015-0342-0

[72] Guijarro-Dıez M, Castro-Puyana M,  
Crego AL, Marina ML. Detection of 
saffron adulteration with gardenia 
extracts through the determination of 

geniposide by liquid chromatography-
mass spectrometry. Journal of Food 
Composition and Analysis. 2016;55: 
30-37. DOI: 10.1016/j.jfca.2016.11.004

[73] Orduna AR, Husby E, Yang CT, 
Ghoshm D, Beaudry F. Detection 
of meat species adulteration using 
high-resolution mass spectrometry 
and a proteogenomics strategy. 
Food Additives & Contaminants: 
Part A. 34(7):1110-1120. DOI: 
10.1080/19440049.2017.1329951

[74] DG Health and Consumers, 
European Commission. Horse Meat 
Issue; DG Health and Consumers. 
2013. Brussels, Belgium: European 
Commission. Available from: http://
ec.europa.eu/food/food/horsemeat/
tests_results_en.htm [Accessed 
December 22, 2014]

[75] de Koning S, Lach G, Linkerhagner 
M, Loscher R, Horst TP, Brinkman UA.  
Trace-level determination of pesticides 
in food using difficult matrix 
introduction-gas chromatography-time-
of-flight mass spectrometry. Journal of 
Chromatography. A. 2003;1008:247-252

[76] Cajka T, Hajslova J. Gas 
chromatography-high-resolution time-
of-flight mass spectrometry in pesticide 
residue analysis: Advantages and 
limitations. Journal of Chromatography. 
A. 2004;1058:251-261

[77] Witjaksono G, Khir MHM, Saputra 
I, Mian MU, Rabih AAS, Junaid M, 
Setiawan LF, Akmeliawati R, Jaswir I,  
Siddiqui MA. Fourier Transform 
Infrared Spectroscopy Detection 
Analysis of Lard in Meat Mixtures. 
Unpublished

107

Chapter 6

Molecular Biology of Lung Cancer 
and Future Perspectives for 
Screening
Giulio Tarro, Moreno Paolini and Alessandra Rossi

Abstract

Lung cancer patients have the highest mortality among patients with solid 
tumors worldwide and their prognosis is strictly stage-associated. However, only 
15–20% of patients are diagnosed in stage I, since these early tumors are frequently 
asymptomatic. Early detection of lung cancer, which allows effective therapeutic 
intervention, is a promising approach to lowering its mortality rate. However, 
conventional diagnostic methods for lung cancer, such as chest X-ray and CT of the 
chest, produce high costs and potentially false-positive results. Thus, the discovery 
of highly sensitive, specific, noninvasive, and cost-effective lung cancer biomarkers 
combined with conventional approaches, such as X-rays, may improve the sensitiv-
ity of lung cancer screening. Herein, we summarize the most recent studies about 
the molecular pathology of lung cancer and discuss the advancements expected in 
the near future, including the potential biomarkers and liquid biopsy approaches 
for the detection of lung cancer in populations at risk of developing this disease.

Keywords: lung cancer, CT, biomarkers, lung cancer screening, liquid biopsy, 
cfDNA, CTCs

1. Introduction

Despite multimodality treatment strategies including surgery, radiotherapy, 
chemotherapy, and targeted therapy, lung cancer is still the first leading cause 
of cancer-related death in the world with the 5-year lung cancer survival rate 
remaining as low as 15% [1–3]. The most common histologies are summarized as 
non-small cell lung cancer (NSCLC) and account for 80–85% of newly diagnosed 
cases. Surgery is the standard of care for functionally operable early stage NSCLC 
and resectable stage IIIA disease and possesses a potential for cure. However, only 
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biopsies are currently the gold standard that asserts early diagnosis of lung cancers 
detected by thoracic imagery. Nevertheless this approach is costly and often detects 
false positive nodules that turn out not to be cancers. Therefore, early detection 
approaches—especially directed toward the population at high risk for the develop-
ment of this disease—remain an unmet clinical need. Several studies have been 
performed to define the ideal approach that should be sensitive, specific, reliable, 
and reproducible for early diagnosis of lung cancer or for prediction of the devel-
opment of this disease in subjects at risk. This review summarizes the molecular 
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biology of lung cancer and conventional diagnostic methods currently used, with a 
particular attention on the development of new screening approaches such as liquid 
biopsy to improve the early detection of this disease.

