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Chapter 1 

 

Introduction and scope 

 

Lipidomics, a branch of metabolomics, is a science that is based on the study of 

all lipids present in a biological system know as lipidome [1]. The study of lipids 

has assumed between the scientists considerable importance and attention with the 

knowledge that they are involved in many vital biological processes in humans, 

animals, plants and microorganisms.  

The scientific communities confirm that lipids play a key role as energy storage 

in animal and plant tissues and they are responsible for maintaining the structural 

integrity of cells as major components of membranes [2]. The complete 

characterization of lipids in human blood allows understanding the impact of 

dietary and lifestyle in the human health. Their dysregulation contributes to 

numerous diseases, such cardiovascular disease [3], diabetes [4, 5], obesity [6], 

cystic fibrosis [7], male and female infertility [8-10], and Alzheimer’s disease [11]. 

Lipids or fats are also the ingredients of foodstuff derived from both animal and 

plants. Fats represent almost 40% of dietary calories in developed countries, and 

their composition is obviously vital for a good nutrition. Dietary fats are essential 

for normal growth, development, and maintenance of body, and serve a number of 

important functions. In addition, fats contribute greatly to the palatability, taste and 

structure of foods [2].  

Lipid samples from biological matrices are complex mixtures that require the 

use of chromatographic techniques for accurate identification and quantification. 

High performance liquid chromatography (HPLC) is usually used to separate intact 
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lipid molecules. Lipid compounds can also be identified by their conversion with 

specific chemical reagents. In this case, the fatty acid (FA) composition of lipid 

classes is determined by gas chromatography techniques (GC). Probably, 99% of 

the analyses of FAs in foods are executed by using GC approach, previous 

derivatization of lipid compounds to corresponding fatty acid methyl esters 

(FAMEs) [12]. Given the complexity of the lipid matrices and the great structural 

diversity of these molecules, currently no single procedure is capable to separate 

lipid specie and a combination of LC and GC techniques must be used for a full 

characterization of the lipidome.  

A variety of chromatographic techniques have been employed for this purpose, 

usually coupled to mass spectrometry (MS) or other type of universal detectors such 

as photodiode array (PDA) or the flame ionization detector (FID), commonly used 

in LC and GC techniques, respectively. Today, almost all lipidomic approaches use 

the mass spectrometry due to the recent advances in this field and different types of 

instruments available on the market [13]. The most commonly used are single-

quadrupole mass spectrometer (qMS), triple-quadrupole mass spectrometer (QqQ 

MS), low-resolution time-of-flight (ToF).  

In an untargeted approach, the mass spectrometer detects the lipidome over a 

wide mass range. This means that no prerequisites are defined and everything that 

is being ionized will be detected at sufficient levels. If the MS instrument is used in 

scanning mode only, important information might be missed. On the base of these 

considerations, structurally different lipid molecules with the same mass (isobar 

molecules) can not distinguished. Therefore, the MS scans are combined with 

fragment experiments (MS/MS) for a correct identification of lipid compounds. 

Untargeted experiments are usually used in combination with chromatographic 
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approaches prior to MS detection. A targeted approach focus on specific lipidome 

or lipid classes. This means that selective MS methods such as multi reaction 

monitoring (MRM), product ion scanning (PIS) or neutral loss scanning (NLS) are 

typically used in targeted analysis. Using this definition, the targeted approach 

offers the advantage to monitoring specific lipid class with structural similarities. 

For example, when the cholesteryl esters (CEs) are exposed to collision-induced 

dissociation (CID), the cholestadiene fragment at 369.3 m/z is formed. Therefore, 

by using precursor ion scanning of 369.3 m/z, there is possibility to detect CE 

species even though present at low amounts directly from total lipid extracts. 

However, no information about which FA is present (the total number of carbons 

and double bonds) in the CE molecule will be revealed. A targeted approach can be 

based on chromatographic separation or shotgun method, situation where the 

sample is infused directly into the mass spectrometer without any previous 

separation. 

The present PhD. thesis is placed into the lipidomic context. Specifically, the 

main aim of this research is the development of modern analytical technique, and 

improvement of the established methods, for the characterization of complex lipid 

matrices.  

I have worked intensively to the development of an analytical method for the 

complete characterization of FA profile in whole blood samples. The research 

consisted in the development of a rapid, and miniaturized analytical strategy for the 

complete characterization of the FA profile in human blood. Sample collection was 

carried out by using the dried blood spot (DBS) approach, while fatty acid 

derivatization to methyl esters was performed directly by using sodium methoxide 

and boron trifluoride. The accuracy of the developed method was evaluated in the 
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analysis of a reference human plasma sample certified by the National Institute of 

Standard and Technology (NIST). During a final stage of the research, the 

developed analytical method was performed in a fully-automated manner by using 

an robotic sample preparation system. The developed protocol provides essential 

data that can be correlated to the health status of a patient.  

FA profiles of different biological organism as plants and algae, exposed to 

heavy metals or organic pollutants, have been determined. One of the main effects 

of acute toxicity is the oxidative stress, which leads to the damage of biomolecules 

including FAs [14-16]. Scenedesmus quadricauda and Coccomyxa subellipsoidea 

microalgae were exposed for 24 hours with mine dump effluent containing five 

hexachlorocyclohexane (HCH) isomers and two trichlorobenzene (TCB) [17]. The 

impact of heavy metals such as cadmium (Cd) and cupper (Cu) has been studied in 

Ulva compressa marine macroalga after seven days of exposure [18]. Total content 

of FAs has been monitored in epiphytic lichen Ramalina farinacea treated with Cd 

and nitrogen oxide (NO) [19]. 

Lipidomic studies have been also conducted on fish samples comparing the lipid 

profiles of edible parts, waste and by-products from the industrial manufacturing. 

In Italy, in the field of industrial production for fish processing and conservation, 

the leading role is played by tuna products. Much of this waste is destroyed, and 

this represents not only an irresponsible exploitation of marine resources but also 

has a negative effect on the ecosystem, thus endangering the concept of “blue 

economy”. On September 8, 2004, the Food and Drug Administration announced 

the health claim for reduced risk of coronary heart disease on conventional foods 

that contain omega-3 FAs such as eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) [12]. On the base of this considerations, it becomes 
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fundamental the support of the scientific communities to evaluate the nutritional 

value of fish waste and by-products and their possible re-introduction in food or 

feed chain.  

A study on lipid hydrolysis reaction has been conducted during my PhD course. 

Considering the growth of the world populations and the consumption of oils and 

fats, the re-use of by-products of manufacturing processes is an appropriate 

alternative in order to solve environment-related issues [20-21]. Oils and fats are 

mainly composed of triacylglycerols (TAGs) and their hydrolysis might produce 

valuable free fatty acids (FFAs), monoacylglycerols (MAGs), diacylglycerols 

(DAGs), and glycerols. The aim was to develop of an eco-friendly method for the 

enrichment of DAGs and MAGs in by-products of refined vegetable oils by 

hydrolysis and esterification with glycerol using a new microbial immobilized 

lipase from Serratia sp. W3. The characterization of eventually produced MAGs 

and DAGs was carried out by GC and LC methods [22].  

In University Physical Education, Center of Sports Nutrition Science (CSN) of 

Budapest (Hungary), I have worked to the development of a GC method coupled to 

triple quadrupole mass spectrometer (GC-MS/MS) detector for the determination 

of anabolic steroids in dietary supplements. Anabolic androgenic steroids (AAS) 

are frequently used in sports and they are one of the most common problems in this 

field. Despite the World Anti-Doping Agency (WADA) actively combats the 

doping, several banned substances remain an important threat to human sport. 

A multi-technique approach has been used for the comprehensive 

characterization of total lipid profile in a marine organism, namely Mytilus 

galloprovincialis (Mediterranean mussel) [23]. In this research, an “omic” approach 

has been developed to quickly fingerprint lipids, by exploiting multidimensional 
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and hyphenated techniques. Two-dimensional comprehensive hydrophilic 

interaction liquid chromatography (HILIC) coupled to reversed-phase liquid 

chromatography (RF) afforded both class-type and individual species separation of 

neutral and polar lipids. In addition, GC-MS data obtained for the off-line collected 

fractions of individual phospholipids (PLs) afforded qualitative information about 

the FAs distribution within the phosphatidylcholine (PC) class, providing 

unambiguous evidence of the different fatty acid positional and geometric isomers.  
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Chapter 2 

 

Lipidomics overview: from molecular lipidomics to biosynthesis and 

metabolism of lipids  

 

Lipids are recognized as extremely diversified molecules with about 104 

different structures currently stored in the most comprehensive lipidomic database, 

namely LIPID MAPS (LIPID Metabolites And Pathways Strategy, 

http://www.lipidmaps.org) [1]. The complexity and heterogeneity is due by the fact 

that the absolute quantity of molecular lipids can differ among lipid species up to 

several million-fold depending on the matrix of origin. All these characteristics 

complicate a precise assessment of the actual number of lipid compounds and the 

comprehensive composition of an entire biological system. 

Actually, there is no a strict definition of lipids. Christie [2] defined the lipids as 

“a wide variety of natural products including fatty acids and their derivatives which 

have in common a ready solubility in organic solvents such as diethyl ether, hexane, 

benzene, chloroform, or methanol”. Kates [3] reported an alternative definition: 

“lipids are substances insoluble in water, soluble in organic solvents such as 

chloroform, ether or benzene and contain long-chain hydrocarbon groups in their 

molecules and they are present in or derived from living organisms”. 

2.1 Lipid classification 

The lipid structures can be classified on the base of physical properties at room 

temperature (fats are solid and oils are liquid), their polarity (polar and neutral 

lipids), the chemical structure (simple and complex lipids) and their essentiality for 

the maintenance of human health (essential or non-essential fatty acids). From a 

polarity point of view, it is natural to divide lipids into two groups: polar lipids 
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interact with water and form an aqueous phase such as phospholipids (PLs) and 

glycolipids (GLs), while neutral lipids do not form aqueous phase and include fatty 

acids (FAs), alcohols (AOs), triglycerides (TAGs) and sterols (SLs). 

However, there are special case in which even neutral lipids can interact with 

water and form a monophasic system as some short-chain of polar FAs. Although 

the terms ‘neutral’ and ‘polar’ lipids are frequently used, they are less precise and 

can be misleading. Therefore, the classification of lipid compounds into polarity is 

almost arbitrary and a separation based on structural properties is preferred [2]. On 

base of chemical structures, a further subdivision of the lipids can be considered. 

Simple lipids can be hydrolysed at most in two types of primary products per mole 

and include TAGs, SLs and their esters, and wax esters. Complex lipids yield three 

or more primary hydrolysis products per mole and involved PLs and GLs. 

Fahy et all. [4] published a comprehensive classification system in which the 

lipids were divided into eight categories containing distinct classes and sub-classes. 

The lipid classification was chemically based on the distinct hydrophobic and 

hydrophilic character of the elements that composed the lipid molecule. 

2.2 Fatty acid 

Fatty acids constitute the starting point of lipid structures. They are characterized 

by a repeating series of methylene groups that impart hydrophobic character to this 

category of lipidome. Generally, FAs of plants, animals and microbes contain an 

even number of carbon atoms in chains with a carboxyl group at one extremity. 

Along the carbon chains, one or more double bonds can be present in cis or trans 

configurations. The presence of double bonds allows grouping the FAs into three 

broad sub-classes named saturated fatty acid, monounsaturated fatty acid and 

polyunsaturated fatty acid. 
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2.2.1 Saturated fatty acid 

In human organism, the family of saturated fatty acids (SFAs) has usually a 

linear molecular structure with an even number of carbon atoms because their 

biosynthesis occurs in cells with assembly of two carbon units. The enzymatic 

system responsible of the SFAs synthesis is called fatty acid synthase (FAS), a 

multienzymatic complex localized in cytoplasm that is based on the head‐to‐tail 

principle. The synthesis starts with the entrance of first two carbons unit, named 

acetyl‐coenzyme A, from the head and continues with the transfer of the products 

from one to the other enzymatic subunit. The assembled final product exits after 

last enzymatic step from the tail. The final product of FAS is palmitic acid (C16:0) 

containing 16 carbon atoms. C16:0 is the most representative FA in mammal tissue 

and cell membranes [5]. Another common SFA is stearic acid (C18:0) that is 

obtained by activity of the elongase enzyme that uses palmitic acid as initial 

substrate. The enzymatic activity of elongase consists in addition of two carbon 

atoms to the chains of both saturated and unsaturated FAs, extending it up to 26 

carbon atoms [6].  

Both saturated and unsaturated FAs are also the substrates of desaturase 

enzymes. The correct equilibrium between elongase and desaturase enzymatic 

pathways is crucial for maintaining the lipid diversity and the balance of the FAs at 

the level of cell membranes composition [7]. The affinity of SFAs for desaturase 

enzyme is very high, thus the level of long chain SFAs (>20 carbon atoms) cannot 

be abundant. Their increase in human organism can indicate bad functioning of lipid 

pathways in relation to the activity of two enzymatic systems. The figure 2.1 

represents the two enzymatic pathways that involved saturated and unsaturated 

FAs. 
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Figure 2.1. The main steps of the SFA and MUFA enzymatic conversion between 

elongase and desaturase. 

 

SFAs with an odd number of carbon atoms are synthetized by many 

microorganism. They are produced in minimal amount also in animal tissues when 

the FAS enzymatic system uses the propionyl-coenzyme A instead of acetyl-

coenzyme A as substrate or when alpha-oxidation of FAs occurs [2]. SFAs are also 

well-known components of animal and plant tissues. The most abundant have linear 

structures with 14, 16 and 18 carbon atoms, but all the possible odd- and even- 

homologues from 2 to 36 carbon atoms have been found in nature in esterified form 

[2]. The most common and important acids contain between 12 and 22 carbon 

atoms are found in many different plant and animal fats [8]. The International Union 

of Pure Applied Chemists (IUPAC) has established detailed systematic rules for the 

SFAs nomenclature. They are named from the saturated hydrocarbon with the same 
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number of carbon atoms. The final “-e” of the corresponding hydrocarbon is 

replaced by the suffix “-oic”.  

SFAs have been functionally divided into short-, medium- and long-chain acids. 

Shorter chain carboxylic acids are methanoic acid (C1:0), ethanoic acid (C2:0) and 

propanoic acid (C3:0). They are uncommon in natural fats and are usually omitted 

from definitions of lipid compounds. However, they have been found in non-

esterified form in many food products [9]. The short-chain SFAs (C4:0-C10:0) 

occur in milk fats and in a few seed fats. Bovine milk contains butanoic acid (C4:0) 

and smaller amounts of caproic acid (C6:0), caprylic acids (C8:0), capric acid 

(C10:0) and lauric acid (C12:0). In medium-chain acids group, lauric acid and 

myristic acid (C14:0) are major components of seed fats of the Lauraceae and 

Myristiceae families, which explain their trivial names. C16:0 is the most abundant 

SFA occurring in fish oils, in the milk and storage fat of many mammals, and in 

vegetable fats. C18:0 is a minor component of most vegetable fats, and its trivial 

name derives from the fact that it is a major component in the tallow of ruminants. 

The long-chain SFAs (>19 carbon atoms) are the major components of few 

uncommon seed oils. The most common natural SFAs have a straight chain. 

However, many FAs have a branched chain. Branched-chain FAs are divided into 

the iso- acids, in which the methyl group is in the penultimate position from the 

carboxyl group, and the anteiso- acids, in which the methyl group is in the third last 

position. The most frequent branched SFAs contain a single methyl group in the 

side chain, but sometimes longer branched or more than one methyl group have 

been revealed. This group of FAs are the major components of lipids in gram-

positive bacteria and their complex mixtures have been detected in mycobacteria 
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[10]. A list of SFAs together with their IUPAC name, formula, abbreviation and 

trivial names is given in Table 2.1. 

 

Table 2.1. Chemical name, formula, abbreviation and trivial name of all the 

possible odd- and even-numbered SFAs from 1 to 35 carbon atoms. 

 

Systematic name Formula Abbreviation Trivial name 

Methanoic acid CHOOH C1:0 Formic acid 

Ethanoic acid CH3–COOH C2:0 Acetic acid 

Propanoic acid CH3(CH2)–COOH C3:0 Propionic acid 

Butanoic acid CH3(CH2)2–COOH C4:0 Butyric acid 

Pentanoic acid CH3(CH2)3–COOH C5:0 Valeric acid 

Hexanoic acid CH3(CH2)4–COOH C6:0 Caproic acid 

Heptanoic acid CH3(CH2)5–COOH C7:0 Enanthic acid 

Octanoic acid CH3(CH2)6–COOH C8:0 Caprylic acid 

Nonanoic acid CH3(CH2)7–COOH C9:0 Pelargonic acid 

Decanoic acid CH3(CH2)8–COOH C10:0 Capric acid 

Undecanoic acid CH3(CH2)9–COOH C11:0 Undecylic acid 

Dodecanoic acid CH3(CH2)10–COOH C12:0 Lauric acid 

Tridecanoic acid CH3(CH2)11–COOH C13:0 Tridecylic acid 

Tetradecanoic acid CH3(CH2)12–COOH C14:0 Myristic acid 

Pentadecanoic acid CH3(CH2)13–COOH C15:0 Pentadecylic acid 

Hexadecanoic acid CH3(CH2)14–COOH C16:0 Palmitic acid 

Heptadecanoic acid CH3(CH2)15–COOH C17:0 Margaric acid 

Octadecanoic acid CH3(CH2)16–COOH C18:0 Stearic acid 

Nonadecanoic acid CH3(CH2)17–COOH C19:0 Nonadecylic acid 

Eicosanoic acid CH3(CH2)18–COOH C20:0 Arachidic acid 

Heneicosanoic acid CH3(CH2)19–COOH C21:0 Heneicosylic acid 

Docosanoic acid CH3(CH2)20–COOH C22:0 Behenic acid 

Tricosanoic acid CH3(CH2)21–COOH C23:0 Tricosylic acid 

Tetracosanoic acid CH3(CH2)22–COOH C24:0 Lignoceric acid 

Pentacosanoic acid CH3(CH2)23–COOH C25:0 Hyenic acid 

Hexacosanoic acid CH3(CH2)24–COOH C26:0 Cerotic acid 

Heptacosanoic acid CH3(CH2)25–COOH C27:0 Carboceric acid 

Octacosanoic acid CH3(CH2)26–COOH C28:0 Montanic acid 

Nonacosanoic acid CH3(CH2)27–COOH C29:0  

Triacontanoic acid CH3(CH2)28–COOH C30:0 Melissic acid 

Hentriacontanoic acid CH3(CH2)29–COOH C31:0  

Dotricosanoic acid CH3(CH2)30–COOH C32:0 Lacceric acid 

Tritricosanoic acid CH3(CH2)31–COOH C33:0 Ceromelissic acid 

Tetratricosanoic acid CH3(CH2)32–COOH C34:0 Gheddic acid 

Pentatricosanoic acid CH3(CH2)33–COOH C35:0 Ceroplastic acid 
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2.2.2 Monounsaturated fatty acid 

The presence of double bond along the carbon chain introduces the second 

category of FAs named unsaturated FAs. The double bond of an unsaturated acid 

can have two possible configurations, either cis or trans, depending on the relative 

positions of the alkyl groups: 

 

Figure 2.2. Cis and trans configuration of double bond in unsaturated FAs. 

 

Most naturally occurring unsaturated FAs have a cis orientation; the trans 

configuration has been also found in nature. For example, vaccenic acid (trans-

C18:1n7) is formed as by-product of bio-hydrogenation in the rumen and thus it is 

detected in human tissues because introduced by intake of meat and milk of 

ruminant animals. In addition, trans-FAs are especially the result of technology 

processing, such as hydrogenation [11]. The hydrogenation involves fats and oils 

treated with molecular gaseous hydrogen (H2) in the presence of a catalyst resulting 

in the selective addition of H2 to the double bond. During the hydrogenation 

procedure, can happen that the double bonds present in the lipid molecules are not 

all hydrogenated and some of them are converted in trans-isomers. The 

deodorization process is another industrial treatment used in food production. This 

thermic treatment of edible oils, which allows to eliminate unpleasant odours can 

occur the formation of trans-FAs. A high trans-FA content provides physical and 

chemical properties that are attractive to food manufacturers. In fact, the 

hydrogenation reduces the propensity of fats to become rancid increasing the shelf 

cis trans
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life and optimises deep frying applications [12]. However, the consumption of these 

industrially hydrogenated vegetable oils is reported to be associated with an 

increased risk of different diseases such as cardiovascular disease, infertility, 

endometriosis, gallstones, Alzheimer’s disease, diabetes and some cancers. [13]. 

Instead, cis-unsaturated FAs are potent inducers of adiposomes known as lipid 

droplets, which have important roles in cell signalling, regulation of lipid 

metabolism and control of the synthesis and secretion of inflammatory mediators. 

Lipid droplets are sites for eicosanoid generation in cells during a process of 

inflammation and cancer [14]. 

In the nomenclature of unsaturated FAs, the position of double bond can be 

indicates with Δ sign if the numbering of the carbon chain starts from carboxylic 

group. For example, vaccenic acid is designed as C18:1Δ11. However, if the 

numbering start from the methyl group of the chain bottom, the letters n or ω are 

used indifferently, followed by the number of the carbon involved in the double 

bond. According to this principle, the vaccenic acid is indicated as C18:1n7 or 

C18:1ω7.  

The most prevalent monounsaturated fatty acid (MUFA) in cell membranes is 

oleic acid (C18:1n9) [5]. In the eukaryotic cells, it can have both biosynthetic and 

dietary origins. The biosynthesis of oleic acid starts from stearic acid by the activity 

of desaturase enzyme that insert one double bond in position 9 of the carbon chain. 

Relatively to the dietary origin, oleic acid is the main components of the olive oil, 

in the form of triglycerides. For some countries of the Mediterranean area, olive oil 

is the most used source of fat. The role of oleic acid on properties of cell membranes 

is enormously important. The cis double bond in position 9 produces a folding of 

the hydrocarbon chain of about 30° giving the proper fluidity in the “heart” of the 
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hydrophobic phospholipid packing [5]. The only one double bond allows to the 

MUFAs to not be easily oxidized or sensitive to the conditions of oxidative stress, 

either physical or chemical, which instead are very consistent in polyunsaturated 

fatty acids having more than one double bonds. So, even in recent times, the role of 

oleic acid has been highlighted for its contribution to membrane homeostasis, 

especially when the natural antioxidant defences or enzymes are reduced.  

Palmitoleic acid (C16:1n7) is another important MUFAs which is obtained by 

enzymatic desaturation of palmitic acid. This is a FA classified as omega‐7 (ω-7), 

considering the nomenclature that count the position of the double bond from the 

end of carbon chain. Palmitoleic acid is not found at high levels in normal foods 

and sources of macadamia nuts and sea buckthorn contain moderate amounts. This 

means that the determination of palmitoleic acid in adipose tissues can provide a 

direct measure of the desaturase enzymatic activity, better than other MUFAs 

confusable with dietary intake [5]. It is necessary to highlight that palmitoleic acid 

can also be obtained from metabolic degradation of vaccenic acid by beta-oxidation 

process. However, this pathway is not predominant in human organism.  

More than 100 naturally occurring MUFAs have been identified, but most of 

these are very rare compounds. In general, the oleic acid is one of the most widely 

distributed FAs in nature. It is a major component of safflower, pecan, pistachio, 

olive oil and macadamia nut oils and occurs in fish oils and animal fats [15]. Some 

important oils containing erucic acid (22:1n9) are rape, mustard, and Crambe 

abyssinica. Petroselinic acid (C18:1n12) is a positional isomer of oleic acid and 

occurs widely in seed oils of the order Umbellifere [8]. Table 2.2 lists some of the 

more important MUFAs. 
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Table 2.2. The names and designations of some of the more common MUFAs. 

 

Systematic name Formula Abbreviation Trivial name 

4-Decenoic acid C10 H18 O2 C10:1n6 Obtusilic acid 

9-Decenoic acid C10 H18 O2 C10:1n1 Caproleic acid 

4-Dodecenoic acid C12 H22 O2 C12:1n8 Linderic acid 

9-Dodecenoic acid C12 H22 O2 C12:1n9 Lauroleic acid 

4-Tetradecenoic acid C14 H26 O2 C14:1n10 Tsuzuic acid 

5-Tetradecenoic acid C14 H26 O2 C14:1n9 Physeteric acid 

9-Tetradecenoic acid C14 H26 O2 C14:1n5 Myristoleic acid 

9-Hexadecenoic acid C16 H30 O2 C16:1n7 Palmitoleic acid 

(9E)-Hexadecenoic acid C16 H30 O2 C16:1n7-(9E) Palmitelaidic acid 

6-Octadecenoic acid C18 H34 O2 C18:1n12 Petroselinic acid 

9-Octadecenoic acid C18 H34 O2 C18:1n9 Oleic acid 

11-Octadecenoic acid C18 H34 O2 C18:1n7 cis-Vaccenic acid 

(11E)-Octadecenoic acid C18 H34 O2 C18:1n7-(11E) Vaccenic acid 

9-Eicosenoic acid C20 H38 O2 C20:1n11 Gadoleic acid 

(9E)-Eicosenoic acid C20 H38 O2 C20:1n11-(9E) Gadelaidic acid 

11-Docosenoic acid C22 H42 O2 C22:1n11 Cetoleic acid 

13-Docosenoic acid C22 H42 O2 C22:1n9 Erucic acid 

(13E)-Docosenoic acid C22 H42 O2 C22:1n9-(13E) Brassidic acid 

15-Tetracosenoic acid C24 H46 O2 C24:1n9 Nervonic acid 

17-Hexacosenoic acid C26 H50 O2 C26:1n9 Ximenic acid 

21-Triacosenoic acid C30 H58 O2 C30:1n9 Lumequic acid 

* when not specified, the configuration of double bond is cis. 

 

2.2.3. Polyunsaturated fatty acid 

The unsaturated FAs that contain more than one double bond are called 

polyunsaturated fatty acids (PUFAs). PUFAs that have an animal origin can be 

classified into families according to their derivation from specific biosynthetic 

precursors. Each family contains from two up to a maximum of six double bonds 

separated by single methylene groups [2]. When two double bonds alternate with 

one single bond (–C=C–C=C–), the acid is defined as conjugated. If the number of 

methylene group that separate two consecutive double bonds is higher than one, the 

acid is classified as unconjugated (e.g. –C=C–C–C=C–). A third group of FAs has 

two double bonds not methylene-interrupted (–C=C=C–) and they are classified as 

allenic. A list of some of the more important PUFAs is contained in Table 2.3. From 
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the essentiality point of view for human cells, PUFAs are divided into two 

important families called omega-3 (ω-3) and omega-6 (ω-6). Their classification 

derives from number of carbon atoms that separate the last double bond from 

terminal part of the FA chain, side opposite to the position of the carboxyl group. 

These FAs are also defined essential fatty acid (EFAs) because they come to human 

tissues only through dietary intake.  

 

Table 2.3. More common natural PUFAs grouped in omega-3 and omega-6 

families. 

 

Family Systematic name Formula Abbreviation Trivial name 

ω-3 7,10,13-Hexadecatrienoic acid C16 H26 O2 C16:3n3 Roughanic acid 

ω-3 9,12,15-Octadecatrienoic acid C18 H30 O2 C18:3n3 α -Linolenic acid 

ω-3 6,9,12,15-Octadecatetraenoic acid C18 H28 O2 C18:4n3 Stearidonic acid 

ω-3 11,14,17-Eicosatrienoic acid C20 H34 O2 C20:3n3 homo-α-Linolenic acid 

ω-3 5,11,14,17-Eicosatetraenoic acid C20 H32 O2 C20:4n3 Juniperonic acid 

ω-3 5,8,11,14,17-Eicosapentaenoic acid C20 H30 O2 C20:5n3 EPA 

ω-3 6,9,12,15,18-Heneicosapentaenoic acid C21 H32 O2 C21:5n3  

ω-3 7,10,13,16,19-Docosapentaenoic acid C22 H34 O2 C22:5n3 Clupanodonic acid 

ω-3 4,7,10,13,16,19-Docosahexaenoic acid C22 H32 O2 C22:6n3 DHA 

ω-6 9,12-Octadecadienoic acid C18 H32 O2 C18:2n6 Linoleic acid 

ω-6 6,9,12-Octadecatrienoic acid C18 H30 O2 C18:3n6 γ-Linolenic acid 

ω-6 11,14-Eicosadienoic acid C20 H36 O2 C20:2n6 homo-γ-Linoleic acid 

ω-6 8,11,14-Eicosatrienoic acid C20 H34 O2 C20:3n6 dihomo-γ-Linolenic acid 

ω-6 5,8,11,14-Eicosatetraenoic acid C20 H32 O2 C20:4n6 Arachidonic acid 

ω-6 13,16-Docosadienoic acid C22 H40 O2 C22:2n6  

ω-6 7,10,13,16-Docosatetraenoic acid C22 H36 O2 C22:4n6 Adrenic acid 

 

Linoleic acid (C18:2n6) is the precursor of the ω-6 family, while alpha-linolenic 

acid (C18:3n3) is the precursor of the ω-3 family. Both can be synthetized by the 

enzymatic activity of delta‐12 and delta‐15 desaturases that, using oleic acid as 

substrate, forms a double bond in 12 and 15 positions, generating respectively 

linoleic and alpha-linolenic acids (Figure 2.3). However, these two enzymatic 

systems are present in plant cells, but not in eukaryotic cells, thus linoleic and 
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alpha-linolenic acids are defined essential, which means that they have to be taken 

from the plants [5]. 

 

Figure 2.3. Synthesis of linoleic and alpha-linolenic acids by delta-12 and delta-

15 desaturase activity in the plants. 

 

2.2.3. Omega-6 and Omega-3 families: origin and considerations 

Within human cells, the ω-6 and ω-3 pathways are defined “cascades pathways” 

because the enzymatic conversions concerning linoleic and alpha-linolenic acids 

occur one after other in sequence.  

The ω-6 pathway involves initially the formation of gamma-linolenic acid 

(GLA, C18:3n6) by the activity of the delta-6 desaturase on the precursor linolenic 

acid (C18:2n6). The functioning of delta-6 desaturase enzyme is regulated from the 

presence of some cofactors, for example Fe, Zn, Mg, vitamins B2, B3, and B6, and 

NADH [5]. In addition, the alcohol consumption and excessive intake of saturated 

or trans-FAs inhibits the activity of this enzyme [5]. The desaturase enzyme is also 

inhibited by catecholamines and the presence of some disease as diabetes and 

hepatitis [5]. The ω-6 pathway continues with the production of dihomo gamma-

linolenic acid (DGLA, C20:3n6) due the intervention of elongase enzyme that 

inserts two methyl groups in the carbon chain of GLA. The DGLA plays a key role 

in the balance of the ω‐6 “cascade”, since it performs various control functions [16]. 

It give rise to the series-1 prostaglandins (PGE-1) with anti-inflammatory activity 

and serie-3 leukotrienes. DGLA regulates the enzyme phospholipase A2, which is 

responsible for the release of FAs from phospholipids of cell membranes, and the 
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maturation of lymphocytes that contributes to the functioning of the immune system 

[5]. The ω-6 pathway ends with the formation of arachidonic acid (C20:4n6) by the 

delta-5 daseturase enzyme, which forms the fourth double bonds along the DGLA 

carbon chain. Arachidonic acid is the precursor of some prostaglandins, 

leukotrienes and lipoxins, mediators with well-known inflammatory activity. The 

ω-6 pathway has the “bad” reputation due inflammatory activity of arachidonic 

acid, which is then converted into some inflammatory mediators. 

The alpha-linolenic acid (ALA, C18:3n3) is the starting substrate of the ω-3 

pathway. Delta-6 desaturase enzyme converts the ALA in stearidonic acid 

(C18:4n3) introducing a fourth double bond along its carbon chain. The ω-3 

pathway continues with the production of eicosapentaenoic acid (EPA, C20:5n3) 

by the enzymatic activities of elongase and delta-5 desaturase. EPA is an important 

precursor of some of the series 3 prostanoids with known anti‐inflammatory activity 

and series 5 leukotrienes [5]. The final product of this multienzymatic system 

provides the elongation, desaturation (delta-6) and a beta-oxidation of EPA and the 

formation of the docosahexanoic acid (DHA, C22:6n3). The scientific communities 

highlights the importance and key role of the ω-3 pathway.  

The ALA is not present in adequate levels in Western diet and its food sources 

are few. In addition, it is present in phospholipid membranes in percentages 

between from 0.1 and 0.2 %. The conversion of ALA into EPA occurs with an 

efficiency of about 8%, depending both from the availability of several cofactors 

and the enzymatic competition of delta-6 desaturase between ω-6 and ω-3 families 

[5]. In fact, since both cascades start from the delta‐6 desaturase activity, ALA is 

the only ω‐3 FA that competes with linoleic acid for this enzyme (Figure 2.4). 
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EPA and DHA serve to balance the inflammatory effects of the arachidonic acid 

and play other important roles producing substances with protective action. For 

example, they are converted by oxidative enzymes in neuroprotectins (from DHA) 

and resolvins (from EPA), which provide specific protective activity at picomolar 

concentration in tissues [17–19].  

 

Figure 2.4. Enzymatic competition between omega‐6, and omega‐3 pathway. 

Reproduced with permission of Elsevier from Ref. [20]. 

 

The DHA performs important functions in many tissues. The importance of this 

FA is underlined from its abundant degree of unsaturation (contains six double 

bonds) that confers the correct fluidity of cells membranes. In addition, this 

chemical feature makes it particularly sensible to status of oxidative stress. DHA 

has been recently taken into consideration for the vegetarian and vegan dietary 

status, since fish is its main source and is not consumed by these subjects [21]. 

When dietary regimes, such as the vegan diet, do not include fish consumption, a 

very high risk of being deficient in DHA can occur, unless the algal source of DHA 

is supplied [5]. 
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2.3 Acylglycerol 

Generally, FAs do not occur in nature as FFAs, but primary as glycerol esters 

and thus together they form lipid compounds named acylglycerols or acylglicerides. 

These compounds are insoluble in water, but soluble in organic solvents. Glycerol, 

as a trihydroxylic alcohol, may be fully esterified (triacylglycerols or triglycerides) 

or only partially acylated (mono- and diacylglycerols or mono- and diglycerides) 

[22].  

2.3.1 Triacylglycerol 

Triacylglycerol or triglyceride (TAG) consists of a glycerol portion in which 

each hydroxyl group is esterified to a FA (Figure 2.5).  

 

Figure 2.5. Molecular structure of tripalmitin (PPP) triglyceride. 

 

Thus, TAGs contain three FAs and considering the high number of FAs present 

in nature, there are tens of thousands of possible combinations [1]. Of course, not 

all combinations are present because only certain biosynthetic pathways are 

preferred. However, the number of molecular specie is still probably enormous. The 

physical and chemical properties of TAGs differ based on chain length and the 

degree of unsaturation of their FAs. The glycerol can be esterified with one, two or 

three different FAs. In the first case, the TAG contains three identical acyl residues 

(e.g. tripalmitin PPP), while mixed esters involve two or three different acyl 

residues (e.g. dipalmito-olein PPO and palmito-oleo-linolein POL). If the acylic 
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residuals in 1 and 3 positions are different, a chiral centre is formed in the lipid 

molecule. 

TAGs perform important functions in living organism comprising energy 

storage and synthesis of membrane lipids. Because they are highly reduced and 

anhydrous, TAGs store 6-fold more energy than the same amount of hydrated 

glycogen [23]. In addition, the oils in the form of TAGs contain more than twice 

the energy density of equivalent masses of carbohydrates and proteins. [24]. 

Although TAGs play an essential role in normal physiology of the human body, an 

excessive accumulation of TAGs in human adipose tissue causes obesity other 

disease. For example, excessive TAG deposition in the skeletal muscle is associated 

with insulin resistance, in the liver with non-alcoholic steatohepatitis and in the 

heart with cardiomyopathy [25-26]. 

The biosynthesis of TAGs takes place through two major multi-step pathways: 

the glycerol phosphate or Kennedy pathway and the mono-acylglycerol (MAG) 

pathway [23]. The glycerol phosphate enzymatic system is present in most lipid 

cells of mammals and plants. In contrast, the MAG pathway is present in specific 

cells as enterocytes, hepatocytes and adipocytes. MAG enzymatic system allows 

the synthesis of TAGs in human small intestine, where these compounds are 

synthetized from hydrolized dietary fats [27-28]. In final step of both biosynthetic 

pathways, a fatty acyl-CoA molecule and diacylglycerol are covalently assembled 

to form the TAG.  

Oils in the form of TAGs are the most abundant energy-dense storage 

compounds in eukaryotes, and their metabolism plays a key role in cellular energy 

balance, lipid homeostasis, growth, and maintenance [24]. In plants, TAGs serve 

multiple roles. They are the most reserve of FAs for the production of energy and 
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synthesis of carbohydrates during the seed germination and early seedling 

establishment [29-30]. In addition, they are essential for normal growth 

development of adult plants [31]. Plants accumulate oils primarily in seeds and 

fruits. Plant oils are important sources of food, feed, and industrial feedstock for a 

variety of applications, including the production of biodiesel, which is a mixture of 

FA ester derived from TAGs [24]. Actually, the biodiesel is generated from 

conventional oil crops, but the production of oilseed-based fuel could meet the 

world needs without intact the on the global food supply.  

It has been demonstrated that FAs occupy specific positions in the TAG 

molecule [32]. Palmitic acid, stearic acid [33-34] and the FAs with a number of 

carbon atoms greater than 18 [35] are esterified predominately in the 1 and 3 

positions of glycerol. In animal fats, the distribution of FAs in triglyceride 

molecules is strongly influenced by composition of animal feed. Therefore, the 

TAGs of animal origin show a much greater variability than fats or oils of plant 

origin [36].  

2.3.2 Mono- and diacylglycerol 

Diacylglycerol or diglyceride (DAG) and monoacylglycerol or monoglycerides 

(MAG) contain two moles and one mole of FAs per mole of glycerol, respectively 

(Figure 2.6). Their occurrence in edible oils or fats from animals or plants is very 

low, rarely present at greater than trace levels [2]. However, the levels of DAG and 

MAG may be increased by the action of hydrolases during food storage or 

processing.  

TAGs hydrolysis is accomplished with a high-pressure steam (70 bar) and an 

elevated temperature (250°C) [37]. The major drawbacks of this process include 

high-energy consumption, low yield, and poor quality of the products [38]. The 
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enzymatic hydrolysis of fats and oils, under mild temperature and pressure, is an 

alternative method for production of MAGs, and DAGs [39]. For example, some 

lipases have been used as biocatalyst for the production of DAG and MAG. The 

most widely used lipases in the hydrolysis of fats and oils are microbial extracellular 

enzymes produced by the fermentation of yeasts, fungi, or bacteria [40]. 

 

Figure 2.6. Molecular structure of monopalmitin (A) and dipalmitin (B). 

 

MAGs and DAGs are especially used as emulsifier in food, pharmaceutical and 

cosmetic field [41]. Whit regard to MAGs, 70 % of total world consumption is 

destined to production of food emulsifier in dairy products, margarines, bakery 

products and sauces [42]. DAGs are present as natural components in various fats 

and oils and are commonly used as emulsifiers and stabilizers in food, cosmetic and 

pharmaceutical industries [43].  

2.4 Phospholipids 

Phospholipids (PLs) are generally formed by a fatty acyl group, which represent 

the lipid portion of the molecule, and a phosphoric acid residue. PLs are divided 

into two broad subclasses depending on the presence of glycerol or a sphingosyl 

backbone (Figure 2.7). These differences in base structure influence their reactivity.  

A

B
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Figure 2.7. Molecular structure of the common phospholipids. 

 

Glycerophospholipids (GLs), constituent of plants and animal tissues, represent 

the first subclasses of PLs and contain a base molecular structure represented from 

phosphatidic acid and a molecule linked to the phosphate group: choline 

(phosphatidylcholine, PC), glycerol (phosphatidylglycerol PG), serine 

(phosphatidylserine, PS), ethanolamine (phosphatidylethanolamine, PE) or inositol 

(phosphatidylinositol PI) are the possible chemical structures that generate the GLs 

class. The phosphonolipids that contain a covalent bond between the phosphorus 

atom and the carbon of the nitrogenous base comprise another glycerophospholipid 

variant [44]. Phosphonolipids are synthesized by phytoplankton, the base of the 

food chains of the oceans.  

The second class of PLs is represented from sphingomyelins (SMs) that consist 

of a long-chain base sphingosine (trans-D-erythro-1,3-dihydroxy-2-amino-4-

octadecene), linked by amidic bond to a FA and to the primary alcohol of the 

phosphocholine group. SMs have a similar structure to the PCs, with one 

hydrophilic head group (phosphocholine) and two hydrophobic hydrocarbon 

Phosphatidic acid (PA)

Phosphatidylcholine (PC)

Phosphatidylserine (PS) Plasmalogen

Phosphatidylethanolamine (PE) Phosphonolipid

Phosphatidylglycerol (PG) Phosphatidylinositol (PI) Sphingomyelin
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chains. These lipid compounds are present in trace levels in plants and practically 

absent in bacteria [9].  

2.4.1 Amphipatic nature of phospholipids 

PLs have usually a hydrophobic tail composed of the two FA chains and a 

hydrophilic head, where the phosphate group is located. FAs tails can differ both in 

length of the carbon chain and unsaturation degree. Generally, one tail contains an 

unsaturated FA with one or more double bonds, while the other tail has a SFA. 

Differences in the length and unsaturation degree of the FAs are important because 

they influence the ability of phospholipid molecules to pack against one another, 

thereby affecting the fluidity of the membrane [45].  

Shorter chains of FA reduce the tendency of the hydrocarbon tails to interact 

with one another, while cis-double bonds produce folds in the hydrocarbon chains 

that make them more difficult to pack together, so that the membranes remain fluid 

at lower temperatures.  

PL class is defined as amphipatic or amphiphilic because they have both 

hydrophobic and hydrophilic character. The amphipatic nature of these molecules 

causes their bilayer disposition in water environmental. Generally, the hydrophilic 

or polar molecules are soluble in water because they contain charged group or 

uncharged polar group that can form simple interaction or hydrogen bonds with the 

water molecules. In contrast, the hydrophobic or nonpolar compounds are insoluble 

in water because their atoms are not charged or polar and thus they cannot interact 

with the water molecules. If the amphipatic molecules are dispersed in water, they 

cluster in cage structure decreasing the free energy of entire aqueous system. For 

these reasons, PL compounds spontaneously aggregate disposing their hydrophobic 

tails inside and exposing their hydrophilic head to contact with the water. 



 

 

Chapter 2  

Doctor of Philosophy in Chemical Science     31 

 

Depending on different factors, two are the main disposition that PLs can assume 

in water environment. In the first case, the amphipatic property drives the PLs to 

form an assemblage defined bilayers or sandwich in which the hydrophilic regions 

tend to orient toward the aqueous phase. Spherical micelle is another 

macromolecular structure adopted by PLs and compatible with their amphipathic 

character, with the tails towards inside and the head in contact with water 

molecules. 

2.4.2 Phospholipids natural source 

PLs are the most abundant membrane lipids. In particular, PCs, PEs, PSs and 

SMs are the fourth major PLs classes that predominate in plasma membranes of 

mammalian cells. Together, these four classes of PLs constitute more than half the 

mass of lipids in most cell membranes [45]. PCs are usually the most abundant 

lipids in the membranes of animal tissues, and are the major lipid components of 

plant membranes, though only rarely of bacteria [2]. PEs are the second abundant 

PLs class in animal and plant tissues, and can be the major lipid class in 

microorganisms. Other PLs such as PIs are present in trace levels but are 

functionality very important. For example, they have a crucial role in cell signalling 

[2]. Lysophosphatidylcholines, containing only one FA in molecule, are sometimes 

present in tissues, but as a minor component. 

PLs are particularly abundant in lecithin, a mixture of chemical compounds 

found in both animal tissues and vegetable oils. Among all vegetable oils, soybean 

oil contains the greatest amount of lecithin, which is separated from the crude oil 

by the degumming process [46]. Crude lecithin is a viscous liquid that contains 

about 60–70% of PLs [47]. PLs present in lecithin are essential components of cell 

membranes and, therefore, essential for the growth, maturation and proper function 
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of cells [48]. Relatively to marine organism, the carbon chains of PLs are 

particularly rich of both EPA and DHA. In addition, PLs containing DHA have 

been recognized as beneficial lipids that promote cancer cell differentiation induced 

by cell differentiators for both non-fixative cancer cells [49-50] and fixative cancer 

cells [51]. 

2.5 Sterol 

Sterols represent a broad group of lipid compounds with several biological 

activities and physical properties. The natural occurring sterols usually have the 1, 

2-cyclopentano-phenanthrene skeleton with a specific stereochemistry. In addition, 

they have a number of carbon atoms ranging from 27 to 30 into the molecular 

structure, a hydroxyl group linked at the carbon in 3 position and a side chain of at 

last seven carbon atoms bonded at carbon in 17 position (Figure 2.8) [9]. Sterols 

are abundant in the eukaryotic cells, while are rare in prokaryotic organism. All 

vertebrates synthetize prevalently cholesterol by the biosynthetic activity of some 

enzymes. Relatively to invertebrate organisms, they do not have the enzymatic 

systems for production of sterols and therefore must take them by external supply. 

In plants, sitosterol and stigmasterol are the most abundant sterol compounds, while 

the cholesterol is present only as minor component [9].  

2.5.1 Cholesterol and cholesteryl esters 

Cholesterol is abundant in mammalian tissues and can be distributed as free 

cholesterol (Chol) or cholesteryl ester (CE) [52] (Figure 2.8). They are water 

insoluble molecules. Into the human organism, these molecules are synthetized 

principally in the liver and absorbed in the gut [53].  
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Figure 2.8. Molecular structure of cholesterol (A) and cholesteryl palmitate (B). 

 

Chol and CEs are transported in the blood by lipoproteins, molecular aggregates 

that include proteins and a PLs shell that encloses a core of neutral lipids, including 

Chol, CEs and TAGs [54]. The different combination of lipids and proteins generate 

different carriers that are classified into four main classes according to their 

viscosity [55]: chylomicrons, very low-density lipoproteins (VLDL), low-density 

lipoproteins (LDL) and high-density lipoproteins (HDL). The chylomicrons are the 

largest and least dense lipoproteins and contain a high proportion of TAGs [54]. 

VLDL are synthesized by the liver and are principally a TAGs carrier, but contain 

also lower amounts of free and esterified Chol. The loss of TAGs transforms the 

VLDL initially in intermediate-density lipoprotein (IDL) and then in LDL. These 

are very rich in Chol and CEs and they are delegated to the transport of Chol to the 

extra-hepatic tissues, whereas HDL are involved in the reverse process [56-57]. 

Chol performs important functions in the human body. First, it is an essential 

component of cell membranes and play a key role in maintaining of membrane 

fluidity. Recent research article [5] highlights that the Chol occupies specific 

regions of the bilayer of the membrane, mainly intercalating between two PLs and 

avoiding the Chol-Chol direct contact. The presence of the Chol increases the 

fluidity of the membrane. Thus, the lower the fluidity, the higher the amount of 

Chol required. The reduction of the fluidity occurs when the SFAs content exceeds 

A B
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the optimal values in phospholipid membrane. The no-balanced content of SFAs is 

in general due to an intake of food rich in SFAs or activation of the FAS enzymatic 

system. The homeostatic regulation of fluidity actives the Chol biosynthesis if the 

level of saturated fats is increased. Thus, as general rule, SFAs have a relevant effect 

on Chol levels in human blood. In fact, it is well known that the diminution of SFAs 

from the diet lowers plasma cholesterol levels [58]. 

The main sources of Chol in human organism are two, dietary cholesterol 

(exogenous), and de novo cholesterol (endogenous), which is synthesized in the 

liver or extra-hepatic tissue [59]. According to NHANES data, the top five food 

sources of Chol in the American population (2005–2006) are eggs, and mixed egg 

dishes, chicken, beef, and beef mixed dishes, burgers, and regular cheese [60]. To 

maintain the balance of Chol, endogenous synthesis decreases as dietary Chol 

increases [61]. Dietary Chol has been suggested to increase the risk of 

cardiovascular disease (CVD), confirmed by the recommendations of Dietary 

Guidelines Advisory Committee (2010) that informed the population of the Unites 

States to assume no more than 300 mg/d of cholesterol [62-63]. However, some 

studies have reported dietary Chol to increase CVD risk, whereas others reported a 

decreased risk or no change with higher cholesterol intake [64].  

To prevent the accumulation of Chol, an enzymatic system named cholesterol 

acyltransferase (ACAT), uses Chol and long chain fatty acyl-CoA as substrates to 

produce CEs [65]. Chol is esterified in the cytoplasm where CEs accumulate and 

are stored as cytoplasmic lipid droplets. When the Chol enters in the cell, the speed 

of its biosynthesis is reduced and its esterification with FAs, mediated by the ACAT 

enzyme, is increased [66].  
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2.5.2 Phitosterols: plant sterols 

The term phitosterols is referred to sterol compounds present in plants. Plant 

sterols are natural substances present in diet principally as minor components of 

vegetable oils [67]. Phitostanols are part of this group and occur in nature at lower 

concentration compared to their not hydrogenated counterparts (Figure 2.9). 

Consequently, the dietary intake of phitostanols is much lower than that of 

phitosterols.  

The richest naturally-occurring source of phytosterols are vegetable and their 

products. Nuts, which are rich in phytosterols, are often eaten in smaller amounts, 

but can significantly contribute to total phytosterol intake. Cereal products, 

vegetables, fruits and berries, which are not as rich in phytosterols, may also be 

significant sources of phytosterols due to their higher intakes [68].  

Humans cannot synthetize phytosterols, therefore all phytosterols present in 

human blood and tissues are derived from diet. These compounds are ubiquitous in 

the plant world, but they are most effective when taken with food. Recently, the 

manufacturing of foods containing phitosterols is increased. In addition, to improve 

the solubility of these compounds into fat-containing foods, plant sterols or stanols 

are esterified with FA creating an ester bond [69].  

 

Figure 2.9. Molecular structure of some phytosterols, phytostanols. 

Sitosterol

Sitostanol

Campesterol

Campestanol
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The most commonly occurring phytosterols in human diet are β-sitosterol, and 

campesterol (Figure 2.9), which account for about 65% and 30% of diet contents of 

plant sterolos, respectively [70]. The most common phitostanols in the human diet 

are sitostanol and campestanol, which combined together to make up about 5% of 

dietary phytosterol [71]. 

Phytosterols reduce the cholesterol levels in humans [72-73]. In fact, they were 

marketed as a pharmaceutical product under the name cytellin, used for treatment 

of elevated cholesterol levels from 1954 to 1982 [74]. Today, it is well established 

that high intakes of plant sterols or stanols can lower serum total and LDL-

cholesterol concentrations in humans [75-76], reducing the risk of coronary heart 

disease [77]. The consumption of 1.5–1.8 g/day of plant sterols or stanols reduced 

Chol absorption by 30–40 % [78]. In a particular study [79], decreased Chol 

absorption is also associated with increased Chol synthesis, and increasing 

phytosterol intake has been found to increase endogenous Chol synthesis in 

humans. As reported previously, Chol is an important constituent of mammalian 

cell membrane. Displacement of chol with phytosterols has been found to alter the 

physical properties of cell membranes in vitro [80]. Limited evidence from animal 

model of hemorrhagic stroke suggested that very high intakes of phitosterol 

compounds displaced Chol in cell membranes, resulting in increased deformability 

and potentially increased fragility [81]. There are scientific evidences to support the 

fact that phytosterols and their derivatives have several biological activities, which 

promote the health of animals, humans and microorganisms with only few adverse 

effects. Therefore, regular consumption of plant sterols and stanols in natural foods 

not exceeding 3 g/day is considered healthy to man and animals [69]. 
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2.6 Glycolipids  

Glycolipids (GLs) are formed by hydrophobic lipid tail and one or more 

hydrophilic sugar head linked by a glycosidic bond. Most of the GLs are distributed 

in cell membranes in species ranging from bacteria to man. In particular, about two-

thirds of the total GLs are components of cell membrane such as golgi apparatus, 

endosomes, lysosomes, nuclear membrane, endoplasmic reticulum, and 

mitochondria [82].  

The most probable function of GLs is impart structural integrity to the 

membranes of the organisms by extensive interlipid hydrogen bonding via glycosyl 

head groups [83]. In addition, they play an important role in cellular functions, in 

particular in intercellular communication. The basic structure of a GL consists of a 

mono- or oligosaccharide group linked to a glycerol or a sphingolipid group with 

one or two FAs. These form the classes of glycoglycerolipids and 

glycosphingolipids, respectively. 

2.6.1 Glycoglycerolipids 

The term glycoglycerolipid (GGL) is used to designate GLs containing mono, di 

or tri-saccharides linked glycosidically to the hydroxyl group of a DAG (e.g. mono-

galactosyldiacylglycerol MGDG and di-galactosyldiacylglycerol DGDG) [83]. 1,2-

diacyl-sn-3-glycerol is linked via the sn-3 position to carbohydrate (Figure 2.10) 

that is usually a mono- or a disaccharide, less commonly a tri- or tetrasaccharide 

[36].  
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Figure 2.10. Structures and nomenclature of glycolipids containing a mono- 

(MGDG) and a disaccharide (DGDG) in molecular structure. 

 

MGDG and DGDG are the main GL components of the various membranes of 

chloroplasts. These lipid substances are also the most abundant lipids in all 

photosynthetic tissues, including those of higher plants, algae and certain bacteria 

[84]. In addition, GGLs occur widely in marine algae [85-88].  

Natural GGLs often possess unusual and sometimes unexpected biological 

activities, such as anti-tumor, anti-viral, and anti-inflammatory activities, which 

make them valuable molecular targets for numerous investigation [89]. For 

example, some authors [90, 91] revealed that MGDGs and DGDGs isolated from a 

cyanobacterium (Phormidium tenue) and a freshwater green algae (Chlorella 

vulgaris), showed an inhibitory effect on tumor cells. Many GGLs isolated from 

terrestrial plants were reported also to have anti-inflammatory activities. 

Christensen et al. [92] discovered GGLs isolated from the fruit of Rosa canina were 

anti-inflammatory agents with inhibitory effects on chemotaxis of human peripheral 

blood neutrophils in vitro. However, the low natural abundance of 

Monogalactosyldiacylglycerol (MGDG)
1,2-diacyl-3β-D-galactopyranosyl-L-glycerol

Digalactosyldiacylglycerol (DGDG)
1,2-diacyl-3-(α-D-galactopyranosyl-1,6-β-D-
galactopryanosyl)-L-glycerol
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glycoglycerolipids coupled with the difficulty of isolation hamper their evaluation 

of bioactivities [89]. 

2.6.2 Glycosphingolipids 

Glycosphingolipids (GSLs) are lipid molecules containing ceramide backbone 

covalently linked at least one monosaccharide residue by a β-glycosidic bond. 

Ceramides are amides of FAs with long chain di or tri-hydroxy bases. The acyl 

group of ceramides is generally a long chain saturated or monounsaturated FA [83]. 

Hundreds of different carbohydrates can be linked to tens different ceramidic 

molecules, giving rise to a variety of structurally different compounds, each of 

which has the potential for a specific biological function [93].  

In vertebrates, GSLs are the most represented class of GLs [94]. They have been 

suggested to modulate the membrane-protein function and to contribute to cell–cell 

communication. Although GSLs are dispensable for cellular life, they are indeed 

required for the development of multicellular organisms, and are thus the key 

molecules in ‘cell sociology’ [93]. 

GSLs are subdivided into neutral GSLs and acid GSLs. Neutral GSLs contain 

one or more glycosyl moieties linked to ceramide [83]. Monoglycosylceramide 

compounds, commonly called cerebrosides, are an example of neutral GSLs. They 

contain a single sugar portion, glucose or galactose, bonded by O-ester linkage to 

the alcoholic group of the ceramide, forming thus the two major species of 

cerebrosides called glucosylceramides and galactosylceramides, respectively. In 

figure 2.11 are shown two examples of monoglycosylceramidic compounds.  

Glucosylceramides are found at low levels in animal tissues, such as spleen and 

erythrocytes, as well as in nervous tissues, especially neurons [83]. 
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Figure 2.11. Structures of palmitoyl glucosylceramide and palmitoyl 

galactosylceramide lipid molecules.  

 

Glucosylceramide is the unique GSL that plants, fungi and animals have in 

common. In contrast, galactosylceramide occurs only in fungi and animals [95]. 

Acid GSLs are divided in sulfoglycosphingolipids and gangliosides. 

Sulfoglycosphingolipids sometimes called “sulfatides” or 

“sulfatoglycosphingolipids” are GSLs carrying a sulfate ester group attached to the 

carbohydrate moiety. Although sulfoglycosphingolipids tend to be minor 

components of tissues, 3'-sulfo-galactosylceramide illustrated in figure 2.12 is one 

of the more abundant GSL constituents of myelin, comprising 4% of total myelin 

lipids [96]. In addition, sulfatides are found also in tissues involved in sodium 

transport such as kidneys, salt glands and gills [96]. 

 

Figure 2.12. 3’-sulfo-galactosylceramide (SM4). 

Palmitoyl glucosylceramide

Palmitoyl galactosylceramide
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Sulfatide exhibits various structures, including different lengths of the acyl chain 

and ceramide moiety. In detail, the more common sulfatides are composed of 

ceramides possessing 4-sphingenine (d18:1) with C22 hydroxy FAs (C22:0 h), 

C23:0 h, C24:0 h, and C24:1 h and with C24 normal FAs (C24:0) and C24:1. The 

minor sulfatides are composed of ceramides possessing d18:1 with C16:0, C16:0 h, 

C18:0, C18:0 h, C20:0, C21:0, C22:1, C22:0, C21:0 h, C23:0, C26:1, and C26:0 

and phytosphingosine (C18:0) with C20:0 h and C24:0 h. In general, the FA 

compositions of sulfatide are dependent on specific tissues [97].  

Abnormal metabolism of sulfatide can be associated with development of many 

diseases, including cancer, diabetes, and autoimmune diseases [97]. Additionally, 

many bacteria and some viruses utilize sulfatide for processes of their infection and 

replication [97]. Elucidation of the biological functions of sulfatide will reveal 

mechanisms underlying the development of these diseases and infection processes, 

leading to the development of drugs for treatment of sulfatide-associated diseases 

[97]. 

Gangliosides are lipid molecules composed of ceramide linked by a glycosidic 

bond to an oligosaccharide chain containing units of hexose and sialic acid. 

Heterogeneity and diversity of the structures in their carbohydrate chains are 

characteristic hallmarks of these lipids; so far, 188 gangliosides with different 

carbohydrate structures have been identified in vertebrates [98]. Gangliosides are 

ubiquitously found in tissues and body fluids, and are more abundantly expressed 

in the central nervous system [99], in particular in the ganglion cells, hence the 

name. These lipids can amount to 6% of the weight of lipids from brain [83]. 
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Gangliosides are gaining attention recently in the field of stem cell biology [98]. 

Stem cells are primitive cells, not specialized, that have a high potential for 

proliferation and the capacity for self-renewal, turning into other types of cells in 

the body. Stem cells have attracted considerable attention in recent years because 

of their biological and clinical potentials for regenerative medicine [98]. 

Gangliosides are primarily localized on the cell surface. Thus, gangliosides can be 

used as specific cell surface marker molecules for identifying or isolating these stem 

cells [100-101]. In addition, in brain cancer stem cells, a subpopulation of brain 

cancer cells has been reported. These cells exhibit stem cell-like characteristics, 

such as the ability for self-renewal and multipotency in addition to the capability to 

sustain brain tumor formation. gangliosides can be utilized not only as biomarkers 

for cancer stem cells, but also as targets for the treatment of brain tumors. Studies 

of stem cell gangliosides should prove to be a fertile area of research in the future 

[98]. 

2.7 Waxes  

Waxes, commonly called wax ester, consist of a FA esterified to long-chain 

alcohols (Figure 2.13). The alcohols are usually saturated and monoenoic only [2], 

although waxes from marine animals usually contain high levels of unsaturated FAs 

and alcohols [102-104]. More naturally abundant waxes are esters of primary 

alcohols, although esters of secondary alcohols can be major components of the 

cuticular lipids of melanopline grasshoppers [105]. Surface waxes of insects 

typically contain saturated fatty alcohol and fatty acid chains having 12 to >20 

carbon atoms each [106].  
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Figure 2.13. Molecular structure of dodecyl tetradecanoate. 

 

Some insects (e.g. honeybees, dragonflies, whiteflies) contain waxes with 

MUFA moieties, which are also major components of beeswax [106-107], a hard 

amorphous solid, usually light yellow to amber depending on the source and 

manufacturing process. Pure beeswax consists of about 70%–80% of long-chain 

esters, 12%–15% of free acids, 10%–15% of hydrocarbon, and small amounts of 

diols and cholesterol esters [9]. Also, carnauba wax, named queen of waxes, is a 

vegetable produced in Brazil. It is usually used in cosmetic field and food industry, 

in paper coatings, and in making inks. Its composition provides waxes (84–85%), 

free acids (3–3.5%), resins (4–6%), alcohols (2–3%), and hydrocarbons (1.5–3.0%) 

[9]. 

Biological significance of waxes is not very clear. However, in terrestrial and 

marine organisms, the physical properties of wax esters may be functionally 

important. For example, the insects synthetize waxes with high melting 

temperatures because they provide a better waterproofing barrier. On the other part, 

marine organism form liquid waxes useful for their buoyancy [108]. Many 

terrestrial arthropods deposit large quantities of waxes (and other lipids) on the 

surface of their cuticle to reduce evaporative water loss [106, 109-110].  
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Chapter 3 
 

Chromatographic techniques applied to lipid separations 

 

The most traditional techniques of lipidomics analysis provide the use of 

chromatographic methods. The separation-based approaches are well-established 

analytical techniques, characterized by a high separation capability, and are 

sophisticated analytical tools for the analysis of complex matrices [1]. High-

performance liquid chromatography (HPLC) and gas chromatography (GC) are the 

most used chromatographic methods that can be applied in modern lipidomics 

analysis. In particular, HPLC is generally used to separate and determine various 

classes of intact lipids [2], while the FAs composition of each lipid class can be 

determined by GC technique.  

3.1 The theory of chromatography 

Chromatography is a physical method of separation, in which the components 

of a sample are selectively distributed between two immiscible phases; a mobile 

phase is flowing through a stationary phase and the chromatographic process occurs 

as a result of repeated sorption/desorption steps during the movement of the 

analytes along the stationary phase. 

The discovery of chromatography is due to a botanist, Michail Semenovich 

Tswett (1872-1919), who, in the early 1900s, interacted with the German school of 

organic chemistry of the great Richard Willstätter (1872-1942), Nobel Prize in 

Chemistry in 1915. During his studies on the chlorophyll and other vegetable 

pigments, Tswett observed that colored pigments of vegetable origin were separated 

in individual bands when they were injected in a column of glass filled with calcium 
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carbonate. Therefore, Tswett named this technique as “chromatography” (χρώμα, 

colour and γραφή, graphy) [3]. The chromatography is born as a separative 

technique and later develops as analytical technique, able to separate and quantify 

individually different components present in complex mixtures. 

A detector placed at the outlet of the chromatographic column, together with 

auxiliary electronic and recording devices, generates the chromatogram of which 

an example is shown in Figure 3.1. A chromatogram is essentially a diagram of the 

sample concentration (y axis) with respect to time (x axis). It represents the bands 

of the individual component, separated by the chromatographic column and 

modified by a variety of physical processes into a peak shape. 

 

Figure 3.1. Image of a chromatogram. 

 

The position of a peak on the time scale of the total chromatogram provides some 

qualitative information, since each chromatographic peak represents at least one 

chemical molecule. The areas under the peaks represent the amounts of individual 

substances separated in time and space.  
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The figure 3.1 shows the typical chromatogram of an individual component with 

another peak in the first part of the chromatogram. The retention time tR is the time 

elapsed between injection and the maximum of a chromatographic peak. It is 

defined as: 

𝑡𝑅 = 𝑡0(1 + 𝑘)  Eq. 3.0 

where 𝑡0 is the retention time of a mixture component that has no interaction with 

the stationary phase, and k is the capacity factor. The capacity factor is further 

defined as: 

𝑘 = 𝐾 
𝑉𝑆

𝑉𝑚
 Eq. 3.1 

where K is the solute‘s distribution coefficient, VS is the volume of the stationary 

phase and Vm is the volume of the mobile phase in a chromatographic column. The 

distribution coefficient, concerning to the distribution of the component between 

the stationary and the mobile phases, can be calculated as follows: 

𝐾𝐷 =  
𝐶𝑆

𝐶𝑚
 Eq. 3.2 

where CS and Cm are the analyte concentrations in the stationary and mobile phase, 

respectively. According to equations 3.0 and 3.1, the retention time of analytes 

depends on several variables such as chemical nature of the column phase and its 

temperature, ratio of the phase volumes in the column (VS/Vm) and value of 𝑡R0. In 

the practice of chromatography, these variables are used to maximize the 

separations of the analytes and the speed of analysis. From the retention time of an 

unretained component, called dead time (tR0) and the column length (L), the average 

linear velocity (u) of the mobile phase can be calculated: 

𝑢 =  
𝐿

𝑡𝑅0
 Eq. 3.3 

The flow-rate (F), which can easily be measured through a column with internal  

 



 

 

Chapter 3 

Doctor of Philosophy in Chemical Science     56 
 

diameter dc is given by: 

𝐹 =  𝜋𝑑𝑐
2𝜀𝑢𝑢  Eq. 3.4 

where εu is the fraction of the column occupied by mobile phase between the 

particles and in the pores. The so-called retention volume (VR) is a product of the 

retention time and volumetric flow rate: 

𝑉𝑅 =  𝑡𝑅 𝐹 Eq. 3.5 

Since the retention times are somewhat indicative of the solute‘s nature, a means of 

their comparison must be available. Within a given chemical laboratory, the relative 

retention times (the values relative to an arbitrarily chosen chromatographic peak) 

are frequently used: 

𝛼2,1 =  
𝑡𝑅2

𝑡𝑅1
=  

𝑉𝑅2

𝑉𝑅1
=  

𝐾2

𝐾1
 Eq. 3.6 

This equation is also a straightforward consequence of equations 3.0 and 3.1. 

Because the relative retention represents the ratio of distribution coefficients for 

two different solutes, it is frequently used (for the solutes of selected chemical 

structures) as a means to judge selectivity of the solute-column interactions. The 

success of a separative method is primarily dependent on maximizing the 

differences in retention times of the individual mixture components. The ability of 

a chromatographic system to separate two analytes is called selectivity.  

The selectivity factor (α) for two components is calculated by: 

𝛼 =  
𝑘2

𝑘1
=  

𝑡𝑅2−𝑡0

𝑡𝑅1−𝑡0
 Eq. 3.7 

where k1 and k2 are the retention factors and tR1 and tR2 are the retention times of 

the two components. The selectivity factor is always greater than one. An additional 

variable of such a separation process is the width of the corresponding 

chromatographic peak. By the peak width and the retention time is possible to 
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evaluate the resolution (R). This parameter is a quantitative measure of the degree 

of separation between two chromatographic peaks, 1 and 2, and it is defined as: 

𝑅 =
𝑡𝑅2−𝑡𝑅1

0.5 (𝑤2+𝑤1)
=  

2∆𝑡𝑅

𝑤2+𝑤1
  Eq. 3.8 

where w1 and w2 are the peak widths of the two compounds at the baseline. The 

degree of separation between two chromatographic peaks improves with an 

increase in R. Thus, resolution is a quantitative measure of the effectiveness of a 

separation process.  

The Figure 3.2 shows a case of low resolution, where two components of a 

mixture are not completely separated and their resolution is incomplete. The 

intermediate case of Figure 3.2 represents a situation of a moderate resolution in 

which the two components are partially resolved one from the other, although the 

stationary phase retains the second component more strongly than the first. High 

resolution case shows the better separation of two components with narrow 

chromatographic peaks. 

For an optimal separation, sharp, symmetrical chromatographic peaks must be 

obtained and band broadening must be limited. It is also convenient to measure the 

efficiency of the column, which is defined by the number of theoretical plates, N, 

which is calculated by: 

𝑁 = 16 (
𝑡𝑅

𝑤
)

2

= 5.54 (
𝑡𝑅

𝑤1/2
)

2

= 2𝜋 (
ℎ𝑃𝑡𝑅

𝐴
)

2

 Eq. 3.9 

where w1/2 is the peak width at half-height, hP represents the peak height and A is 

the peak area.  
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Figure 3.2. Resolution between A and B chromatographic peaks. 

 

The equation 3.9 yields correct results only if the peak has a Gaussian shape. 

Approximate values for asymmetric peaks can be calculated by the following 

equation [4]: 

𝑁 = 41.7 
(𝑡𝑅/𝑤0.1)

𝑇+1.25
 Eq. 3.10 

where w0.1 is the peak width at 10% of the peak height and T is the tailing factor (or 

peak asymmetry) defined as: 

𝑇 =  
𝑏0.1

𝑎0.1
 Eq. 3.11 

a0.1 and b0.1 are the sections (distances from the peak front to the maximum and 

from the maximum to peak end, respectively) of the peak width at 10% of the peak 
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height. The number of theoretical plates depends on column length (L), the longer 

the column, the higher the number of the plates. Therefore, another term has also 

been introduced relating the plate number to column length. This is the plate height 

H (HETP = height equivalent to a theoretical plate), which can be calculated as 

follows: 

𝐻 =
𝐿

𝑁
  Eq. 3.12 

The width of a chromatographic peak is affected by a series of parameters, which 

are present in the van Deemter equation: 

𝐻 = 𝐴 + 
𝐵

𝑢
+ 𝐶𝑢 Eq. 3.13 

in which A represents multiple paths, B/u longitudinal diffusion, and Cu is the term 

related to mass transfer of a solute in the stationary and mobile phases. All these 

are experimental factors contributing to the broadening of a chromatographic band. 

Term A or Eddy diffusion accounts for the fact that the solute molecules, while 

passing through the column, take random paths between the particles of the 

stationary phase causing widening of the band. Term B or longitudinal diffusion is 

related to the fact that the concentration of the analyte is lower at the edges of the 

band with respect to the central zone. Analyte diffuses out from the centre to the 

edges, causing also band broadening. The effect of this factor is decreased when the 

velocity of the mobile phase is high. The term C, namely resistance to mass transfer, 

depends on the fact that the analyte takes a certain time to equilibrate between the 

stationary and mobile phase. If the velocity of the mobile phase is high and the 

analyte has a strong affinity for the stationary phase, the analyte in the mobile phase 

will move ahead of the analyte in the stationary phase and the band is broadened. 

The higher the velocity of the mobile phase, the worse the broadening becomes. 
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Figure 3.3 represents the plot of the height of a theoretical plate as a function of 

flow rate, so-called van Deemter curve. The optimum flow rate and the 

contributions to the terms A, B/u, and Cu are shown in Figure 3.3. 

 

Figure 3.3. Plot of the height of a theoretical plate as a function of mobile-phase 

velocity (using the van Deemter equation). The contributions to the terms A, B/u, 

and Cu are also shown. 

 

Since the height of the plate is inversely proportional to the number of plates, a 

small value indicates a narrow peak that represents the desirable condition. So each 

one of the three terms A, B and C should be minimized to maximize the efficiency 

of the column. 

3.2 Gas chromatographic analysis of lipid 

GC technique is a widely used method in lipidomics analysis despite the 

complexity of derivatization process required before chromatographic separation. 

In fact, GC methods are limited to volatile and semi-volatile compounds, thus intact 

lipids with high molecular weight require hydrolysis and derivatization reactions. 

These processes may significantly eliminate much structural information about 
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lipid molecular species. Hence, when using GC to analyze different categories of 

lipids, complex derivatizations are absolutely necessary [1]. 

GC has become widely adopted as a reliable tool for the quantitative analysis of 

complex mixtures, especially of FAs [1]. James and Martin described the first 

characterization of FAs in biological sample in 1952 [5]. In 1953, Crooper et al. [6] 

described the chromatographic separation of fatty acid methyl esters (FAME) by 

vapor-phase chromatography. After these pioneer works, the characterization of 

FAs by esterification to FAME and subsequent determination by GC method has 

become one of the most widely performed analyses in lipidomics laboratories [1]. 

3.2.1 Principles of Gas Chromatography 

GC is a separation technique used extensively for analytical purpose in common 

use thanks to its high sensitivity, its greater resolving power and the fact that only 

small quantities of samples are required. Thanks to these characteristics, useful for 

the analysis of volatile and semi-volatile organic compounds, this technique has 

found widespread use in all laboratory and industrial applications, in various fields 

of science, including lipid analysis. 

The only major limitation of GC technique is represented by the fact that the 

samples must be volatile in a range of temperatures between room temperature 

(25°C) and about 400°C, temperature commonly obtained from the GC instruments 

present on the market and compatible with the chromatographic columns used. 

The principle of separation is a relative affinity of the component to the 

stationary phase (a solid or a liquid), while the mobile phase (a gas) migrates it 

through the system. Separation mechanisms used in GC are essentially adsorption 

and partition. The first mechanism is obtained with the use of a solid stationary 

phase on whose surface are present active sites that can establish a series of weak 
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bonds as dipole-dipole, hydrogen bridge, Van der Waals, induced dipole with the 

different molecules of the mixture to be separate. In this case, the GC technique is 

defined as gas-solid chromatography (GSC). If the stationary phase is a liquid, the 

molecules are solubilized in the stationary phase and are divided between the two 

immiscible phases. This approach, the most used, is called gas-liquid 

chromatography (GLC). 

The essential parts of the GC system are shown in Figure 3.4.  

 

Figure 3.4. Schematic representation of GC system. 

 

3.2.2 Mobile phase in GC technique. 

The common carrier gases used in GC technique are helium, hydrogen and 

nitrogen. The choice of the carrier gas depends usually from detector used. 

Generally, helium and hydrogen are preferred, with a greater preference than 

helium because its safety despite the higher cost compared to hydrogen. The carrier 

gas does not compete with the stationary phase being an inert gas. In all case, carrier 

gas must have high degree of purity (99.999 %) and be free of humidity and 

hydrocarbon that could damage the stationary phase of a column and interfere with 

the response of the detector. In lipidomic field, most polar liquid phases are 

commonly used to separate the lipid compounds. In this case, liquid stationary 
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phase are very sensitive to oxygen and water. In addition, it is strongly advised that 

all traces of these be removed from the carrier gas by positioning traps containing 

suitable molecular sieves and oxygen scrubbers (available commercially) between 

the gas cylinder and the column [2]. 

The choice of carrier gas is fundamental because influences the efficiency of the 

column, and thus the entire chromatographic process. The optimum speed of the 

carrier gas decreases with the decrease of the diffusivity capacity of the solute; this 

can also affect the separation time of the sample.  

 

Figure 3.5. Van Deemter curves for nitrogen, helium and hydrogen carrier gases. 

 

The diffusivity of a solute influences both the plate height and the rate of carrier 

gas as described by the Van Deemter equation. As shown in Figure 3.5, nitrogen 

provides the lower value of HETP at an optimal rate that is rather low, which results 

in long separation times. While as shown in the same figure, much more optimal 

parameters are obtained for hydrogen and helium. 

3.2.3 Injection systems in GC instrument. 

During the injection process, it is essential that the sample does not change in 

composition. Ideally, thermal degradation or rearrangement should be negligible, 
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the solvent peak should not interfere with the detection of the solutes, and retention 

times and relative peak areas should be highly reproducible [2]. The auto-injection 

systems are preferred when available. Manual injection could cause problems of 

premature evaporation of the sample before that the metal needle of the syringe is 

fully insert in the injector system.  

Due to the type of column used and the complexity of the matrix to be analysed, 

there is not a universal injection system. Injection system more diffused are shown 

in Figure 3.6.  

 

Figure 3.6. Split/splitless, PTV and on column injection systems used in GC. 

 

Split injection system induces a rapid vaporization of the samples in gas carrier, 

which is divided into two streams, one of which is directed into the 

chromatographic column while the second is vented to the atmosphere by means of 

a valve designed for this purpose. The injection system is equipped with a silicon 

septum that is punctured when the sample is introduced from the needle of the 

syringe. The carrier gas entries into injection system and flows towards 

vaporization chamber. This chamber consists of a small tube of glass or quartz 

namely liner containing glass wool or finely subdivided material and has the 
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purpose of mixing the volatilized sample with the carrier gas. Before entering the 

column, this mixture is splitted or divided and only a small portion is allowed to 

enter in column and be analysed.  

Split ratio defines the ratio between flow that enters the column and flow 

eliminated. Its values are regulated by control valve to give the desired split ratio, 

usually from about 1:10 to 1:1000. As the flow-rate through the column is 

commonly about 1 to 2 mL/min, the gas flow through the injector is very high (100 

to 200 mL/min) and the vaporized sample is present in the injector only for an 

instant. Thus, the sample is immediately introduced into the column as a narrow 

band avoiding the broad peaks in the chromatogram. The problem related to the use 

of this injection system is the fact that the more volatile components pass into the 

gaseous phase faster than the less volatile components. The consequence is that 

initially in the column there will be a gas richer in compounds that are more volatile. 

In this case, the split ratio is not linear and therefore the relative concentrations of 

the various components in the injected sample are not exactly represented in the gas 

entering the column. To circumvent the problem, the increasing of the temperature 

in the injector induces complete and immediate evaporation of all components of 

the mixture.  

This is probably the most widely used injection system for FA analysis, as it is 

easily couples to auto-injection systems. With care, it can give excellent results [2]. 

In splitless injection, a solenoid valve is activated blocking the valve controlling 

the split ratio. Thus, the sample is vaporized instantly and transferred completely 

into column from the carrier gas. The biggest drawback is the possibility of having 

wide initial bands, but with the benefit of the method’s sensitivity. 
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In on-column injection, the sample and solvent are directly injected in the 

column. The sample is concentrated by ‘cold trapping’ or a ‘solvent effect’ at the 

head of the column, so must be injected at a column temperature near the boiling 

point of the solvent. Structurally, this injector is equipped with a conical opening 

that leads to a very narrow channel to allow only the passage of the needle of the 

syringe. A valve regulates the opening of a port that allows the needle to penetrate 

into the initial portion of the column. Here, cold airflows arrives allowing the 

injection of the sample at the liquid state and carrier gas. On-column injection 

systems have extend the field of GC applications also to those samples that due to 

their thermolability not could be analyzed using the most common warm injection 

systems. With this method, particular care must be taken during the preparation of 

samples in order to ensure that they are free from non-volatile materials that might 

accumulate on the column head. 

Programmed temperature vaporization or PTV injector allows the injection of 

analytes according to a determined temperature program. The sample is introduced 

into inlet, which is cooled initially and then its temperature is raised at a controlled 

rate so that all components of the sample are selectively vaporized. Heating the 

injector, all analytes are introduced into column in splitless mode. The PTV injector 

lowers the detection limits of the analytical techniques because large sample 

volumes can be injected. Injection systems of this type appear to be best suited to 

the analysis of lipids of high molecular weight, such as intact TAGs [2]. 

3.2.4 Column and stationary phases used in lipidomic GC analysis 

Chromatographic column is the heart of a GC system in which separative process 

occurs. Chromatographic separations of lipid specie are conducted to determine 

chain length, degree of unsaturation, and cis or trans geometric configuration of 
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FAs. In general, retention times of FA derivatives on nonpolar columns are based 

on volatility and, therefore, separation occurs primarily in function of length of 

carbon chain. Retention times of FA derivatives on polar columns are mainly 

determined based on polarity and chain length [7]. 

Initially, the first GC columns were packed. A packed column is basically a tube, 

made from glass or metal, which is filled with a granular material. The material is 

usually held in place by small glass wool plugs located at the end of each column. 

During a GC run, the packed column is attached to the instrument through a gas-

tight connection; the carrier gas flowing between the individual particles, while the 

sample molecules are allowed to interact with the particles. Typically, column inner 

diameters of packed column were 1-4 mm, and the lengths were 1-3 m, although 

departures from these dimensions may exist for special applications.  

The granular packing can be either an adsorbent material, if the method of choice 

is GSC, or an inert solid support that is impregnated with a defined amount of a 

liquid stationary phase in the case of GLC application. In either case, packing 

materials with uniformly small particles are required because the column 

performance are strongly dependent from the particle size.  

The chromatographic performance of several packed columns (Silar 10C, Silar 

9CP, SP 2340, and OV-275), made available in the mid-1970s, were compared [7]. 

The development of these highly polar, temperature-resistant columns allowed to 

separate the geometric isomers of FAs. A column packed with 12% Silar 10C as 

the stationary phase was able to baseline separate cis and trans-isomers of methyl 

esters of linoleic acid. All eight of the geometric isomers of linolenic acid were also 

partially resolved [8].  
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Although larger numbers of theoretical plates could be produced, the need to 

compensate the backpressure prevented the operation of these columns at more than 

6000 theoretical plates [7]. However, an OV-275 packed column was successfully 

used to determine trans isomers concentration [9]. This study concluded that GC 

was as effective as IR spectroscopy in quantification of trans FAs. 

The columns wall coated open tubular (WCOT) or capillary column were 

introduced in 1956 by a scientist, M. J. E. Golay. Due to extremely high separation 

efficiencies, capillary columns have substantially improved analytical separations. 

The advantage of these columns is the absence of granular packing material inside 

the column. The stationary liquid phase is uniformly distributed as a thin film on 

the surface of the inner wall, along the entire length of the column. In contrast to 

packed column, capillary columns are open, so they generate very low flow 

resistance allowing the use of columns with remarkable lengths, up to 200 meters. 