2. The molecular landscape of lung cancer

2.1 Gene mutations

Recent advances in next-generation sequencing (NGS) and other high-
throughput genomic profiling platforms have allowed the examination of the 
breadth of genetic mutations within lung cancer. The most common mutation is 
in the Kirsten rat sarcoma (KRAS) oncogene, occurring in approximately 30% 
of adenocarcinomas (Ade) predominantly in patients with a history of smoking 
[5]. BRAF is mutated in approximately 3% of patients (with half of cases being 
the V660E mutation) [6]. Along with KRAS and BRAF, epidermal growth factor 
receptor (EGFR) mutations were discovered in patients with Ade and small cell 
lung cancer (SCLC) [5]. Moreover, mutations and amplifications in many onco-
genes have been identified, including HER2, MET, as well as fusion oncogenes 
involving anaplastic lymphoma kinase (ALK), neuregulin 1 (NRG1), neurotrophic 
tyrosine kinase receptor type 1 (NTRK1), and RET [7–13]. Microtubule-associated 
protein-like 4 (EML4) and ALK fusion gene is another important driver gene in 
lung cancer, which was discovered by Soda et al. in 2007 [10]. In NSCLC, EML4/
ALK is an aberrant fusion gene that encodes a cytoplasmic chimeric protein with 
constitutive kinase activity. The incidence of EML4/ALK fusion in cohorts of 
patients with NSLCL ranges from 1.6% to as high as 19.3%. Genes such as discoidin 
domain-containing receptor 2 (DDR2); fibroblast growth factor receptor 1, 2, and 
3 (FGFR1, FGFR2, FGFR3); and genes in the phosphatidylinositol 3 kinase (PI3K) 
pathway seem instead to be more commonly mutated in squamous cell carcinoma 
(SCC). Many of these mutations have been validated by preclinical studies as driver 
mutations [14–16]. Aberration in stem cell factor receptor tyrosine kinase (c-KIT), 
PI3K catalytic subunit alpha (PIK3CA), PI3K/AKT/mTOR, phosphatase and tensin 
homolog (PTEN), insulin-like growth factor receptor (IGFR1), and hedgehog 
(Shh) signaling pathways have been identified in lung cancer [7] (Table 1).

2.2 ALDH family proteins

The cancer stem cell model proposes that tumor progression, drug resistance, 
metastasis, and relapse after therapy may be driven by a subset of cells within the 
tumor: the cancer stem cells (CSCs) [17–20]. Recent evidences suggest that like 
other tumors, human lung cancers may also harbor CSC populations. Human 
alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) are the 
principal enzymes responsible for ethanol metabolism and have heterogeneous 
tissue distribution. Isoenzymes of ADH participate in bioamine, prostaglandin, and 
retinoid acid metabolism [21]. The second enzyme ALDH belongs to a large family 
of intracellular enzymes that participate in cellular detoxification, differentiation, 
and drug resistance through the oxidation of endogenous and exogenous aldehydes 
to carboxylic acids [22]. The ALDH superfamily currently consists of 19 known 
putatively functional genes in 11 families and 4 subfamilies with distinct chromo-
somal locations [23–25]. Several studies have explored the biological significance 
of ALDH in cancers such as head and neck cancer, colon cancer, breast cancer, 
papillary thyroid carcinoma, and specifically lung cancer, where they have provided 
supportive evidence for the association between ALDH activity and lung cancer 
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stem cells [26–32]. ALDH1A1 seems to be co-expressed with other NSCLC stem 
cell markers such as leucine-rich repeat-containing G-protein-coupled receptor 5 
(LGR5) in NSCLC tissues, and their expression is significantly associated with stage 
disease and poor prognosis [33]. It was reported that ALDH1A1-negative expres-
sion in lung cancer patients corresponds to shorter survival compared to those 
with ALDH1A1-positive expression and that ALDH1A1 overexpression was associ-
ated with a favorable outcome. Moreover, high expression of ALDH1A1 mRNA 
was found to be correlated to a better overall survival (OS) in all NSCLC patients 
followed for 20 years. In addition, high expression of ALDH1A1 mRNA was also 
found to be correlated to better OS in Ade patients but not in SCC patients. These 
results strongly support that ALDH1A1 mRNA in NSCLC is associated with better 
prognosis. However, there are other contradictory results indicating that ALDH1 
cytoplasmic expression was associated with poor prognosis in several tumors, such 
as NSCLC [34]. Jiang et al. also showed that ALDH1A1 expression was positively 
correlated with the stage and grade of lung tumors and related to a poor prognosis 
[34]. A recent meta-analysis showed that increased ALDH1A1 expression is associ-
ated with poor OS and disease-free survival in lung cancer patients [35]. Previous 
studies showed that also several other ALDH isoforms are involved in lung cancer as 
ALDH3A1, highly expressed in two types of NSCLC, Ade and SCC, and ALDH3B1 
expression was also found to be upregulated in a high percentage of human tumors, 
particularly in lung cancer [36–38].

3. Lung cancer screening

Cancer screening is promising for malignancies with a stage-dependent prog-
nosis, and it aims to reduce morbidity and mortality through detection of cancer at 
an early stage. In general, the screening programs have to be subjected to a rigor-
ous risk-benefit assessment taking into account the endpoints as cancer-related 

Altered genes Histology Mutation frequency (%) References

KRAS Ade 30 [5]

BRAF NSCLC 3 [6]

EGFR ADC 19 [5]

HER2 Ade 10 11

MET NSCLC 8–10 [6]

FGFR1 SCC 22 [14, 15]

CD74-NRG1 Ade 27 [8]

NTRK1 Ade 3.3 [13]

KIF5B- and CCDC6-RET Ade 0.9 [13]

EML4/ALK NSCLC 6.7 [10]

DDR2 SCC 4 [16]

c-KIT SCLC, NSCLC 30–40 (SCLC), 40 (NSCLC) [7]

PIK3CA SCC 70 [7]

PTEN SCLC 70 [7]

IGFR1 NSCLC 29.2 [80]

Table 1. 
Recurrent somatic genetic alterations detected in lung cancer.
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cell markers such as leucine-rich repeat-containing G-protein-coupled receptor 5 
(LGR5) in NSCLC tissues, and their expression is significantly associated with stage 
disease and poor prognosis [33]. It was reported that ALDH1A1-negative expres-
sion in lung cancer patients corresponds to shorter survival compared to those 
with ALDH1A1-positive expression and that ALDH1A1 overexpression was associ-
ated with a favorable outcome. Moreover, high expression of ALDH1A1 mRNA 
was found to be correlated to a better overall survival (OS) in all NSCLC patients 
followed for 20 years. In addition, high expression of ALDH1A1 mRNA was also 
found to be correlated to better OS in Ade patients but not in SCC patients. These 
results strongly support that ALDH1A1 mRNA in NSCLC is associated with better 
prognosis. However, there are other contradictory results indicating that ALDH1 
cytoplasmic expression was associated with poor prognosis in several tumors, such 
as NSCLC [34]. Jiang et al. also showed that ALDH1A1 expression was positively 
correlated with the stage and grade of lung tumors and related to a poor prognosis 
[34]. A recent meta-analysis showed that increased ALDH1A1 expression is associ-
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studies showed that also several other ALDH isoforms are involved in lung cancer as 
ALDH3A1, highly expressed in two types of NSCLC, Ade and SCC, and ALDH3B1 
expression was also found to be upregulated in a high percentage of human tumors, 
particularly in lung cancer [36–38].
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nosis, and it aims to reduce morbidity and mortality through detection of cancer at 
an early stage. In general, the screening programs have to be subjected to a rigor-
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mortality, overall mortality, morbidity, patient-reported outcome, and costs. All the 
screening programs need a transparent system of quality assurance.

3.1 Low-dose computed tomography

Several studies on lung cancer screening were conducted mainly by using chest 
X-rays (CXR) for imaging alongside sputum cytology. The National Lung Screening 
Trial (NLST) enrolled 53,000 individuals aged 55–74 years with a 30-pack-year 
smoking history, and participants were randomly assigned to radiography or 
low-dose CT. The low-dose CT group had a 20% reduction in lung cancer mortal-
ity and a 6–7% reduction in all-cause mortality [39]. The International Early Lung 
Cancer Action Program (I-ELCAP) analyzed retrospectively the outcomes of more 
than 21,000 patients after the completion of the NLST. Different size threshold 
for nodule diameters resulted in different cancer diagnosis rates. Increasing the 
threshold from 5 to 0 mm to 6–0, 7–0, 8–0, or 9–0 mm also changed the frequencies 
of positive results [40]. With respect to North American, European studies per-
formed on a smaller number of individuals at risk of lung cancer showed somewhat 
inconsistent and less significant results [41–43]. Although these studies showed 
an improved stage distribution in favor of earlier stages, better resectability of the 
tumors, and also improved survival, an effect on overall mortality could not be 
demonstrated [39, 44, 45]. Aside from the morbidity and mortality that is not justi-
fied within this context, the expenses turn out to be substantial, as thoracic imagery 
can be repeated, leading also to debated benefit risks. Despite the progress made 
in imagery, which allowed the detection of nodules less than 3–4 mm and even the 
definition of the malignant or benign features, currently cancerous lesions less than 
1 mm cannot be detected by imagery [46]. A major drawback of low-dose CT is the 
large number of false-positive tests and the diagnosis of indolent tumors which in 
turn lead to an increased morbidity from unnecessary surgical treatment [47–50]. 
Thus, even if the imagery can allow early stage asymptomatic and operable lung 
cancer detection, these approaches are not satisfactory because of high cost, high 
risk of radiation exposure, and poor sensitivity and specificity.