The absence of any packing material modifies the van Deemter equation because 

the A-term was absent. Thus, Golay [10] proposed a new term to deal with the 

diffusion process in the gas phase of capillary columns. His equation had two C-

terms, one for the mass transfer in the stationary phase, Cs (similar to van Deemter 

equation), and one for mass transfer in the mobile phase Cm: 

𝐻 =  
𝐵

𝑢
+ (𝐶𝑆 + 𝐶𝑚)𝑢  Eq. 3.14 

where B is the molecular diffusion and u is the linear velocity. As it was mentioned 

previously, it is desirable to reduce as more as possible the height plate (H). At this 

point is clear that to diminish the value H, the linear velocity must be increased. In 

fact, a high velocity will decrease the time that a solute spends in the column and 

thus decrease the time available for molecular diffusion. The molecular diffusion 

can be expressed:  
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𝐵 = 2𝐷𝐺  Eq. 3.15 

𝐷G is the diffusion coefficient for the solute in the carrier gas. A low diffusion 

coefficient can be achieved by using gas with higher molecular weights like 

nitrogen or argon. The C-terms in the Golay equation refer to mass transfer of the 

solute in both stationary phase and mobile phase. A fast mass transfer is desirable 

in order to decrease the band broadening. The relative importance of the two C-

terms in the Golay equation depends mainly on the film thickness and the column 

radius. Substantially, for thin films (< 0.2 μm), the C-term is controlled only by 

mass transfer in the mobile phase, while for thick films (2-5 μm), it is controlled by 

mass transfer in the stationary phase. For the intermediate films (0.2 to 2 μm) both 

factors need to be considered. 

Another consideration can be made on the C-terms that are multiplied by the 

linear velocity u in equation 3.14. They are minimized at low velocities and so there 

is much time for the molecules to diffuse in and out of the liquid phase and to diffuse 

across the column in the mobile gas phase [11]. Typical lengths of capillary 

columns range from 10-100 m, with 0.2-0.5 mm inner diameters. Column 

efficiencies between 105 and 106 theoretical plates have been achieved in GC 

applications. Very narrow chromatographic peaks elute from these columns, 

allowing a high degree of resolution among the individual components of complex 

mixtures. 

Polar capillary columns coated with polyethylene glycol (wax and modified wax 

type) [12] or with cyanopropyl-based phases [13-14] are now the most common 

column types employed for FAME separation [15]. These columns allow the 

FAMEs separation that differ not only for the carbon atoms number, but also for 

unsaturation degree, geometry and position of double bonds. The disadvantage of 



 

 

Chapter 3 

Doctor of Philosophy in Chemical Science     70 
 

these columns is that they exhibit a higher column bleeding than non-polar 

stationary phases with a consequent relatively high background that could 

compromise the quantitation of analytes, especially those at lower concentration 

levels [15]. 

In recent years, several countries have implemented new regulations regarding 

the limitation or labeling of the trans-FA content in foods and dietary supplements 

[16]. The most recent GC methods to determine trans-FAME content describe GC 

separations that require long capillary columns with highly polar stationary phases. 

GC official methods are available to determine individual FA isomer in specific 

lipid matrix. In 2005, American Oil Chemists’ Society (AOCS) approved Official 

Method Ce 1h-05 for the determination of cis-, trans-, SFAs, MUFAs, and PUFAs 

in vegetable or non-ruminant animal oils and fats by capillary GLC [17]. Ce 1h-05 

Official Method used CP-Sil 88 capillary column (100 m x 0.25 mm id, 0.2 mm 

thickness; Varian Inc., Walnut Creek, CA) or Supelco 2560 (100 m x 0.25 mm id, 

0.2 µm thickness; Supelco Inc., Bellefonte, PA). The separation of FAs was 

performed in isothermal elution condition at the temperature of 180°C, providing 

the separation of trans- and cis-18:1. Ce 1h-05 method was not suitable for the 

analysis of samples that contained short-chain FAMEs, such as dairy fats, or that 

contained long-chain PUFAs. However, the method provides superior separation of 

oleic and linoleic FAME positional/geometrical isomers [16].  

In 2007, AOCS introduced Recommended Practice Ce 1j-07 to complement Ce 

1h-05 for the determination of cis-, trans-, SFAs, MUFAs, and PUFAs in dairy and 

ruminant fats by capillary GLC [18]. Based on the separation offered by the same 

CP-Sil 88 and Supelco 2560 capillary columns, and a temperature program from 45 
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to 215°C, AOCS Ce 1j-07 provides separation of short-chain FAME in exchange 

for a slightly greater overlap in the separation of cis- and trans-18:1 FAME [16]. 

Recently, several FAMEs analysis by GC technique have been carried out using 

capillary columns coated with highly polar ionic liquids (IL) [15]. Polar stationary 

phase of an IL column is formed of an organic cation (i.e. dialkylimidazolium and 

phosphonium) and an organic or inorganic anion [19]. These columns, compared to 

the polar ones commonly used, offer comparable or higher selectivity and lower 

bleeding [15]. The commercially available IL columns are classified as SLB-ILxx; 

with xx (in the range 59–111) a number indicating the polarity number (PN) [20] 

as proposed by Mondello [21]. The capability of separating selected FAMEs using 

capillary columns coated with a highly polar IL column was first demonstrated by 

Ragonese et al. [22] using an SLB-IL100 column (Merck Life Science (Darmstadt, 

Germany)). Delmonte et al. [23] showed the enhanced separation of FAMEs 

provided by a 100 m SLB-IL111 column (Merck Life Science), particularly for the 

cis and trans isomers of MUFAs and conjugated linoleic acid (CLA) isomers, 

compared to the separation provided by an SP-2560 column [24]. 

In 2012, Del Monte et al. [24] reported the separation of milk fat FAs after their 

conversion to FAMEs by using a SLB-IL111 capillary column (Merck Life 

Science). The column length was of 200 m and it allowed successfully resolving 

most of the FAs contained in milk fat in a single chromatographic run. 

3.2.5 Detectors for lipid GC analysis 

The detector has an extremely important role in the overall process of GC 

analysis. The popularity and success of an analytical method is attributable in great 

part to the development of highly sensitive and reliable means of detection. In 

detecting the vapour concentration at the column outlet, the detector provides 
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information on the distribution of individual peaks within a chromatogram as well 

as their relative amounts. 

Detectors are broadly classified as universal or selective. Universal detectors 

measure all or nearly all components of a mixture, although their response to the 

same quantities of different compounds is not often similar. Selective detectors 

react only to mixture components that possess a unique structural features in their 

molecules. The most important analytical properties of a GC detector are 

sensitivity, linearity over an extensive concentration range, long-term stability, and 

ease of operation. While most GC determinations are performed with solute 

quantities between µg and ng levels, certain selective detectors can reach down to 

the pg levels, representing some of the most sensitive measurement techniques 

available to the chemist. 

The most frequently used detector in FAMEs analysis by GC is the flame 

ionization detector (FID) [1]. FID detector (Figure 3.7) is now almost universally 

adopted as it can be used with virtually all organic compounds, and has high 

sensitivity and stability, a low dead volume, and a fast response time, while the 

response is linear over a very wide range [2]. 

 

Figure 3.7. FID scheme. 
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The principle of the detector is that ions are generated by combustion of the 

organic compounds when emerge from the column in a flame of hydrogen and air. 

The flame is supported on the jet tip by a constant flow of pure hydrogen, while the 

oxidant air is supplied through the diffuser. At the detector base, the column effluent 

is continuously introduced, mixed with hydrogen, and passed into the flame. 

Conductivity changes between the electrodes are monitored, electronically 

amplified, and recorded. A conventional carrier gas contributes little to the flame 

conductivity. When organic solute molecules enter the flame, they are rapidly 

ionized increasing the current in accordance with the solute concentration. With 

FID detector, the increasing of the current is linear with the solute concentration up 

to six orders of magnitude. Although the mechanism of detection has not yet been 

fully elucidated, it is known that the response to hydrocarbons is proportional to the 

number of carbon atoms in the molecule [25]. The main steps occurring in an FID 

are typically first-order reactions cracking and stripping, and oxidation and chemi- 

ionization. Ion formation in the flame is primarily a result of chemi-ionization of 

energetic CHO radicals resulting from the reaction of CH and O radicals [25]: 

CnHm → nCH• + (m - n) H• 

nCH• + nO
• → nCHO• 

nCHO• → nCHO+ + ne
- 

The FID system is a carbon counter; each carbon atom in the solute molecule 

contributes to the signal (compounds with C-C and C-H bonds), while the presence 

heteroatoms tends to reduce the response. In esters, ketones, or aldehydes, for 

example, the carbon atoms is already oxidized in the starting sample. Therefore, in 

these molecules, this fragment cannot produce ions and a response to FID detector 
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[25]. A carbon atom which is associated with a heteroatom often gives a less than 

normal contribution to the response [26]. 

However, FID has proven to be an inadequate detector for the structural 

determination of FAMEs, especially when applied to the analysis of complex lipid 

matrices. In fact, FID signal provides only instrument response and retention time 

information [1]. For these reason, the FAMEs analysis using a gas chromatograph 

coupled with FID detector needs of FAMEs standards to confirm the identity of any 

single compounds. In absence of standards, misidentifications can occur. 

In several lipid applications, the mass spectrometer (MS) is coupled to GC 

instrument to perform correctly qualitative analysis of compounds, whereas FID 

detector allows the quantitative analysis. To achieve quantitative analysis, relative 

response factors may be used because no all the FA isomers give the same relative 

response in the GC flame ionization. Relative response factors are reported also in 

AOCS Official Methods.  

Mass spectrometry technique has become an invaluable tool for the 

identification and detection of lipids separated by GC, even when they are 

incompletely resolved [2]. The principle of the technique is described in Chapter 4. 

3.2.6 Linear retention index (LRI) 

In order to identify a compound within a complex matrix, the concept of relative 

retention (r) of the peak of interest against a standard compound is often used, thus 

obtaining a characteristic parameter according to the equation: 

𝑟 =  
𝑡𝑅𝑖

′

𝑡𝑅𝑠𝑡
′  Eq. 3.16 

where t’Ri refers to the adjusted retention time of the analyte while t’R(st) refers to 

the adjusted retention time of the reference peak. Thus, the relative retention of 
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solutes eluting after the standard will be >1, while that of compounds eluting prior 

to the standard <1.  

Retention time is not useful for peak identification, since the retention time is 

influenced by the applied linear velocity, temperature, phase ratio and column 

length. Compared to retention time, retention factor is more advantageous due to 

the inclusion of the unretained peak time, contouring changes caused by linear 

velocity discrepancies and column length differences. On the other hand, relative 

retention depends also on the phase ratio, so if an identical reference peak is chosen, 

and the same column temperature is applied, the results are comparable. 

Kováts (Kováts, 1958) to overcome this limit introduced a retention index (RI) 

system in which a homologous series of normal paraffins were applied as reference 

peaks. In isothermal GC conditions, as is well known, this homologous series elutes 

with retention times increasing exponentially. Under such conditions, a semi-

logarithmic relationship exists between the adjusted retention times (t′Ri) of the n-

paraffins and their carbon numbers (cn), as expressed in equation 3.17 where a and 

b are proportionality constants: 

𝑙𝑜𝑔𝑡𝑅
′ = 𝑎 · 𝑐𝑛 + 𝑏 Eq. 3.17 

Each analyte is referenced in terms of its position between the two n-paraffins that 

bracket its retention time. The index calculation is based on a linear interpolation 

of the carbon chain length of the two bracketing paraffins. In the original definition, 

the retention index of a particular substance was calculated using only n-paraffins 

with even carbon atoms as references as represented in the following equation: 

 

𝐼𝑠
𝑠𝑡.𝑝ℎ.(𝑇) = 200 (

𝑙𝑜𝑔𝑋𝑠−𝑙𝑜𝑔𝑋𝑧

𝑙𝑜𝑔𝑋(𝑧+2)−𝑙𝑜𝑔𝑋𝑧
) + 100𝑧 Eq. 3.18 
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where I is the isothermal retention index at temperature T, s is the compound of 

interest, st.ph. is the stationary phase, and X is, for instance, the retention time used 

for the calculation, while z and z + 2 are n-alkanes with z and z + 2 carbon numbers, 

respectively. By definition, the retention index of the n-paraffins is equal to 100 

times their carbon number for any given stationary phase and at any given column 

temperature, for example n-C8 has an index of 800. 

At first the use of even-number n-paraffins was preferred assuming the possible 

occurrence of an oscillation in the chromatographic properties of successive 

numbers of the complete n-paraffin series. Later, was experimentally confirmed this 

statement was erroneous and Kováts redefined the first proposed another 

fundamental equation: 

𝐼𝑠
𝑠𝑡.𝑝ℎ.(𝑇) = 100 [𝑧 + (

𝑙𝑜𝑔𝑋𝑠−𝑙𝑜𝑔𝑋𝑧

𝑙𝑜𝑔𝑋(𝑧+1)−𝑙𝑜𝑔𝑋𝑧
)] Eq. 3.19 

In the equation proposed by Kováts, the retention indices refer to data obtained 

under isothermal elution conditions, while in temperature programmed conditions 

the series of n-paraffins elutes in a linear mode. In the latter case, a constant 

increment is added for each successive peak to the retention time of its predecessor, 

instead of a nonlinear increment, as could be observed under isothermal conditions. 

The equation 3.20 expresses a similar relationship between the programmed-

temperature retention times of the n-paraffins and their carbon numbers (cn): 

log 𝑡𝑅
𝑇 = 𝑎′ · 𝑐𝑛 + 𝑏′  Eq. 3.20 

where a′ and b′ are constants depending on the stationary phase and the nature of 

the chemical group bound to the alkyl chain. The calculation of retention index in 

programmed temperature conditions is based on the equation 3.21 proposed by van 

den Dool and Kratz [27], which does not use the logarithmic form. The indices 
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calculated by this equation are commonly denominated as linear retention indices 

(LRIs): 

𝐼(𝑇) = 100𝑛 + (100
𝑡𝑅(𝑖)− 𝑡𝑅(𝑧)

𝑡𝑅(𝑧+1)− 𝑡𝑅(𝑧)
) Eq. 3.21 

where n represents the difference in carbon atom number of the two n-paraffins that 

bracket a solute’s retention time. In figure 3.8 is reported a chromatograms 

comparison relative to analysis of C7-C30 alkane mixture homologue series and 

real sample containing the the compound of interest (i).  

The retention indices calculated for isothermal and temperature-programmed 

conditions commonly present proximate values, but are not identical. It is important 

for the reproducibility retention indices that film thickness of stationary phase, flow 

rate of carried gas and linear temperature programming rate being standardized. In 

fact, there is the possibility that LRI values vary according to the applied 

temperature rate and the initial temperature. In the commercially databases and 

libraries, different types of LRI can be found. The most used LRI values are 

calculated on non-polar or semi non-polar stationary phases against n-alkane 

homologue series. 

 

Figure 3.8. System in which the retention time of a compound (Ri) is correlated to 

C7-C30 alkanes reference standard mixture. 

Unknown sample

tRz tRz+1

Alkane reference standard mixture (C7-C30)

tRi
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Thanks to the stability of this type of stationary phase and its intensive 

interaction with the hydrocarbons, this combination provides the most stable LRI 

values. 

In lipidomic field, highly polar columns are applied for a better separation of 

FAMEs. Even though, in some commercial database LRI values calculated on polar 

column against n-alkanes can be found, it is well known that due to the alkanes’ 

poor solubility in this type of stationary phase a fluctuating behavior can be 

observed in the LRI values. Considering this fact, instead of the n-alkanes further 

homologue series can be used, such as C4-C24 FAMEs (Merck Life Science) or 

C4-C24 fatty acid ethyl esters FAEEs (Merck Life Science). In the lipidomics 

analysis, C4-C24 FAMEs homologue series are particularly used, resulting in more 

stable LRI values on polar columns than using n-alkanes. It is worthy to note that 

the stability of the polar stationary phases is much lower than the non- or semi non-

polar phases. Thus, according to the column ageing, notable shift of ± 10 LRI units 

can be observed in the calculated LRI values in the case of FAMEs.  

3.3 Liquid chromatographic analysis of lipid 

Liquid chromatography (LC) is a well-known analytical technique used also in 

lipidomics field with good reproducibility and high resolving power. In particular, 

HPLC has gained popularity in lipidomics analysis because of its high efficiency 

and selectivity [1].  

In LC, the separation is based on the selective distribution of analytes between a 

liquid mobile phase and a stationary phase. By using LC, it is possible to analyse 

an extensive range of compounds with various molecular weights, from hundreds 

to hundreds of thousands of Dalton. This method allows to determine the quali-

quantitative profile of different compounds in several sample. LC can be applied to 
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trace analyses with detection limits in the ppb range and also to isolate specific 

molecules by using preparative system (prep-LC). 

Modern LC techniques develop thanks to two scientists Martin and Synge [28] 

who realized that to improve the performance of LC system, the stationary phase 

requires very small particles and a high pressure of the mobile phase. 

According to van Deemter formulation (Eq. 3.13), it is possible to assess that 

there was an optimal flow rate for which both B and C terms resulted minimize. 

This corresponds to the minimum of the curve plotting H against linear velocity (u) 

of the mobile phase (Figure 3.9). 

 

Figure 3.9. Typical Van Deemter Plot. 

From the Van Deemter equation, it appeared clear that the reduction in both 

particle diameter (dp) and stationary phase thickness (df) should reduce H, since 

both A and C terms are related to these parameters. The theory was readily applied 

to LC, leading to the development of high-performance column packings for LC, 

by replacing the conventional 30-200 µm porous material with sub-10 µm particles. 

The birth of modern LC is commonly ascribed to Horvath, who in 1966 packed a 1 

mm internal diameter (ID) column with such µ-porous particles [29]. Depending 

on the column length, ID and particle size, the mobile phase was flushed into the 

column at different flow rates in the range of µL-mL/min with relatively high back-
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pressures. Consequently, HPLC technique was born and currently every LC 

application can be considered as HPLC application. 

3.3.1 HPLC approaches used in lipidomic analysis 

LC approach offers a wide variety of separation mechanisms characterized by 

different selectivity. Partition chromatography (PC) is made from a thin liquid film 

covering a solid support that acts as a stationary phase. The separation is based on 

the difference in the equilibrium partitioning of the solutes between the liquid 

stationary phase and the mobile phase. If the stationary phase is chemically bonded 

to a support the separation mechanism is called bonded phase chromatography 

(BPC). Historically, stationary phases containing unmodified silica or alumina 

resins were used in early applications and the mobile phases were non-polar or low 

polarity solvents. In this technique, the stationary phase is more polar than the 

mobile phase and the experiment is defined as normal phase LC (NP-LC).  

In lipidomic field, NP-LC is a method of PL separation into classes [30]. NP-LC 

is used for preparative separation of PLs [31], ceramide [32], and ethyl ester of 

docosahexaenoic (DHA) and docosapentaenoic acid (DPA) [33]. This technique 

can be also used for the separation of the enantiomers of DAGs in the form of 

diastereomeric derivatives and for the separation of nonpolar lipids [34]. The 

stationary phase in NP-LC often is impregnated with AgNO3. These phases are also 

used for the separation of lipid compounds having the same number and 

configuration of the double bonds [1]. 

The use of a hydrophobic stationary phase can be considered the opposite, or 

reverse to NP-LC, hence the term reversed-phase LC (RP-LC). RP-LC technique 

has gained great popularity and it is used today in more than 80% of LC 

applications. In fact, the use of aqueous solvents allowed HPLC analysis of 
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biological samples. In lipid analysis, the RP-LC has been most widely used for the 

separation of complex lipids. More hydrophobic lipids (e.g. TAGs), are more 

strongly retained on the stationary phase and are eluted from the column later as 

compared with the more polar lipids [1]. Elution order in RP-LC is dependent not 

only on the carbon chain length but also on the degree of unsaturation of acyl 

residues of the analyzed lipids [35]. Retention time increase with longer carbon 

chain number of double bonds. In RP-LC, equivalent chain lengths (ECL) 

characterizes the elution order for lipid compounds [36]. For example, a lipid 

compound consisting of N carbon atoms and containing in the molecule n double 

bonds has a value ECL calculated on base the following relation: 

𝐸𝐶𝐿 =  𝑁 − 2𝑛 Eq. 3.22 

For example, ECN values of a PL containing a C16:0 FA and a PL with C18:1 FA, 

in both cases will be 16. This means that with the increase of the ECL, increases 

the retention force of the FA [37]. In general, the degree of hydrophobicity of lipid 

compounds is commonly identified by partition number (PN), as given by the sum 

of the total carbon number (CN), minus twice the number of double bonds (DB) in 

the acyl chain [38-39]:  

𝑃𝑁 = 𝐶𝑁 − 2𝐷𝐵 Eq. 3.23 

Other separation technique commonly used in lipid analysis is hydrophilic 

interaction chromatography (HILIC). HILIC is the more often used for PLs analysis 

than NP-LC [40]. HILIC allows the analysis and separation of substances highly 

hydrophilic and amphiphilic that are usually poorly retained on the stationary phase 

in RP-LC, while too strongly retained in non-aqueous mobile phases used in NP-

LC, or are not sufficiently soluble therein [1]. In addition, HILIC analysis is valid 

alternative to NP-LC because it requires the use of mobile phases compatible with 
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electrospray ionization (ESI)-MS. This approach is not allowed with NP-LC due to 

low polarity and dielectric constant of mobile phases commonly used [41]. 

The LC separations conducted by use of stationary phases consisting of a solid 

support with covalently attached anionic (e.g., –SO3
–) or cationic (e.g., –N(CH3)

3+) 

functional groups are defined ion-exchange chromatography (IEC). IEC separation 

is based on ionic (or electrostatic) interactions between ionic and polar analytes, 

ions present in the eluent and ionic functional groups fixed to the chromatographic 

support. Separation of lipids by IEC is based on the ionic groups present in the 

molecule. However, also some other groups such as hydroxyl groups exert an 

influence. Lipids compounds are separated on several ion-exchange materials: 

diethylaminoethyl cellulose (DEAE), triethylaminoethyl cellulose (TEAE) or ion 

exchange resins. DEAE is the most frequently used to separate lipid classes [42].  

Size-exclusion or gel-permeation chromatography (SEC) uses porous gels as 

stationary phases, and the separation is due to differences in the size of the solutes. 

Large solutes are unable to penetrate into the porous stationary phase and pass 

quickly through the column; smaller solutes enter into the porous stationary phase, 

increasing the time spent on the column. SEC technique, also known as gel filtration 

chromatography, is able to separate and detect the lipoproteins providing the 

detailed lipid composition of lipoprotein particles separated by size [43].  

Finally, affinity chromatography (AC) represents an alternative separation 

mechanism and is one of the most efficient tools used for purification of 

biomolecules of interest including lipid molecules. It is based on highly specific 

biological interactions between two molecules, such as interactions between 

enzyme and substrate, receptor and ligand, or antibody and antigen. Deutsch et al. 
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[44] used dodecylamine-agarose stationary phase to isolate and collect all of the 

major neutral lipids and PLs from plasma.  

3.3.2 Injection system in LC instrument. 

The injection of the sample into column is an important phase of the 

chromatographic process. Especially in LC field, it is necessary introduce the 

minimum volume of solvent so that it arrives in column as a discrete band.  

LC injector must allow to bring the liquid sample from the ambient pressure to 

the pressure present in head to column, possibly without altering the solvent flow. 

The most used injectors in LC are valve injectors that allow the injection of the 

sample with considerable reproducibility and without any significant change in 

flow. In figure 3.10 is showed the scheme of valve injector. Steel capillary tubes 

mounted on a metal disc, which is rotated on a pivot, forms a typical valve injector. 

The sample is introduced by means of a syringe in a sample loop characterized by 

a specific volume. The filling of loop occurs when the valve is not inserted into the 

mobile phase circuit. At the end of the process of loading, the valve is rotated, thus 

loop is carried in series to the mobile phase circuit and the sample mixed into the 

mobile phase. 
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Figure 3.10. Valve injector in filling and injection positions. 

 

3.3.3 LC column: origin and lipid analysis. 

The most commonly used columns for analytical purposes in LC are those with 

internal diameter of 2-2.1 mm or 4-4.6 mm and a length between 10 and 25 cm. LC 

columns with small internal diameter permit to detect very low quantity of sample, 

but, on the other hand, they present a low sample capacity. Wider columns are 

generally used for preparative LC purpose. Table 3.1 reports the classification of 

analytical LC columns according to their internal diameter [45]. 

Table 3.1. Classification of LC columns according to their ID. 

 

Column designation Typical I.D. (mm) 

Preparative LC Higher than 20 

Semi-preparative LC 6-20 

Conventional LC 3-5 

Narrow-bore LC 2 

Micro LC 0.5-1 

Capillary LC 0.1-0.5 

Nano LC 0.01-0.1 

Open tubular LC 0.005-0.05 
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Van Deemter equation indicates that reducing the particle sizes of a LC column, 

the user can obtain a better column efficiency based on the smaller contribution of 

Eddy diffusion (A-term), mobile phase mass transfer (C-term) and shorter 

longitudinal diffusion paths in the pores of stationary phase (B-term). In order to 

obtain a lower H value and therefore a higher plate number, it is usually better use 

a packaging with smaller particles than to lengthen the column. In fact, the longer 

column increases the retention volume, thus decreasing the peak concentration in 

the eluate compromising the detection limit. Smaller particles reduce the 

dimensions of the chromatographic band. 

The porous packing of LC columns is made up of diffusive pores in silica gel. 

This type of packing increases the surface area of the stationary phase. The analytes 

move from the mobile phase outside the particles into the stagnant mobile phase 

towards the inside of the pores. Diffusing out of the pores, the molecules follow 

determined paths and elute along the column. The mass transfer between inside and 

outside the particles is the first reason of the band broadening in LC. Obviously, the 

use of smaller particles can reduce this diffusion due to the decrease in the paths of 

the analytes. However, the major efficiency of the narrow particle size is 

counterbalanced from the decrease of the permeability of the column and therefore 

by a rapid increase of the backpressure. As reported by Giddings in 1991, there is a 

linear correlation between the pressure drop (ΔP) and the linear velocity u in the 

column [46]: 

∆𝑃 =  𝛷
𝜂𝐿𝑢

𝑑𝑃
2  Eq. 3.24 

where ϕ, η, L, and dP are the flow resistance, viscosity of the mobile phase, length 

of the column, and particles diameter, respectively. It has been calculated that using 
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a packed column of 25 cm with 5 µm particles, an inlet pressure less than 25 bar is 

necessary for the chromatographic analysis, while decreasing the dimensions of 

diameter of particles at 1 µm, an inlet pressure of 2000 bar is required [47-48]. 

Consequently, remarkable improvements in LC instruments have been carried out. 

Pumps, injection system and all connections had to be able to operate at very high 

pressures, while detectors capable of high acquisition rate had to be used. Ultra-

high pressure LC (UPLC or UHPLC) was born, term coined by Jorgensen in 1997 

[49] and nowadays used to indicate very fast separation with high efficiency and 

resolution. The central core of UPLC system is the column packed with sub-2 µm 

particles. 

Looking at the van Deemter plot for these kind of columns (Figure 3.11), it is 

possible to highlight the flatting of the curve in the region of mobile phase velocity 

greater than the optimal one, which means that these columns can operate at high 

flow rates without any loss of efficiency. In Figure 3.11 is shown the same behavior 

for other column packings, namely monolithic and fused-core. The first one consists 

of one single piece of porous material such as organic polymers or silica, 

characterized by a very limited flow resistance compared to a particle-packed 

column. 
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Figure 3.11. Van Deemter plot at different particles diameters. 

 

Normally the porous rod diameter is about 1.5-2 µm (macroporosity) with 

porous of 10-12 nm (mesoporosity), thus minimizing the diffusion path and mass 

transfer phenomena. Nevertheless, the presence of such mesopores made these 

columns low efficient for small molecules, while they are still widely employed for 

macromolecules analysis, such as proteins [50]. The main drawback of monolithic 

technology is the limitation in length of column. In fact, a monolithic column longer 

than 15 cm cannot be prepared without problems, thus limiting the theoretical plates 

number per column [51-52]. The generation of a large number of theoretical plates 

requires a series of connected columns.  

Fused core particles have been introduced on the market in 2006 and are also 

known as partially porous or core-shell particles. In particular, as shown in Figure 

3.12, they have a 1.7 μm silica solid core surrounded by a 0.5 μm thin porous shell 

that represents the only diffusion path in a 2.7 μm of total particle diameter. The 

clear advantage of fused core columns over sub-2 μm ones is the minor 
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backpressure, so as that it is possible to operate such phases on a conventional LC 

instrument [53]. 

 

Figure 3.12. Fused core technology (on the left) and comparison with totally 

porous particles (on the right). 

 

As showed previously in Figure 3.11, the fused core columns maintain their 

resolving power at high flow rates. This means that shorter columns and higher flow 

rates can be used to achieve remarkably fast high resolution separations. 

Silica gel has been widely used by lipidomics analysts as an adsorbent stationary 

phase in innumerable LC applications, especially for classes of lipids separated 

according to the number and nature of the polar functional groups (e.g. ester bonds, 

phosphate, hydroxyl, and amine groups) in lipid molecules. The adsorptive 

properties of silica gel are due to silanol groups, i.e. hydroxyl groups linked to 

silicon, which are attached to the surface and can be free or hydrogen bonded [2]. 

Isocratic elution with a mobile phase of constant composition may be possible for 

restricted types of lipid class, but gradient elution in which the polarity of the mobile 

phase is increased at a controlled rate affords greater versatility [2]. 

In RP chromatography, there are many non-polar stationary phases, but the most 

widely employed and most important for lipid analysis are those consisting of long-
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chain hydrocarbons, bonded chemically to the surface of spherical silica (with 

particles size of 3 to 10 µm). Of these, by far the most widely used phase consists 

of octadecylsilyl groups [2]. 

3.3.4 Detector in HPLC analysis of lipid classes. 

The detector system is the first element of an LC instrument that should be 

consider in lipidomic analysis because the nature of detector governs largely 

approach of analysts to any separation [2]. 

Numerous detectors have been developed in monitoring LC separations. 

Actually, there is no reliable and easy-to-use detector, which is sensitive to all 

materials in all mobile phase systems. For this reason, depending on the type of the 

analyses and samples, a proper detector should be chosen. 

Spectrophotometric detectors that operate in the UV-VIS range are probably the 

most widely used detectors for LC analysis in general. Three main types of UV 

detector are available in commerce. The first one contain filters to offer a range of 

fixed wavelengths, while the second type afford continuously variable wavelengths 

from 190 to 380 nm with possible extension to 600 nm. Third and final model is 

diode array detectors (PDA) that offer a range of wavelengths simultaneously. Only 

the last two are useful to lipid analysis. 

The best response is given for compounds containing conjugated double bonds 

and aromatic rings, groups that are found only rarely in lipid compounds. FAs with 

conjugated double bonds are encountered occasionally, however UV detection has 

allowed the identification of configurational isomers such as cis, trans- and trans, 

trans conjugated dienes, in samples subjected to chemical or enzymatic 

hydroperoxidation. In any lipid applications, the analyst preferred to convert the 

molecules in lipid derivatives that absorb strongly in the UV range. For example, 
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FAs have been converted to aromatic esters (e.g. phenacyl or naphthacyl), the sugar 

moieties of GLs have been benzoylated, and DAGs derived from PLs have been 

esterified with aromatic acid for LC analysis [2]. There are some disadvantages in 

the use of UV detector in lipid LC analysis. Many of solvents that have proven good 

efficiency in lipid compounds separation such as chloroform, acetone, ethyl acetate 

or toluene, absorb strongly between 200 and 220 nm so cannot be used when UV 

detector is coupled to the LC system. Hexane, isopropanol, acetonitrile, methanol 

and water are solvents transparent in UV region and they must be used with high 

degree of purity since traces of extraneous materials, such as antioxidants or 

plasticisers, could seriously disturb the base-line and give high background 

readings. Despite of these difficulties, UV detection at these low wavelengths has 

been used widely in lipid analysis, and especially in the separation of simple lipid 

and PL classes [2]. 

Evaporative light-scattering detector (ELSD) can be considered as universal in 

their applicability so also in lipidomic field. The solvent emerging from the end of 

the HPLC column is evaporated in a flow of air or nitrogen in a heating chamber. 

The solute is nebulized and passes in the form of minute droplets through a light 

beam, which is reflected and refracted. The amount of scattered light is measured, 

and this bears a relationship to the amount of analytes in the eluent. Fundamental 

condition for ELSD-LC analysis is the uniform size of the aerosol generated, thus 

it is necessary to optimize the flow-rate of the nebulizer gas and the temperature of 

the evaporator chamber to maximize the response of detector. For example, lipid 

compounds with low molecular weight such as FAMEs are evaporated partially and 

accurate quantitative analysis are impossible.  
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Lipids that exhibit natural fluorescence are very rare and for this fact 

fluorescence detector are not commonly used in lipid analysis. However, lipid 

compounds are detected whit this kind of detector by preparing suitable derivatives. 

For example, FAs have been separated by RP-LC after derivatization to form 

anthrylmethyl esters analysis.  

MS is considered the most important technology for lipid analysis. In particular, 

the extensive use of electrospray ionization (ESI) for lipid analysis and the 

improvement of mass analyzers has greatly increased the performance of MS in 

lipid analysis and revived lipid studies [54]. MS technique are extensively discussed 

in the Chapter 4. 

3.4 Extraction protocols for lipid analysis. 

Lipid extraction from the complex system is usually the first step for lipidomic 

analysis. Significant amounts of non-lipid contaminants must be removed before 

the lipids are subjected to chromatographic separation and detection. A simple and 

reproducible extraction method is necessary for cross-validation of lipid data 

obtained in different laboratories [54].  

In terms of total lipid extraction, where lipids are extracted in a wide range of 

polarity, there are two golden standard procedures commonly used: Folch [55] and 

Bligh & Dyer [56] protocols. Both of these are liquid–liquid extraction procedures 

that use chloroform and methanol at different ratios [57].  

Alternative methods to perform automated total lipid extraction are emerging. In 

order to increase lipid recovery and reduce the contamination, two recent extraction 

protocols have been developed. Both of these methods benefit to have the organic 

phase at the top of byphasic solvent system avoiding that the pipette tips penetrate 

into the water phase and/or interlayer containing the debris and protein 
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precipitation. Matyash et al. [58] published the first method where chloroform has 

been replaced with methyl-tert-butyl ether (MTBE). The second extraction protocol 

is BUME-method [59] 

3.4.1 Folch method extraction. 

Folch’s extraction procedure [55] is one of the most popular methods for 

extraction of lipids from biological samples. It takes advantage of the biphasic 

solvent system consisting of chloroform/methanol/water in a volumetric ratio of 

8:4:3 (v/v/v). 

A biological sample such as tissue, plasma, homogenate, etc., is diluted 1:20 

(v/v) with chloroform/methanol (2:1; v/v). Under the assumption that the biological 

material has a specific weight of 1 g/mL, 100 mg of tissue must be diluted with 1.9 

mL chloroform/ methanol. After this step, the sample is homogenized. However, 

homogenization procedures should be performed at low temperature and if possible, 

within short time periods. In order to preserve the lipid profile of a biological system 

at the time of sampling, the addition of extraction solvents that denature all proteins 

and stop lipid enzymatic activities has to be done fast and in a standardized manner. 

In the original method of Folch, the raw extract is filtrate for separating non-

extractable precipitate residues. In modern lipid workflows, this step is often 

omitted due to practical aspects in microscale extractions. Later on, the 0.2 

equivalent of water, respect to the total chloroform/methanol volume are added to 

the suspension to induce phase separation. One upper the water/ methanol phase is 

separated from the bottom chloroform phase in a volume ratio of 40:60 (v/v).  

The organic lower phase must be carefully collected by penetrating the non-

extractable residues at interphase to minimize the collection of non-lipid substances 

avoiding the contamination, especially with highly sensitive LC-MS instruments. 
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3.4.2 Method of Bligh and Dyer. 

Bligh and Dyer [56] was originally designed for the extraction and purification 

of PLs from fish muscle tissue and therefore it is recommended for samples with a 

high amount of endogenous water. 

The basic principle for the extraction is based on Folch’s method using less 

amounts of chloroform for the primary extraction step. In fact, homogenized tissue 

sample is mixed with a chloroform/methanol mixture (1:2; v/v). After an accurate 

vortex, 1 volume equivalent of chloroform is added to the homogenate followed by 

another mixing step. Afterwards, 1 volume of distilled water is added and 

subsequently the suspension is stirred for an additional incubation period. The 

resulting suspension consists of non-extractable residues in a 

chloroform/methanol/water mixture with volumetric ratios 2:2:1.8. This suspension 

is subsequently filtered through a medium flow filter paper. The filtrate is 

completely separated and the upper aqueous layer can be removed. Bligh and Dyer 

stated that an additional extraction step using chloroform should be performed to 

give better yields for nonpolar lipids like TAGs. Nowadays, the filtering step is 

often omitted in lipidomics applications and phase separation is supported by 

centrifugation for a few minutes 

3.4.3 MTBE method extraction. 

In 2008, Matyash et al. [58] developed a new protocol for lipid extraction and 

demonstrated that the MTBE protocol delivered similar or better recoveries of most 

major lipid classes compared with the Folch or Bligh and Dyer methods. 

The biological sample is mixed with MTBE/methanol mixture with volumetric 

ratios 10:3 (v/v) and incubated for 1 h at room temperature under continuous 

shaking. Afterwards, 0.2 volume equivalents of water (compared to the total 
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volume of MTBE/methanol) is added obtaining the final volumetric ratio of 

10:3:2.5 (MTBE/methanol/water). After mixing the samples thoroughly, the 

suspension is centrifuged for 10 min at 1000 g and the upper lipid phase is 

transferred into a collection vial. The remaining aqueous phase is re-extracted by 

0.3 volume equivalents of the theoretical upper phase. The combined extracts can 

be dried or directly utilized for lipid analysis previous dilution at an appropriate 

concentration. 

The most important difference between the MTBE lipid extraction and the 

chloroform/methanol-based Folch and Bligh & Dyer procedures is the opposite 

order of the organic and aqueous phase. The upper lipid phase is formed by MTBE 

and methanol due to the lower density of both solvents (MTBE: 0.74 g/mL and 

Methanol: 0.79 g/mL) compared to water. Consequently, the organic phase is 

collected without the contact with the aqueous phase and non-extractable residues, 

which are located at the bottom of the extraction tube. Due to the higher polarity of 

MTBE than chloroform, the procedure improves the extraction efficiency for acidic 

lipid classes. 

3.4.4 BUME lipid extraction protocol. 

Löfgren et al.[59] developed BUME extraction protocol in 2012 to replace 

chloroform-based methods allowing the extraction and purification of the most 

abundant lipid classes in plasma. The BUME method has been successfully 

implemented and fully automated in laboratories for daily lipid analysis. The 

biological sample is mixed with butanol/methanol (BUME) (3:1; v/v) followed by 

a 5-minute of single-phase extraction. Afterwards, 1 volume equivalent of 

heptane/ethyl acetate (3:1) mixture and 1 volume equivalent of 1% acetic acid are 
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added to reaction mixture. A biphasic extraction system is performed and lipid 

compounds are recovered in upper phase.  

The BUME method showed that the extraction recoveries for the investigated 

lipids (SLs, GLs, PLs) were similar or better than for the Folch method. In addition, 

the authors concluded that the BUME method was superior to the Folch method in 

terms of simplicity, throughput, automation, solvent consumption, economy, health 

and environment. 

3.5. Preparation of ester derivatives of FAs for GC analysis 

The GC technique has revolutionized the study of lipids allowing the 

determination of complete FA composition of a lipid in a very short time [60]. For 

this purpose, lipids are converted into volatile derivatives, usually methyl esters, 

although other esters may be preferred for specific purposes [61]. The most 

common derivatization are generally classified in acid-catalysed and basic-

catalyzed procedures.  

3.5.1. Acid-catalysed esterification and transesterification. 

Free fatty acids and O-acyl lipids are respectively esterified or transesterified by 

heating them with a large excess of anhydrous methanol in the presence of an acidic 

catalyst [2].  

Alcohols in the presence of a suitable acidic catalyst can esterify the carboxylic 

acids as illustrated in Figure 3.12. The initial step of the esterification procedure is 

the protonation of the acid carboxylic to give an oxonium ion, which can undergo 

an exchange reaction with an alcohol to give the intermediate species, which losing 

a proton, forms an ester. Each step is reversible but in the presence of a large excess 

of the alcohol, the equilibrium point of the reaction is displaced so that esterification 

proceeds virtually to completion. 
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Figure 3.12. Acid-catalysed esterification of fatty acids. 

 

Fundamental condition for a fully esterification is the absence of water. In fact, 

the water is a stronger electron donor than inhibits the formation of the intermediate 

and blocking the procedure of esterification.  

Ester exchange or transesterification occurs under similar conditions (Figure 

3.13). In this instance, initial protonation of the ester is followed by addition of the 

alcohol to give an intermediate species, which can be dissociated via the transitions 

state to give the ester. Again, each step is reversible and in the presence of a large 

excess of the alcohol, the equilibrium point of the reaction is displaced towards 

products.  

 

Figure 3.13. Acid-catalysed transesterification of lipids. 

 

The most frequently used reagent for the preparation of FAMEs is 5% anhydrous 

hydrogen chloride (HCl) in methanol [62]. In a typical esterification procedure 

using methanolic hydrogen chloride, the lipid sample is dissolved in at least a 100-
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fold excess of the reagent and the solution is refluxed for about two hours or is held 

at 50°C overnight. At the end of this time, water is added and the FAMEs are 

extracted into an appropriate solvent such as diethyl ether, hexane [61].  

All FAs are esterified at approximately the same rate by methanolic hydrogen 

chloride [62], so it is unlike that differential losses of specific FAs will occur during 

the esterification phase. On the other hand, special precautions are necessary to 

ensure quantitative recovery of short-chain esters. 

A solution of 1 to 2% concentrated sulfuric acid (H2SO4) in methanol is also 

used to derivatize lipid compounds. Free FAs were esterified very rapidly by 

heating in 10% sulfuric acid in methanol until the reflux temperature [63], but this 

procedure are not recommended for PUFAs because the sulfuric acid is a strong 

oxidizing agent. Very long reflux times [64-65], excessive H2SO4 concentrations 

(20%) [66] and high temperatures (170°C) [67-68] lead to the formation of coloured 

by-products and the destruction of PUFAs. With the dilute reagent and moderate 

conditions, however, there is no evidence for side effects. 

Boron trifluoride (BF3) is a Lewis acid and in methanol is a powerful acidic 

catalyst for the esterification of FAs. Morrison and Smith [69] showed that the 

reagent could be used to transesterify most lipid classes. The esterification of free 

FAs was completed in two minutes with 12 to 14% boron trifluoride in methanol 

under reflux [70]. 

Unfortunately, boron trifluoride-methanol has serious drawbacks when very high 

concentrations (50%) are used. Boron trichloride (BCl3) in methanol can be used in 

a similar manner to prepare methyl esters, although the reaction is slower than when 

boron trifluoride is used as catalyst. 

 



 

 

Chapter 3 

Doctor of Philosophy in Chemical Science     98 
 

3.5.2. Base-catalysed transesterification 

Esters, in the presence of base (Figure 3.14), form an anionic intermediate, which 

can dissociate back to the original ester or form the new ester. In the presence of a 

large excess of the alcohol, the equilibrium point of the reaction is displaced 

towards new ester. 

 

Figure 3.14. Base-catalysed transesterification of lipids. 

 

An unesterified FA is converted to a carboxylate ion in a basic solution, and this 

is not subject to nucleophilic attack by alcohols. Therefore, esterification procedure 

cannot occur by basic catalyst. In the presence of water, the intermediate dissociates 

irreversibly to the free acid and absence of water from the reaction site is necessary. 

The most useful basic transesterifying agents are sodium methoxide (MeONa) 

or potassium methoxide (MeOK) in anhydrous methanol (0.5-2.0 M) [61]. 

Potassium hydroxide (KOH) is occasionally used. 

In a typical transesterification reaction, the lipid sample, dissolved if necessary 

in sufficient toluene or other solvent, is reacted with a 100-fold excess of 0.5 to 2M 

MeONa at 50°C. TAGs are completely transesterified in 10 minutes and PLs in 5 

minutes, although CEs require 60 minutes, under these conditions [61]. Dilute acid 

is added to neutralize the MeONa and so minimize the risk of hydrolysis of FAMEs. 

Methyl esters are recovered by solvent extraction.  

3.4.2. Direct derivatization-extraction procedures. 

Many procedures have been described in which plant or animal tissues are 

extracted and derivatized at the same time [2]. These procedures, which do not 
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requires the use of solvents for liquid-liquid extraction, give better recoveries of 

FAs, and of course, the time and solvent requirements are greatly reduced. 

Unfortunately, there is no evidence that the direct derivatization procedures are 

adapted for all type of lipid samples considering the wide range, the diversity and 

complexity of lipid matrices. Acid-catalysed methods may be best because they are 

less susceptible to small amounts of endogenous water. However, there is a risk that 

non-lipid contaminants will be extracted and may interfere with subsequent GC 

analyses. 
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Chapter 4 

 

Mass spectrometry in lipid identification 

 

Mass spectrometry (MS) has emerged as a powerful analytical technique for the 

analysis of all lipid compounds. It can supply qualitative and quantitative data, not 

readily obtainable by other detectors. Considering the large amount of categories 

and the extremely complex structures of lipid molecules, MS methodologies are the 

best analytical approaches in terms of high sensitivity and specificity, high 

throughput and high accuracy. 

4.1 Basic principles of mass spectrometry 

The pioneers of MS technology can be considered Thomson, Aston and 

Dempster for their researches in this field. In 1897, Joseph John Thomson, a 

physicist, demonstrated the existence of the electrons and measured their mass-to-

charge (m/z) [1]. In 1919, Aston, a student of Thomson, realized an instrumentation 

by improving the use of electric and magnetic fields to focus ions on a photographic 

plate used as detector [2]. The name of that device was mass spectrograph. 

Subsequently, Dempster constructed an instrument with a deflecting magnetic field 

angled at 180°. In order to detect different masses, the instrument had a variable 

magnetic field able to focus them in a point of the detector [3]. Later, the term mass 

spectrometer (MS) was coined for that type of instruments using a scanning 

magnetic field [4]. 

Three basic steps are involved in MS analysis (Figure 4.1). The first step is the 

process of ionization that converts molecules or atoms into gas-phase ionic species. 

This step requires the removal or addition of an electron or proton(s). The excess 
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energy transferred during an ionization event may break the molecule into 

characteristic fragments. The next event regards the separation of the molecular 

ions and analysis of their charged fragments based on their m/z  ratios. Ion 

separation of these species is carried out by electric and/or magnetic fields. In third 

and last step, the ion current due to mass-separated ions is measured, amplified, and 

showed in the form of a mass spectrum.  

 

Figure 4.1. Basic concept of mass spectrometry analysis. 

 

The ions formation and manipulation must be conducted under high vacuum 

because they are very reactive and short-lived. The pressure in which ions are 

generated and separated is obtained using an efficient pumping system, which allow 

a vacuum of about 10−3 Torr. If a turbo molecular pump is used, the MS system can 

reach a vacuum of up to 10−10 Torr. This condition allows ions to move freely in 

space without colliding or interacting with other species. The presence of high 

vacuum excludes the possibility that collisions lead to undesirable fragmentations 

of the molecular ions and production of different species through ion–molecule 

reactions. These processes can reduce the sensitivity, increase the ambiguity in the 

measurement, and decrease the resolution of the entire MS system. 

MS spectrum is a two-dimensional representation of signal intensity as the 

vertical axis and respective m/z ratio as the horizontal axis. (Figure 4.2). The 

intensity of a fragment reflects directly the abundance of ionic species of that 
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determined m/z ratio generated within the ion source. The fragment at highest m/z 

ratio, which is also called as base peak is arbitrarily assigned the relative abundance 

of 100%. The molecular ion is termed as M+•. The relative intensities of all other 

peaks are indicated as percentages of the base peak.  

The m/z ratio that represents the physical property measured in MS, is a 

dimensionless term in which the mass of the ion, expressed in atomic mass units 

(u) corresponding to 1/12 of the mass of the most abundant 12C isotope, and 

synonymous of dalton (Da), is divided by the number of carried charges. 

 

Figure 4.2. MS spectrum of palmitic acid and representations of the molecular ion 

signal (270 m/z). 

 

MS device can be coupled with separation methods such as GC and LC. 

Hyphenation, as GC-MS or LC-MS, delivers high selectivity and low detection 

limits for the analysis of trace compounds, or the possibility to resolve complex 

samples. In these cases, the MS technique acts as the chromatographic detector and 

its output must provide a series of mass spectra each one ideally corresponding to 

an eluted compound.  

According to a recent IUPAC definition, the total ion current (TIC) refers to the 

summation of the entire separated ion currents carried by the different ions 

contributing to a mass spectrum [5]. Thus, TIC represents a plot of the total ion 

current as a function of retention time obtained from a previous chromatographic 
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separation with MS detection. Differently, the term extracted ion chromatogram 

(EIC) refers to a plot of the intensity of the signal observed at a selected m/z value 

as a function of retention time [5]. Finally, the base peak chromatogram (BPC) is a 

chromatogram obtained by plotting the signals of the base peak ion as a function of 

retention time. 

4.2. Ion sources in mass spectrometry 

In the ion source, the analyte is ionized in gas phase prior to detect in the MS 

system. The choice of the ion source depends from the application, the internal 

energy transferred during the ionization process and the physicochemical properties 

of the compound that must be ionized.  

Some ionization techniques, so-called hard, are very energetic and cause 

extensive fragmentation of the molecules with even loss of its intact ion. Electron 

ionization (EI) belongs to this group of sources. On the contrary, so-called soft ion 

sources allow generating intact ions of the molecular species.  

However, it is worthy to say that both EI and CI sources are only suitable for gas 

phase ionization, and thus their use is limited to sufficiently volatile and thermally 

stable compounds. In fact, when dealing with large non-volatile fragile (bio) 

molecules, that is the case of intact lipid, it is necessary to introduce them into the 

vacuum of the ion source after a process of nebulization using electrospray 

ionization (ESI), atmospheric pressure chemical ionization (APCI) or atmospheric 

pressure photoionization (APPI) device. A variety of ionization techniques for MS 

technique is listed in Table 4.1. 
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Table 4.0. The most common ion sources in mass spectrometry. 

Ion source Ion type Ionization agent Classification Coupled to 

Electronic Impact (EI) Volatile molecular ions Energetic electrons Hard GC 

Chemical Ionization (CI) Volatile molecular ions Ions of a reagent Soft GC 

Electrospray Ionization (ESI) Non-volatile molecular ions High electric field Soft LC 

Atmospheric Pressure 

Chemical Ionization (APCI) 
Non-volatile molecular ions 

Gas-phase ion 
molecule reactions 

generated from 

discharge 

Soft LC, GC 

Atmospheric Pressure 

Photoionization (APPI) 
Non-volatile molecular ions 

Gas-phase ion 

molecule reactions 

generated from 

photoionization 

Soft LC 

 

4.2.1 Electron ionization in lipidomics. 

Dempster introduced electron impact in 1921 to measure lithium and magnesium 

isotopes [6]. Figure 4.3 illustrates a schematic representation of the EI source. It 

consists of an ionization chamber where analyte molecules are directly introduced 

and ionized. A resistively heated metal filament, typically made of rhenium or 

tungsten, creates the electron beam. The high-energy electrons produced are 

accelerated towards an anode and collide with the gaseous molecules to affect their 

ionization. 

 

Figure 4.3. Schematic representation of an electron ionization source. 
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Each electron has a given wavelength. If one of the frequencies has an energy 

corresponding to a transition in the molecule, an energy transfer can occur leading 

to various electronic excitations. If the energy is sufficient, an electron can be also 

expelled. The electrons do not “impact” molecules. For this reason, the previous 

electron impact term has been correctly re-named as electron ionization. At the end 

of this interaction, typically positive radical molecular ions are formed. For positive 

ions, the electron energy is in most cases set to 70 eV. However, during the 

ionization process an energy of 10 to 20 eV is transferred to the molecules. The 

obvious consequence is that the excess energy leads to extensive fragmentation, 

which can be advantageous because provides structural information for the 

elucidation of unknown analytes. In addition, since the EI-mass spectra are 

relatively reproducible, a compound fingerprint scan be recorded, and this fact has 

triggered the construction of MS databases for a quick and reliable compound 

identification. 

Electron ionization is the most valuable technique of detection for most GC 

applications to lipids [7]. It has been used in the determination of sterol [8], 

cholesterol [9] and FAs [10], while derivations are necessary for these nonvolatile 

compounds. 

4.2.2 Chemical ionization of lipid compound 

In the 1960s, chemical ionization was introduced as a valid technique in MS for 

its softness features [11]. CI is a technique that produces ions with little excess 

energy. Thus, this technique presents the advantage of yielding a spectrum with less 

fragmentations in which the molecular species is preserved. Consequently, CI can 

be considered as a complementary technique to EI. The ionization process is based 

on a chemical reaction between the analyte and ions of a reagent gas with lower 
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energy, which are introduced in the ion source in large excess. This excess 

determines high pressure in the source ensuring that an electron, entering the 

source, ionize the gas molecules. Complex reactions involving proton transfer, 

hydride abstractions, adduct formations, charge transfers, and so on, will produce 

positive and negative ions of the substance, the latter particularly useful to analyze 

highly electronegative compounds.  

Dennis’s group utilized pentafluorobenzyl bromide for derivatization of FAs and 

then employed negative chemical ionization (NCI) to successfully detect the intact 

signal of the molecular ion for fatty acids [12]. 

4.2.3 Electrospray ionization in lipid analysis 

The fundamental problem to couple LC system with MS technology was the 

incompatibility between the LC solvent flow and the MS high vacuum. The need 

to eliminate the elution solvent from the LC column outlet in a gas-phase ions led 

to the development of an interface in order to solve the problem.  

The first attempts such as moving-belt/wire coupling, or the particle beam (PB) 

interface, or direct liquid introduction (DLI) had several limitation such as flow rate 

and thermo labile compounds. The former two are based on the selective 

vaporization of the elution solvent before it enters the ion source. The direct 

introduction is based on the reduction of the flow so that can be directly pumped 

into the source (13-14). Today, the most used interfaces such as ESI, APCI and 

APPI can tolerate flow rates of about 1 mL/min without requiring a flow split, 

consequently the detection sensitivity increases. 

ESI is the major ionization method in lipid analysis [15]. In an ESI system, a 

high electric field is applied to nebulize a solution emerging from a needle of 

capillary tube. The field imparts a charge to the droplets and this accumulates while 



 

 

Chapter 4  

Doctor of Philosophy in Chemical Science     114 
 

the solvent evaporates. The dropletes increase their charge density up to a critical 

level. At this point, a coulomb explosion is triggered and the ions are completely 

desolvated in gas-phase ions. Finally, the ions are focused by an electronic lens and 

pass via a skimmer into the ion source. Figure 4.4 shows an ESI source 

ESI yields ions with single positive charge by adding a proton [M+H]+ or one 

cation such as the sodium ion, [M+Na]+, or by removing a proton, [M−H]−. Multiple 

charges such as [M+2H]2+ can be easily formed. In the latter case, MS spectra with 

many fragments are obtained, which must not be mixed up with classical spectra 

showing molecule fragments. ESI is suitable for thermally unstable analytes and 

macromolecules.  

 

Figure 4.4. Schematic representation of the ESI source. 

 

The ionization can be performed either in positive or in negative. For positive 

ionization, a pH value of about 5 is suitable, additives are formic and acetic acid, 

sometimes together with ammonium acetate. For negative ionization a pH of about 

9 is suitable and the additives are ammonia, triethylamine and diethylamine, 

sometimes together with ammonium acetate. Indeed, both positive and negative ion 

spectra can be obtained, and each may give useful structural information with 

particular lipids [7].  
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In 2003, Han and Gross [16] firstly proposed shotgun lipidomics, in which ESI-

MS was used for the direct analysis of lipids without pre-separation by LC. They 

found that the sphingomyelin decreased, while ceramide increased in the brain of 

Alzheimer’s patients using this technology [17]. However, the phenomenon of 

mutual conversion and ion suppression among different lipids may lead to systemic 

errors when detecting complex lipid extracts by shotgun ESI-MS analysis [15]. For 

example, the ionization of lysophosphatidylcholine (LPC) in ESI could easily lead 

to loss of choline group and become artificial lysophosphatidic acid (LPA) and 

therefore, this interferes with the next measurements of LPA [15]. To overcome 

these problems, a separation by LC is needed, permitting analysis of lipids as they 

are separated by LC, thus combining the power of LC with MS analysis. 

As reported by Christie [7], ESI interface is a rather delicate but sensitive 

ionization process, which is especially useful for complex PLs and GLs 

4.2.4 Atmospheric pressure chemical ionization/photoionization for lipid analysis 

Recently atmosphere pressure chemical ionization (APCI) and atmosphere 

pressure photoionization (APPI) were developed and applied to lipid investigations 

[15].  

APCI is based on chemical ionization by electron-capture reactions of ion-

molecule carried out in the ion source operated at atmospheric pressure. This 

technique permits to generate ions by corona discharge (3-6 kV) on a solvent spray 

(Figure 4.5). The sample ions are separated from the solvent molecules by passage 

through a ‘gas curtain’ before they enter the analyser region of the MS. APCI is 

mainly applied to compounds with moderate molecular weight up to about 1500 Da 

and gives generally mono-charged ions. Also with the APCI interface, the 

ionization can either be carried out in positive or negative ionization mode. 
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In positive ionization mode, the mechanisms are of protonation, adduct 

formation, and charge transfer. In the negative ion mode, electron capture and anion 

attachment are the primary mechanisms of ion formation. When aqueous solvents 

are used, an additive can be necessary for efficient ionization. With non-aqueous 

solvents, additives are not necessary, because the reactions occur during ionization. 

 

Figure 4.5. Schematic representation of the APCI source. 

 

APCI is usually used at higher flow rate than ESI; specifically, at a flow rate 

between 0.2 and 2 mL/min. APCI produces a mass-sensitive signal and low 

detection limits can be achieved due to the high efficiency of the ion-molecule 

reactions under atmospheric pressure conditions, where longer ion lifetimes are 

achieved. In fact, in these conditions the lifetime of the ions is about 10 ms 

compared to 10 μs obtained in medium pressure chemical ionization. 

The mechanism in APPI source is very similar to the APCI. The former uses of 

a discharge lamp emitting photons, while the latter uses the corona discharge needle 

emitting electrons. UV lamps provide photons at higher energy than the ionization 
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potentials of the analytes but lower than those of the atmospheric gas and of the 

used solvents (Figure 4.6). This allows ions from the analytes to be selectively 

produced without ionizing the solvent, thus considerably reducing the background 

noise. 

 

Figure 4.6. Schematic representation of the APPI source. 

 

Many successful applications to analysis of non-polar lipids such as TAGs have 

been published [Christie]. Non-polar lipids, which cannot form charged droplets in 

ESI, APCI and APPI were more suitable for their analysis [18-19]. In 2013, Tian et 

al. [20] compared these three ionization technologies for plasma metabolome 

analysis. ESI interface is very sensitive for detecting glycerophosphocholines, 

glycerophosphoethanolamines, acyl carnitines, bile acids, sulfate, etc. APCI is 

suitable for analyzing FA alcohols, FAs and linoleic acids. APPI is proven to be 

appropriate in detecting steroids, sphingolipids, some amino acids, nucleosides and 

purines in plasma [20]. 
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4.3 Mass analysers 

Besides the ion source, the mass analyzer is an extremely important in MS 

system. A mass analyzer is a device that enables to separate the gas phase species 

produced according to their mass. There are several types of mass analyzers that 

use different physical principles. They can be divided into two broad classes based 

on many properties. Scanning analyzers allow only the ions of a given m/z ratio to 

go through at a given time. They are magnetic sector or quadrupole instruments. On 

the contrary, mass analyzers such as time-of-flight (ToF), ion trap, ion cyclotron 

resonance or orbitrap, allow the simultaneous transmission of all ions across a given 

mass range.  

The main features of most common mass analyser, including quadrupole (qMS), 

triple quadrupole (QqQ), ion trap (IT) and ToF will be described in this thesis. Mass 

range limit, scanning speed, transmission, resolution and mass accuracy are 

considered in the evaluation of the performance of a MS analyser. The mass range 

determines the limit of m/z ratio over which the mass analyser can measure ions. 

The scanning speed represents the time required to scan a specific mass range. The 

transmission is the ratio of the number of ions reaching the detector and the number 

of ions entering the mass analyser.  

The term mass resolution or simply resolution (R) refers to the ability of a mass 

spectrometer of separating two narrow mass spectral peaks. The ability of an 

instrument to distinguish between ions differing by a small increment in their m/z 

value (Δm/z) is called as resolving power: 

𝑅 =  
𝑚

∆𝑚
 Eq. 4.0 

where Δm is the minimum difference between two peaks separated which allows to 

distinguish them and m is the mass of the first peak. The value of the valley between 
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two peaks to consider them resolved depends on the type of the MS analyser. For 

example, the resolution on magnetic sector is normally given according to the 10% 

valley definition, which defines Δm by the mass difference between two resolved 

peaks with a 10% valley between them. The 10% valley definition is equivalent to 

that where Δm is defined by the peak width at 5% peak height.  

The most commonly used method to measure the resolution of quadrupoles, and 

ToF follows the full width at half maximum (FWHM) definition, which uses the 

width of a peak at 50% of its height as a measure for Δm (Figure 4.7). 

 

Figure 4.7. Examples of different definitions of resolution. 

 

Low-resolution (LR) instruments operate at values of R between 500 and 2000. 

High-resolution (HR) refers to MS instruments with values of R major of 5000.  

The mass accuracy indicates the deviation of the instrument’s response between 

the measured accurate mass and calculated exact mass. It can be expressed as 

absolute mass accuracy, Δm/z: 

∆𝑚

𝑧
=

𝑚

𝑧𝑒𝑥𝑝
−

𝑚

𝑧𝑐𝑎𝑙
 Eq. 4.1 

Mass accuracy can also be indicated as relative mass accuracy (δ m/m) and is 

calculated as the absolute mass accuracy divided by the exact mass, and expressed 

as parts per million (ppm): 
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𝛿𝑚

𝑚
=

(
𝛿𝑚

𝑧
)

(
𝑚

𝑧
)

∗  106 Eq. 4.2 

Accurate mass measurements allow to determine the elemental composition of 

an analyte, and thereby to confirm the identification of target compounds or to 

support the identification of unknown compounds. 

Assuming infinite mass accuracy, we should be able to assign the molecular 

formula of any ion simply through its exact mass. In reality, deviations between the 

accurate and exact mass of an ion exist and, thus, we normally treat errors in the 

order of one to several ppm depending on the type of instrument and the mode of 

its operation.  

4.3.1 Quadrupole mass spectrometers 

Quadrupole (Q) instruments are probably the most widely used type of mass 

spectrometer. In 1953, Paul and Steinwegen [21] described the principle of the 

quadrupole mass analyzer for the first time.  

A quadrupole consists of four precisely matched parallel metal rods as shown in 

Figure 4.8. The mass separation is accomplished by the stable vibratory movement 

of ions in a high-frequency oscillating electric field that is created by applying 

direct-current (DC) and radio frequency (RF) potentials to these electrodes [22-24]. 

Opposite rods are electrically connected in pairs. The two pairs of rods have, at any 

time, potentials of the same magnitude, but of opposite sign. Ions entering the space 

between the rods oscillate in the directions x and y. Amplitude of oscillation 

depends on the frequency of the potential applied and the masses of the ions. One 

positive ion is attracted to a negative rod, while the negative one to the rod with 

opposite sign. If the potential changes sign, the ion changes direction without 

colliding on the rod. 
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Figure 4.8. Schematic representation of the Quadrupole mass analyser. 

 

The quadrupole systems operate at constant resolution, which means that the DC 

and RF are maintained constant. For a given amplitude of the DC and RF voltages, 

only the ions of a given m/z ratio will resonate, have a stable path to pass the 

quadrupole to be detected. Other ions will be de-stabilized and hit the rods [25].  

Quadrupole analyzers generally are operated at unit resolution, thus restricting their 

use to low resolution applications. The mass range depends on the settings of the 

DC and RF voltages. Typical m/z ranges are 25 to 2000 uma. Commonly to 

scanning analyzers, the quadrupole detects one ion at any given time, so most of 

the ions produced are not detected, thus decreasing the sensitivity. However, the 

sensitivity can be increased scanning a narrow m/z range, or operating in single ion 

monitoring (SIM) mode by choosing only on or few ions to be detected. 

Because of the scanning property of quadrupole mass analyzers, they are well 

suited for continuous ion sources such as EI and ESI, but are not suitable for pulsed 

ionization methods. 

4.3.2. Triple quadrupole mass spectrometers 

The goal of any MS analysis is to obtain more structural information on the 

analyte of interest. Sometimes the MS systems are not able to detected correctly the 

analytes because the ionization technique used produces relatively few structurally 
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diagnostic fragments, especially in soft experiment, or because their fragmentations 

are suppressed by the presence of other compounds introduced in the ion source, or 

because they are obscured by other ions generated from the matrix in the course of 

ionization. For such reason, the strong need of new techniques able to bypass these 

problems, and provide much valuable information about the molecular structure, 

led to development of tandem mass spectrometry. 

The term tandem mass spectrometry (MS/MS), or simply tandem MS, refers to 

any general methods where a given ion is subjected additional fragmentation by the 

CID (collision induced dissociation) gas and detection in second MS dimension, 

either in conjunction with a dissociation process or in a chemical reaction [26]. The 

high selectivity of MS/MS detection provides an enhanced identification capability, 

in discriminating not only non-isobaric compounds, but also isobaric ones [27]. 

 

Figure 4.9. Scheme of triple quadrupole mass analyzer. 

 

Triple quadrupole mass analyzer has been widely used in targeted lipids analysis 

[15]. A simple scheme of such hybrid analyzer is shown in Figure 4.9. While Q1 

and Q3 act as real quadrupole by filtering the ions depending on the combination 

of RF and DC, q2 acts almost as an ion trap where only a RF is applied to block the 
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ion. If both Q1 and Q3 operate in SIM mode, by selecting a precursor or “parent” 

ion and a product or “daughter” ion respectively, maximum selectivity and 

sensitivity is achieved in the so-called selected reaction monitoring (SRM) or 

multiple reaction monitoring (MRM) mode. If more components characterized by 

a similar fragmentation behavior need to be monitored, the neutral loss scan (NLS) 

mode can be adopted by monitoring the loss of a neutral molecule, such as water or 

carbon dioxide during the fragmentation, so only transitions characterized by a 

specific difference between precursor and product ion will result in a peak in the 

chromatogram. In addition, to improve structure elucidation the full scan spectrum 

of a precursor ion can be obtained in product ion scan mode (PIS), as well as the 

precursor ion scan mode is suitable to confirm the identification of a component by 

providing for a selected product the possible precursor. Figure 4.10 reports all the 

operation modes of a QqQ instrument [28]. 

 

Figure 4.10. Operation modes in QqQ. 

 

It is believed that along with the rapid development of MS, in particular the 

development of mass analyzers and their further applications to lipid analysis, more 
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functional lipids will be elucidated and identified as biomarkers and therapeutic 

targets [15]. 

4.3.3 Ion trap mass spectrometers 

In the ion trap (IT), the principle is different compared to the quadrupole. The 

ions are present inside the trap and are expelled according to their masses in order 

obtain the spectrum. While the ions repel each other into the trap, their trajectories 

expand as a function of the time. To avoid ion losses due to this expansion, care has 

to be taken to reduce the trajectory. This is achieved by keeping in the trap a 

pressure of helium or argon gas that removes excess energy from the ions by 

collision. 

The IT consists of two hyperbolic electrodes serving as end caps and a ring 

electrode (Figure. 4.11). The end caps are electrically connected and the DC and 

RF potentials are applied between them and the ring electrode [29-30]. 

 

Figure 4.11. Schematic representation of the ion trap mass analyser. 

 

In addition to the full scan experiment, the IT analyser is also able to perform 

experiment MS tandem. In fact, it is possible to select a specific precursor ion, 

which is fragmented and analysed. CID gas such as helium or argon provides the 

energy for further fragmentantions. 
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4.3.4 Time-of-flight spectrometers 

Stephens described the concept of time-of-flight (ToF) analysers in 1946 [31]. 

Wiley and McLaren published in 1955 the design of a ToF mass spectrometer, 

which later became the first commercial instrument [32].  

Figure 4.12 shows the scheme of a linear ToF instrument. 

 

Figure 4.12. Schematic representation of a linear TOF mass spectrometer. 

 

Ions are expelled from the source in “packages” by a transient application of the 

required potentials on the source focusing lenses. These ions are then accelerated 

towards the flight tube by a difference of potential applied between an electrode 

and the extraction grid. When these ions leaving the acceleration region, they have 

the same charges and, ideally, the same kinetic energies. Subsequently, they enter 

into a field-free region where are separated according to their velocities, and reach 

the detector positioned at the other extremity of the flight tube. Provided that all 

ions begin their course at the same time, or at least within an appropriate short time 

interval, the lighter ones arrive earlier at the detector than the heavier ones. 

An instrumental setup where the ions are traveling on a straight line is called 

“linear” ToF. The time difference between the initial pulse signal and the time at 

which one ion affects the detector is time of flight and can be expressed as: 
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𝑡𝑇𝑜𝐹 =
𝐿

ʋ
= 𝐿√

𝑚

2𝑞𝑈𝑎
∝ √

𝑚

𝑧
 Eq. 4.3 

where L is the length of the field-free region, ʋ is the ion velocity after acceleration, 

m is the mass of the ion, q the charge of the ion, Ua represents the accelerating 

electric potential difference, and z the charge state. This equation shows that, higher 

is the mass of an ion, slower it will arrive to the detector. 

In principle, the mass range of a ToF analyzer has no limit, which makes it 

especially suitable for analyzing large molecules, e.g., up to 300 kDa [33]. Another 

advantage of these instruments is their high transmission efficiency that leads to 

very high sensitivity compared to quadrupole analyzer. This is due to the fact that 

all the mass ranges are simultaneously analyzed in contrast with the scanning 

analyzers where ions are subsequently transmitted over a time scale. ToF analyser 

is very fast, and a spectrum over a broad mass range can be obtained in the micro-

seconds time interval. As the mass resolution is proportional to the flight time and 

the flight path, one solution to increase the resolution of these analysers is to 

lengthen the flight tube. However, too long a flight tube decreases the performance 

of ToF analysers because of the loss of ions by scattering after collisions with gas 

molecules or by angular dispersion of the ion beam. It is also possible to increase 

the flight time by lowering the acceleration voltage, but lowering this voltage 

reduces the sensitivity. 

Electrostatic reflector or also called reflectron have been introduced to improve 

mass resolution of ToF instruments. The reflectron was proposed for the first time 

by Mamyrin [34]. It creates a retarding field that acts as an ion mirror by deflecting 

the ions and sending them back through the flight tube. The term reflectron ToF (R-

ToF) analyser is used to differentiate it from the linear ToF (L-ToF) analyser. 
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As shown in Figure 4.13 the reflectron is situated behind the field-free region 

opposed to the ion source while detector is positioned on the source side of the ion 

mirror to capture the arrival of ions after they are reflected.  

 

Figure 4.13. Schematic representation of a reflectron time-of-flight (R-ToF) 

analyser mass spectrometer. 

 

The reflectron corrects the kinetic energy dispersion of the ions leaving the 

source with the same m/z ratio. Consequently, ions with more kinetic energy and 

hence with more velocity will penetrate the reflectron more deeply than ions with 

lower kinetic energy. Consequently, the faster ions spend more time in the 

reflectron and reach the detector at the same time than slower ions. Although the 

reflectron increases the flight path, though without increasing the dimensions of the 

mass spectrometer, the beneficial increase in mass resolution comes at the expense 

of sensitivity and mass range limitation. The choice of operating ToF instruments 

in linear or reflectron mode heavily depends on the species to be detected. 
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With the development of tandem mass spectrometry, quadrupole-ToF (Q-ToF) 

instruments, pair the quadrupole (and collision cell) with a ToF analyzer, allowing 

high-resolution, high mass accuracy analysis of all ions simultaneously. Q-ToF 

systems are usually used for non-targeted lipid analysis, which detects many 

metabolites simultaneously and is very helpful for drawing the metabolic disorder 

network [15]. 
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Chapter 5 

 

Elucidation of FAMEs of human blood collected on Dried Blood Spot by gas 

chromatographic technique. 

 

5.1 Introduction 

The complete characterization of lipids in human blood has become a useful and 

routine tool to understand the importance of dietary and lifestyle for human health. 

Lipids are involved in numerous vital biological processes and a detailed 

knowledge of the FAs composition in blood allows conclusions on human nutrition 

and health conditions [1]. Their dysregulation contributes to numerous human 

diseases, such cardiovascular disease [2], diabetes [3-4], obesity [5], cystic fibrosis 

[6], male and female infertility [7-9], and Alzheimer’s disease [10]. 

Global lipidomics rely on a variety of sample preparation techniques that allow 

extraction of the lipidome from biological fluids. Extraction efficiency of lipid 

species depends largely also on the procedure used in the extraction. In terms of 

total lipid extraction, where lipids have a wide range of polarity, there are two 

standard procedures commonly reported in literature: Bligh and Dyer [11] and 

Folch protocols [12]. Both of these are liquid-liquid extraction technique that use 

chloroform and methanol at different ratios.  

Alternative and environmental-friendly methods to perform automated total lipid 

extraction are emerging. In recent decade, Matyash et al. [13] has published a 

method where chloroform has been replaced with methyl-tert-butyl ether (MTBE). 

Recently, Lars Löfgren et al. [14] has developed “BUME” method, a chloroform-

free total lipid extraction procedure. The determination of fatty acids in human 

blood is commonly carried out using gas chromatographic (GC) techniques, 
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previous derivatization of lipid molecules to more volatile and less polar fatty acid 

methyl esters (FAMEs). The first GC application on human fatty acids was 

published at the end of the 1950s [15]. Various and different derivatization 

procedures are reported in the literature to study the fatty acids composition of lipid 

matrices. Morrison and Smith [16] have developed one of the most common fatty 

acid trans-esterification methods. FAMEs were prepared by methanolysis of lipids 

using boron trifluoride (BF3) in methanol at the high temperature (100°C). The free 

fatty acids (FFAs) esterified in two minutes with BF3 methanolic solution (12-14% 

w/v). Longer reaction times were required for the transesterification of other lipid 

classes as triglycerides (TAGs) and cholesterol esters (CEs) that needed of 30 and 

45 minutes, respectively. Metcalfe et al. [17] have developed a modified procedure 

of the Morrison and Smith’s method. This procedure provided firstly a rapid 

saponification with methanolic sodium hydroxide (NaOH) followed by 

esterification of fatty acid adding BF3 in methanol. The reaction time in a boiling 

water bath at 100°C was 10 minutes. This procedure was developed mainly for the 

control analysis of fats and oils in the industrial field. However, Bondia et al. [18] 

used it for the determination of total fatty acids in plasma of neonates. The 

derivatization protocol that combines NaOH/BF3 led to a good derivatization 

efficacy (≥ 85%) for FFAs, phospholipids (PLs), TAGs and CEs [19].  

Procedures for the determination of fatty acids have been described in which 

plants or animal tissue was extracted and transesterified at the same time. These 

direct derivatization procedures give better recoveries of fatty acids, the time and 

solvent requirements are greatly reduced [20]. Lepage and Roy [21] used 5% 

anhydrous hydrogen chloride (HCl) in methanol as derivatizing agent to 

determinate directly the lipid composition of the plasma. Galli et al. [22] determined 
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the fatty acid composition of circulating lipids in whole blood from fingertip 

puncture by using HCl in methanol as methylating agent. The fatty acids 

methanolysis carried out at 100°C for one hour of time. In only one-step, TAGs, 

CEs, PLs and sphingomyelins (SMs) were derivatized with high recovery values (> 

95%). The technique led to an increase of 20.1% in total fatty acids compared to 

the Folch protocol. The main disadvantage is related to the long reflux time 

necessary to complete the reaction. In the early nineties, an alternative trans-

esterification procedure to convert immediately lipid classes of human blood serum 

into the corresponding FAMEs in a single step was reported. Derivatizing agent 

was trimethylsulfonium hydroxide (TMSH) in methanol [23]. It was introduced in 

1978 as methylating agent for acidic organic molecules [24]. TMSH was used to 

methylate FFAs by pyrolysis of the salt in the heated injection port of gas 

chromatograph [25] or to effect base-catalyzed trans-esterification of lipids. El-

Hamdy and Christie [26] studied the rate of reaction of the TMSH with different 

lipid classes: the derivatization of TAGs and phosphatidylcholines (PCs) was 

essentially complete in about five minutes, but relative to CEs, the reaction was still 

far from complete after five hours with 0.2 M TMSH in methanol. Furthermore, a 

loss of approximately 5% of the polyunsaturated fatty acids (PUFAs) was detected 

utilizing TMSH. The most common basic trans-esterifying agent in bioclinical field 

is sodium methoxide (CH3ONa) in dry methanol, as described by Christie in 1982 

[27]. TAGs were essentially trans-esterified in two-five minutes at room 

temperature and PLs in only one minute; CEs reacted more slowly and satisfactory 

results were obtained after one hour of reaction. CH3ONa-catalyzed derivatization 

cannot be used for FFAs or amide-bound fatty acids in sphingolipids. Recently, 

Rizzo et al. described a rapid direct derivatization procedure for total blood FAMEs 
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assay by using CH3ONa in methanol 3.33% (w/v) as basic catalyst [28]. In this 

study, a method suitable for large-scale population studies to evaluate essential fatty 

acid (EFA) status of membrane phospholipids of red blood cells and of whole blood 

was described and validated. In 2001, López-López [29] described a rapid method 

to determinate the fatty acid composition of human milk, without previous lipid 

extraction. The one-step extraction and methylation procedure uses firstly CH3ONa 

in anhydrous methanol (0.5% w/v) as basic catalyst because it is a valuable reagent 

for rapid trans-esterification of fatty acids linked by ester bonds to alcohols (e.g. 

cholesterol, glycerol). FFAs originally present, or produced by saponification, are 

not converted to methyl esters. In the second stage, the procedure involves also the 

use of an acid catalyst, BF3 in methanol, for rapid esterification of all FFAs to 

methyl esters. Some authors employed the dual stage derivatization protocol for the 

determination of human plasma fatty acids profile [30-31]. In addition, Koning et 

al. made the sodium methylate/BF3 procedure fully-automated by using a robotic 

preparative station to determine the FA composition of fats and oils [32].  

The main limiting factor of large-scale studies in clinical field is related to the 

difficult collection of the whole blood samples from the antecubital vein in a very 

high number of subjects [33]. Involving health personnel and medical facilities, the 

conventional bio-sample collection techniques are relatively expensive in term of 

time and money. A century ago, Bang introduced for the first time a dried blood 

matrix as an unconventional sampling method [34]. Later, Guthrie in 1963 utilized 

the dried blood spot (DBS) technique for newborn screening [35]. Compared to 

venepuncture, the DBS sampling technique requires less sample volume and is 

more patient friendly. The dried sample can be placed appropriately in an envelope 

or similar container; does not require temperature regulation. This technique avoids 
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the often cumbersome and expensive processes associated with transport of 

biological fluids [36].  

The present research is focused on the optimization of a rapid and miniaturized GC-

based analytical strategy for the complete characterization of the FA profile of 

whole blood by using a direct derivatization procedure on a DBS. Among various 

figures of merit, the accuracy of the method was evaluated by using a reference 

human plasma sample (Metabolites in human plasma), certified by the National 

Institute of Standard & Technology (NIST) [37]. The analytical procedure was also 

applied to samples of human serum and plasma. During a final stage of the research, 

the developed analytical method was performed in a fully-automated manner. 

5.2 Materials and methods 

5.2.1 Sample and Chemicals 

Blood, plasma and serum samples were provided by two volunteers. One of them 

claimed to periodically take omega-3 FA supplements. All solvents, reagents and 

standard materials were purchased from Merck Life Science (Darmstadt, 

Germany). To evaluate the accuracy of the developed method, the reference 

material SRM 1950 “Metabolites in human plasma”, certified by NIST, was 

utilized. For direct derivatization, CH3ONa and BF3 in methanol solution (14%) 

were used (Merck Life Science). For FAMEs extraction, n-heptane (for HPLC, ≥ 

99%) was used. The isotope labeled fatty acids tetradecanoic-d27 acid (C14-d27:0) 

and stearic-d35 acid (C18-d35:0) were used as internal standards (ISs). The “Supelco 

37 Component FAME Mix” was used for the construction of calibration curves and 

to calculate limits of detection (LOD) and quantification (LOQ). A detailed 

description of the procedures applied for the determination of the figures of merit 

is reported below. A C4-C24 even carbon saturated FAMEs (1000 g mL-1) standard 
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mixture in hexane was utilized for FAMEs linear retention index (LRI) calculation. 

Supelco 37 Component FAME Mix, PUFA No.1 (Marine Source) neat, PUFA No.2 

(Animal Source) neat, PUFA No.3 (from menhaden oil) neat, Bacterial Acid 

Methyl Ester (BAME) Mix were injected into the GC system for the determination 

of FAME reference LRIs, and for the construction of a laboratory LRI database, 

helpful for analyte identification. 

Before the analysis, all biological fluids were maintained at -80°C, while all 

standards were maintained at -20°C. 903 Whatman Protein saver cards (Merck Life 

Science) were used as sampling support for the biological fluids. 

5.2.2 Sample preparation 

A certified analytical balance (AX204 Mettler Toledo, d = 0.1 mg) was used to 

prepare an internal standard solution at a known concentration. Specifically, 10 mg 

of pure standard C14-d27:0 and C18-d35:0 were weighed and accurately transferred 

into a volumetric flask. The standards were solubilized using n-heptane. The 

solution was sonicated until complete compound solubilization. Finally, the 

volumetric flask was filled to a volume of 10 mL.  