3.2 Biomarkers for lung cancer detection

The discovery of cancer biomarkers, specific molecules that help to distinguish 
between normal and cancerous conditions, may potentially be used to develop a 
more effective diagnostic tool for cancer. Body fluids (blood, pleural effusion, etc.) 
that are in contact with tumors are enriched with proteins shed from cancer cells. 
Proteins secreted from cancer cells could enter the blood circulation and have the 
potential to be monitored in plasma/serum. Carcinoembryonic antigen (CEA) is an 
oncofetal protein not typically expressed in adult tissues. In lung cancer the CEA 
levels in blood are elevated and are inversely correlated with the response to cancer 
therapy. Therefore, this marker is used for the detection of cancer recurrence and 
the prediction of a poor survival rate. CYFRA-21-1 is a fragment of cytokeratin 
19 that is typically associated with epithelial cell cancers including NSCLC. This 
marker is correlated with disease response and the prognosis of cancer but cannot 
be used to identify cancer patients from patients with respiratory diseases. The 
sensitivity of CYFRA 21-1 for NSCLC ranges between 23 and 70% [51, 52]. Neuron-
specific enolase (NSE) is a glycolysis enzyme produced in neuronal cells and cells 
with neuroendocrine differentiation. SCLC is of neuroendocrine origin, and 
therefore NSE is found to be elevated in patients’ blood [53]. Tumor M2-pyruvate 
kinase (PKM2) is a dimeric form of the pyruvate kinase isoenzyme type M2 that is 
increased in various cancers [52, 54]. C-reactive protein (CRP) is an acute-phase 
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protein, the levels of which rise in response to inflammatory conditions such as lung 
cancer. However, recent studies suggested that CRP could be used as a prognostic 
biomarker of lung cancer and angiogenesis [55]. Serological markers such as CEA, 
NSE, and CYFRA 21-1 are used for the monitoring of treatment effects in lung 
cancer, but their diagnostic value as screening biomarkers is still being debated 
[56, 57]. To date, no useful marker has been identified for the screening of asymp-
tomatic patients. Ideally, a biomarker should have a sensitivity and specificity of 
100%, a goal that is almost never achieved. One strategy potentially increasing both 
parameters is to combine several biomarkers into a screening marker panel. Several 
studies with smaller panels encompassing few markers provided first evidence that 
simultaneous analysis of several antigens have a higher potential for separating 
patients with lung cancer from controls [56]. Combined with other noninvasive 
methods, this may allow for further refinement of lung cancer screening [58].