For FAMEs quantification (μg g-1), 25 μL of IS solution, containing C14-d27:0 and 

C18-d35:0 (1000 mg L-1 in n-heptane), were spotted on 903 Whatman protein saver 

cards using a high precision Hamilton syringe (volume 25 μL). Sample spotting 

was performed in the mid-point of the collection area to enable radial dispersion of 

the sample. The sample was dried completely for 60 min at room temperature. 

After, the part of the paper containing the sample and the two ISs was cut out and 

transferred directly into a glass vial with a propylene screw-cap and a 

polytetrafluoroethylene/silicone septum. 
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Fatty acid derivatization was carried out by adding 500 μL of CH3ONa in methanol 

(0.5% w/v) to the vial; the reaction mixture was heated for 15 min at 95°C. After 

cooling, 500 μL of BF3 methanolic solution were added to the mixture and again 

heated for 15 min at 95°C. For a global evaluation of the derivatization efficiency, 

60 min reaction times for these two stages were also investigated. Finally, 350 μL 

of n-heptane were used for FAMEs extraction, while 300 μL of a NaCl saturated 

solution were added to the vial to facilitate the separation of the biphasic system. 

The sample was agitated using vortex mixer. After the gravitational separation of 

phases, the upper heptanic FAMEs layer was ready for the GC analysis. To evaluate 

the influence of the sampling paper on the end results, the SRM 1950 sample was 

also analyzed after direct location in the glass vial. In this case, the same amounts 

of internal standards and the same derivatization protocol were used.  

The plasma, serum and whole blood, object of study in this research work, were 

obtained by venous blood collection. Sample volumes were 25 μL for plasma and 

serum, and 50 μL for whole blood. The FA compositions were reported both as 

absolute concentrations (μg g-1) and percentages (%). Each sample was derivatized 

in triplicate and each replica injected for three consecutive runs. 

5.2.3 Calibration and quantification 

Fatty acid methyl ester quantification was performed using the IS method. 

Separate calibration curves for each one of FAMEs present in the Supelco 37 

Component FAME Mix standard were used to evaluate the FID response linearity. 

The calibration curves were constructed using twelve working mixtures (12 points) 

at different concentration levels (three replicates for each level). All working 

mixtures were spiked with a fixed concentration of deuterated internal standards 

(25 μL of the solution containing C14d27:0 and C18d35:0, both at a concentration of 
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1000 mg L-1). Then, the calibration curves were constructed by plotting the 

concentration ratio between the specific FAME and the deuterated FAME along the 

vertical axis and the related peak area ratios along the horizontal axis. C14d27:0 was 

used for quantification of FAMEs up until the C16 group and C18d35:0 for the 

quantification of longer chain FAMEs. All the working mixtures were derivatized 

under the conditions described above. 

5.2.4 Method figures of merit 

The method figures of merit were measured according to the Eurachem 

guidelines [38]. Both intra- and inter-day precision were determined. The former 

was established by analyzing one whole blood sample eight times, while the latter 

was determined through analysis in triplicate of the same sample for three 

consecutive weeks. The LOD and LOQ values were derived from ten replicate 

measurements of the Supelco-37 FAMEs Mix at the lowest concentration level. Ten 

working mixtures were derivatized to eliminate analytical problems due to the 

sample treatment that may introduce systematic errors in analytical measurements. 

LOD and LOQ parameters were evaluated considering LOD as the minimum 

amount of the target FAME compound that can be qualitatively detected and LOQ 

as minimum amount that can be quantified with accuracy and precision. LODs and 

LOQs were calculated by using the following equations [39]:  

LOD = 3 × s’0  

LOQ = 10 × s’0  

where s’0 is the ratio between the standard deviation of the results expressed in 

concentration units and square root of the number of replicates. The accuracy of the 

method was evaluated by analyzing the certified NIST human plasma. 
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Experimental quantitative results were compared with the values reported in the 

NIST certificate of analysis. 

5.2.5 GC-MS and GC-FID analysis 

The identification of fatty acids was carried out on a GCMS-QP2010 (Shimadzu, 

Milan, Italy) equipped with a split-splitless injector (280°C). An AOC-20i auto-

sampler was used for injection of samples into GC system. The chromatographic 

column was a SLB-IL60 30 m × 0.25 mm id, 0.20 μm df (Merck Life Science). The 

temperature program was as follow: 70°C to 180°C (10 min) at 3.0°C/min, and then 

up to 280 at 3°C/min. Injection volume was 3.0 µL with a split ratio of 1:10. Helium 

was used as carrier gas at 30 cm/s of linear velocity and an initial inlet pressure of 

31.7 kPa. MS parameters were as follows: mass range 40–550 amu, ion source 

temperature 220°C, interface temperature 250°C. The GCMSsolution software 

(version 4.50 Shimadzu) was used for data collection and handling. Peak 

assignment was carried out through the application of a double filter: spectral 

similarity (over 85 %) and a ±10 LRI tolerance window. In such a respect, the 

LIPIDS Mass Spectral Library Version 1.0 (Shimadzu, Europa, Duisburg, 

Germany) and a lab-constructed LRI database were used. 

FAMEs quantification was carried out on a GC-2010 (Shimadzu) equipped with a 

split-splitless injector, an AOC-20i+s auto-sampler and an FID detector (280°C). 

GC column, temperature program, and carrier gas were the same as previously 

described for GC-MS analysis, apart for the inlet initial pressure of 103.5 kPa 

(constant linear velocity equal to 30 cm/s). The FID temperature was set at 280°C 

(sampling rate 40 ms) and gas flows were 40 mL/min for hydrogen, 30 mL/min for 

make up (nitrogen) and 400 mL/min for air. Data were collected and processed 

using LabSolution software (version 5.92, Shimadzu).  
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In the final step of this research work, the entire developed method was fully-

automated by using a robotic sample preparation workstation (AOC-6000, 

Shimadzu), and a GC-FID (Nexis GC-209 2030, Shimadzu). At the end of each 

analysis, a report is automatically generated containing quantification data, as well 

as specific values related to the nutritional and health status (e.g., ω6/ω3, 

saturated/monounsaturated FAs, etc.) 

5.3 Results and discussion 

5.3.1 GC method optimization 

The GC analysis of FAMEs are usually carried out on capillary column mainly on 

polar stationary phase. Recently, several applications, related to the analysis of 

FAMEs by GC, have been developed using ionic liquid (IL) columns as the most 

polar stationary phases among those commercially available. IL is organic salt, 

formed of an organic cation (i.e. dialkylimidazolium and phosphonium) and an 

organic or inorganic anion [40]. They possess the particular properties being liquid 

at room temperature. Respect to most common polar capillary columns used for 

FAMEs separation, coated with polyethylene glycol or with cyanopropyl-based 

phases, IL columns exhibit a lower bleeding with the advantage of not 

compromising the quantification of the analytes, especially those with a lower 

concentration level. Developed chromatographic method has allowed the 

separation of 32 FAMEs in the SRM 1950 plasma sample as showed in Figure 5.1.  
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Figure 5.1. GC-FID chromatogram of Mix Supelco-37 FAMEs analysis on IL-60 

ionic liquid column. 

 

In order to improve the identification of the compounds, both mass spectrometry 

similarity and LRIs tolerance were used. This is very important considering that the 

fragmentation of FAMEs, especially in double-bond positional isomers, is almost 

identical. With the combined use of double filter on a polar IL capillary column, a 

univocal identification of FAs in a biological sample was obtained (Table 5.1). A 

gradient of temperature was employed during chromatographic run for FAMEs 

separation, except in the region of 18-carbon FAMEs; a 10-minutes isotherm 

allowed the peaks separation. 
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Table 5.1. Identification parameters of FAMEs in SRM 1950 sample: LRI exp is the 

experimental linear retention index, LRI ref is the reference value, MS Sim.% 

represents the percentage of similarity between experimental and library spectra. 

FAMEs. 

 Identification Criteria 

FAMEs MS Sim%. LRI exp LRI ref 

Lauric Acid [C12:0] 93 1198 1200 

Myristic Acid [C14:0] 97 1398 1400 

Myristoleic Acid [C14:1n5] 91 1425 1425 

Pentadecanoic Acid [C15:0] 96 1500 1500 

Palmitic Acid [C16:0] 97 1599 1600 

Palmitoleinic Acid [C16:1n9] 95 1603 1605 

Palmitoleic Acid [C16:1n7] 95 1613 1615 

iso-Heptadecanoic Acid [C17:0 iso] 88 1651 1652 

anteiso-Heptadecanoic Acid [C17:0 anteiso] 92 1664 1666 

Margaric Acid [C17:0] 96 1695 1700 

Stearic Acid [C18:0] 98 1798 1800 

Oleic Acid [C18:1n9] 96 1807 1809 

cis-Vaccenic Acid [C18:1n7] 99 1814 1820 

Linoleic Acid [C18:2n6] 99 1836 1829 

γ-Linolenic Acid [C18:3n6] 96 1847 1856 

α-Linolenic Acid [C18:3n3] 93 1886 1898 

Arachidic Acid [20:0] 97 1996 2000 

Gondoic Acid [C20:1n9] 94 2010 2011 

Eicosatrienoic Acid [C20:3n9] 93 2027 2031 

homo-γ-Linolenic Acid [C20:2n6] 97 2055 2053 

Arachidonic Acid [C20:4n6] 97 2063 2063 

dihomo-γ-Linolenic Acid [C20:3n6] 98 2067 2066 

Eicosapentaenoic Acid [C20:5n3] 98 2116 2119 

Eicosatetraenoic Acid [C20:4n3] 89 2119 2123 

Behenic Acid [C22:0] 93 2196 2200 

Erucic Acid [C22:1n9] 89 2212 2216 

Docosapentaenoic Acid [C22:5n6] 93 2271 2275 

Adrenic Acid [C22:4n6] 98 2280 2285 

Docosahexaenoic Acid [C22:6n3] 95 2328 2333 

Docosapentaenoic Acid [C22:5n3] 93 2335 2341 

Lignoceric Acid [C24:0] 98 2395 2400 

Nervonic Acid [C24:1n9] 89 2412 2416 

 

5.3.2 Method figures of merit 

Linearity was measured across a series of concentration ranges by diluting a 

standard FAME mixture (contained in various concentrations) in 12 different 
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working solutions. Table 5.2 shows the linear regression equation and coefficients 

of determination (R2) obtained for each FAME present in the standard mixture. All 

calibration curves were characterized by a satisfactory linearity with R2 values ≥ 

0.9975. The LODs and LOQs (Table 5.3) were calculated as previously described. 

Most FAMEs revealed LOD and LOQ values less than 0.59 μg g-1. Such an 

assessment demonstrated that the developed procedure was suitable for quantitative 

determinations, considering that the FAME concentrations in the reference sample 

were significantly above the LOD and LOQ values. 

Table 5.2. Linearity and linearity range parameters of FA compounds. Linearity 

ranges are reported in µg g-1.  

 

 Linearity Linearity Range 

FAMEs Regression Equation R2 µg g-1 

Lauric Acid [C12:0] y = 1.41944x + 0.001138 0.9995 0.7 - 33.3 

Myristic Acid [C14:0] y = 1.50818x + 0.00151 0.9991 0.7 - 33.3 

Myristoleic Acid [C14:1n5] y = 1.39576x + 0.00074 0.9993 0.7 - 16.7 

Pentadecanoic Acid [C15:0] y = 1.48493x + 0.00073 0.9998 0.7 - 16.7 

Palmitic Acid [C16:0] y = 1.09761 + 0.03495 0.9992 20 - 1500.0 

Palmitoleinic Acid [C16:1n9] y = 1.02477x - 0.00768 0.9992 6.7 - 667.0 

Palmitoleic Acid [C16:1n7] y = 1.02477x - 0.00768 0.9992 6.7 - 667.0 

iso-Heptadecanoic Acid [C17:0 iso] y = 1.49794x + 0.00108 0.9984 0.7 - 16.7 

anteiso-Heptadecanoic Acid [C17:0 anteiso] y = 1.49794x + 0.00108 0.9984 0.7 - 16.7 

Margaric Acid [C17:0] y = 1.49794x + 0.00108 0.9984 0.7 - 16.7 

Stearic Acid [C18:0] y = 1.08817x + 0.02099 0.9999 33.3 - 1000.0 

Oleic Acid [C18:1n9] y = 1.07851x + 0.01390 0.9994 33.3 - 1000.0 

cis-Vaccenic Acid [C18:1n7] y = 1.07851x + 0.01390 0.9994 33.3 - 1000.0 

Linoleic Acid [C18:2n6] y = 1.06047x + 0.00351 0.9989 16.7 - 833.3 

γ-Linolenic Acid [C18:3n6] y = 1.23313x +  0.00108 0.9991 1.7 - 33.3 

α-Linolenic Acid [C18:3n3] y = 1.30780x +  0.00060 0.9994 0.7 - 16.7 

Arachidic Acid [20:0] y = 1.42674x + 0.00102 0.9984 0.7 - 33.3 

Gondoic Acid [C20:1n9] y = 1.35415x + 0.00049 0.9983 0.7 - 16.7 

Eicosatrienoic Acid [C20:3n9] y = 1.35415x + 0.00049 0.9983 0.7 - 16.7 

homo-γ-Linolenic Acid [C20:2n6] y = 1.07255x + 0.00023 0.9977 1.7 - 66.7 

Arachidonic Acid [C20:4n6] y =  0.904310x +  0.00630 0.9995 16.7 - 500.0 

dihomo-γ-Linolenic Acid [C20:3n6] y =  0.980348 + 0.00372 0.9998 3.3 - 166.7 

Eicosapentaenoic Acid [C20:5n3] y =  0.929737 + 0.00145 0.9997 3.3 - 166.7 

Eicosatetraenoic Acid [C20:4n3] y =  0.929737 + 0.00145 0.9997 3.3 - 166.7 

Behenic Acid [C22:0] y = 1.33251x +  0.00122 0.9990 1.3 - 33.3 
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Erucic Acid [C22:1n9] y = 1.26691x +  0.00061 0.9988 0.7 - 16.7 

Docosapentaenoic Acid [C22:5n6] y = 0.744822x + 0.00136 0.9994 3.3 - 166.7 

Adrenic Acid [C22:4n6] y = 0.744822x + 0.00136 0.9994 3.3 - 166.7 

Docosahexaenoic Acid [C22:6n3] y = 0.744822x + 0.00136 0.9994 3.3 - 166.7 

Docosapentaenoic Acid [C22:5n3] y = 0.744822x + 0.00136 0.9994 3.3 - 166.7 

Lignoceric Acid [C24:0] y = 1.17714x + 0.00112 0.9983 0.7 - 33.3 

Nervonic Acid [C24:1n9] y =  0.859128x + 0.00199 0.9982 1.7 - 66.7 

 

Table 5.3. LOD and LOQ evaluation (µg g-1) of FAMEs. 

 

FAMEs LOD  LOQ 

Lauric Acid [C12:0] 0.12 0.40 

Myristic Acid [C14:0] 0.02 0.05 

Myristoleic Acid [C14:1n5] 0.08 0.27 

Pentadecanoic Acid [C15:0] 0.04 0.12 

Palmitic Acid [C16:0] 0.15 0.49 

Palmitoleinic Acid [C16:1n9] 0.08 0.26 

Palmitoleic Acid [C16:1n7] 0.08 0.26 

iso-Heptadecanoic Acid [C17:0 iso] 0.04 0.14 

anteiso-Heptadecanoic Acid [C17:0 anteiso] 0.04 0.14 

Margaric Acid [C17:0] 0.04 0.14 

Stearic Acid [C18:0] 0.18 0.59 

Oleic Acid [C18:1n9] 0.12 0.40 

cis-Vaccenic Acid [C18:1n7] 0.12 0.40 

Linoleic Acid [C18:2n6] 0.15 0.50 

γ-Linolenic Acid [C18:3n6] 0.01 0.04 

α-Linolenic Acid [C18:3n3] 0.06 0.20 

Arachidic Acid [20:0] 0.06 0.19 

Gondoic Acid [C20:1n9] 0.05 0.18 

Eicosatrienoic Acid [C20:3n9] 0.05 0.18 

homo-γ-Linolenic Acid [C20:2n6] 0.06 0.20 

Arachidonic Acid [C20:4n6] 0.08 0.27 

dihomo-γ-Linolenic Acid [C20:3n6] 0.03 0.12 

Eicosapentaenoic Acid [C20:5n3] 0.04 0.12 

Eicosatetraenoic Acid [C20:4n3] 0.04 0.12 

Behenic Acid [C22:0] 0.08 0.27 

Erucic Acid [C22:1n9] 0.04 0.13 

Docosapentaenoic Acid [C22:5n6] 0.09 0.32 

Adrenic Acid [C22:4n6] 0.09 0.32 

Docosahexaenoic Acid [C22:6n3] 0.09 0.32 

Docosapentaenoic Acid [C22:5n3] 0.09 0.23 

Lignoceric Acid [C24:0] 0.06 0.21 

Nervonic Acid [C24:1n9] 0.11 0.36 
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Accuracy assessment was analyzing the NIST plasma sample with certified and 

reference FA concentrations. A NIST certified value represents a value with the 

highest confidence in its accuracy (approximately 95% confidence level for NIST). 

The uncertainty provided with each concentration value is an expanded uncertainty 

about the mean. The expanded uncertainty U is calculated as U = kuc, where uc is 

the standard deviation of an analyte average value and k is a coverage factor, where 

k = 2.0, corresponding to approximately 95% of the confidence level. A NIST 

reference value is not a certified value, but it represents the best estimation of the 

true value based on experimental data [37]. The reference values do not meet the 

NIST criteria for certification and may reflect only measurement reproducibility, 

may not include all sources of uncertainty, or may reflect a lack of sufficient 

statistical agreement among multiple analytical methods [41]. 

The certified plasma sample was subjected to two different derivatization times (15 

and 60 min) both in the presence and in absence of DBS paper. The quantitative 

values (derived by using GC-FID) for each FAME were compared with the values 

reported in the certificate of analysis. The accuracy of the method was described as 

recovery percentage (recovery %) of each individual FAME, with respect to the 

certified data. Detailed accuracy results are summarized in Tables 5.4 and 5.5. Good 

agreement was observed among the four procedures for most of the fatty acids 

compared to the declared values, except for the long-chain SFAs, arachidic acid 

(C20:0), behenic acid (C22:0), lignoceric acid (C24:0) and a MUFA, nervonic acid 

(C24:1n9). In fact, these four FAMEs were recovered at significantly higher 

concentrations using the longer derivatization time. However, min are still not 

sufficient for the complete recovery of C24:0 and C24:1n9. Pentadecanoic acid  

(C15:0), reported in the NIST certificate at a concentration level of 1.08 ± 0.01 µg 
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g-1, was the only component showing a significant difference such a reference 

value, resulting in concentrations of around 3.0 µg g-1. The MS spectrum and the 

peak shape of this compound suggest the absence of interfering material that could 

introduce an error in its quantitation. Previous studies do not report the 

concentration level of C15:0 in the sample [41-43], thus a comparison was not 

possible. Further investigation is therefore necessary to understand this behavior. 

Significant differences were not observed for all the other FAMEs, thus excluding 

the presence of any systematic error. 

Table 5.4. Comparison of FAMEs quantitative profile in NIST SRM 1950 obtained 

using 15 minutes of derivatization time. FAMEs amounts are expressed in µg g-1 of 

reference material. The accuracy of methods is reported in recovery %. 

 

  Derivatization Time 15 min 

 NIST value DBS No DBS 

FAMEs µg/g µg/g recovery % µg/g recovery % 

Lauric Acid [C12:0] 1.86 ± 0.11 A 1.95 ± 0.10 104.7 1.96 ± 0.08 105.6 

Myristic Acid [C14:0] 17.90 ± 3.80 B 16.87 ± 0.62 94.3 16.63 ± 0.81 92.9 

Myristoleic Acid [C14:1n5] 1.57 ± 0.03 B 1.34 ± 0.11 85.6 1.33 ± 0.12 84.5 

Pentadecanoic Acid [C15:0] 1.08 ± 0.01 B 3.05 ± 0.40 282.7 2.43 ± 0.18 224.7 

Palmitic Acid [C16:0] 594.00 ± 19.00 A 570.87 ± 12.84 96.1 567.08 ± 27.16 95.5 

Palmitoleinic Acid [C16:1n9] - 8.28 ± 1.40 - 7.03 ± 1.29 - 

Palmitoleic Acid [C16:1n7] 53.50 ± 6.40 A 59.93 ± 1.96 112.0 59.38 ± 1.78 111.0 

iso-Heptadecanoic Acid [C17:0 iso] - 1.64 ± 0.12 - 1.52 ± 0.18 - 

anteiso-Heptadecanoic Acid [C17:0 anteiso] - 1.60 ± 0.17 - 1.34 ± 0.16 - 

Margaric Acid [C17:0] 4.70 ± 0.20 B 4.62 ± 0.86 98.4 4.38 ± 0.22 93.2 

Stearic Acid [C18:0] 179.00 ± 12.00 A 176.81 ± 4.76 98.8 176.40 ± 7.89 98.5 

Oleic Acid [C18:1n9] 447.00 ± 43.00 A 509.86 ± 11.90 114.1 514.81 ± 11.91 115.2 

cis-Vaccenic Acid [C18:1n7] 37.70 ± 0.90 B 35.01 ± 1.14 92.9 37.28 ± 1.60 98.9 

Linoleic Acid [C18:2n6] 780.00 ± 39.00 A 789.87 ± 18.36 101.3 810.90 ± 27.18 104.0 

γ-Linolenic Acid [C18:3n6] 10.90 ± 2.30 B 10.10 ± 0.30 92.7 11.20 ± 0.51 102.8 

α-Linolenic Acid [C18:3n3] 14.90 ± 1.00 A 13.38 ± 0.81 89.8 14.28 ± 1.21 95.8 

Arachidic Acid [20:0] 5.50 ± 0.20 B 1.81 ± 0.09 32.8 2.03 ± 0.14 36.8 

Gondoic Acid [C20:1n9] 3.50 ± 0.10 B 3.53 ± 0.15 100.9 3.38 ± 0.06 96.7 

Eicosatrienoic Acid [C20:3n9] - 6.37 ± 0.29 - 5.55 ± 0.34 - 

homo-γ-Linolenic Acid [C20:2n6] 5.70 ± 0.20 B 5.79 ± 0.48 101.6 5.30 ± 0.69 92.9 

Arachidonic Acid [C20:4n6] 293.00 ± 54.00 B 226.67 ± 3.94 77.4 232.50 ± 9.29 79.4 

dihomo-γ-Linolenic Acid [C20:3n6] 41.80 ± 1.10 B 41.22 ± 1.81 98.6 41.71 ± 2.21 99.8 

Eicosapentaenoic Acid [C20:5n3] 11.40 ± 0.10 B 11.26 ± 0.29 98.7 11.36 ± 0.29 99.7 
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Eicosatetraenoic Acid [C20:4n3] - 2.17 ± 0.34 - 1.67 ± 0.29 - 

Behenic Acid [C22:0] 15.90 ± 1.50 A 2.32 ± 0.34 14.6 2.35 ± 0.19 14.8 

Erucic Acid [C22:1n9] 1.10 ± 0.40 B 0.96 ± 0.15 87.0 1.10 ± 0.05 100.0 

Docosapentaenoic Acid [C22:5n6] 6.30 ± 0.10 B 6.34 ± 0.45 100.7 6.17 ± 0.18 97.9 

Adrenic Acid [C22:4n6] 8.30 ± 0.20 B 8.35 ± 0.56 100.6 8.43 ± 0.24 101.5 

Docosahexaenoic Acid [C22:6n3] 37.90 ± 6.80 B 35.30 ± 4.66 93.1 37.63 ± 2.57 99.3 

Docosapentaenoic Acid [C22:5n3] 12.50 ± 0.20 B 12.96 ± 0.67 103.7 12.57 ± 0.47 100.5 

Lignoceric Acid [C24:0] 16.80 ± 0.90 B 3.14 ± 0.47 18.7 3.88 ± 0.79 23.1 

Nervonic Acid [C24:1n9] 25.60 ± 1.20 B 9.99 ± 0.57 39.0 10.02 ± 0.31 39.1 

A NIST certified value reported in SRM 1950 certificate of analysis. 

B NIST reference value reported in SRM 1950 certificate of analysis. 

 

Table 5.5. Comparison of FAMEs quantitative profile in NIST SRM 1950 obtained 

using 60 minutes of derivatization time. FAMEs amounts are expressed in µg g-1of 

reference material. The accuracy of methods is reported in recovery %. 

 

  Derivatization Time 60 min 

 NIST value DBS No DBS 

FAMEs µg/g µg/g recovery % µg/g recovery % 

Lauric Acid [C12:0] 1.86 ± 0.11 A 1.97 ± 0.17 105.9 2.01 ± 0.13 107.9 

Myristic Acid [C14:0] 17.90 ± 3.80 B 17.22 ± 0.52 96.2 16.27 ± 0.13 90.9 

Myristoleic Acid [C14:1n5] 1.57 ± 0.03 B 1.20 ± 0.13 76.4 1.31 ± 0.19 83.2 

Pentadecanoic Acid [C15:0] 1.08 ± 0.01 B 2.96 ± 0.08 273.6 2.46 ± 0.32 227.5 

Palmitic Acid [C16:0] 594.00 ± 19.00 A 601.20 ± 16.57 101.2 566.91 ± 8.88 95.4 

Palmitoleinic Acid [C16:1n9] - 8.93 ± 0.42 - 8.85 ± 0.65 - 

Palmitoleic Acid [C16:1n7] 53.50 ± 6.40 A 61.12 ± 1.41 114.2 60.21 ± 1.33 112.5 

iso-Heptadecanoic Acid [C17:0 iso] - 1.58 ± 0.06 - 1.65 ± 0.17 - 

anteiso-Heptadecanoic Acid [C17:0 anteiso] - 1.37 ± 0.08 - 1.35 ± 0.20 - 

Margaric Acid [C17:0] 4.70 ± 0.20 B 4.38 ± 0.00 93.2 4.23 ± 0.31 89.9 

Stearic Acid [C18:0] 179.00 ± 12.00 A 184.48 ± 6.87 103.1 170.89 ± 2.79 95.5 

Oleic Acid [C18:1n9] 447.00 ± 43.00 A 520.38 ± 8.99 116.4 507.93 ± 6.50 113.6 

cis-Vaccenic Acid [C18:1n7] 37.70 ± 0.90 B 36.60 ± 1.61 97.1 36.67 ± 1.93 97.3 

Linoleic Acid [C18:2n6] 780.00 ± 39.00 A 810.23 ± 12.34 103.9 805.82 ± 13.21 103.3 

γ-Linolenic Acid [C18:3n6] 10.90 ± 2.30 B 10.80 ± 0.21 99.1 9.97 ± 0.14 91.5 

α-Linolenic Acid [C18:3n3] 14.90 ± 1.00 A 13.95 ± 0.08 93.6 13.75 ± 0.31 92.3 

Arachidic Acid [20:0] 5.50 ± 0.20 B 2.55 ± 0.23 46.4 2.72 ± 0.27 49.4 

Gondoic Acid [C20:1n9] 3.50 ± 0.10 B 3.65 ± 0.13 104.1 3.60 ± 0.20 103.0 

Eicosatrienoic Acid [C20:3n9] - 7.52 ± 0.33 - 6.43 ± 0.13 - 

homo-γ-Linolenic Acid [C20:2n6] 5.70 ± 0.20 B 5.27 ± 0.05 92.4 5.06 ± 0.39 88.7 

Arachidonic Acid [C20:4n6] 293.00 ± 54.00 B 231.89 ± 0.02 79.1 233.32 ± 5.70 79.6 

dihomo-γ-Linolenic Acid [C20:3n6] 41.80 ± 1.10 B 41.10 ± 0.11 98.3 39.30 ± 1.87 94.0 

Eicosapentaenoic Acid [C20:5n3] 11.40 ± 0.10 B 11.56 ± 0.14 101.4 11.65 ± 0.65 102.2 

Eicosatetraenoic Acid [C20:4n3] - 1.53 ± 0.04 - 1.90 ± 0.26 - 
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Behenic Acid [C22:0] 15.90 ± 1.50 A 7.78 ± 0.04 48.9 6.55 ± 0.19 41.2 

Erucic Acid [C22:1n9] 1.10 ± 0.40 B 1.04 ± 0.13 94.1 1.18 ± 0.17 107.3 

Docosapentaenoic Acid [C22:5n6] 6.30 ± 0.10 B 6.17 ± 0.29 97.9 6.14 ± 0.29 97.4 

Adrenic Acid [C22:4n6] 8.30 ± 0.20 B 8.35 ± 0.44 100.6 8.27 ± 0.44 99.6 

Docosahexaenoic Acid [C22:6n3] 37.90 ± 6.80 B 37.02 ± 0.84 97.7 37.20 ± 0.99 98.1 

Docosapentaenoic Acid [C22:5n3] 12.50 ± 0.20 B 13.79 ± 0.67 110.3 12.61 ± 0.16 100.9 

Lignoceric Acid [C24:0] 16.80 ± 0.90 B 7.72 ± 0.13 46.0 6.04 ± 0.69 35.9 

Nervonic Acid [C24:1n9] 25.60 ± 1.20 B 16.96 ± 0.62 66.3 15.92 ± 1.34 62.2 

A NIST certified value reported in SRM 1950 certificate of analysis. 

B NIST reference value reported in SRM 1950 certificate of analysis. 

 

A recent paper evaluated the presence of contaminants in different collection papers 

used for the determination of the fatty acid profile in whole blood [44]. The authors 

confirmed the presence of SFAs as main contaminants in DBS paper, mainly 

palmitic (C16:0) and stearic (C18:0) acids. In the present study, the concentration 

of C16:0 ranged from a minimum value of 566.91 ± 8.88 μg g-1 to a maximum value 

of 601.20 ± 16.57 μg g-1, in satisfactory accordance with the certified value, 

independently from the use of DBS paper. A similar trend was obtained for C18:0. 

To verify the presence of contaminants, a blank paper was subjected to the direct 

derivatization procedure and GC analysis. The GC chromatogram, reported in 

Figure 2, revealed low amounts of C16:0, C18:0, C18:1n9 and C18:2n6, while 

C14:0 and C16:1n9 were present in trace levels. With regard to longer chain SFAs 

(C20:0, C22:0 and C24:0), they were totally absent in the DBS paper excluding a 

possible contamination. 
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Figure 2. FAMEs GC-FID chromatogram of blank Whatman paper card at 15 and 

60 min of derivatization time. 

 

Intra- and inter-day precision were evaluated through the analysis of a real world 

sample, specifically whole blood, with RSDs in both cases always lower than 10% 

(Table 5.6). 

Table 5.6. Precision in term of repeatability (intra-day) and intermediate precision 

(inter-day) based on GC-FID data analyses. The variation was evaluated in term 

of RSD (%). The FAMEs amount of blood sample is expressed in Area %. Fames 

are grouped in SFAs, MUFAs, PUFAs, Omega-3 and Omega-6 families. 

 

 Precision 

FAMEs Area % Intra-day RSD (%) Inter-day RSD (%) 

Lauric Acid [C12:0] 0.07 ± 0.00 5.78 8.59 

Myristic Acid [C14:0] 0.75 ± 0.02 3.12 3.20 
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Myristoleic Acid [C14:1n5] 0.02 ± 0.00 3.48 9.99 

Pentadecanoic Acid [C15:0] 0.16 ± 0.00 1.05 5.16 

Palmitic Acid [C16:0] 22.58 ± 0.13 0.56 1.02 

Palmitoleinic Acid [C16:1n9] 0.36 ± 0.02 6.35 8.89 

Palmitoleic Acid [C16:1n7] 0.82 ± 0.04 4.43 2.05 

iso-Heptadecanoic Acid [C17:0 iso] 0.08 ± 0.00 5.00 5.70 

anteiso-Heptadecanoic Acid [C17:0 anteiso] 0.07 ± 0.00 6.88 3.61 

Margaric Acid [C17:0] 0.29 ± 0.00 0.53 2.50 

Stearic Acid [C18:0] 11.79 ± 0.26 2.18 3.37 

Oleic Acid [C18:1n9] 23.54 ± 0.76 3.22 1.62 

cis-Vaccenic Acid [C18:1n7] 1.15 ± 0.01 1.03 0.66 

Linoleic Acid [C18:2n6] 14.21 ± 0.28 1.99 3.31 

γ-Linolenic Acid [C18:3n6] 0.35 ± 0.02 4.83 2.41 

α-Linolenic Acid [C18:3n3] 0.67 ± 0.05 7.27 3.88 

Arachidic Acid [20:0] 0.11 ± 0.00 4.26 9.19 

Gondoic Acid [C20:1n9] 0.27 ± 0.01 3.47 4.67 

Eicosatrienoic Acid [C20:3n9] 0.12 ± 0.01 4.45 9.83 

homo-γ-Linolenic Acid [C20:2n6] 0.14 ± 0.01 5.72 1.97 

Arachidonic Acid [C20:4n6] 9.16 ± 0.37 4.08 0.46 

dihomo-γ-Linolenic Acid [C20:3n6] 1.23 ± 0.07 5.78 2.97 

Eicosapentaenoic Acid [C20:5n3] 2.69 ± 0.06 2.38 1.73 

Eicosatetraenoic Acid [C20:4n3] 0.07 ± 0.00 4.64 5.70 

Behenic Acid [C22:0] 0.12 ± 0.00 4.15 5.13 

Erucic Acid [C22:1n9] 0.11 ± 0.00 3.47 9.57 

Docosapentaenoic Acid [C22:5n6] 0.18 ± 0.01 8.29 4.24 

Adrenic Acid [C22:4n6] 0.67 ± 0.02 3.51 4.42 

Docosahexaenoic Acid [C22:6n3] 6.18 ± 0.13 2.12 1.66 

Docosapentaenoic Acid [C22:5n3] 1.81 ± 0.08 4.44 5.46 

Lignoceric Acid [C24:0] 0.09 ± 0.00 4.15 9.00 

Nervonic Acid [C24:1n9] 0.14 ± 0.01 6.14 4.98 

SFAs 36.11 ± 0.20 0.54 1.64 

MUFAs 26.42 ± 0.80 3.02 1.58 

PUFAs 37.47 ± 0.60 1.60 0.93 

Omega-3 11.42 ± 0.26 2.24 1.47 

Omega-6 25.93 ± 0.35 1.33 1.77 

 

5.3.3 Real sample analysis 

In the second part of this research work, we have used the analytical method 

applying it to the study of FAMEs composition in plasma, serum and whole blood 

samples. The FA content, expressed as relative percentages, was summarized in 

Table 5.7. The lipid composition of whole blood is the result of the contributions of 
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plasma and red blood cells contributing for about 2/3 and 1/3 by volume, 

respectively. This means that the FA profile of whole blood reflects the balanced 

proportion of FAs in plasma and red blood cells [45].  

According to the results reported by Marangoni et al. [33], the FAMEs 

composition of plasma and serum showed relevant differences when compared to 

whole blood sample. The presence of erythrocyte membranes, principally 

composed by arachidonic acid (C20:4n6) and docosahexanoic acid (C22:6n3) 

bonded in PL structures, reflected the higher levels of C20:4n6 and C22:6n3 in 

whole blood. Linoleic acid (C18:2n6), the precursor of Omega-6 FA that derives 

exclusively from the diet, showed significantly higher concentrations in plasma and 

serum samples (33.06 ± 0.13% and 35.02 ± 0.48% respectively). In contrast, the 

content of C18:2n6 does not exceed 28.00 % in whole blood. This reflects the major 

contribution of TAGs and CEs, both rich of C18:2n6, that represent the major lipid 

class in plasma and serum with respect to erythrocytes in which they are almost 

absent [45].  

Concerning to FA families, PUFA was the major one in all analyzed samples, 

followed by SFA and MUFA. PUFA class was exclusively represented by C18:2n6, 

C20:4n6 and C22:6n3 that contributed with values greater than 90% of the total. 

PUFA levels, especially Omega-6 FA, were higher in plasma and serum due to the 

relevant contribution of C18:2n6. In contrast, Omega-3 content was major in whole 

blood. Whole blood profile showed the highest content of SFAs represented by 

C16:0 and C18:0 that determined the almost totality of this family (> 95%). The 

MUFAs levels were similar in the three samples. Oleic acid (C18:1n9) was the main 

fatty acid to prevail in the MUFA family (about 90%).  



 

 

Chapter 5 

Doctor of Philosophy in Chemical Science     154 
 

The lipid content of whole blood gives an image more balanced of FAs in relation 

to dietary intake, metabolism, storage and other biochemical mechanism. The daily 

dietary intake strongly influences the FA content in plasma thus normal or optimal 

ranges for each FA are difficult to be expressed. In fact, the data oscillate in a very 

wide interval and they are not representative of metabolic changes [46]. Individual 

FA status is better described by whole blood analysis due to the presence of 

erythrocytes whose turnover is much slower than that of plasma or serum (lifetime 

of 120 days). Whole blood represents without any doubt the biological fluid that 

best reflects the lipid status in a subject. 

Table 5.7. FAMEs comparison between plasma, serum and whole blood samples; 

quantitative results are expressed in relative percentage (%). The FAMEs are 

grouped in SFA, MUFA, PUFA, Omega-3 and Omega-6 families. 

 

FAMEs PLASMA SERUM BLOOD 

Lauric Acid [C12:0] 0.08 ± 0.00 0.07 ± 0.00 0.07 ± 0.01 

Myristic Acid [C14:0] 0.67 ± 0.00 0.68 ± 0.00 0.58 ± 0.02 

Myristoleic Acid [C14:1n5] 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 

Pentadecanoic Acid [C15:0] 0.19 ± 0.00 0.19 ± 0.00 0.20 ± 0.01 

Palmitic Acid [C16:0] 21.78 ± 0.15 21.66 ± 0.23 22.89 ± 0.23 

Palmitoleinic Acid [C16:1n9] 0.36 ± 0.01 0.36 ± 0.01 0.29 ± 0.01 

Palmitoleic Acid [C16:1n7] 1.04 ± 0.02 1.09 ± 0.01 0.86 ± 0.02 

iso-Heptadecanoic Acid [C17:0 iso] 0.08 ± 0.00 0.07 ± 0.01 0.08 ± 0.00 

anteiso-Heptadecanoic Acid [C17:0 anteiso] 0.09 ± 0.01 0.09 ± 0.00 0.10 ± 0.00 

Margaric Acid [C17:0] 0.24 ± 0.00 0.23 ± 0.00 0.26 ± 0.00 

Stearic Acid [C18:0] 6.86 ± 0.08 6.20 ± 0.15 9.42 ± 0.20 

Oleic Acid [C18:1n9] 19.70 ± 0.02 19.85 ± 0.04 18.94 ± 0.32 

cis-Vaccenic Acid [C18:1n7] 1.48 ± 0.01 1.48 ± 0.02 1.40 ± 0.05 

Linoleic Acid [C18:2n6] 33.60 ± 0.13 35.02 ± 0.48 27.64 ± 0.25 

γ-Linolenic Acid [C18:3n6] 0.38 ± 0.00 0.41 ± 0.01 0.30 ± 0.01 

α-Linolenic Acid [C18:3n3] 0.28 ± 0.03 0.26 ± 0.02 0.24 ± 0.01 

Arachidic Acid [20:0] 0.09 ± 0.00 0.06 ± 0.00 0.09 ± 0.04 

Gondoic Acid [C20:1n9] 0.13 ± 0.00 0.11 ± 0.00 0.15 ± 0.01 

Eicosatrienoic Acid [C20:3n9] 0.12 ± 0.01 0.14 ± 0.01 0.10 ± 0.00 

homo-γ-Linolenic Acid [C20:2n6] 0.19 ± 0.00 0.18 ± 0.00 0.20 ± 0.01 

Arachidonic Acid [C20:4n6] 7.39 ± 0.05 6.86 ± 0.02 9.16 ± 0.19 

dihomo-γ-Linolenic Acid [C20:3n6] 1.01 ± 0.03 0.95 ± 0.02 1.01 ± 0.03 

Eicosapentaenoic Acid [C20:5n3] 0.54 ± 0.01 0.54 ± 0.01 0.56 ± 0.04 
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Eicosatetraenoic Acid [C20:4n3] 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 

Behenic Acid [C22:0] 0.07 ± 0.01 0.07 ± 0.01 0.09 ± 0.04 

Erucic Acid [C22:1n9] 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 

Docosapentaenoic Acid [C22:5n6] 0.09 ± 0.00 0.08 ± 0.00 0.16 ± 0.01 

Adrenic Acid [C22:4n6] 0.20 ± 0.01 0.14 ± 0.00 0.81 ± 0.01 

Docosahexaenoic Acid [C22:6n3] 2.30 ± 0.02 2.25 ± 0.03 3.15 ± 0.07 

Docosapentaenoic Acid [C22:5n3] 0.94 ± 0.17 0.84 ± 0.16 1.09 ± 0.03 

Lignoceric Acid [C24:0] 0.05 ± 0.00 0.05 ± 0.01 0.04 ± 0.01 

Nervonic Acid [C24:1n9] 0.01 ± 0.00 0.03 ± 0.01 0.06 ± 0.04 

SFAs 30.18 ± 0.24 29.35 ± 0.37 33.81 ± 0.31 

MUFAs 22.76 ± 0.01 22.96 ± 0.09 21.74 ± 0.28 

PUFAs 47.06 ± 0.25 47.69 ± 0.34 44.45 ± 0.57 

Omega-3 4.08 ± 0.16 3.92 ± 0.21 5.07 ± 0.10 

Omega-6 42.86 ± 0.17 43.64 ± 0.52 39.28 ± 0.46 

 

Finally, the optimized method was performed in an automated manner by using a 

robotic sample preparation system. Percentage values in relation SFAs, MUFAs, 

PUFAs, omega-3 and omega-6 classes, as well as specific ratios (Table 1 and 3), 

were also generated in an automated manner. 