4. Future perspectives

4.1 New potential lung cancer biomarkers

Proteomics studies showed new lung cancer biomarkers that can be tested in the 
blood (Table 2). Plasma kallikrein (KLKB1) enzyme cleaves Lys-Arg and Arg-Ser 
bonds in kininogen to release bradykinin and has functions related to blood coagula-
tion. Studies evidenced how serum levels of its fragmentation form were increased 
in lung cancer samples compared with normal control sera [59, 60]. Serum amyloid 
A (SAA) proteins are a family of apolipoproteins associated with the high-density 
lipoprotein (HDL) complex that are secreted during the acute phase of inflamma-
tion. In particular, isoforms SAA1/2 were detected in Ade patients’ sera but not in 
healthy donors’ sera using liquid chromatography/mass spectrometry (LC-MS/
MS). This protein was also detected in tissue [59, 61]. Haptoglobin (Hp) is a free 
hemoglobin-binding glycoprotein that inhibits the oxidative stress of hemoglobin 
and assists in hemoglobin uptake. It is a tetramer constituted by two α and two β 
chains. High levels of Hp have been reported in various cancer types including lung 
cancer. Proteomics analysis showed Hp β chain peptide levels to be threefold higher 
in lung cancer patients’ sera with respect to control subjects [59, 62]. Complement 
component 9 (C9) protein, a terminal constituent of the membrane attack complex, 
plays a role in the immune response by forming plasma membrane pores. This 
protein was identified in sera of patients with SCC by glycoproteomics approaches. 
Its protein levels were significantly higher in SCC patients than those in healthy 
donors and in patients with other cancer types [59, 63]. Insulin-like growth factor-
binding protein-2 (IGFBP-2), member of the insulin-like growth factor-binding 
protein family, inhibits IGF-mediated growth and development rates. Increased 
levels of IGFBP-2 have been found in solid tumors and in blood from patients with 
glioma and colorectal, prostate, and breast cancers above all at advanced stage 
disease. Recently circulating anti-IGFBP-2 autoantibodies and IGFBP-2 combined 
markers showed increased diagnostic sensitivity and specificity for lung cancer 
with respect to IGFBP-2 alone [64]. Peroxiredoxin 1 (PRX1) and peroxiredoxin 2 
belong to a family of ubiquitous multifunctional antioxidant proteins. The main 
function of PRX1 is to eliminate peroxides generated during metabolism. PRX1 is 
also involved in the inhibition of oncogenes, and its protein levels were found to 
be higher in human cancer cells and tissues. Recently, PRX1 was also identified in 
lung cancer patients’ plasma by mass spectrometry-based screening technology. 
Plasma PRX1 levels were increased in patients with lung cancer and also in subjects 
exposed to asbestos [65]. Endoglin (CD105) is a major cell membrane glycoprotein 
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kinase (PKM2) is a dimeric form of the pyruvate kinase isoenzyme type M2 that is 
increased in various cancers [52, 54]. C-reactive protein (CRP) is an acute-phase 
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protein, the levels of which rise in response to inflammatory conditions such as lung 
cancer. However, recent studies suggested that CRP could be used as a prognostic 
biomarker of lung cancer and angiogenesis [55]. Serological markers such as CEA, 
NSE, and CYFRA 21-1 are used for the monitoring of treatment effects in lung 
cancer, but their diagnostic value as screening biomarkers is still being debated 
[56, 57]. To date, no useful marker has been identified for the screening of asymp-
tomatic patients. Ideally, a biomarker should have a sensitivity and specificity of 
100%, a goal that is almost never achieved. One strategy potentially increasing both 
parameters is to combine several biomarkers into a screening marker panel. Several 
studies with smaller panels encompassing few markers provided first evidence that 
simultaneous analysis of several antigens have a higher potential for separating 
patients with lung cancer from controls [56]. Combined with other noninvasive 
methods, this may allow for further refinement of lung cancer screening [58].
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blood (Table 2). Plasma kallikrein (KLKB1) enzyme cleaves Lys-Arg and Arg-Ser 
bonds in kininogen to release bradykinin and has functions related to blood coagula-
tion. Studies evidenced how serum levels of its fragmentation form were increased 
in lung cancer samples compared with normal control sera [59, 60]. Serum amyloid 
A (SAA) proteins are a family of apolipoproteins associated with the high-density 
lipoprotein (HDL) complex that are secreted during the acute phase of inflamma-
tion. In particular, isoforms SAA1/2 were detected in Ade patients’ sera but not in 
healthy donors’ sera using liquid chromatography/mass spectrometry (LC-MS/
MS). This protein was also detected in tissue [59, 61]. Haptoglobin (Hp) is a free 
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component 9 (C9) protein, a terminal constituent of the membrane attack complex, 
plays a role in the immune response by forming plasma membrane pores. This 
protein was identified in sera of patients with SCC by glycoproteomics approaches. 
Its protein levels were significantly higher in SCC patients than those in healthy 
donors and in patients with other cancer types [59, 63]. Insulin-like growth factor-
binding protein-2 (IGFBP-2), member of the insulin-like growth factor-binding 
protein family, inhibits IGF-mediated growth and development rates. Increased 
levels of IGFBP-2 have been found in solid tumors and in blood from patients with 
glioma and colorectal, prostate, and breast cancers above all at advanced stage 
disease. Recently circulating anti-IGFBP-2 autoantibodies and IGFBP-2 combined 
markers showed increased diagnostic sensitivity and specificity for lung cancer 
with respect to IGFBP-2 alone [64]. Peroxiredoxin 1 (PRX1) and peroxiredoxin 2 
belong to a family of ubiquitous multifunctional antioxidant proteins. The main 
function of PRX1 is to eliminate peroxides generated during metabolism. PRX1 is 
also involved in the inhibition of oncogenes, and its protein levels were found to 
be higher in human cancer cells and tissues. Recently, PRX1 was also identified in 
lung cancer patients’ plasma by mass spectrometry-based screening technology. 
Plasma PRX1 levels were increased in patients with lung cancer and also in subjects 
exposed to asbestos [65]. Endoglin (CD105) is a major cell membrane glycoprotein 
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of the vascular endothelium. The main function of CD105 is to help the binding 
of endothelial cells to integrins and other receptors promoting angiogenesis by the 
activation of endothelial cells. CD105 overexpression was found in the endothelium 
of vessels in human solid tumors and is closely associated with a poor prognosis and 
the presence of metastases. Moreover levels of soluble CD105 (s-endoglin), formed 
by the cleavage of ectodomain of membrane receptors, were higher in patients 
with various types of cancer compared to normal counterparts, and its levels were 
also associated to metastases. In NSCLC s-endoglin serum levels were significantly 
decreased in postoperation patients, confirming its potential use for monitoring and 
prognosis of lung cancer [59, 66]. Progesterone receptor membrane component 1 
(Pgrmc1) is a cytochrome b5-related protein induced by carcinogens. In fact, Pgrmc1 
levels are elevated in spontaneous ovarian, breast, and lung cancers. Pgrmc1 is 
known to localize at the endoplasmic reticulum, and it was identified as a sigma-2 
receptor, which is induced in cancers. Recently, Pgrmc1 showed also the potential 
to be a serum biomarker for lung cancer. It was shown that Pgrmc1 is localized in 
secretory vesicles and is secreted by lung cancer cells. Moreover, Pgrmc1 levels in the 
plasma and in the exosome fractions of plasma were significantly increased in lung 
cancer patients [59, 67]. Pro-gastrin-releasing peptide (proGRP, residue 31–98) is 
a more stable biochemical precursor of gastrin-releasing peptide (GRP), which is 
specifically produced by the neuroendocrine origin of SCLC cells. In a recent report, 
proGRP levels were increased in SCLC patients with respect to patients with other 