5.4. Conclusion 

The rapid, miniaturized and sensitive method developed has proved its suitability 

for the qualitative and quantitative profiling of FAs in whole blood, plasma and 

serum. In addition, the easy collection of blood drops by using the DBS support, 

without any need of centrifugation and separation steps, represents an ideal 

condition for large population studies. Such a factor is even the more valid 

considering the fact that, recently, it has been fully-automized from sample 

preparation to data processing, to finish with report generation. Future research will 

be devoted to the creation of a database containing ranges of concentrations for all 

FAs, their classes and ratios for healthy patients, as well as patients affected by 

certain pathological conditions in order to establish FA requirements for an optimal 

state of health. The final purpose will be to define personalized treatments in order 

to restore the normal FA balance. 
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Chapter 6 

 

Fatty acids evaluation in green microalgae samples exposed to accumulation 

and toxicity of organochlorines 1. 

 
1 This section has been adapted from the following publication: Kováčik J, Antoš V, Micalizzi G, 

Dresler S, Hrabák P, Mondello L. Accumulation and toxicity of organochlorines in green 

microalgae. J Hazard Mater. 2018; 347: 168–175 

 

6.1 Introduction 

Organochlorines (OCs) involve various chemical compounds among which 

lindane (γ-hexachlorocyclohexane, γ-HCH) was extensively produced over decades 

to control pests and diseases in agriculture and public health [1]. Technical HCH 

contains several isomers (α-HCH 60–70%, β-HCH 5–12%, δ-HCH 6–10%, ε-

HCH3–4%) and pure lindane (γ-HCH) represents only up to 15% [2].This implies 

that extensive waste products (α-, β- and γ-HCH mainly) were stored as solid 

material on heaps or even were buried because their inert properties were expected 

[2]. Several reports from the last years indicate that HCH isomers are not inert and 

they were detected around or far from lindane production factories/dumps often 

with high concentration in soil and plants innumerous countries including China 

[3,4], India [5,6] or Spain [7,8]. Lindane concentrations over 100 μg/L have been 

detected in German surface water [9] and ε-HCH has recently been detected in 

groundwater from Italy [2], implying that HCH contamination is an ongoing serious 

problem around the world. HCH may also be trans-formed to trichlorobenzenes 

(TCB) by microorganisms and plants [10], indicating that further OCs may have an 

impact on biota. Improper disposal of HCH waste residues (from the lindane/γ-

HCH manufacture) was also the case at a former surface mine called “Hájek” 
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(Czech Republic, 50°17’27.476’’N, 12°53’33.286’’E), where more than 5000 tons 

of HCH waste was disposed into dump heap between 1966 and 1968. The dump 

heap area is now revitalized with continuous water stream escaping at the base on 

the dump and containing HCH and chlorobenzene isomers up to 160 μg/L and 300 

μg/L, respectively.  

In the present work, we studied the responses of two microalgae to this 

contaminated water effluent monitoring their FA content in order to obtain a more 

complex view on the impact of the OCs in algae. Selected model algae include 

freshwater species Scenedesmus quadricauda and Coccomyxa subellipsoidea, 

which are tolerant to culture conditions and readily absorb various heavy metals or 

organic pollutants [11–13]. 

6.2 Materials and methods 

6.2.1 Cultivation of algae, experimental design and statistics 

Microalgae Scenedesmus quadricauda (Turp.) Bréb. (Chloro-phyta, 

Chlorophyceae, Scenedesmaceae), strain UTEX 76 and Coccomyxa subellipsoidea 

(Chlorophyta, Chlorophyceae, Coccomyxaceae), strain UTEX 278 (both species 

originate from The University of Texas, Austin) were cultured under sterile 

conditions on Petridishes in cultivation room (25/20°C day/night, 12 h photoperiod) 

at PAR ∼30 μmol m−2 s−1on ‘Milieu Bristol’ medium containing inorganic salts, 

glucose (2%), casein hydrolysate (1%) and solidified with 1% agar [11–13].  

Algae were collected from the surface of cultivation medium 4–5 weeks after 

inoculation, weighted and resuspended in exposure solution containing various 

quantities of OCs as mentioned below in order to achieve 0.2 g FW algal 

biomass/50 mL of exposure solution. Exposure was realized using 50 mL volume 

of experimental solutions in screw-cap tubes (Sarstedt, Germany). Amounts of 
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various hexachlorocyclohexane (HCH) and trichlorobenzene (TCB) isomers in 

stock dump water are given in the Table 6.1 (marked as 1× in results). 

Table 6.1. Quantitative amount of hexachlorocyclohexane (HCH) and 

trichlorobenzene (TCB) isomers in the mine dump water effluent used for the 

exposure of algae in the present study (marked as 1× in results). RSD of individual 

compounds ranges from 3.6 to 5.8%. Reproduced with permission from Elsevier. 

 

HCH Quantity (μg/L) % from total HCH 

α-HCH 11.6 7.28 

β-HCH 5.54 3.47 

γ-HCH 20.9 13.11 

δ-HCH 109.0 68.36 

ε-HCH 12.4 7.78 

Ʃ-HCH 159.44  

TCB   

1,2,3-TCB 30.2  

1,2,4-TCB 35.0  

Ʃ-HCH 65.2  

 

Subsequent dilution to 0.5× and 0.1× strength (=50% and 10% from 1× dose) was 

performed with distilled water and pH was checked to be 6.5 ± 0.1in all treatments. 

Control algae were maintained in distilled water only. Stock solution originates 

from the locality of HCH waste disposal as mentioned in Introduction and it was 

clear with only slight sediment removed by decantation: OCs-contaminated effluent 

water was collected during September 2016 and algal samples were prepared 

subsequently. After 24 h of exposure to various OCs doses, algae were centrifuged 

(5 min., 2000 rpm = 661g), washed twice with distilled water and fresh algal pellet 

was extracted   below or lyophilized. For the quantification of parameters in fresh 

material, samples were extracted using cold mortar and pestle with the addition of 

inert sand (Penta s. r. o., Prague, Czech Republic) to achieve complete cell 

disruption. Centrifugation for the assay of biochemical parameters was done at 

14000 rpm (=18625g) with a centrifuge Hettich Mikro 200R. 
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One-way ANOVA followed by a Tukey’s test (MINITAB Release11, Minitab 

Inc., State College, Pennsylvania, USA) was used to evaluate the significance of 

differences (P < 0.05) for each species. Three individual 50-mL tubes were assessed 

for each treatment and each parameter (then n = 3 in all tables/figures). 

6.2.2 Quantification of organochlorines 

Lyophilized algae were placed into 20 mL vials and extracted by automated 

headspace solid phase microextraction (HS-SPME) coupled to GC–MS/MS which 

is modern and green extraction technique [14-15]. A reference (clean) algal biomass 

was used for calibration purpose, and HCH and TCB standard solutions were spiked 

into the biomass. Internal standard solution (deuterated δ-HCH) was added to all 

vials. Fiber sorption phase of the analysis was conducted for 70 min at 70°C. In 

case of water matrix, HCH and TCB were determined from 10 mL of OCs-

contaminated stock water sample extracted with HS-SPME. 

HCH and TCB isomers were quantified using gas chromatograph (Thermo Trace 

1310) equipped with a triple quadrupole mass spectrometer (Thermo TSQ 8000), 

autosampler (CTC Analytics AG, PALLHX-xt) and a split-splitless injector (SSL). 

SSL injector was set to 250°C (splitless mode) with a DB-5MS chromatographic 

column (30 m x 0.25 mm thick with a stationary phase thicknessof 0.25 μm) as 

reported previously [16]. Chromatographic standards of HCH (100 μg mL−1in 

acetone) and TCB (1000 μg mL−1 in acetone) isomers were purchased from 

Neochema, isotopically labelled γ-HCH D6 (100 μg mL−1 in cyclohexane) from Dr. 

Ehrenstorfer GmbH and SPME fibers from Supelco (100 μm PDMS). The retention 

times of HCH and TCB isomers were determined previously in the full scan mode 

of MS detector and, subsequently, selected reaction monitoring (SRM) transitions 

were specified in order to enhance detector selectivity and sensitivity. Individual 
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LOQ were in the range 72–180 ng/g DW for HCH isomers and 16–34 ng/g DW for 

TCB isomers. 

6.2.3 Quantification of FAMEs. 

Total lipid extraction and methylation of FAs to their corresponding methyl 

esters (FAMEs) was performed as reported earlier [17]. Briefly, 10 mg of dry algal 

samples were placed to Pyrex tube with 3 internal standards (IS, 50 µL of each) 

glyceryl triundecanoate (700 mg/L in n-hexane, IS1), myristic-d27 acid (700 mg/L 

in n-hexane, IS2), stearic-d35 acid (700 mg/L in n-hexane, IS3), and subsequently 

dried under nitrogen flow. FAMEs were obtained by direct derivatization procedure 

with 500 µL of sodium methylate in methanol (0.5% w/v) and 500 µL of boron 

trifluoride-methanol solution (14% in methanol), sonicated and then heated at 

100°C in closed Pyrex tube. NaCl saturated solution in distilled water and n-hexane 

were added, vortex and upper n-hexane layer was transferred to vials for GC 

analysis. 

FAMEs identification was carried out on a GCMS-QP2010 (Shimadzu, Milan, 

Italy) equipped with a split-splitless injector and an AOC-20i autosampler (Figure 

6.3 and 6.4 for chromatograms). The chromatographic column was a SLB-Il60i 

(30m × 0.25 mm id, 0.20 µm film thickness) column (Merck Life Science, 

Darmstadt, Germany). The programmed oven temperature was: 70°C to 180°C (10 

min) at 3°C/min and then up 280 at 3°C/min. Injector was kept at 280°C; injection 

volume: 3.0 µL; injection mode: split 1:20. Helium was used as carrier gas at 30 

cm/s linear velocity. MS parameters were as follows: mass range 40–550 amu, scan 

speed: 3333 amu/s. Ion source temperature: 200°C, interface temperature: 220°C. 

The GCMSsolution software (version 4.20 Shimadzu, Milan, Italy) was used for 

data collection and handling. A C4-C24 even carbon saturated FAMEs standard 
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solution has been used for Linear Retention Indices (LRIs) calculation to support 

identification. Peaks assignment was carried out based on a double filter, namely 

the MS similarity spectra (over 85%) and a LRIs ± 10 range compared to the value 

of the LIPIDS library (Shimadzu Europe, Duisburg, Germany). 

FAMEs quantification was carried out on a GC-2010 (Shimadzu) equipped with 

a split-splitless injector (280°C), an AOC-20i autosampler, and a FID detector. GC 

column, temperature program, carrier gas and linear velocity were the same as 

mentioned above for GC–MS analyses. The FID temperature was set at 280°C 

(sampling rate 40 ms) and gas flows were 40 mL/min for hydrogen, 40 mL/min for 

make up (nitrogen) and 400 mL/min for air, respectively. Data were collected by 

LabSolution (version 5.82, Shimadzu) and quantification was done according to 

internal standard method. In particular, IS2 was used for quantification of FAMEs 

from Me.C8 to Me.C16 group, and IS3 was used for quantification of longer chain 

FAMEs; IS1 was used for recovery control. 

6.3 Results and discussion 

6.3.1 Accumulation of organochlorines in microalgae. 

Analyses of OCs in the mine dump effluent revealed five HCH and two TCB 

isomers (Table 6.1). Sum of HCH isomers reached 159.44 μg/L, which is ca. 1500-

times higher that EU limit for HCH in drinking water (0.1 μg/L, [2]). Among five 

detected HCH isomers, δ-HCH represented almost 70% from total HCH content 

and other isomers were relatively similar with β-HCH being the least abundant 

(Table 6.1). 

Despite the fact that stock solution of OCs-contaminated effluent may contain 

various inorganic compounds and we diluted it with distilled water (to achieve 

lower OCs doses), data from Scenedesmus clearly showed that almost all HCH 
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isomers (with the exception of β-HCH) accumulated dose-dependently (Ʃ-HCH 

increased from 1.639 to 14.99 μg/g DW if 0.1 and 1× doses are compared, Table 

6.2). In Coccomyxa, differences between 0.5× and 1× dose were significant but 

quantitatively less visible. Four from five HCH isomers were quantifiable in 

Scenedesmus in 0.1× treatment (but only δ-HCH in Coccomyxa): absolute values 

of isomers in all treatments were similar or higher in Scenedesmus than in 

Coccomyxa, indicating higher accumulation potential of the former species. 

In terms of relative isomer distribution, δ-HCH was the most (78 and 73.1% 

from the sum of HCH in 1× treatment) and β-HCH was the least (2.23 and 3.15%) 

accumulated in both microalgae (calculable from Table 6.2). Other isomers in algae 

did not follow strictly their presence in stock exposure solution, e.g. γ-HCH was 

2nd most abundant in effluent (Table 6.1) but its relative and absolute content was 

lower that of α and ε isomers. The accumulation of xenobiotics in various studies 

may simply be compared based on the bioaccumulation factor (BAF, often named 

bioconcentration factor – BCF), defined as the ratio of accumulated compound (µg 

g−1 DW) to exogenously present/applied concentration (µg g−1 DW in soil or µg 

mL−1 in liquid medium, [11,18]). BAF data for 1x treatment (Table 6.2) showed 

that Scenedesmus is more efficient accumulator of all HCH isomers and also 

revealed in this species that δ- and ε-HCH have higher accumulation potential than 

other isomers. BAF for Ʃ-HCH was almost 2-fold higher in Scenedesmus than in 

Coccomyxa (Table 6.2). Value in Scenedesmus (94.0) is comparable with earlier 

work involving this species where cytostatic drug (fluorouracil, FU) and its 

metabolite showed BAF values ∼100 depending on the applied concentration [11]. 

Though HCH and FU may rely on various uptake/adsorption mechanisms, such 

comparison can at least formally indicate that BAF is similar, suggesting potential 
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to adsorb/absorb these compounds. Unfortunately, we found no data related to algae 

that we could discuss in detail. On the contrary, to high BAF values for HCH, BAF 

for TCB were much lower (Table 6.2). It has recently been reported that Cucurbita 

hairy root cultures sharing bacterial LinA protein effectively degraded γ-HCH to 

1,2,4-TCB [10] even after 16 h of exposure: with respect to low TCB accumulation 

in the present work, this process does not seem to occur in microalgae. 

Table 6.2. Impact of increasing concentration of organochlorines on their 

accumulation in Scenedesmus quadricauda or Coccomyxa subellipsoidea (µg g−1 

DW) after 24 h of exposure (1x corresponds to 159.4 µg HCH/L and 65.2 µg TCB/L 

as shown in Table 6.1). Data are means ± SDs (n = 3). Values within rows followed 

by the same small or capital letter(s) are not significantly different according to 

Tukey’s test (P < .05). For BAF of individual isomers, values in column followed 

by the same small (Scenedesmus) or capital (Coccomyxa) letter(s) are not 

significantly different according to Tukey’s test (P < 0.05). nd – not detected, nc – 

not calculated. BAF (bioaccumulation factor) was calculated for the highest 

applied dose only (1×) using quantity of isomers in mine dump water effluent as the 

ratio of individual isomers in algae (µg g−1 DW) to their quantity in water (µg 

mL−1). Reproduced with permission from Elsevier. 

 

 

HCH  Control 0.1x 0.5x 1x BAF 

α-HCH 
Scenedesmus nd 0.102 ± 0.018 c 0.359 ± 0.021 b 0.865 ± 0.078 a 74.6 cd 

Coccomyxa nd nd 0.370 ± 0.011 B 0.509 ± 0.036 A 50.8 B 

β-HCH 
Scenedesmus nd 0.101 ± 0.020 c 0.166 ± 0.013 b 0.335 ± 0.011 a 60.5 d 

Coccomyxa nd nd 0.182 ± 0.008 B 0.264 ± 0.035 A 47.6 B 

γ-HCH 
Scenedesmus nd nd 0.272 ± 0.016 b 0.615 ± 0.018 a 29.4 e 

Coccomyxa nd nd 0.265 ± 0.017 B 0.450 ± 0.039 A 21.5 C 

δ-HCH 
Scenedesmus nd 1.246 ± 0.185 c 4.863 ± 0.261 b 11.69 ± 1.57 a 107.2 ab 

Coccomyxa nd 0.715 ± 0.023 C 4.071 ± 0.218 B 6.134 ± 0.201 A 56.3 B 

ε-HCH 
Scenedesmus nd 0.189 ± 0.031 c 0.641 ± 0.025 b 1.480 ± 0.112 a 119.3 a 

Coccomyxa nd nd 0.618 ± 0.047 B 0.953 ± 0.021 A 76.8 A 

Ʃ-HCH 
Scenedesmus nc 1.639 ± 0.256 c 6.307 ± 0.319 b 14.99 ± 1.778 a 94.0 bc 

Coccomyxa nc nc 5.506 ± 0.296 B 8.389 ± 0.136 A 52.6 B 

       

TCB       

1,2,3-TCB 
Scenedesmus nc nd nd 0.029 ± 0.0037 0.96 b 

Coccomyxa nc nd nd Nd nc 

1,2,4-TCB 
Scenedesmus nc nd 0.032 ± 0.0026 b 0.115 ± 0.008 a 3.28 a  

Coccomyxa nc nd 0.037 ± 0.0015 B 0.094 ± 0.0091 A 2.69 
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6.3.2 Responses of fatty acids to organochlorines 

Oxidative stress arising from the application of xenobiotics including OCs may 

alter quantity of FAs, which are prone to oxidation. We therefore performed 

detailed profiling of detectable FAs in both species (Table 6.3 and Table 6.4) and 

found that sum of FAs was higher in Coccomyxa than in Scenedesmus (by 25%, 

Figure 6.1). Palmitic (C16:0), oleic (C18:1n9), linoleic (C18:2n6) and α-linolenic 

acid (C18:3n3) were dominant compounds in both species (8.21–15.04 mg/g DW 

in control Scenedesmus and 16.51–20.26 mg/g DW in control Coccomyxa, Figure 

6.2). This data are in agreement with earlier work where these four acids were 

detected as major compounds in S. quadricauda and S. acutus [19]. Other acids 

detected with amount higher than1 mg/g DW in one or both tested species include 

C16:1n9, C16:2n6, C16:4n3, C16:3n3, C18:0, C18:3n6, C18:4n3 and C20:1n9. 

Surprisingly, γ-linolenic acid (C18:3n6) and stearidonic acid (C18:4n3) were 

detected in Scenedesmus only and, in agreement, they were previously also 

undetectable in some green microalgae such as Chlorella [19]. Quantity of many 

saturated fatty acids (C8:0, C9:0, C10:0, C12:0, C27:0, C29:0) reached values only 

up to 0.06 mg/g DW in control.  

Table 6.3. Identification of FA in Scenedesmus samples by using LRI (Linear 

Retention Index). LRIref are values calculated with standards mix, LRIexp are 

obtained experimentally. % GC-MS Similarity represents the percentage of 

similarity between experimental and library spectra. FAMEs amounts are 

expressed in mg/g.  

 

 Identification Criteria Control 0.1x 

FAMEs MS Sim%. LRI exp LRI ref mg/g St. Dev. mg/g St. Dev. 

C8:0 91 800 800 0.01 0.00 0.01 0.00 

C9:0 97 900 897 0.01 0.00 0.01 0.00 

 C10:0 92 1000 1000 0.01 0.00 0.01 0.00 

 C12:0 96 1200 1200 0.03 0.01 0.02 0.01 

 C14:0 97 1400 1399 0.64 0.02 0.49 0.01 
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C14:1n5 88 1425 1416 0.03 0.00 0.03 0.00 

C15:0 anteiso 96 1475 1475 0.07 0.00 0.04 0.01 

 C15:0 97 1500 1502 0.11 0.00 0.10 0.01 

C15:1nx - - 1509 0.02 0.01 0.02 0.00 

 C16:0 97 1600 1601 15.04 0.37 15.52 0.20 

 C16:1n9 92 1606 1605 2.05 0.06 2.20 0.01 

 C16:1n7 94 1615 1615 0.23 0.00 0.28 0.01 

 C16:1n5 84 1629 1620 0.48 0.02 0.52 0.01 

C16:3n6 # - - 1629 0.22 0.00 0.29 0.01 

 C16:2n6 98 1636 1636 1.33 0.04 1.31 0.02 

 C16:4n3 # - - 1672 3.40 0.20 4.21 0.05 

 C16:3n3 95 1680 1679 3.86 0.17 3.23 0.03 

 C17:0 96 1700 1693 0.22 0.00 0.16 0.01 

C17:1n7 87 1718 1704 0.37 0.03 0.38 0.07 

 C18:0 96 1800 1801 1.54 0.02 1.34 0.02 

 C18:1n9 94 1804 1808 12.08 0.25 11.14 0.12 

 C18:1n7 93 1820 1816 0.28 0.01 0.34 0.01 

 C18:2n6 96 1829 1837 8.21 0.11 8.83 0.38 

 C18:3n6 95 1856 1847 1.11 0.02 1.18 0.07 

 C18:3n3 96 1898 1887 14.31 0.48 15.74 0.27 

 C18:4n3 97 1908 1894 1.58 0.04 1.70 0.04 

 C20:0 96 2000 1999 0.12 0.00 0.11 0.01 

 C20:1n9 92 2014 2014 0.44 0.01 0.43 0.02 

C20:3n3 85 2107 2112 0.08 0.00 0.06 0.00 

 C22:0 91 2200 2199 0.44 0.01 0.45 0.03 

C22:1n10 90 2213 2215 0.05 0.00 0.04 0.01 

 C24:0 95 2400 2399 0.08 0.00 0.07 0.01 

 C26:0* 90 - - 0.13 0.01 0.16 0.03 

 C27:0* 92 - - 0.01 0.00 0.01 0.01 

 C28:0* 92 - - 0.88 0.05 0.90 0.14 

C29:0* 90 - - 0.02 0.00 0.01 0.00 

 C30:0* 90 - - 0.26 0.02 0.27 0.04 

Tot. mg/g    69.78 1.62 71.61 1.16 

SFAs    19.64 0.35 19.22 0.25 

MUFAs    16.05 0.29 15.21 0.19 

PUFAs    34.10 0.99 37.00 0.75 

Omega 6    10.88 0.15 11.99 0.48 

Omega 3    23.23 0.87 25.02 0.29 

Ratio 6/3    0.47 0.01 0.48 0.01 

 

# Tentative of identification. 

* Compounds were identified by using only MS spectra. 
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Table 6.3. (Continued). 

 0.5x 1x 

FAMEs mg/g St. Dev. mg/g St. Dev. 

C8:0 0.01 0.00 0.01 0.00 

C9:0 0.01 0.00 0.01 0.00 

 C10:0 0.01 0.00 0.01 0.00 

 C12:0 0.02 0.01 0.02 0.00 

 C14:0 0.36 0.03 0.43 0.00 

C14:1n5 0.02 0.01 0.03 0.01 

C15:0 anteiso 0.02 0.01 0.01 0.00 

 C15:0 0.09 0.01 0.09 0.00 

C15:1nx 0.02 0.00 0.02 0.00 

 C16:0 13.83 0.88 16.35 0.58 

 C16:1n9 2.24 0.17 2.32 0.03 

 C16:1n7 0.25 0.02 0.31 0.01 

 C16:1n5 0.41 0.02 0.45 0.04 

C16:3n6 # 0.29 0.01 0.35 0.02 

 C16:2n6 1.31 0.08 1.54 0.04 

 C16:4n3 # 4.29 0.18 4.78 0.30 

 C16:3n3 2.87 0.14 3.46 0.09 

 C17:0 0.12 0.01 0.13 0.00 

C17:1n7 0.36 0.07 0.31 0.01 

 C18:0 0.89 0.05 1.53 0.18 

 C18:1n9 9.78 0.53 10.95 0.12 

 C18:1n7 0.33 0.02 0.38 0.02 

 C18:2n6 8.90 0.40 10.29 0.20 

 C18:3n6 1.08 0.05 1.31 0.04 

 C18:3n3 15.11 0.52 17.25 0.72 

 C18:4n3 1.62 0.05 1.83 0.12 

 C20:0 0.08 0.01 0.10 0.00 

 C20:1n9 0.35 0.03 0.39 0.01 

C20:3n3 0.04 0.00 0.05 0.00 

 C22:0 0.34 0.03 0.43 0.01 

C22:1n10 0.03 0.01 0.04 0.01 

 C24:0 0.04 0.01 0.06 0.01 

 C26:0* 0.11 0.02 0.12 0.00 

 C27:0* 0.01 0.00 0.01 0.00 

 C28:0* 0.64 0.12 0.82 0.08 

C29:0* 0.01 0.00 0.01 0.00 

 C30:0* 0.20 0.03 0.28 0.03 

Tot. mg/g 66.08 3.27 76.44 1.67 

SFAs 16.78 1.11 20.41 0.43 

MUFAs 13.79 0.80 15.19 0.22 

PUFAs 35.50 1.38 40.85 1.45 
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Omega 6 11.57 0.54 13.48 0.27 

Omega 3 23.93 0.87 27.37 1.21 

Ratio 6/3 0.48 0.01 0.49 0.01 

 

Table 6.4. Identification of FA in Coccomyxa samples by using LRI (Linear 

Retention Index). LRIref are values calculated with standards mix, LRIexp are 

obtained experimentally. % GC-MS Similarity represents the percentage of 

similarity between experimental and library spectra. FAMEs amounts are 

expressed in mg/g. 

 

 Identification Criteria Control 0.1x 

FAMEs MS Sim%. LRI exp LRI ref mg/g St. Dev. mg/g St. Dev. 

C8:0 91 800 800 0.03 0.01 0.01 0.00 

C9:0 97 900 897 0.02 0.00 0.01 0.00 

C10:0 92 1000 1000 0.01 0.01 0.01 0.00 

C12:0 96 1200 1200 0.03 0.00 0.04 0.02 

C14:0 97 1400 1399 0.19 0.00 0.16 0.01 

C15:0 97 1500 1502 0.37 0.02 0.34 0.01 

C15:1nx   1509 0.02 0.00 0.01 0.00 

C16:0 97 1600 1601 16.51 0.22 14.91 0.66 

C16:1n9 92 1606 1605 1.56 0.04 1.42 0.08 

C16:1n7 94 1615 1615 0.25 0.02 0.29 0.02 

C16:1n5 84 1629 1620 0.75 0.04 0.74 0.03 

C16:3n6 # - - 1629 0.05 0.01 0.05 0.00 

C16:2n6 92 1636 1636 3.02 0.18 2.74 0.14 

C16:3n3 95 1680 1679 3.41 0.09 3.67 0.16 

C17:0 96 1700 1693 0.45 0.01 0.36 0.01 

C17:1n7 87 1718 1704 0.64 0.04 0.40 0.05 

C18:0 96 1800 1801 2.20 0.25 1.73 0.04 

C18:1n9 94 1804 1808 20.22 0.89 18.20 0.55 

C18:1n7 93 1820 1816 0.81 0.04 0.89 0.03 

C18:2n6 96 1829 1837 20.26 1.23 20.81 0.72 

C18:3n3 96 1898 1887 18.95 0.84 19.66 0.31 

C20:0 96 2000 1999 0.19 0.02 0.15 0.01 

C20:1n11 89 2011 2011 0.06 0.01 0.03 0.00 

C20:1n9 92 2014 2014 1.04 0.06 0.70 0.02 

C20:2n6 89 2057 2053 0.14 0.00 0.10 0.01 

C20:3n3 85 2107 2112 0.07 0.01 0.07 0.00 

C22:0 91 2200 2199 0.07 0.00 0.06 0.01 

C22:1n10 90 2213 2215 0.08 0.00 0.06 0.01 

C24:0 95 2400 2399 0.61 0.01 0.61 0.03 

C24:1n9 88 2417 2416 0.02 0.00 0.01 0.00 

C25:0 93 - - 0.10 0.00 0.07 0.01 
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C26:0 90 - - 0.44 0.02 0.35 0.02 

C27:0 92 - - 0.06 0.00 0.05 0.00 

C28:0 92 - - 0.16 0.02 0.13 0.01 

C29:0 90 - - 0.05 0.01 0.04 0.00 

C30:0 90 - - 0.39 0.02 0.51 0.01 

Tot. mg/g    93.21 1.22 89.39 2.56 

SFAs    21.89 0.53 19.55 0.77 

MUFAs    25.44 0.81 22.75 0.75 

PUFAs    45.88 2.34 47.09 1.13 

Omega 6    23.46 1.40 23.70 0.85 

Omega 3    22.42 0.94 23.40 0.46 

Ratio 6/3    1.05 0.02 1.01 0.03 

 

# Tentative of identification. 

* Compounds were identified by using only MS spectra. 

 

Table 6.4. (Continued). 

 0.5x 1x 

FAMEs mg/g St. Dev. mg/g St. Dev. 

C8:0 0.05 0.00 0.05 0.01 

C9:0 0.02 0.00 0.02 0.00 

C10:0 0.02 0.00 0.02 0.00 

C12:0 0.05 0.00 0.05 0.00 

C14:0 0.22 0.01 0.23 0.02 

C15:0 0.36 0.01 0.39 0.00 

C15:1nx 0.02 0.00 0.02 0.00 

C16:0 19.61 1.23 20.67 1.38 

C16:1n9 1.63 0.07 1.74 0.09 

C16:1n7 0.24 0.02 0.22 0.01 

C16:1n5 0.72 0.05 0.73 0.04 

C16:3n6 # 0.06 0.01 0.06 0.00 

C16:2n6 2.77 0.23 2.99 0.07 

C16:3n3 3.11 0.21 3.47 0.09 

C17:0 0.48 0.00 0.52 0.01 

C17:1n7 0.53 0.06 0.65 0.06 

C18:0 2.90 0.38 2.72 0.29 

C18:1n9 25.38 2.01 24.95 1.57 

C18:1n7 0.90 0.04 0.80 0.02 

C18:2n6 19.17 1.47 19.98 1.12 

C18:3n3 18.55 1.65 18.98 1.24 

C20:0 0.27 0.03 0.26 0.03 

C20:1n11 0.08 0.01 0.08 0.01 

C20:1n9 1.50 0.12 1.53 0.09 

C20:2n6 0.16 0.01 0.15 0.01 



 

 

Chapter 6 

Doctor of Philosophy in Chemical Science     174 
 

C20:3n3 0.07 0.01 0.07 0.00 

C22:0 0.09 0.01 0.08 0.01 

C22:1n10 0.10 0.01 0.12 0.00 

C24:0 0.78 0.02 0.75 0.05 

C24:1n9 0.03 0.00 0.04 0.00 

C25:0 0.14 0.00 0.14 0.01 

C26:0 0.67 0.03 0.69 0.06 

C27:0 0.08 0.00 0.08 0.01 

C28:0 0.24 0.01 0.25 0.02 

C29:0 0.06 0.01 0.07 0.00 

C30:0 0.47 0.01 0.46 0.02 

Tot. mg/g 101.51 1.11 104.04 1.74 

SFAs 26.48 1.63 27.47 1.86 

MUFAs 31.14 2.05 30.88 1.67 

PUFAs 43.89 3.55 45.70 2.39 

Omega 6 22.16 1.71 23.18 1.19 

Omega 3 21.73 1.85 22.52 1.30 

Ratio 6/3 1.02 0.01 1.03 0.03 

 

Detailed profiling revealed that saturated and monounsaturated FAs increased in 

Coccomyxa while polyunsaturated FAs in Scenedesmus in response to increasing 

dose of OCs (Figure 6.1). Mainly major compounds contributed to this increase, 

namely palmitic acid (SFA), oleic acid (MUFA) and linoleic/α-linolenic acids 

(PUFAs) as shown in Figure 6.2.  
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Figure 6.1. Impact of increasing concentration of organochlorines (OCs) on total 

and individual fractions of FAs in Scenedesmus quadricauda or Coccomyxa subel-

lipsoidea after 24 h of exposure (1x corresponds to 159.4 μg HCH/L and 65.2 μg 

TCB/L as shown in Table 6.1). Data are means ± SDs (n = 3). Values for each 

fraction followed by the same small or capital letter(s) are not significantly different 

according to Tukey’s test (P< 0.05). SFAs – saturated fatty acids, MUFAs – 

monounsaturated fattyacids, PUFAs – polyunsaturated fatty acids. Note that omega 

derivatives ω6 and ω3are shown separately but they all are also involved in PUFAs 

(then “total acids”means sum of SFAs, MUFAs and PUFAs). Reproduced with 

permission from Elsevier. 
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Figure 6.2. Impact of increasing concentration of organochlorines (OCs) on major 

FAs (mg/g DW) in Scenedesmus quadricauda or Coccomyxa subellipsoidea after 

24 h of exposure (1x corresponds to 159.4 μg HCH/L and 65.2 μg TCB/L as shown 

in Table 6.1). Data are means ± SDs (n = 3). Reproduced with permission from 

Elsevier. 

 

Other less abundant acids were also typically affected in Scenedesmus or 

Coccomyxa with respect to their saturation level. This is an interesting observation 

with respect to short duration of the exposure (24 h) and low doses of OCs (Table 

6.1). In agreement with our data, maize root tips exposed to 2.5 or 25 μM γ-HCH 

(∼727or 7270 μg/L) over 7 days revealed strong elevation of saturated and 

unsaturated FAs even more pronouncedly in 2.5 μM treatment [20]. As suggested 

in maize roots, this may serve for modification of membrane lipid composition 

aimed at improving stress tolerance under OCs exposure. Significant changes of 

PUFAs in Scenedesmus may also be related to higher accumulation of OCs in this 

species. 
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Figure 6.3. FAMEs GC chromatogram of control Scenedesmus microalga. 

 

 

Figure 6.4. FAMEs GC chromatogram of control Coccomyxa microalga. 

 

6.4 Conclusion 

The present study showed that microalgae are potent accumulators of some 

organochlorines (HCH but not TCB) and they typically reflected ratio of isomers 
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in the mine dump effluent (high δ-HCHand low β-HCH) with Scenedesmus 

revealing higher accumulation efficiency than Coccomyxa. Negative impacts of 

applied organochlorines may be seen at the level of FAs, with the elevation of SFA 

and MUFAs in Coccomyxa and PUFAs in Scenedesmus. Further studies will 

befocused on the uptake of individual HCH or TCB isomers and thepossibilities 

how to increase OCs uptake by algae aimed at usingthem for remediation of 

polluted water environment. 
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Chapter 7 

 

Study of fatty acid profile in Ulva compressa samples treated with single and 

combined heavy metals by gas chromatography technique 1. 

 

1 This section has been adapted from the following publication: Kováčik J, Micalizzi G, Dresler 

S, Babula P, Hladký J, Chemodanov A, Mondello L. Metabolic responses of Ulva compressa to 

single and combined heavy metals. Chemosphere. 2018; 213: 384–394. 

 

7.1 Introduction 

Increasing industrial production is often related to an elevated release of metallic 

contaminants. Marine environment is not an exception owing to its dominant 

portion on the Earth's surface. Heavy metals comprise not only essential metals 

such as copper (Cu) but also those with no physiological functions such as cadmium 

(Cd). Under natural conditions, Cu is more abundant in seawater than Cd, thus 

leading to lower Cd accumulation in algae [1-2] including data from Ulva 

compressa [3]. It was also observed that Cu may affect the uptake of toxic metals 

(Cd or Pb) in microalgae [4-5], but no further physiological proofs are available. 

Both Cd and Cu are toxic when present at excess levels, and Cu typically shows a 

higher toxicity than Cd in algae [6]. Generally, use of macroalgae for 

bioaccumulation of metals was studied more than physiological responses [7]. 

Macroalgae are a potent source of various metabolites with practical applications 

in industry, pharmacy, and agriculture [8-9]. Among them, the genus Ulva includes 

species with worldwide distribution. U. compressa is widely used species but only 

the impact of Cu excess has been studied [10]. 

One of the main signs of metal toxicity is oxidative stress (an imbalance between 

generation and removal of reactive oxygen species e ROS), which leads to the 

damage of biomolecules including fatty acids [11-13]. FAs in micro- and 
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macroalgae have extensively been studied in terms of commercial applications [14-

15], but the impact of heavy metals has only partially been monitored [16-17]. 

The aim of this work was to study the toxicity of Cd and Cu alone and in 

combination at two doses (1 and 10 µM), which have already partially been used 

for studying physiological responses of U. compressa to Cu [10]. We monitored the 

profile of FAs was determined in detail for the first time (36 compounds including 

long-chain FAs). 

7.2. Materials and methods 

7.2.1 Exposure conditions and statistics 

Thalli of the macroalga U. compressa (Chlorophyta) were precultured from spores 

obtained from algae collected on the Mikhmoret reef during spring 2017; they were 

cultivated in plastic bags of the closed photobioreactor containing media enriched 

with natural seawater at a salinity dose of 37 e 40% and photosynthetically active 

radiation (PAR) of up to 350 mmol m-2 s-1 as reported previously [18]. Uniform 

thalli were shipped to Slovakia (within 48 h) and were exposed to Cd and Cu alone 

in the form of chlorides at a final concentration of 1 and 10 µM for each metal and 

also in combination (1 µM Cd + 1 µM Cu and 10 µM Cd + 10 µM Cu). Aerated 

artificial seawater (Red Sea Coral Pro Salt) at a salinity dose 37% (w/v) was used 

as an exposure medium with ca. 10 g of algal fresh weight per liter of the final 

solution under 12 h:12 h photoperiod and PAR of ~50 µmol m-2 s-1. Solutions were 

applied twice, and the total period for exposure to metallic treatments was 7 days. 

Thereafter, thalli were washed thrice with deionised water, carefully dried with a 

filter paper, and extracted for fresh-mass requiring parameters mentioned below, or 

lyophilized. 
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One-way ANOVA followed by a Tukey's test (MINITAB Release 11, Minitab 

Inc., State College, Pennsylvania, USA) was used to evaluate the significance of 

differences (P < 0.05) between treatments (either 1 µM treatments plus control or 

10 µM treatments plus control). Student's t-test was used to evaluate the differences 

between 1 µM and 10 µM concentrations in the given treatment with three 

independent repetitions for each treatment and parameter. To study the interaction 

between factors (Cu and Cd), the data set was statistically analyzed using two-way 

ANOVA. Significance of the factors and the interaction between them were 

assessed at three confidence levels, namely, 0.05, 0.01, and 0.001 marked as *, **, 

and ***, respectively. The principal component analysis (PCA) was based on the 

amount of FAs. Statistical analyses were performed using Statistica software 

(StatSoft, Inc., 2014, data analysis software system version 12). 

7.2.2 Quantification of fatty acids 

Total lipid extraction and methylation of FAs to their corresponding methyl 

esters (FAMEs) were performed as reported earlier [19]. Briefly, 10 mg of dry algal 

samples were placed to Pyrex tube with the three internal standards (IS, 50 mL of 

each) glyceryl triundecanoate (700 mg/L in n-hexane, IS1), myristic-d27 acid (700 

mg/L in n-hexane, IS2), and stearic-d35 acid (700 mg/L in n-hexane, IS3); this 

mixture was subsequently dried under nitrogen flow. FAMEs were obtained by a 

direct derivatization procedure with 500 µL of sodium methylate in methanol (0.5% 

w/v) and 500 µL of boron trifluoride-methanol solution (14% in methanol), 

sonicated, and then heated at 100°C. An NaCl saturated solution prepared using 

distilled water and n-hexane was added and shaken on vortex, and the upper n-

hexane layer was transferred to vials for gas chromatography (GC) analysis.  
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Identification of FAMEs was carried out on a GCMS-QP2010 (Shimadzu, 

Milan, Italy) equipped with a split-splitless injector and an AOC-20i autosampler 

(Figure 7.3 for FAMEs GC chromatogram). Quantification of FAMEs was carried 

out on a GC-2010 (Shimadzu) equipped with a split-splitless injector (280°C), an 

AOC-20i autosampler, and an FID detector. The chromatographic column, the 

programmed oven temperature, MS parameters, peak assignment, data collection, 

and quantification were same as those described in detail previously [20]. 

7.3 Results and discussion 

7.3.1 Quantitative changes in fatty acids under single and combined metal 

treatments. 