Protein Histology Method Reference

KLKB1 Lung 
cancer

LC-MS/MS, 
WB

[59, 60]

SAA Ade MRM, 
LC-MS/MS

[59, 61]

Hp β chain peptide Lung 
cancer

ELISA, WB [59, 62]

Complement C9 SCC ELISA, 
WB, 
LC-MS/MS

[59, 63]

IGFBP-2 and anti-IGFBP-2 autoantibodies Lung 
cancer

ELISA, IHC [64]

PRX1 Lung 
cancer

ELISA [65]

s-endoglin NSCLC ELISA [59, 66]

Pgrmc1 Lung 
cancer

WB [59, 67]

proGRP (residue 31–98) Lung 
cancer

LC/SRM/
MS

[59, 68]

Ciz1b Lung 
cancer

IF [59]

MMP-1 Lung 
cancer

ELISA [59, 70]

Cleaved uPAR NSCLC ELISA [71]

ADAM28 NSCLC ELISA [72]

ALDH1A1 NSCLC ELISA [72]

Table 2. 
New potential lung cancer serological biomarkers.
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types of lung cancer; its levels are also associated with the progression of the disease 
[59, 68]. Ciz1 is a nuclear matrix protein which promotes the initiation of mamma-
lian DNA replication. Recently, variant Ciz1 (24 nucleotides from the 3′end of exon 
14 are excluded, leading to in frame deletion of eight amino acids ‘VEEELCKQ’) 
protein levels were significantly increased in the plasma of early stage lung cancer 
patients compared with that from healthy donors and with other respiratory diseases 
suggesting its potential use as a diagnostic lung cancer biomarker. Its sensitivity and 
specificity for stage I NSCLC were 95 and 74%, respectively [59]. MMP-1 is a collage-
nase that cleaves collagen types I, II, III, IV, and X at one site in the helical structure 
and is overexpressed in various cancer cells. High plasma levels of MMP-1 seem to 
be associated with a lower patient survival rate [59, 69]. uPAR is a glycosylphospha-
tidylinositol (GPI)-anchored glycoprotein and cell surface receptor specific to the 
urokinase plasminogen activator (uPA). The uPA-catalyzed cleavage of uPAR is a 
negative feedback loop in which uPA cleaves uPAR leaving the cleaved form of uPAR 
attached to the cell surface. It was shown that serum levels in preoperative NSCLC 
patients are correlated with higher levels of cleaved uPAR and lower survival rate 
[59, 70]. Kuroda et al. showed that ADAM28, a disintegrin and metalloproteinase 
28 overexpressed in NSCLC tissues, was detectable also in serum of patients and 
increases with progress of tumor stage [71]. The sensitivity, false-negative rate, 
and AUC for ADAM28 were even better than those for CEA, suggesting a potential 
use of this test for diagnosis and monitoring of NSCLC. Recently, serum levels of 
ALDH1A1 were shown to be elevated in the sera of patients with NSCLC. Combined 
testing of serum ALDH1A1 and CEA levels significantly increased the screening sen-
sitivity of CEA alone [72]. We provided evidence that isoforms other than ALDH1A1 
may be secreted into the blood of lung cancer patients, and therefore screening 
sensitivity may be further enhanced by using an isoform-unspecific ALDH test 
without apparently affecting specificity [unpublished results]. Our results showed 
elevated ALDH serum levels can be detected in the vast majority of patients with 
early and advanced stage disease, suggesting that serum ALDH should be evaluated 
as part of a marker panel for noninvasive detection of early lung cancer in a larger 
cohort of patients at risk.

Although identification of proteins is now promising, quantification of proteins 
in complicated mixtures by MS remains challenging, especially in plasma carrying 
a large amount of proteins. Using antibody-based techniques such as ELISA, for 
biomarker measurements, could be hindered by a lack of high-quality antibodies. A 
quantitative approach has evolved, which performs targeted analysis of representa-
tive peptides by multiple reaction monitoring (MRM), and evaluated the potential 
utility of a list of candidate proteins for lung cancer diagnosis.

4.2 Liquid biopsy

Current methods employed for the evaluation of cancer genomes require tissue 
biopsy, either bone marrow biopsy of blood cancer or biopsy of affected nodal/
soft tissue. These procedures are invasive and are limited by being representative of 
only a single site of the disease under evaluation. Thus, single-site tissue biopsy may 
not truly reflect the entire mutational profile of an individual’s disease, and from a 
logistical perspective, it may not be suited to repeat biopsy over short periods of time. 
Liquid biopsy seems to be the most promising and, in contrast to tissue biopsy, is 
noninvasive, can provide a better representation of cancer genetic profile, and can be 
easily repeated [73] (Figure 1). A liquid biopsy is a blood sample of about 10–20 ml 
taken for diagnosis, prognosis, and prediction of a treatment purposes. It is a nonin-
vasive approach to screening and early diagnosis of lung cancer. It consists not only 
of biomarkers but also circulating free DNA (cfDNA) and circulating tumor cells 
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to be a serum biomarker for lung cancer. It was shown that Pgrmc1 is localized in 
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types of lung cancer; its levels are also associated with the progression of the disease 
[59, 68]. Ciz1 is a nuclear matrix protein which promotes the initiation of mamma-
lian DNA replication. Recently, variant Ciz1 (24 nucleotides from the 3′end of exon 
14 are excluded, leading to in frame deletion of eight amino acids ‘VEEELCKQ’) 
protein levels were significantly increased in the plasma of early stage lung cancer 
patients compared with that from healthy donors and with other respiratory diseases 
suggesting its potential use as a diagnostic lung cancer biomarker. Its sensitivity and 
specificity for stage I NSCLC were 95 and 74%, respectively [59]. MMP-1 is a collage-
nase that cleaves collagen types I, II, III, IV, and X at one site in the helical structure 
and is overexpressed in various cancer cells. High plasma levels of MMP-1 seem to 
be associated with a lower patient survival rate [59, 69]. uPAR is a glycosylphospha-
tidylinositol (GPI)-anchored glycoprotein and cell surface receptor specific to the 
urokinase plasminogen activator (uPA). The uPA-catalyzed cleavage of uPAR is a 
negative feedback loop in which uPA cleaves uPAR leaving the cleaved form of uPAR 
attached to the cell surface. It was shown that serum levels in preoperative NSCLC 
patients are correlated with higher levels of cleaved uPAR and lower survival rate 
[59, 70]. Kuroda et al. showed that ADAM28, a disintegrin and metalloproteinase 
28 overexpressed in NSCLC tissues, was detectable also in serum of patients and 
increases with progress of tumor stage [71]. The sensitivity, false-negative rate, 
and AUC for ADAM28 were even better than those for CEA, suggesting a potential 
use of this test for diagnosis and monitoring of NSCLC. Recently, serum levels of 
ALDH1A1 were shown to be elevated in the sera of patients with NSCLC. Combined 
testing of serum ALDH1A1 and CEA levels significantly increased the screening sen-
sitivity of CEA alone [72]. We provided evidence that isoforms other than ALDH1A1 
may be secreted into the blood of lung cancer patients, and therefore screening 
sensitivity may be further enhanced by using an isoform-unspecific ALDH test 
without apparently affecting specificity [unpublished results]. Our results showed 
elevated ALDH serum levels can be detected in the vast majority of patients with 
early and advanced stage disease, suggesting that serum ALDH should be evaluated 
as part of a marker panel for noninvasive detection of early lung cancer in a larger 
cohort of patients at risk.

Although identification of proteins is now promising, quantification of proteins 
in complicated mixtures by MS remains challenging, especially in plasma carrying 
a large amount of proteins. Using antibody-based techniques such as ELISA, for 
biomarker measurements, could be hindered by a lack of high-quality antibodies. A 
quantitative approach has evolved, which performs targeted analysis of representa-
tive peptides by multiple reaction monitoring (MRM), and evaluated the potential 
utility of a list of candidate proteins for lung cancer diagnosis.

4.2 Liquid biopsy

Current methods employed for the evaluation of cancer genomes require tissue 
biopsy, either bone marrow biopsy of blood cancer or biopsy of affected nodal/
soft tissue. These procedures are invasive and are limited by being representative of 
only a single site of the disease under evaluation. Thus, single-site tissue biopsy may 
not truly reflect the entire mutational profile of an individual’s disease, and from a 
logistical perspective, it may not be suited to repeat biopsy over short periods of time. 
Liquid biopsy seems to be the most promising and, in contrast to tissue biopsy, is 
noninvasive, can provide a better representation of cancer genetic profile, and can be 
easily repeated [73] (Figure 1). A liquid biopsy is a blood sample of about 10–20 ml 
taken for diagnosis, prognosis, and prediction of a treatment purposes. It is a nonin-
vasive approach to screening and early diagnosis of lung cancer. It consists not only 
of biomarkers but also circulating free DNA (cfDNA) and circulating tumor cells 
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(CTCs). There are two methods for CTC isolation: the indirect CellSearch and the 
direct isolation by size of epithelial tumor cells (ISET) filtration method, which is, to 
date, the most interesting method for early diagnosis and screening of lung cancer 
using CTCs. CTCs can be cytomorphologically characterized before surgery and can 
be detected from asymptomatic patients with stage I lung cancer. Moreover, recent 
studies showed that CTCs can be isolated from patients with high risk of developing 
lung cancer (smokers with chronic obstructive pulmonary disease) without nodules 
detected by CT and that at the follow-up resulted positive for Ade [74, 75]. It was 
also showed that the initial presence of CTCs had a predictive value of 100% of 
developing a secondary lung cancer. As a follow-up to this pilot study performed in 
a single center and on a restricted number of patients, a multicenter study (named 
AIR project) began and has been involving 20 French university hospitals and 600 
patients with chronic obstructive disease, over 55 years who smoked more than 30 
packets per year. This project aims to study patients by means of CTC detection 
through ISET along with CT. Nucleic acids as DNA or RNA fragments can circulate 
in the plasma either freely or present in vesicle, as exosomes. While cfDNA is univer-
sally found in the plasma of healthy people as well as those with benign diseases, it 
has been observed that patients with malignant disease have higher levels of cfDNA 
in their plasma [76]. Among RNA, coding (microRNA) and noncoding RNA can 
circulate. Recent studies have evidenced the more or less complex signature of plasma 
microRNA associated with lung cancer. In particular, it was showed that a signature 
of several plasma microRNA has a predictive value for lung cancer in a high-risk 
population [74]. Although liquid biopsy can permit the monitoring of patients on 
treatment or after treatment for lung cancer, it holds some limits. The major limits 