 

The profile of FA abundance in control samples (Figure. 7.1) is in agreement 

with that observed as a general characteristic in the genus Ulva as PUFAs > SFAs 

> MUFAs [15]; PUFAs were found to be dominant (43% from total FAs in control, 

see also graphical abstract for % change in individual groups).  

Palmitic (C16:0), vaccenic (C18:1n7), linoleic (C18:2n6), and a-linolenic 

(18:3n3) acids were major compounds in control (Figure 7.2). In agreement, a 

recent study confirmed that Ulva species contained more linoleate (18:2n6), 

linolenate (18:3n3), and oleate/vaccenate (18:1) than macroalgae from other groups 

[21]. The total content of FAs detected in our work was 16.7 mg/g DW (Figure. 

7.1), which is lower than that seen in green microalgae such as Coccomyxa (ca. 70-

120 mg/g DW; [14]) but similar to that seen in the red macroalga Gracilaria (ca. 

20 mg/g DW; [11]). 
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Figure 7.1. Impact of two Cd and Cu concentrations alone and in combination on 

the accumulation of individual groups of FAs (mg g-1 DW) in Ulva compressa after 

7 days of exposure. Data are represented as mean ± SD (n = 3). SFAs - saturated 

fatty acids, MUFAs - monounsaturated fatty acids, and PUFAs - polyunsaturated 

fatty acids. See Table 7.1 for a complete list of acids detected in the given species. 

Reproduced with permission from Elsevier. 

 

Oxidative stress resulting from exposure to metals may alter the quantity of FAs 

(especially PUFAs), which are prone to oxidation. This fact has been confirmed, 

and Cu was found to be more toxic for FAs than Cd (even at a 1 µM dose); mainly, 

PUFA levels strongly decreased (from 43% of total acids in control to 28.9% and 

5.4% in 1 and 10 µM Cu treatments, respectively; Figure 7.1). Depletion evoked by 

1 µM Cu alone and in combination with Cd was also apparent at the level of 

individual major PUFAs, i.e., linoleic and α-linolenic acids (Figure 7.2). In 10 µM 

Cu treatment alone and in combination, both these acids decreased more 

extensively (up to -98% in comparison with control; Figure 7.2). In contrast to 

PUFAs, the sum of SFAs (and palmitic acid as a major metabolite) decreased only 
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in a higher dose of combined treatment (Figures 7.1 and 7.2). To our knowledge, 

the profile of FAs under high levels of Cu in the genus Ulva has not been studied 

and depletion under a higher Cu dose is more significant than one would expect. In 

the case of Cd, one available report showed rather an increase in FAs (mainly SFAs 

and PUFAs) in U. lactuca exposed to 400 µM for 4 days [16]. This is rather an 

interesting observation because no stimulatory effect of Cd was observed in the 

present work at the level of major acids (Figures. 7.1 and 7.2). 

 

Figure 7.2. Impact of two Cd and Cu concentrations alone and in combination on 

the accumulation of major FAs (mg g-1 DW) in Ulva compressa after 7 days of 

exposure. Data are represented as mean ± SD (n = 3). Reproduced with permission 

from Elsevier. 

 

At the level of less accumulated acids, compounds with an amount higher than 

0.1 mg/g DW involved several MUFAs and PUFAs and longer chains acids (more 

than C18) including C20 PUFAs (C20:4n6, C20:3n6, C20:5n3, or C20:4n3) and 
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even two C22 PUFAs (C22:4n6 and C22:5n3; Table 7.1). These acids together 

represented 5.6% of total FAs in control samples. Though it has recently been 

suggested that “green seaweeds probably lack the metabolic pathways to produce 

PUFAs with 20 or more chain carbons” [21], our data and cited data show that at 

least a smaller amount of these acids is produced in the genus Ulva.  

Table 7.1. Impact of two Cd and Cu concentrations alone and as a combination on 

accumulated FAs (mg g-1 DW) in Ulva compressa after 7 days of exposure. Data 

are represented as mean values only (n = 3). nd - not detected. Reproduced with 

permission from Elsevier. 

 

Compound Control 1 µM Cd 1 µM Cu 1µM Cd + Cu 10 µM Cd 10 µM Cu 
10 µM Cd + 

Cu 

 C9:0 <0.01<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

 C10:0 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 <0.01 <0.01 0.01 ± 0.00 <0.01 

 C12:0 0.01 ± 0.00 0.00 ± 0.01 0.01 ± 0.00 <0.01 <0.01 0.01 ± 0.00 0.01 ± 0.01 

 C14:0 0.10 ± 0.01 0.11 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 0.13 ± 0.00 0.09 ± 0.01 

 C15:0 iso 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

 C15:0 0.12 ± 0.01 0.12 ± 0.00 0.09 ± 0.00 0.11 ± 0.02 0.10 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 

 C16:0 5.55 ± 0.52 5.24 ± 0.01 4.95 ± 0.04 5.27 ± 0.64 5.00 ± 0.31 5.00 ± 0.41 3.66 ± 0.40 

 C16:1n9 0.13 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.09 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 

 C16:1n7 0.24 ± 0.02 0.25 ± 0.01 0.22 ± 0.02 0.23 ± 0.03 0.20 ± 0.03 0.31 ± 0.01 0.27 ± 0.02 

 C16:1n5 0.20 ± 0.02 0.12 ± 0.01 0.11 ± 0.00 0.08 ± 0.01 0.07 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 

 C16:2n6 0.03 ± 0.00 0.04 ± 0.01 0.03 ± 0.00 0.04 ± 0.00 0.04 ± 0.01 0.03 ± 0.00 0.06 ± 0.01 

 C16:2n4 0.17 ± 0.02 0.15 ± 0.01 0.06 ± 0.00 0.10 ± 0.01 0.29 ± 0.03 0.01 ± 0.00 0.02 ± 0.00 

 C16:4n3 0.67 ± 0.08 0.59 ± 0.01 0.22 ± 0.01 0.26 ± 0.03 0.43 ± 0.08 0.02 ± 0.01 0.01 ± 0.01 

 C16:3n3 0.63 ± 0.08 0.51 ± 0.01 0.25 ± 0.00 0.25 ± 0.02 0.31 ± 0.05 0.02 ± 0.00 0.01 ± 0.00 

 C17:0 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 

 C18:0 0.14 ± 0.01 0.13 ± 0.01 0.15 ± 0.01 0.15 ± 0.02 0.15 ± 0.01 0.14 ± 0.01 0.15 ± 0.01 

 C18:1n9 0.28 ± 0.02 0.28 ± 0.00 0.29 ± 0.01 0.30 ± 0.03 0.20 ± 0.02 0.25 ± 0.02 0.14 ± 0.02 

 C18:1n7 2.29 ± 0.10 2.01 ± 0.03 1.80 ± 0.09 1.90 ± 0.17 1.78 ± 0.19 1.51 ± 0.06 0.98 ± 0.09 

 C18:2n6 1.56 ± 0.11 1.71 ± 0.01 0.98 ± 0.05 1.33 ± 0.09 1.86 ± 0.26 0.23 ± 0.02 0.15 ± 0.01 

 C18:3n6 0.14 ± 0.01 0.12 ± 0.00 0.05 ± 0.01 0.07 ± 0.00 0.13 ± 0.02 0.01 ± 0.00 nd 

 C18:3n3 2.49 ± 0.14 2.07 ± 0.02 1.10 ± 0.06 1.13 ± 0.08 1.34 ± 0.26 0.10 ± 0.01 0.05 ± 0.01 

 C18:4n3 0.62 ± 0.03 0.53 ± 0.01 0.22 ± 0.01 0.26 ± 0.02 0.41 ± 0.08 0.01 ± 0.00 0.01 ± 0.00 

 C20:0 0.03 ± 0.01 0.03 ± 0.00 0.05 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.03 ± 0.00 0.04 ± 0.01 

 C20:1n11 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

 C20:1n9 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 

 C20:2n6 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 nd nd 

 C20:4n6 0.26 ± 0.02 0.20 ± 0.00 0.11 ± 0.00 0.11 ± 0.01 0.14 ± 0.03 0.01 ± 0.00 nd 

 C20:3n6 0.16 ± 0.02 0.14 ± 0.00 0.09 ± 0.00 0.09 ± 0.01 0.10 ± 0.02 0.01 ± 0.00 nd 
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Quantitative changes of less accumulated acids showed a trend similar to that 

occurring in major acids. A relatively slight impact on SFAs followed by a more 

pronounced impact on MUFAs, and the impact on PUFAs was the most evident. 

Mainly a higher Cu dose alone and in combination with Cd led to even non 

detectable content of seven PUFAs (Table 7.1). These data clearly showed that 

responses to Cu and Cd differed in U. compressa, thus indicating eventually a 

higher oxidative stress with regard to strongly depleted PUFAs. 

 

Figure 7.3. FAMEs GC chromatogram of control Ulva compressa sample. 

 

 

 C20:3n3 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 nd nd 

 C20:5n3 0.18 ± 0.01 0.14 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 0.08 ± 0.02 nd nd 

 C20:4n3 0.10 ± 0.00 0.09 ± 0.00 0.05 ± 0.00 0.05 ± 0.01 0.06 ± 0.02 nd nd 

 C22:0 0.24 ± 0.01 0.20 ± 0.00 0.21 ± 0.02 0.20 ± 0.03 0.30 ± 0.04 0.20 ± 0.01 0.22 ± 0.01 

 C22:4n6 0.12 ± 0.00 0.11 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 0.12 ± 0.02 0.01 ± 0.00 nd 

 C22:6n3 0.02 ± 0.00 0.01 ± 0.00 <0.01 nd nd nd nd 

 C22:5n3 0.13 ± 0.01 0.12 ± 0.01 0.05 ± 0.00 0.06 ± 0.01 0.10 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 

 C24:0 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.02 ± 0.01 0.03 ± 0.00 0.02 ± 0.01 0.02 ± 0.00 

Tot. mg/g 16.74 ± 1.24 15.22 ± 0.05 11.51 ± 0.30 12.49 ± 1.22 13.55 ± 1.37 8.34 ± 0.57 6.15 ± 0.63 
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7.4. Conclusion 

The present study showed that Cd and Cu levels in U. compressa differ in 

relation to the applied dose and co-application of both metals (Cu-induced depletion 

of Cd). Analyses of FAs showed that SFAs were the least affected but PUFAs were 

the most affected: Cu had a more pronounced impact on acids than Cd either alone 

or in combined treatments, and higher Cu doses resulted in some minor PUFAs 

even undetectable, thus supporting the redox active properties of Cu. 
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Chapter 8 

 

Determination of the fatty acid profile in contaminated lichen Ramalina 

farinacea by gas chromatography techniques and mass spectrometry data 1. 

 

This section has been adapted from the following publication: Kováčik J, Dresler S, Micalizzi G, 

Babula P, Hladký J, Mondello L. Nitric oxide affects cadmium-induced changes in the lichen 

Ramalina farinacea. Nitric Oxide. 2019; 83: 11–18 1. 

 

8.1 Introduction 

Heavy metals are unavoidable components circulating in the environment owing 

to natural or anthropogenic factors. Among them, cadmium (Cd) is highly 

dangerous metal with no known biological function in organisms [1]. Plants 

relatively readily accumulate Cd as observed in vascular plants and algae [1-2]. Cd 

accumulation by lichens is also higher compared to e.g. Ni [3-4], making them 

suitable for physiological studies of Cd toxicity. With respect to specific life of 

lichens (symbiosis of algae with fungi and often epilithic or epiphytic occurrence), 

their adaptive mechanisms to heavy metals should differ from vascular plants where 

root-to-shoot metal translocation may modify toxicity and absolute accumulation. 

One of the main sings of excessive accumulation of heavy metals is imbalance 

in the generation and removal of reactive oxygen species (ROS), leading to so-

called oxidative stress. Plants typically respond to Cd by enhanced ROS formation 

[5-6]. In lichens, monitoring of oxidative stress-related parameters by standard 

spectrophotometry did not show extensive impact of Cd or Ni [3] but our recent 

studies provided evidence that fluorescence microscopy is much more sensitive to 

detect qualitative changes in the ROS formation under Ni, Cr or Cu excess [7-8]. 

Nitric oxide (NO) is a small gaseous molecule with far-reaching effects in 

organisms. In lichens, however, the role of NO in stress defense was only 
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superficially studied [9]. We therefore studied the involvement of NO in Cd toxicity 

using epiphytic lichen Ramalina farinacea as some Ramalina species may 

considerably accumulate Cd [4]. In particular, detailed profile of FAs in response 

to Cd and/or NO modulator were performed here for the first time in any lichen 

species. 

8.2. Materials and methods 

8.2.1 Lichen material and exposure conditions 

Ramalina farinacea (L.) Ach. was collected randomly during September 2017 from 

the bark of Quercus sp. ca. 2 m above ground in the locality Košice-Bankov as 

reported previously [10].  

Macroscopic foreign material was manually removed and samples were prepared 

and analyzed within 1 week after harvest. Approximately 0.1 g DW (air-dried) 

samples were used for analyses. They were exposed to treatments in screw-cap inert 

plastic tubes (50 mL; Sarstedt, Nümbrecht, Germany) for 24 h in solutions prepared 

with HEPES buffer (pH 6.5). Cadmium (Cd2+) was added in the form of chloride 

and NO scavenger cPTIO in the final concentrations of 10 or 100 μM. Control was 

maintained in HEPES buffer only. Samples were kept in the cultivation room (12 

h/12 h, 24/19°C day/night) at PAR ∼30 μmolm−2 s−1. Absolute dry mass of lichens 

was determined by weighing the sub-samples dried in an oven at 90°C. After the 

incubation period, samples for biochemical analyses were washed thrice with 

deionised water, carefully dried with filter paper and extracted as mentioned below. 

Processing of samples for the estimation of metabolites requiring fresh material 

involved homogenization with cold mortar and pestle with the addition of small 

amount of inert so-called sea sand (Penta s.r.o., Prague, Czech Republic) to achieve 

complete thalli disruption. 
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8.2.2 Quantification of fatty acids 

Lichens FA profile has been investigated by using a direct extraction-

derivatization technique in which the total lipid are extracted and derivatized to 

their corresponding methyl esters (FAMEs) at the same time. Briefly, 15 mg DW 

of samples were placed into screw-top test tube, spiked with 20 μL of the internal 

standard glyceryl triundecanoate (C11-C11-C11, Merck Life Science, Darmstadt, 

Germany) at a concentration of 700 mg/L in n-hexane, and subsequently dried 

under nitrogen flow. FAMEs were obtained by direct derivatization procedure with 

500 μL of sodium methylate in methanol (0.5% w/v) and 500 μL of boron 

trifluoride-methanol solution (14% in methanol), sonicated and then heated at 

100°C. An NaCl saturated solution in distilled water and n-hexane was added, 

shaken on vortex and upper n-hexane layer was transferred to vials for gas 

chromatography (GC). FAMEs identification was carried out on a GCMS-QP2010 

(Shimadzu, Milan, Italy) equipped with a split-splitless injector and an AOC-20i 

autosampler (see Figure 8.2 for GC chromatogram). The chromatographic column 

was a SLB-IL60i (30 m×0.25mm id, 0.20 μm film thickness) column (Merck Life 

Science). The programmed oven temperature was: from 70°C to 180°C (10 min) at 

3°C/min and then up 280 at 3°C/min. Injector was kept at 280°C; injection volume: 

3.0 μL; injection mode: split 1:10. Helium was used as carrier gas at 30 cm/s linear 

velocity. MS parameters were as follows: mass range 40–550 amu, scan speed: 

3333 amu/s. Ion source temperature: 220°C, interface temperature: 250°C. The 

GCMSsolution software (version 4.41 Shimadzu, Milan, Italy) was used for data 

collection and handling. Peaks assignment was carried through spectral search of 

the analytes into the FAMEs dedicate library: LIPIDS library (Shimadzu Europe, 

Duisburg, Germany) was mainly used. To support the identification, the system of 
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linear retention indices (LRIs) was used. In particular, a LRIs±10 range between 

experimental (calculated by injection of a C4- C24 even carbon saturated FAMEs 

standard solution, Merck Life Science) and reference (obtained analyzing FAMEs 

standard mixtures) LRIs were employed.  

FAMEs quantification was carried out on a GC- 2010 (Shimadzu) equipped with 

a split-splitless injector (280°C), an AOC-20i autosampler, and a FID detector. GC 

column, temperature program, carrier gas and linear velocity were the same as 

mentioned above for GCMS analysis. The FID temperature was set at 280°C 

(sampling rate 40 ms) and gas flows were 40 mL/min for hydrogen, 30 mL/min for 

make up (nitrogen) and 400 mL/min for air, respectively. Data were collected by 

LabSolution (version 5.92, Shimadzu). FAMEs have been quantitatively 

determined using a glyceryl triundecanoate as internal standard as showed in AOCS 

Official Method Ce1h-05 [11]. This method determines the content and 

concentration of saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), 

and polyunsaturated fatty acid (PUFA) using the theoretical flame ionization 

correction factors (TCFs). For a major data precision, all samples were derivatized 

in triplicate. 

8.3 Results and discussion 

8.3.1 Fatty acids are more affected by Cd than by NO. 

 

It is rather common in the literature that FA quantification is shown as relative 

% of total FAs which is difficult for exact comparison among various biological 

objects. We therefore mention both absolute (mg/g DW) and relative (% of total 

FAs) amounts of acids for better clarity. In total, 22 FAs including longer chain 

acids were detected in the lichen Ramalina farinacea (Table 8.1) with maximum 

absolute content of the sum of acids in control to be 3.89 mg/g DW (Figure 8.1). 
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This is far lower amount comparing with other life forms such as freshwater 

microalgae (ca. 70–120 mg/g DW in Coccomyxa [12]) while other lichens contain 

ca. 1–3 mg/g DW of free fatty acids [13]. 

 

Figure 8.1. Impact of nitric oxide scavenger (cPTIO), cadmium (Cd) and their 

combination (Cd + cPTIO) on quantitative changes of individual major FAs and 

fractions of FAs (SFAs–saturated fatty acids, MUFAs–monounsaturated fatty 

acids, PUFAs–polyunsaturated fatty acids, total FAs–total fatty acids) in the lichen 

Ramalina farinacea after 24 h of exposure (100 μM of each compound was 

applied). Data are means ± SDs (n=3). Values for individual acids or fractions 

followed by the same letter(s) are not significantly different according to Tukey's 

test (P < 0.05). Note that given four acids represent over 85% from total acids and 

quantitative changes of other acids are shown in Table 8.1. Reproduced with 

permission from Elsevier. 

 

Palmitic (C16:0), stearic (C18:0), oleic (C18:1n9) and linoleic (C18:2n6) acids 

were major compounds (Figure 8.1 and Figure 8.2 for FAMEs GC chromatogram), 

representing over 85% of total FAs. In agreement with our profile, oleic and 

palmitic acids were dominant in the lichens Collema [13] but, unlike them, we did 
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not detect higher abundance of α-linolenic acid (C18:3n3, ca. 2% from total FAs in 

control; see Table 8.1). Linoleic (17–30% from total FAs) and palmitic (18–27% 

from total FAs) acids are also dominant in the leaves of vascular plants [14]. 

MUFAs were less accumulated than PUFAs and SFAs (Figure 8.1 and Table 8.1).  

Oxidative stress arising from the application of metals may alter quantity of FAs 

(especially PUFAs), which are prone to oxidation. This fact has been confirmed in 

the present study and all major acids decreased more in response to Cd than to 

cPTIO application, being therefore reflected in individual fractions too (Figure 8.1). 

In the combined Cd + cPTIO treatment, major acids and individual fractions 

showed typically more pronounced depletion than under single treatments. 

It was interesting to find, if expressed as % of total FAs, that all treatments and 

Cd + cPTIO mostly depleted SFAs (from 40 to 35% of total SFAs) but elevated 

PUFAs (from 42 to 48%) content. This is rather unusual observation because we 

recently found that even 10 μM Cd depleted % of PUFAs and elevated % of SFAs 

in the macroalga Ulva [15]. However, similarly to our data presented here, ecotypes 

of Cd hyperaccumulator Thlaspi caerulescens revealed depletion of SFAs but 

elevation of PUFAs with increasing Cd dose which could contribute to defense [14] 

and similar action could be plausible in lichens. 
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Table 8.1. Impact of two cPTIO and Cd concentrations alone and as a combination 

on accumulated FAs (mg g-1 DW) in lichen samples. Data are represented as mean 

values only (n = 3). LRI ref are values calculated with standard mixtures, LRI exp 

is obtained experimentally. MS Similarity represents the percentage of similarity 

between experimental and library spectra. FAMEs quantitative is expressed in 

percentage (area %) and in mg/g of lichen. TCFC11 is the theoretical flame 

ionization detector response factor for FAMEs with respect to FAME C11:0 used 

as internal standard. Reproduced with permission from Elsevier. 

 

 

* Compounds were identified by using only MS spectra. 

 

 

 

 Identification Criteria 
TCFC11 

Control 

Compound MS Sim LRI ref LRI exp % mg/g 

C8:0 87 797 800 1.086 0.29 ± 0.06 0.01 ± 0.00 

C9:0 93 896 900 1.051 0.41 ± 0.15 0.02 ± 0.01 

C10:0 82 997 1000 1.023 0.21 ± 0.13 0.01 ± 0.01 

C14:0 98 1397 1400 0.951 0.90 ± 0.18 0.04 ± 0.01 

C15:0 iso 96 1458 1459 0.939 0.15 ± 0.11 0.01 ± 0.00 

C15:0 89 1499 1500 0.939 1.25 ± 0.20 0.05 ± 0.01 

C16:0 96 1597 1600 0.928 24.64 ± 2.61 0.93 ± 0.11 

C16:1n7 97 1612 1615 0.921 0.35 ± 0.18 0.02 ± 0.01 

C16:1n5 94 1617 1620 0.921 1.89 ± 0.42 0.07 ± 0.01 

C17:0 91 1690 1700 0.919 0.89 ± 0.11 0.04 ± 0.01 

C18:0 96 1796 1800 0.911 8.41 ± 0.90 0.32 ± 0.01 

C18:1n11 97 1803 1803 0.911 0.17 ± 0.05 0.01 ± 0.00 

C18:1n9 88 1806 1809 0.904 12.92 ± 1.10 0.50 ± 0.05 

C18:1n7 94 1814 1820 0.904 1.69 ± 0.29 0.07 ± 0.00 

C18:2n6 96 1839 1847 0.898 40.62 ± 3.23 1.57 ± 0.13 

C18:3n3 98 1885 1893 0.892 2.23 ± 0.35 0.08 ± 0.01 

C20:0 95 1996 2000 0.897 0.44 ± 0.11 0.02 ± 0.01 

C22:0 97 2197 2200 0.885 0.66 ± 0.20 0.04 ± 0.04 

C23:0 96 2302 2300 0.880 0.26 ± 0.11 0.01 ± 0.00 

C24:0 91 2397 2400 0.876 0.94 ± 0.29 0.06 ± 0.05 

C25:0 * 96 - 2500 0.871 0.18 ± 0.05 0.01 ± 0.00 

C26:0 * 86 - 2562 0.867 0.47 ± 0.14 0.02 ± 0.01 

Tot.     100.00 3.89 ± 0.06 

SFA     40.12 ± 4.57 1.58 ± 0.16 

MUFA     17.03 ± 1.35 0.66 ± 0.06 

PUFA     42.85 ± 3.35 1.65 ± 0.14 
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Table 8.1. (Continued). 

 

 

 cPTIO Cd Cd + cPTIO 

Compound % mg/g % mg/g % mg/g 

C8:0 0.30 ± 0.09 0.01 ± 0.00 0.47 ± 0.03 0.01 ± 0.01 0.40 ± 0.05 0.01 ± 0.01 

C9:0 0.48 ± 0.14 0.02 ± 0.00 0.40 ± 0.09 0.01 ± 0.00 0.54 ± 0.14 0.01 ± 0.01 

C10:0 0.32 ± 0.12 0.01 ± 0.00 0.22 ± 0.07 0.01 ± 0.00 0.24 ± 0.09 0.01 ± 0.01 

C14:0 0.99 ± 0.12 0.04 ± 0.01 1.23 ± 0.12 0.04 ± 0.01 1.30 ± 0.28 0.03 ± 0.02 

C15:0 iso 0.08 ± 0.05 0.00 ± 0.00 0.40 ± 0.19 0.01 ± 0.00 0.25 ± 0.04 0.00 ± 0.01 

C15:0 1.14 ± 0.07 0.04 ± 0.00 1.23 ± 0.02 0.03 ± 0.00 1.28 ± 0.06 0.03 ± 0.01 

C16:0 22.68 ± 1.47 0.78 ± 0.04 23.60 ± 1.38 0.64 ± 0.11 23.32 ± 0.59 0.53 ± 0.27 

C16:1n7 0.28 ± 0.14 0.01 ± 0.01 0.73 ± 0.24 0.02 ± 0.00 0.44 ± 0.03 0.01 ± 0.00 

C16:1n5 2.26 ± 0.30 0.08 ± 0.02 2.39 ± 0.23 0.07 ± 0.01 2.53 ± 0.13 0.06 ± 0.03 

C17:0 0.78 ± 0.02 0.03 ± 0.00 0.61 ± 0.02 0.02 ± 0.01 0.62 ± 0.06 0.01 ± 0.01 

C18:0 7.53 ± 0.68 0.26 ± 0.04 4.74 ± 0.55 0.12 ± 0.00 5.05 ± 0.96 0.11 ± 0.06 

C18:1n11 0.22 ± 0.04 0.01 ± 0.00 0.16 ± 0.04 0.00 ± 0.00 0.14 ± 0.02 0.00 ± 0.00 

C18:1n9 12.24 ± 0.23 0.41 ± 0.05 11.09 ± 0.88 0.30 ± 0.06 10.63 ± 0.85 0.24 ± 0.13 

C18:1n7 1.48 ± 0.11 0.05 ± 0.01 1.98 ± 0.65 0.05 ± 0.01 1.53 ± 0.17 0.04 ± 0.02 

C18:2n6 44.16 ± 2.41 1.48 ± 0.18 43.21 ± 2.69 1.14 ± 0.22 44.16 ± 2.18 0.97 ± 0.46 

C18:3n3 2.61 ± 0.92 0.09 ± 0.04 5.16 ± 1.53 0.13 ± 0.04 5.95 ± 1.77 0.14 ± 0.11 

C20:0 0.41 ± 0.03 0.01 ± 0.00 0.36 ± 0.08 0.01 ± 0.00 0.26 ± 0.08 0.01 ± 0.01 

C22:0 0.60 ± 0.11 0.02 ± 0.00 0.53 ± 0.38 0.01 ± 0.01 0.41 ± 0.23 0.01 ± 0.00 

C23:0 0.19 ± 0.03 0.01 ± 0.00 0.14 ± 0.09 0.00 ± 0.01 0.10 ± 0.06 0.00 ± 0.00 

C24:0 0.77 ± 0.13 0.02 ± 0.01 0.80 ± 0.55 0.02 ± 0.01 0.50 ± 0.19 0.01 ± 0.00 

C25:0 0.15 ± 0.01 0.01 ± 0.01 0.10 ± 0.04 0.00 ± 0.00 0.08 ± 0.03 0.00 ± 0.00 

C26:0 0.34 ± 0.06 0.01 ± 0.00 0.46 ± 0.32 0.01 ± 0.01 0.26 ± 0.07 0.01 ± 0.01 

Tot. 100.00 ± 0.00 3.40 ± 0.36 100.00 ± 0.00 2.65 ± 0.36 100.00 ± 0.00 2.25 ± 1.15 

SFA 36.76 ± 2.08 1.27 ± 0.10 35.27 ± 2.30 0.95 ± 0.09 34.62 ± 1.54 0.79 ± 0.39 

MUFA 16.48 ± 0.59 0.57 ± 0.08 16.36 ± 0.52 0.43 ± 0.06 15.27 ± 1.09 0.34 ± 0.18 

PUFA 46.77 ± 1.97 1.57 ± 0.20 48.37 ± 2.10 1.27 ± 0.22 50.11 ± 2.50 1.11 ± 0.57 
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Figure 8.2. FAMEs GC chromatogram of control lichen Ramalina farinacea. 

 

8.4 Conclusion 

Present study confirmed that cPTIO effectively modulates not only NO 

formation in lichen but also its cross-talk with Cd. FAs were depleted the most in 

combined treatment where the highest ROS formation was visible. However, shift 

in relative ratio of saturated versus PUFAs indicates eventual defense mechanisms 

to Cd-induced oxidative stress. 
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Chapter 9 

 

Characterization of lipid profile of tuna fish by chromatographic technique 

coupled to mass spectrometry. 

 

9.1 Introduction 

During fish processing a considerably amount of fish waste (20–80% depending 

on processing level and fish species) is produced [1]. Traditionally, fishery by-

products are discarded causing environmental contamination. In the best-case 

scenario, these materials were reduced to fishmeal for animal feed [2]. Recently, 

the interest to obtain value-added products from these discards is increasing. 

Nowadays, it is a common practice to improve or create new improved processes 

to minimize discards from the fish industry designed to recover high-value 

compounds or to modify the manufacturing process to add value to the previously 

so-called waste product [2]. 

The nutritional value of solid fish waste products is almost identical to that of 

the edible parts [3]. Therefore, the reprocessing of fish waste material has led to 

high added-value foodstuffs, with high nutritional value, good taste, and which are 

stable and, therefore, suitable for storage [3].  

Fish oil can be extracted from fish wastes, and it is an excellent source of many 

unsaturated FAs [4], including long chain Omega-3 cis-5,8,11,15,17- 

eicosapentaenoic acid (EPA) and cis-4,7,10,13,16,19-docosahexaenoic acid (DHA) 

[5]. However, its application in food formulations is limited because of its easy 

oxidation and strong odor [6]. EPA and DHA are today universally recognized as 

nutraceuticals, for their numerous positive properties on the cardiovascular and 

nervous systems [7] 
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In 2016, world fish production reached approximately 171 million tons with 

aquaculture accounting for 47% of production [8]. China is the leading producer in 

the fishing industry, producing since 1991 more of the countries of the rest of the 

world and has confirmed itself as the main producer in 2016, followed by India, 

Indonesia, Vietnam, Bangladesh, Egypt and Norway [9]. Catches of tuna fishes 

have stabilized at around 7.5 million tons in 2016, with yellowfin tuna (Thunnus 

albacares) and bigeye tuna (Thunnus obesus) reaching 75% of total tuna catches 

[9]. 

The main Italian sectors in the fish processing industry are canning and freezing. 

Tuna represents, with its 98.683 tons, the most imported product from Italy and, of 

these, the processed and canned tuna (57.166 tons) alone account for almost 58% 

of the total [8]. 

The objective of this research work was the development and optimization of 

chromatographic techniques for the complete characterization of the lipid 

component of fish, in order to make a qualitative and quantitative comparison 

between edible parts and fish waste products. This research study is part of a project 

aimed at the exploitation and re-use of waste products from tuna processing in 

industrial processes. In this work has been developed a NARP-UHPLC method 

coupled with mass spectrometry for the separation and identification of triglycerdes 

(TAGs) in the muscle and skin of tuna. In addition, lipid extracts were derivatized 

and subjected to GC investigations. 

9.2. Materials and methods 

9.2.1. Samples and their preparation 

Samples of tuna (Thunnus thynnus species) were caught in the Strait of Messina 

(Mediterranean Sea). Methanol, chloroform, sodium methoxide (MeONa) and 
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boron trifluoride (BF3, 14% methanol) were supplied by Merck Life Science 

(Darmstadt, Germany). The n-hexane was purchased by Panreac AplliChem 

(Barcelona). Isopropyl alcohol and acetonitrile alcohol (both LC-MS grade) were 

purchased by Merck Life Science. Potassium hydroxide from Fluka (buchs). The 

lipid fraction of the test samples was extracted using the Bligh & Dyer method [10] 

recommended by the OECD (Organitazion for Economic Cooperation and 

Development) for complete lipid extraction from marine species. 

In detail, 10 grams of muscle and 10 grams of skin were independently ground 

in a mortar and then homogenized. Lipids were extracted by adding 30 ml of a 

mixture of solvents CHCl3/MeOH (1/2 v/v). 200 μL of an internal standard, 

tritridecanoin (TAG C13-C13-C13, 20000 mg/L in n-heptane) was added to the 

extraction mixture. The extraction process is then continued with the addition of 10 

ml of CHCl3 and 10 ml of H2O; the mixture has been shaken again for 15 minutes. 

Subsequently, the solution was filtered using filter paper. Finally, the extract was 

centrifuged for 15 minutes at 3000 rpm. The lower chloroform layer, in which lipids 

are soluble, was collected and transferred into a flask. The solvent was evaporated 

by the use of in a rotary evaporator, model P/N Hei-VAP Precision ML/G3 

(heidolph Instruments GmbH & Co., schwabach, Germany). 

For an exhaustive lipid extraction, the upper layer was again subjected to all the 

steps described above and the resulting lipids were added to the first extraction 

process. The final dry residue was stored at -18°C before to use. The two lipid 

extracts (muscle and skin) were weighed (11-12), diluted with 1 ml of acetone and 

then filtered through a 0.45 μg nylon membrane filter, before LC-MS analysis. 
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9.2.2 Lipid derivatization 

20 mg of the lipid extracts were derived using the hot transesterification 

procedure [11]. 100 μL triglyceride triundecanoin (C11-C11-C11, 20000 mg/L in 

n-heptane) was added to the lipid extract for quantification of the FAMEs. The 

derivatization process was carried out using 500 μL of MeONa in methanol (0.5% 

w/v) and the whole reaction mixture was heated for 15 minutes at 100°C. After 

cooling, 500 μL of BF3 in methanol was added; hot for 15 minutes to 100°C. The 

FAMEs compounds were extracted in 900 μL of n-heptane; to facilitate separation 

between heptanic and methanolic phases, 2 ml of a saturated aqueous solution of 

sodium chloride has been added to the solution. The upper heptanic layer, in which 

the FAMEs are soluble, has been transferred into a vial and subsequently subjected 

to analysis in the various GC systems. 

9.2.3 GC-MS and GC-FID analysis 

Quality analyses were carried out using a GCMS-QP2010 Plus system 

(Shimadzu, Milan, Italy) equipped with an AOC-20i autosampler. The analytical 

column used was an ionic liquid column, SLB-IL60, 30 m x 0.20 μm df, 0.25 mm 

ID (Merck Life Science). A split/splitless injector was used at a temperature of 

280°C. Helium was used as carrier gas at 30 cm/s linear velocity; injection volume: 

0.5 μL; injection mode: split 1:20. The programmed oven temperature was: from 

70°C to 180°C (10 min) at 3°C/min and then up 280 at 3°C/min. MS parameters 

were as follows: mass range 40–550 amu, scan speed: 3333 amu/s. Ion source 

temperature: 220°C, interface temperature: 250°C. The GCMSsolution software 

(version 4.41 Shimadzu, Milan, Italy) was used for data collection and handling. 

Peaks assignment was carried through spectral search of the analytes into the 

FAMEs dedicate library: LIPIDS library (Shimadzu Europe, Duisburg, Germany) 
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was mainly used. To support the identification, the system of linear retention 

indices (LRIs) was used. In particular, a LRIs±10 range between experimental 

(calculated by injection of a C4-C24 even carbon saturated FAMEs standard 

solution, Merck Life Science) and reference (obtained analyzing FAMEs standard 

mixtures) LRIs were employed.  

FAMEs quantification was carried out on a GC- 2010 (Shimadzu) equipped with 

a split-splitless injector (280°C), an AOC-20i autosampler, and a FID detector. GC 

column, temperature program, carrier gas and linear velocity were the same as 

mentioned above for GCMS analysis. The FID temperature was set at 280°C 

(sampling rate 40 ms) and gas flows were 40 mL/min for hydrogen, 30 mL/min for 

make up (nitrogen) and 400 mL/min for air, respectively. LabSolution (version 

5.92, Shimadzu) collected data. The quantification of FAMEs was done using data 

obtained from FID area integrations. Each sample was analysed in triplicate. 

9.2.4 NARP-LC/APCI-MS analysis 

The analysis was carried out on an HPLC Nexera X2 system (Shimadzu), 

consisting of a CBM-20A controller, two LC-30AD pumps, a DGU-20 A5R 

degassing unit, a CTO-20AC oven, a SIL-30AC autosampler. LC system was 

coupled to an LCMS-2020 mass spectrometer via an APCI interface (Shimadzu). 

The data acquisition was carried out using the LCMSsolution software (Version 

5.91, Shimadzu). The chromatographic separation was achieved using a column 

C18 ascentis Express fused-Core, 15 cm x 4.6 mm I.D., 2.7 μm dp supplied by 

Merck Life Science. Mobile phases used were CAN (A) and IPA (B); gradient: 0 

min, 0% B, 50 min, 70% B (maintained for 5 min). Flow: 1 ml/min. 

LCMS-2020 parameters: APCI interface used in positive mode; detector 

voltage: 1.50 kV; interface temperature: 450°C; CDL temperature, 250°C; heating 
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block temperature, 300°C; spray gas flow (nitrogen, N2), 2.0 L/min; full scan range: 

250-1200 m/z. 

9.3 Results and discussion 

9.3.1. GC-MS and GC-FID analyses for evaluation of FAMEs in muscle and skin. 

The marine species investigated in the present study were subjected to an 

extraction procedure that use MeOH and CHCl3 as solvents to purify the lipid 

fraction. Despite of the recently introduced sample preparation techniques, such as 

miniaturized sorbent or solvent-supported techniques, the complexity of biological 

tissues from marine species still requires more robust and consolidated extraction 

procedures [12]. As reported by Costa et al. [12], the highest extraction efficiency 

in the FA analysis of marine organism was obtained applying Bligh & Dyer method. 

Relatively to derivatization procedure, warm protocol has been selected to the 

evaluation of FAMEs profile.  

From the data shown in Table 9.1, palmitic acid (C16:0) is the main component 

with a percentage area of 21.17 in muscle and 22.08 in the skin. Stearic acid (C18:0) 

is present in the muscle with 6.55% and in the skin with 6.80%. Eicosapentaenoic 

acid (C20:5n3, EPA) showed an area of 7.23% and 7.06% respectively in muscle 

and skin. The greatest difference between the two samples mainly concerns 

docosahexanoic acid (C22:6n3, DHA) more abundant in the muscle, with a 

percentage of 29.37 compared to the 20.28 quantified in the skin. An inverse trend 

showed the oleic acid (C18:1n9), with an area of 12.48 % in muscle and 17.15 % 

in skin. In Figure 9.1 FAs were grouped according to their degree of unsaturation. 

In particular, the percentage of PUFAs is higher in the muscle (46.09 %) compared 

to the skin (36.46 %). MUFAs, on the other hand, are present in higher percentages 

in the skin with a percentage value of 28.53 while in the muscle the value drops to 
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21.54. SFAs maintain a percentage value between approximately 32% and 35% in 

both sample 

 

Figure 9.1. Quantitative data (sum of percentage areas calculated at GC-FID) for 

different FA groups (SFAs, saturated fatty acids, MUFAs, monounsaturated fatty 

acids, PUFAs, polyunsaturated fatty acids) determined in muscle and skin of 

Thunnus thynnus sample. 

 

Figure 9.2 shows the percentage of FAs omega-6 and omega-3 FAs detected in 

muscle and skin. Between the two samples analyzed, the muscle shows a higher 

proportion of ω-3 FAs than the skin. In muscle, ω-3 FAs are about 41% against 

32% of the skin. Much lower percentages, both in muscle and in tuna skin, are found 

for fatty acids ω-6 with percentages of about 4-5% in both samples. 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

500.00

SFA MUFA PUFA

m
g/

g

Muscle Skin



 

 

Chapter 9 

Doctor of Philosophy in Chemical Science     212 

 

 

Figure 9.2. Quantitative data for the two FA families Omega-3 and Omega-6 

contained in muscle and skin samples. 

 

Table 9.1. FA quantification data of muscle and skin Thunnus thynnus samples. 