Figure 1. 
Standard biopsy versus liquid biopsy. The figure illustrates the steps of the standard biopsy, beginning from the 
computed tomography for detecting pulmonary nodules. These are subsequently analyzed by extracting cells or 
tissue fragments, which are examined to determine the presence of the tumor. Liquid biopsy is a 10–20 ml blood 
sample taken for diagnosis, from which CTCs, biomarkers, and cfDNA—including circulating tumoral DNA 
(ctDNA)—are isolated and then analyzed in laboratory.
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for the use of circulating nucleic acids for early lung cancer detection concerns the 
distinction between free nucleic acid of germinal or somatic origin because of the 
lysis of circulating hematological cells and also the low amount detectable in very 
early tumor stages. Moreover, circulating somatic microRNA can be released from 
other diseases associated with lung cancer, such as cardiovascular diseases, inflam-
matory disorders, pulmonary fibrosis, and other associated cancers. Another limit is 
relative to the pre-analytical phase, which is very crucial as the delay between blood 
sampling and the analytical phase should be as short as possible. It should also be the 
same for all the patients involved in the study, for a better comparison of the results, 
and the blood must be conditioned with a buffer that allows excellent conservation of 
the material. Moreover, the low amount of biomarkers, cfDNA or CTCs in the blood 
of patients with a very small tumor or not still visible by thoracic imagery, needs a 
high sensitive technique, which should be able to isolate enough material to conduct 
the analysis. Another problem is represented by the lack of standardization of the dif-
ferent pre-analytical and analytical steps which limit the deployment of liquid biopsy 
in clinical practice for early diagnosis of lung cancer [77–79]. Therefore, it is difficult 
to obtain a specific result if the pre-analytical phase is not standardized among all the 
patients involved in the study and, also, if the clinico-biological information about 
the patient is not known, as other potential comorbidities can emerge.

Other than variants in cfDNA, aberrant DNA methylation of some novel and 
known genes was also investigated in serum of patients with lung cancer by means 
of a quantitative methylation-specific PCR and showed a specificity of 71% [77]. 
Identification of blood-based noninvasive or minimally invasive detection mark-
ers will improve the clinical management of lung cancer. It is noteworthy that this 
simple, reliable, and noninvasive blood test could aid not only the early detection 
of lung cancer but also could be used most effectively to direct imaging modalities 
with low specificity such as CT. Such a test could therefore have a significant impact 
on the long-term survival of these individuals. Moreover, these tests can be helpful 
in monitoring the response to therapy and to identify new actionable mutations.

5. Conclusions

This review summarizes the molecular pathology and the conventional methods 
used for screening of lung cancer, highlighting the advantages and limits of these 
approaches. We also report the recent studies about new circulating biomarkers poten-
tially useful for lung cancer screening. Ideally, a biomarker should have a sensitivity 
and specificity of 100%, a goal that is almost never achieved. One strategy potentially 
increasing both parameters is to combine several biomarkers into a screening marker 
panel. Combined with other noninvasive methods, this may allow for further refine-
ment of lung cancer screening. Liquid biopsy is a 10 ml blood sample taken for diag-
nostic, prognostic, and disease monitoring purposes. It consists not only of biomarkers 
but also circulating cfDNA, RNA, and CTCs. With respect to tissue biopsy, it permits 
to have a better representation of the whole cancer genetic profile and may be suited 
to repeat biopsy over short periods of time. Compared to imaging modalities such as 
X-rays and CT, liquid biopsy represents a more reliable, less invasive, and less expensive 
method for the detection of lung cancer in populations at risk of developing this disease.
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method for the detection of lung cancer in populations at risk of developing this disease.
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