Data were expressed as relative area (area %) and absolute values (expressed as 

mg/g lipid extract) extrapolated from GC-FID analyses (mean of three repeated 

injections). LRI ref are values calculated with standard mixtures, LRI exp is 

obtained experimentally. MS Similarity represents the percentage of similarity 

between experimental and library spectra. 
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 Identification Criteria Muscle Skin 

Compound MS Sim LRI ref LRI exp % mg/g % mg/g 

C12:0 92 1198 1200 0.02 ± 0.00 0.25 ± 0.01 0.03 ± 0.00 0.38 ± 0.00 

C14:0 97 1397 1400 2.05 ± 0.04 22.17 ± 1.58 2.73 ± 0.02 29.46 ± 0.35 

C15:0 iso 96 1458 1459 0.08 ± 0.00 0.85 ± 0.06 0.11 ± 0.00 1.17 ± 0.01 

C15:0 anteiso 91 1472 1472 0.02 ± 0.00 0.22 ± 0.01 0.03 ± 0.00 0.34 ± 0.00 

C15:0 96 1499 1500 0.52 ± 0.01 5.50 ± 0.36 0.64 ± 0.00 6.87 ± 0.10 

C16:0 iso 92 1558 1558 0.05 ± 0.00 0.49 ± 0.07 0.06 ± 0.00 0.63 ± 0.02 

C16:0 99 1599 1600 21.17 ± 0.23 223.53 ± 13.58 22.08 ± 0.01 232.90 ± 4.55 

C16:1n9 93 1604 1606 0.18 ± 0.00 1.89 ± 0.12 0.28 ± 0.02 2.90 ± 0.18 

C16:1n7 94 1613 1615 2.48 ± 0.09 25.89 ± 2.26 3.19 ± 0.04 33.24 ± 0.26 

C16:1n5 91 1627 1626 0.16 ± 0.00 1.63 ± 0.11 0.18 ± 0.01 1.87 ± 0.04 

C17:0 iso 95 1651 1652 0.13 ± 0.02 1.39 ± 0.11 0.16 ± 0.01 1.69 ± 0.02 

C16:2n4 93 1657 1657 0.10 ± 0.00 1.05 ± 0.04 0.12 ± 0.01 1.23 ± 0.04 

C17:0 anteiso 85 1665 1666 0.45 ± 0.02 4.73 ± 0.01 0.68 ± 0.06 7.09 ± 0.78 

C17:0 96 1689 1700 0.73 ± 0.01 7.66 ± 0.51 0.87 ± 0.00 9.11 ± 0.13 

C17:1n7 94 1702 1707 0.39 ± 0.01 4.01 ± 0.05 0.50 ± 0.01 5.19 ± 0.22 

C18:0 iso 88 1743 - 0.02 ± 0.00 0.16 ± 0.00 0.02 ± 0.00 0.23 ± 0.01 

C18:0 95 1797 1800 6.55 ± 0.12 67.71 ± 4.61 6.80 ± 0.04 70.22 ± 0.95 
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compounds have been identified by using only MS spectra. 

 

The FAMEs GC profile of muscle and skin samples are shown in Figures 9.3 and 

9.4, respectively. 

C18:1n9 97 1806 1804 12.48 ± 0.24 127.60 ± 8.84 17.15 ± 0.05 175.06 ± 3.00 

C18:1n7 97 1816 1820 2.72 ± 0.08 27.80 ± 2.16 3.16 ± 0.04 32.29 ± 0.25 

C18:1n6 96 1825 1831 0.14 ± 0.00 1.38 ± 0.08 0.16 ± 0.00 1.60 ± 0.07 

C18:2n6 97 1839 1847 1.29 ± 0.01 13.15 ± 0.75 1.46 ± 0.02 14.87 ± 0.09 

C18:3n6 87 1848 1856 0.04 ± 0.00 0.43 ± 0.03 0.05 ± 0.00 0.49 ± 0.02 

C18:2n5 91 1861 1860 0.10 ± 0.00 1.02 ± 0.04 0.10 ± 0.00 1.07 ± 0.00 

C18:3n3 95 1883 1893 0.78 ± 0.01 7.84 ± 0.32 0.88 ± 0.00 8.84 ± 0.18 

C19:0 anteiso 92 1887 1888 0.16 ± 0.00 1.63 ± 0.07 0.13 ± 0.01 1.36 ± 0.08 

C18:4n3 92 1892 - 0.82 ± 0.01 8.24 ± 0.36 0.86 ± 0.01 8.73 ± 0.30 

C20:0 93 1998 2000 0.23 ± 0.04 2.35 ± 0.33 0.36 ± 0.06 3.62 ± 0.52 

C20:1n11 92 2005 1459 0.12 ± 0.02 1.16 ± 0.10 0.14 ± 0.03 1.39 ± 0.29 

C20:1n9 94 2012 1472 0.90 ± 0.00 9.12 ± 0.48 1.28 ± 0.00 12.91 ± 0.21 

C20:1n7 93 2024 1500 0.22 ± 0.01 2.25 ± 0.24 0.28 ± 0.00 2.78 ± 0.10 

C20:2n6 93 2057 1558 0.29 ± 0.01 2.95 ± 0.23 0.32 ± 0.00 3.22 ± 0.06 

C20:4n6 95 2062 1600 1.67 ± 0.03 16.51 ± 0.54 1.24 ± 0.01 12.24 ± 0.31 

C20:3n6 95 2070 1606 0.07 ± 0.00 0.72 ± 0.03 0.07 ± 0.00 0.71 ± 0.02 

C20:3n3 94 2110 1615 0.21 ± 0.01 2.14 ± 0.21 0.26 ± 0.00 2.61 ± 0.06 

C20:5n3 97 2115 1626 7.23 ± 0.02 71.43 ± 3.76 7.06 ± 0.03 69.68 ± 1.64 

C20:4n3 95 2119 1652 0.79 ± 0.01 7.80 ± 0.32 0.86 ± 0.00 8.50 ± 0.16 

C22:0 96 2195 1657 0.10 ± 0.00 1.03 ± 0.01 0.16 ± 0.00 1.58 ± 0.08 

C22:1n11 87 2202 1666 0.05 ± 0.00 0.49 ± 0.03 0.04 ± 0.01 0.36 ± 0.11 

C22:1n10 95 2206 1700 0.26 ± 0.01 2.57 ± 0.04 0.30 ± 0.01 3.01 ± 0.12 

C22:1n9 95 2214 1707 0.22 ± 0.02 2.14 ± 0.07 0.28 ± 0.01 2.82 ± 0.17 

C22:1n7 85 2225 - 0.52 ± 0.03 5.16 ± 0.57 0.60 ± 0.00 5.99 ± 0.11 

C22:5n6 95 2270 1800 1.25 ± 0.01 12.18 ± 0.47 0.80 ± 0.00 7.80 ± 0.16 

C22:4n6 96 2282 1804 0.17 ± 0.01 1.70 ± 0.01 0.16 ± 0.01 1.61 ± 0.08 

C22:6n3 95 2328 1820 29.37 ± 0.72 283.24 ± 7.15 20.28 ± 0.18 195.53 ± 5.61 

C22:5n3 97 2338 1831 1.91 ± 0.00 18.65 ± 0.97 1.93 ± 0.01 18.85 ± 0.43 

C24:0 94 2397 1847 0.08 ± 0.01 0.82 ± 0.10 0.14 ± 0.01 1.37 ± 0.08 

C24:1n9 93 2411 1856 0.72 ± 0.02 7.16 ± 0.57 1.01 ± 0.02 9.96 ± 0.42 

Total - - - 100.00 1009.77 ± 50.87 100.00 1015.34 ± 19.99 

SFAs - - - 32.37 ± 0.32 340.48 ± 20.29 35.01 ± 0.07 368.01 ± 6.55 

MUFAs - - - 21.54 ± 0.43 220.25 ± 15.37 28.53 ± 0.12 291.36 ± 4.53 

PUFAs - - - 46.09 ± 0.74 449.03 ± 15.21 36.46 ± 0.19 355.97 ± 8.91 

Omega-3 - - - 4.92 ± 0.03 49.02 ± 2.14 4.26 ± 0.02 42.53 ± 0.65 

Omega-6 - - - 41.11 ± 0.71 399.34 ± 13.07 32.13 ± 0.22 312.74 ± 8.38 
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Figure 9.3. FAMEs GC chromatogram of Thunnus thynnus’s muscle on SLB-IL60 

polar column. 

 

 

Figure 9.3. FAMEs GC chromatogram of Thunnus thynnus’s skin on SLB-IL60 

polar column. 
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9.3.2 NARP- LC/APCI-MS analyses for evaluation of TAGs in muscle and skin. 

The most used methods of liquid chromatography for TAGs analysis are the RP-

LC (reversed phase liquid chromatography) which uses stationary phases based on 

silica bound to C18 chains and the Ag+-HPLC, Silver Ion chromatography (SIC) 

which uses stationary phases with cation exchange impregnated with Ag+ ions. 

Since TAGs are not soluble in water, the use of organic solvents is essential in both 

techniques. In RP-HPLC, the separation is based on the hydrophobicity degree of 

the TAGs, which is identified by the partition number (PN) (PN = CN-2DB, in 

which CN is the number of carbon atoms and DB is the number of double bonds) 

introduced for the first time by Wada and its collaborators [13]. TAGs are eluted 

by increasing values of PN and each double binding decreases the retention time of 

the equivalent of two methylene groups. PN classification of TAGs has been 

obtained based on the retentive behaviour of reverse-phase TAGs and using the 

mass spectrometry. In the specific case, APCI has been used in positive mode 

evaluating both the presence of the pseudomolecular ion [M+H]+ and primary 

fragmentation products [M-RCOO]+, consist of the fragmentation of FAs from the 

glycerol skeleton. 

The retentive behavior of TAGs within a single PN group is strongly influenced 

by the composition of FAs in triglycerides, mainly the degree of unsaturation and 

the length of the carbon chains. Usually the retention of TAGs inside the same 

group of PN grows as the number of double bonds on chains. 

The HPLC-MS chromatograms of muscle and skin of Thunnus thynnus sample 

are shown in Figures 9.5 and 9.6, respectively. In Table 9.2 are reported the 

identification criteria and TAGs quantitative results.  
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Figure 9.5. TAGs LC chromatogram of Thunnus thynnus muscle sample. 

 

 

Figure 9.6. TAGs LC chromatogram of Thunnus thynnus skin sample. 

 

In the analysed samples, we have identified 15 TAG compounds within a PN 

range of 30 to 50. Figures 9.5 and 9.6 clearly show the areas of the LC 

chromatogram in which TAGs eluded as a function of PN. The most abundant 

TAGs have been identified based on chromatographic and spectral (reported in 

Table 9.2). The most abundant TAGs are those containing EPA, DHA and oleic 

acid among unsaturated fatty acids, palmitic and stearic acid in the saturated family. 

These observations are in accordance with Table 9.1 regarding the FAs composition 

in the same samples. 
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Table 9.1. Qualitative and quantitative results of TAG compounds in muscle and 

skin of Thunnus thynnus sample. Quantitative data were expressed as relative area 

(%). DB – double bonds; PN – partition number; [M+H]+ – pseudomolecular ion.  

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviation: M = myristic acid (C14:0), P = palmitic acid (C16:0), S = stearic acid (C18:0), O = 

oleic acid (C18:1n9), L = linoleic acid (C18:2n6), Ep = eicosapaentenoic acid (C20:5n3), Dh = 

docosahexanoic acid (C22:6n3) 

 

 

9.4 Conclusion 

Present study confirmed that the lipid component of tuna fish (Thunnus thynnus 

species) is characterized by a high percentage of PUFAs, mainly in the series ω-3. 

This value decreases in the skin, but still has a significant proportion that could 

justify the use of this by-product for the recovery of functional molecules. The 

preliminary results obtained represent a starting point for the analysis of more 

samples of tuna available on the market and by-products supplied directly by the 

tuna processing industry. 

 

ID TAG DB PN [M+H]+ Muscle (%) Skin (%) 

1 DhDhEp 17 30 998.1 0.73 0.75 

2 
EpEpO 11 36 926.1 

5.31 5.11 
EpEpP 10 36 899.9 

3 DhEpO 12 36 952.1 4.10 1.06 

4 DhEpS 11 38 954.1 6.58 5.60 

5 DhDhS 12 38 980.2 2.80 1.75 

6 EpLP 7 40 877.9 3.43 3.37 

7 DhOM 7 40 877.9 5.51 5.90 

8 
EpOP  6 42 880.1 

7.62 9.41 
DhOO  8 42 932.1 

9 EpSO 6 44 907.9 11.78 15.13 

10 EpSP 5 44 881.9 5.88 7.05 

11 DhSS 6 46 936.1 3.79 3.32 

12 SSEp 5 46 910.1 2.88 3.86 

13 OOP 2 48 860.1 2.66 4.14 

14 OOO 3 48 886.1 3.55 3.81 

15 OPP 1 48 834.1 1.30 1.86 
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Chapter 10 

 

Characterization of refined vegetable oils hydrolysed with an immobilized 

lipase by chromatographic techniques coupled mass spectrometry 1. 

 
1 This section has been adapted from the following publication: Zied Z, Edahech A, Rigano F, 

Micalizzi G, Mondello L, Kharrat N, Sellami M, Cacciola F. Monoacylglycerol and diacylglycerol 

production by hydrolysis of refined vegetable oil by-products using an immobilized lipase from 

Serratia sp.W3. J Sep Sci. 2018; 41: 4323–4330. 

 

10.1 Introduction 

Oils and fats are mainly composed of triacylglycerols (TAGs). Their hydrolysis 

is accomplished with a high-pressure steam (70 bar) and an elevated temperature 

(250°C) [1] and might produce valuable free fatty acids (FFAs), monoacylglycerols 

(MAGs), diacylglycerols (DAGs), and glycerols [2]. The major drawbacks of this 

process include high energy consumption, low yield, and poor product quality [3]. 

Compared to the chemical technique, the enzymaticcatalyzed hydrolysis of fats 

and oils, under mild temperature and pressure, is a very promising method for 

production of FFAs, MAGs, and DAGs [4].  

Following to the world population growth, the consumption of refined vegetable 

oils is expected to increase eventually leading to the inflation of these by-products 

production, such as by-products from the refining of various vegetable oils, from 

the physical refining of coconut oil and sunflower oil. The use of by-products for 

fatty acid, MAG, and TAG production seems an appropriate alternative to 

concurrently cut costs of biofuel in order to solve environment-related issues [5-6]. 

MAGs and DAGs are widely used as emulsifiers in food, pharmaceutical, and 

cosmetic industries [7]. MAGs are usually more powerful than DAGs. They 

account for over 70% of the total world consumption as food emulsifiers in dairy 

products, margarines, bakery products, and sauces [8]. DAGs occur as a natural 
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component of acylglycerols in various fats and oils at levels reaching 10% w/w and 

are also commonly used as emulsifiers and stabilizers in food, cosmetics, and 

pharmaceutical industries [9]. Different methods for the enzymatic synthesis of 

MAGs and DAGs using some lipases as a biocatalyst have been attempted, such as 

esterification of glycerol with FFA [10] and selective hydrolysis of TAGs in a 

microemulsion system [11]. The most widely used lipases in the hydrolysis of 

fats/oils are microbial extracellular enzymes produced by the fermentation of 

yeasts, fungi, or bacteria [12].  

Moreover, lipases have been immobilized by different protocols to produce 

highly active and stable biocatalysts, including covalent attachment on activated 

supports, physical adsorption on ionic and hydrophobic supports, and encapsulation 

in to organic and inorganic materials [13]. Thus, physical adsorption on highly 

hydrophobic supports is a suitable protocol to immobilize lipases [14]. 

The aim of the present study was to develop an ecofriendly method for the 

enrichment of DAGs and MAGs in byproducts of refined vegetable oils by 

hydrolysis and esterification with glycerol using a new microbial immobilized 

lipase from Serratia sp. W3 (LSm) and Candida Antarctica lipase (Novozym 435), 

as biocatalysts. The by-products of refined oils mostly serve as additives in animal 

nutrition or in soap industry. Interestingly, MAGs, DAGs, and TAGs were 

identified via a novel approach based on the use of a home-made linear retention 

index (LRI) database and dedicated software. Such an approach allowed the use of 

basic instrumentation setups, without the need of sophisticated detectors, such as 

mass spectrometers (MS). 
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10.2 Materials and methods 

10.2.1 Chemicals 

n-Hexane, diethyl ether, methanol, acetic acid, and acetone were purchased from 

Prolabo (Paris, France). Glycerol (99%) was purchased from Pharmacia (Uppsala, 

Sweden), calcium carbonate (CaCO3) from Pharmacia (Uppsala, Sweden), the 

Celite 545 was from Fluka (Buchs, Switzerland), and ethanol (99.5%) from Codex 

Panreac (Tunisia). Arabic gum (purity 99%) from Sigma and the silica gel 60 (230–

400 mesh) from Merck (Darmstadt, Germany). Acetonitrile and 2-propanol (HPLC 

grade), potassium hydroxide (KOH), C4-C24 even carbon saturated fatty acid 

methyl esters (FAMEs), 1000 μg/mL in n-hexane, standard solution, standard of 

trinonanoin, triundecanoin, tritridecanoin, tripentadecanoin, triheptadecanoin, 

trinonadecanoin, methyl dodecanoate (Me. C12:0), methyl pentadecanoate (Me. 

C15:0), methyl heneicosanoate (Me. C21:0), and methyl pentacosanoate (Me. 

C25:0) were all purchased from Merck (Darmstadt, Germany). 

10.2.2 Microorganisms and culture conditions 

The strain LSm having high lipolytic activity was isolated from a Tunisian 

biotope. A newly isolated palm leaf LSm strain secretes a non-induced lipase in 1 

L shaking flasks with 100 mL of medium A (20 g/L casein peptone, 5 g/L yeast 

extract, 2.5 g/L glucose, K2HPO4, 2.5 g/L, NaCl 0.5 %, pH 7.4) during 24 h on a 

rotary shaker set at 200 rpm and at a temperature of 30°C. The commercial lipase 

used in this study was the Novozym 435 (Candida Antarctica lipase immobilized 

on macroporous acrylic resin), kindly provided by Novo Nordisk (Bagsvaerd, 

Denmark). LSm Cells were discarded by centrifugation (25 min, 9.000 rpm) and 

the resulting crude enzyme solution (500 mL) was precipitated with solid 

ammonium sulfate (70% saturation) at 4°C. The precipitate obtained after 
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centrifugation was then resuspended in 25 mM sodium acetate, pH 5.4 containing 

25 mM NaCl and 2mM benzamidine, the obtained sample (10mL) was used for 

immobilization. 

10.2.3 Synthesis of MAGs and DAGs 

The hydrolysis reaction was performed in screw-capped flasks placed at a 

constant temperature of 55°C and mixed by agitation at 200 rpm. Different ratios 

of buffer/oil were mixed with different amounts of LSm. The commercial lipase 

used in this study is the Novozym 435. Several reaction conditions were optimized 

including reaction time, Buffer/oil mass ratio (v/w) (0-16%), enzyme amount and 

molar ratio of glycerol to free fatty acids. The studied reaction temperatures were 

in 50°C. The molar ratios of glycerol to oil and oil/n-hexane were 1:1 and 1:4 

respectively. Concentrations of biocatalysts were 0 g to 2 g of immobilized lipases 

(LSm 950U/g CaCO3 and Novozyme 435 (300 U/g). 

10.2.4 Total fatty acid composition by GC-FID/MS analyses 

All samples were transesterified with methanolic solution of potassium 

hydroxide at room temperature. 50 mg of each oil sample were added with 200 µL 

of Me. C12:0 (10000 mg/L in n-hexane), 200 µL of Me. C21:0 (10000 mg/L in n-

hexane), 600 µL of n-hexane and 0.1 mL of methanolic potassium hydroxide 

solution (2N). The mixture was shaked vigorously for 30 seconds and it was leaving 

to stratify until the upper layer (n-hexane phase) became clear. Then, 600 µL of the 

upper phase containing the methyl esters were added with 200 µL of Me. C15:0 

(10000 mg/L in n-hexane) and 200 µL of Me. C25:0 (10000 mg/L in n-hexane), 

prior to the injection into the GC system. 

GC-MS analyses were carried out on a GCMS-QP2010 (Shimadzu, Milan, Italy) 

equipped with a split-splitless injector and an AOC-20i autosampler. The 



 

 

Chapter 10 

Doctor of Philosophy in Chemical Science     225 
 

chromatographic column was a Supelcowax-10 30 m × 0.25 mm id, 0.25 μm d.f. 

column (Merck Life Science). The programmed oven temperature was: 50°C to 

280°C at 3.0°C/min. Injection volume:  0.5 µL; injection mode: split 1:100; helium 

was used as the carrier gas at 30 cm/s linear velocity. MS parameters were as 

follows: mass range 40–550 amu, with a scan interval of 0.20 s. Ion source 

temperature: 200°C, interface temperature: 220°C. The GCMSsolution software 

(Shimadzu, Milan, Italy) was used for data collection and handling. A Fatty Acid 

Methyl Esters (FAMEs) standard solution has been used for Linear Retention 

Indices (LRIs) calculation to support identification of FAMEs compounds. In fact, 

peaks assignment was carried out based on a double filter, namely the MS similarity 

spectra (over 80%) and a LRIs ±10 range compared to the value reported in the 

commercial database used [LIPIDS Mass Spectral Library (Shimadzu, Japan)]. 

FAMEs quantification was carried out on a GC-2010 (Shimadzu, Milan, Italy) 

equipped with a split-splitless injector (280°C), an AOC-20i autosampler, and a 

FID detector. A Supelcowax-10 (30 m × 0.25 mm id, 0.25 μm film thickness) 

column (Merck Life Science) was operated under programmed temperature: 50°C 

to 280°C at 3.0°C/min. Injection volume: 0.5 μL; split ratio: 1:50. Helium was used 

as the carrier gas (30 cm/s).Quantitative analysis was performed according to the 

internal standard (IS) method corrected by the relative response factor (RRF) as 

calculated from the effective carbon number (ECN) concept, according to: 

𝑅𝑅𝐹 =  
(𝑀𝑊𝐹𝐴𝑀𝐸∗ 𝐸𝐶𝑁𝐼𝑆)

(𝑀𝑊𝐼𝑆∗𝐸𝐶𝑁𝐹𝐴𝑀𝐸)
 Eq. 10.0 

where MW is the molecular weight of FAME or IS and ECN values were 

determined by considering a contribution of 1 for each alkyl group (–CH3 or –CH2–

), 0.95 for olefinic (=CH) carbon, 0 for carboxyl group [18]. Me. C12:0 was used 

as IS for quantification of FAs with shorter chain FAMEs (Me. C16 and Me. C17 
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groups), while Me. C21:0 was used as IS for quantification of longer chain FAMEs 

(Me. C18, Me.C20, Me. C22, and Me. C24 groups). For the recovery calculation, 

two ISs were used; in particular Me. C15:0 was use for the recovery control in the 

first zone of the chromatogram (low boiling FAMEs), while Me. C25:0 was used 

for recover control in the second part of the chromatogram (high boiling FAMEs) 

Each analysis was performed in triplicate. 

10.2.5 UHPLC with evaporative light scattering and HPLC-ESIMS analyses 

Oil samples were prepared by dissolving 10 mg of oil in 10 mL of 2-propanol. 

Then 80 μL of each solution was added with 10 μL of trinonanoin and 10 μL 

tritridecanoin to be used as IS for DAGs and TAGs quantification, respectively. 

Respective analyses were carried out by using a Nexera X2 system (Shimadzu, 

Kyoto, Japan), consisting of a CBM-20A controller, two LC-30AD dual-plunger 

parallel-flow pumps (120.0 MPa maximum pressure), a DGU-20A5R degasser, a 

CTO-20AC column oven, a SIL-30AC autosampler, and a SPD-M20A PDA 

detector (1.8 L detector flow cell volume). Such UHPLC system was coupled to 

an ELSD (Evaporative Light Scattering Detector) detector (Shimadzu, Japan).  

Separations were performed on two Titan C18 100 × 2.1 mm (L × id), 1.9 μm 

d.p. columns (Merck Life Science). Mobile phases were (A) acetonitrile and (B) 2-

propanol under gradient conditions: 0–105 min, 0–50% B (held for 20 min). The 

flow rate was set at 400 μL/min with oven temperature of 35◦C; injection volume 

was 5 μL. The following ELSD parameters were applied: evaporative temperature 

60°C; nebulizing gas (N2) pressure 270 kPa; sampling frequency 10 Hz.  

A lab made TAG LRI databases were used for qualitative purposes [15]. The 

odd carbon number TAGs mixture from C9C9C9 to C19C19C19 was employed as 
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reference homologue series for LRI calculation according to the following 

equation:  

𝐿𝑅𝐼 =  100 [𝑧 + 6 
𝑡𝑅𝑖−𝑡𝑅𝑧

𝑡𝑅(𝑧+6)−𝑡𝑅𝑧
]  Eq. 10.1 

where z and z+6 are respectively the partition number (PN) of the TAG of the 

homologue series eluted immediately before and after the analyte (i), and tR is the 

retention time. Being PN related to the carbon chain length CN and double bond 

number DB (PN=CN-2DB) z is 27 for C9C9C9, up to 57 for C19C19C19, and 6 is 

the difference in z units between adjacent reference standard TAGs. 

Analyses were processed by using the Chromatoplus Spectra software, which 

allowed to directly be matching the LRI automatically calculated for each peak with 

the LRI database previously created with a tolerance of ± 15 LRI units [15]. HPLC-

ESI-MS analyses were carried out to identify lipid species not included in the LRI 

database. HPLC-ESI-MS analyses were carried out by using an Waters Alliance 

HPLC 2695 separation module consisting of quaternary pump, autosampler and 

column thermostat, coupled to a Micromass Quattro micro API bench-top triple 

quadruple mass spectrometer, interfaced with a Z-spray electrospray (ESI) source 

(Waters Associates Inc, Milford, MA, USA). Separations were made on an Ascentis 

Express C18 100 × 2.1 mm (L × id), 2 μm d.p. column (Merck, Darmstadt, 

Germany). Mobile phases were (A) acetonitrile: 10 mM aqueous ammonium 

formate 95:5 v/v and (B) 2-propanol under gradient conditions: 0–52.5 min, 0–55% 

B (held for 17.5 min). The flow rate was set at 400 μL/min with oven temperature 

of 35°C; injection volume was 2 μL. A relative quantification was performed on 

the basis of the UHPLC-ELSD analyses, which provided a much higher resolution 

and was not affected by matrix effects. Standard of C13C13C13 and C9C9C9, 
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spiked at a concentration of 1000 mg/L in the samples, were used as IS for area 

normalization. 

10.3 Results and discussion 

10.3.1 Characterization of hydrolysis products by GC and LC methods. 

Vegetable oils were analyzed by means of GC-MS/FID and UHPLC-ELSD [16-

18]. An innovative chromatographic approach was applied to demonstrate their 

suitability to such a complete case study, which required both qualitative and 

quantitative analyses. A novel approach for the identification of TAGs by the LC 

methods was employed, based on the use of a homemade LRI database and 

dedicated software. This approach allowed the use of basic instrumentation set-ups 

without the need of sophisticated detectors, such as mass spectrometers. Table 10.1 

lists MAGs, DAGs, and TAGs identified in the samples, along with their calculated 

LRI values, directly compared with those reported in the database. The 

identification of MAGs generated by hydrolysis was instead performed by HPLC-

ESI-MS analyses, since they are not included in the database due to the non-

availability of quite expensive standard materials. Within this context, the present 

work represented the first application of the novel LRI-based identification system 

in LC and the investigated samples gave the possibility to insert MAG species in 

the database. 

The chromatograms of olive oil (time 0) and hydrolyzed olive oils by Novozym 

435 and LSm (time 30 and 6 h, respectively), are reported in Figure 10.1 to show 

the separation of all acylglycerols. The chromatographic profiles showed that, 

under the action of the LSm, the content of TAGs undergo a more rapid decrease 

with respect to the same sample hydrolyzed by Novozym 435 under the effect of 

time. 
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Table 10.1. Identified MAGs, DAGs, and TAGs in the analyzed samples. 

Reproduced with permission from John Wiley and Sons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consequently, the content of MAGs and DAGs undergo a major increase by the 

action of the LSm. Monolinolein (L) and monoolein (O) were the main MAGs 

produced by hydrolysis of olive oil and refined olive oil, a significant content of 

monostearin (S) was also obtained by hydrolysis of pomace oil, and monopalmitin 

(P) was identified only in samples of hydrolyzed soybean in coelution with 

monoolein. From a quantitative point of view, normalized areas of the main peaks 

in the oil samples at different hydrolysis times were compared. The results 

confirmed that Novozym 435 yielded the maximum hydrolytic activity at 30 h, 

ID Compound Trivial name LRIsp LRIlib Δ 

1 L Monolinolein 2451# - - 

2 O Monoolein 2459# - - 

3 P Monopalmitin 2519# - - 

4 S Monostearin 2552# - - 

5 LL Dilinolein 2932 2922 +10 

6 LnO Linolenoyl-oleyl-glycerol 2953 2942 +11 

7 LO Linoleoyl-oleyl-glycerol 3123 3117 +6 

8 PL Palmitoyl-linoleoyl-glycerol 3153 3147 +4 

9 OO Diolein 3336 3340 +4 

10 PO Palmitoyl-oleoyl-glycerol 3362 3363 +1 

11 SO Stearoyl-oleoyl-glycerol 3568 - - 

12 SP Stearoyl-palmitoyl-glycerol 3599 - - 

13 LLL Trilinolein 4168 4160 +8 

14 LnLO Linolenoyl-linoleoyl-oleoyl-glycerol 4186 4192 +6 

15 LLO Dilinoleoyl-oleoyl-glycerol 4343 4342 +1 

16 LnOO Dioleoyl- linolenoyl-glycerol 4364 4360 +4 

17 LnOP Linolenoyl-oleoyl-palmitoyl-glycerol 4386 4383 +3 

18 LOO Dioleoyl- linoleoyl-glycerol 4509 4516 -7 

19 PLO Palmitoyl-linoleoyl-oleoyl-glycerol 4537 4539 -2 

20 PPL Dipalmitoyl-linoleoyl-glycerol 4573 4571 +2 

21 OOO Triolein 4721 4729 -8 

22 POO Dioleoyl-palmitoyl-glycerol 4749 4756 -7 

23 PPO Dipalmitoyl-oleoyl-glycerol 4780 4776 +4 

24 SOO Dioleoyl-stearoyl-glycerol 4938 4948 -10 

25 SOP Stearoyl-oleyl-palmitoyl-glycerol 4969 4961 +8 
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while the LSm one showed a faster kinetic reaction with the maximum activity at 

24 h, when all TAG compounds gave almost a zero signal 

 

Figure 10.1. UHPLC-ELSD chromatograms of (A) olive oil, (B) olive oil 

hydrolyzed by commercial lipase after 30 h, (C) olive oil hydrolyzed by Serratia sp. 

W3 lipase (LSm) after 6 h. Reproduced with permission from John Wiley and Sons. 

 

This result is showed in Figures 10.2 and 10.3, which reports the histograms 

obtained for the four oils treated with both lipases. A witness sample for each type 

of oil was also analyzed; it contained the oil and the reaction medium without the 

enzyme and it was helpful to monitor the oil stability.  
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Figure 10.2. Commercial lipase (novozyme) showed hydrolitic activity up to 30 h. 

Then the sample at 48 h showed a slight increase of TAG concentration. 

Reproduced with permission from John Wiley and Sons. 

 

 

Figure 10.3. Bacterial lipase showed a maximum hydrolitic activity after 24 h. Then 

the TAG concentration undergoes a drastic increase, followed by a new reduction 

up to 0 in the witness sample. Reproduced with permission from John Wiley and 

Sons. 
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To compare the reaction kinetics of both lipases, a kinetics plot was built for the 

most abundant TAG (triolein) in all the oils, reporting its normalized area against 

hydrolytic times (Figure 10.4). It appears evident that the novel LSm was in all 

cases more efficient since it was able to reduce TAG concentration at a very low 

level already after 4 or 6 h. 

 

Figure 10.4. Kinetic plots of triolein hydrolysis by LSm (A) and Novozym 435 (B). 

Reproduced with permission from John Wiley and Sons. 

 

Table 10.2 showed the identified FAMEs in all samples, along with quantitative 

data obtained for time 0 and time 24 h or time 30 h hydrolyzed samples by bacterial 

or commercial lipase, respectively. Despite an evident decrease in the 
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concentration, the GC values always showed a significant content of FAs, derived 

from transesterification of even MAGs and DAGs. Therefore, the UHPLC analysis 

of intact lipids resulted to be more helpful for monitoring the lipolytic activity of 

such enzymes. 

Table 10.2. Identified and quantified FAMEs in olive oil samples at time 0h, 24h 

and 30h hydrolysis time by bacterial and Novozyme lipase, respectively. 

Reproduced with permission from John Wiley and Sons. 

 

 

10.4 Conclusion 

LSm lipase has been investigated as a hydrolysis pretreatment catalyst to 

produce MAGs and DAGs. Obtained results indicated that alternative uses of LSm 

during MAG and DAG production might be more appropriate. Consequently, 

enzymatic hydrolysis could be done first followed by an esterification reaction 

using LSm. This process could be used to ensure that all FFAs as well as unreacted 

MAGs and DAGs were removed from the stream product. The use of LSm was 

Compound MS sim. LRIexp LRIlib RRF(C12:0) RRF(C21:0) Time 0h 

Time 24 h 

Bacterial 

Lipase 

Time 30 h 

Novozyme 

Lipase 

C16:0 94 1601 1600 0.946 ˗ 199.93 106.88 163.88 

C16:1n9 89 1619 1622 0.939 ˗ 0.67 0.45 0.54 

C16:1n7 93 1626 1632 0.939 ˗ 24.58 13.81 19.21 

C17:0 92 1701 1700 0.937 ˗ 0.78 0.30 0.94 

C17:1n7 88 1723 1730 0.930 ˗ 0.72 0.35 0.53 

C18:0 94 1800 1800 ˗ 1.023 24.16 12.75 21.51 

C18:1n9 92 1823 1819 ˗ 1.016 495.83 279.22 406.22 

C18:1n7 94 1828 1824 ˗ 1.016 29.33 16.35 23.76 

C18:2n6 95 1869 1874 ˗ 1.009 194.73 108.33 158.60 

18:3n3 94 1933 1928 ˗ 1.002 8.35 4.62 6.73 

C20:0 95 1999 2000 ˗ 1.007 4.25 2.76 3.89 

C20:1n9 92 2020 2022 ˗ 1.001 2.39 1.40 2.10 

C22:0 91 2199 2200 ˗ 0.994 1.00 0.76 0.85 

C24:0 89 2399 2400 ˗ 0.983 1.65 1.08 0.97 

Total 

(mg/g) 
- - - - - 988.39 549.06 809.73 
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proved to be beneficial for the production of emulsifiers from cheap vegetable oil 

by-products. 
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Chapter 11 

 

Development of an analytical method for the quantification of anabolic 

androgenic steroids in dietary supplements by using gas chromatography-

triple quadrupole mass spectrometry. 

 

11.1 Introduction 

The use of anabolic androgenic steroids (AAS) by both professional and amateur 

athletes raises particular concerns in the world of sport. The desire for success and 

the benefits of success can provide powerful incentives to athletes to improve their 

competitive performances. In the human sport, the International Olympic 

Committee (IOC) Medical Commission introduced for the first time the AAS as a 

banned substances class in Anti-Doping Code in 1974 [1]. In 1999, the World Anti-

Doping Agency (WADA) was founded under the initiative of the IOC and with the 

support of intergovernmental organizations, governments, public and private 

authorities against the doping in the human sport [2]. Rules, technical documents 

and a list of prohibited substances are established by WADA every year and are 

constantly evolving [3]. 

The use of these products regards also adults and adolescents in society, in 

particular for cosmetic benefits. It is very easy to fall into temptation when the 

dietary supplements are became an industry which promise to consumers a healthy 

image, youthful looks and longevity. The origin of steroids in dietary supplements 

began in the USA when Di Pasquale [4] mentioned some athletes used the 

dehydroepiandrosterone (DHEA) as an anabolic agent. With media attention, the 

DHEA became widely available in the USA and marketed as dietary supplement, 

despite steroids have no nutritional value.  
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During the last decade, the use of dietary supplements has expanded 

dramatically. The global market for dietary supplements in 2001 was estimated at 

US$46 billion, as reported in the Financial Times newspaper [5]. In 2016, the total 

sales of supplements exceeded US$132 billion and is expected to grow at US$220 

billion in 2022 [6]. 

One factor that influences the growth of the supplements market is the easy 

access through internet that allows users around the world to access all the products 

freely available on the international market. The relevant problem of the marketing 

of these products is that their purity is not guaranteed and may contain substances 

that are not declared on the label. Catlin et al. [7] offers the example of 

androstenedione supplements contaminated with 19-norandrosterone (19-NA). The 

trace contamination was sufficient to cause positive results in urine test for 19-NA, 

the standard marker for detecting nandrolone use. An international study [8] has 

showed the presence of one or more AAS not declared on the labels in 94 

supplements of the 634 analyzed (14.8%). In the study by De Cock et al. [9], 19-

nor-4-androstene-3,17-dione was found in a supplement of US origin. Its presence 

was not declared on the label. The recommended dosage was seven capsules per 

day. Ingestion of only one capsule would have resulted positive in a doping test 

according to the WADA rules up to 144 h after the ingestion. In Italy, Odoardi et al 

[10] revealed low levels of methandienone, stanozolol and testosterone in most of 

the 30 supplements analyzed. Although the quantities were lower than those 

required for biological activity, their abuse could lead to positive anti-doping tests 

and pose a health risk. More current is the study by Dahmani et al. [11] in which 

nine Tunisian commercially dietary supplements were analyzed. One of the 

monitoring samples was positive to methandienone not listed on the product label. 
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Several others studies have shown that the labelling of dietary supplements did not 

reflect their real content [12-15].  

In some cases, the contamination was not intentional and the presence of banned 

substances is the result of accidental contamination during the manufacturing or 

packaging process. Some manufacturers and/or raw material suppliers have been 

responsible for producing or supplying of dietary supplements containing AAS. It 

is well understood that trace contamination between bulk materials is difficult to 

eliminate within a manufacturing plant. However, if the risk of contamination must 

to be eliminates, even the most careful manufacturer is reliant upon the supply of 

non-contaminated ingredients [16]. In others cases, the adulteration of the substance 

was intentional [17]. The mislabeling problems indicated an insufficient 

surveillance and quality control of dietary supplements which did not follow Good 

Manufacturing Practices (GMP) conditions [18] and food regulatory guidelines 

such as Food and Drug Administration (FDA), British Retail Consortium (BRC), 

ISO22000, etc; such guidelines alone are not sufficient to prevent athletes from 

inadvertent doping risk [16]. Despite the proposed legislation and the pressure 

exerted by governments and various organizations, such as the WADA and IOC, 

positive tests continue to occur in anti-doping checks due to products containing 

prohibited substances that are not listed in their labeling [19].  

High doses and extended treatment periods with AAS can cause serious and 

potentially irreversible effects, some also fatal. Golden and Basaria [20] have 

reported negative effects of these substances on various organ systems in AAS 

consumers. Furthermore, there is a number of known psychological effects seen in 

AAS consumers, such as irritability, anxiety, aggression that suggest that these 

steroids also have an impact on the central nervous system [21]. The detection of 
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these substances and/or their metabolites is necessary both to confirm cases of 

abuse in the field of sport and to protect the health of consumers.  

Numerous gas chromatographic methods for the analysis of AAS in dietary 

supplements have been previously reported. Gas chromatography-mass 

spectrometry (GC-MS), after derivatization reaction to trimethylsilyl (TMS) steroid 

derivatives, is the traditional technique to detect steroid compounds [22-24]. Full 

scan MS methods were able to detect contaminants in the mg/g range [9], while the 

use of selected ion-monitoring (SIM) methods allowed more sensitive identification 

of compounds. Dahmani et al. [11] reported that their method was widely used in 

their doping-control laboratory; the limit of detection was about 10 ng/g or 10 

ng/mL for solid and liquid samples, respectively.  

Recently, gas chromatography-tandem mass spectrometry (GC-MS/MS) 

technique has shown be a powerful analytical method for AAS analysis. Cha et al. 

[25] compared the sensitivity of various hyphenated techniques in steroid analysis 

concluding that the GC-MS/MS technique offered the highest sensitivity for most 

of the steroids between gas chromatographic approaches. The limit of detections 

(LODs) obtained using this method were sufficiently lower than minimum required 

performance levels (MRPL) established by WADA in urine samples. To the best of 

the authors’ knowledge, there are not references in literature of GC-MS/MS 

techniques applied to the screening of AAS in dietary supplements.  

The need of a highly sensitive and selective analytical technique has led to the 

development of a GC-MS/MS method in Multi Reaction Monitoring (MRM) mode 

for the determination of AAS in food matrices extremely complex and rich of 

interfering such as dietary supplements. Considering that the dietary supplements 

form a heterogeneous group of products available in various forms and contents, 
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two sample preparation methodologies have been optimized and validate. Dietary 

supplements having normal viscosity (liquid sample), high viscosity (solid or oil-

based), and protein content (both solid and liquid) have been analyzed. The optimal 

MRM transitions and gas collision energies (CEs) of 28 target steroid compounds 

have been determined, allowing their screening in numerous commercially dietary 

supplements. 

11.2 Materials and methods 

11.2.1 Chemicals 

LC-MS Optima grade methanol (MeOH) and 2-propanol (IPA) were purchased 

from Fisher Scientific (Hampton, NH, US). HPLC grade ethyl acetate (EtAc) was 

purchased from Promochem (Wesel, Germany). Ultrapure water (<18 mΩ) was 

obtained from an internal SUEZ Water Purification Systems (Thame, United 

Kingdom). n-Pentane was purchased from Merck KGaA (Darmstadt, Germany). 

For steroid derivatization, N-methyl-N-(trimethylsilyl)-trifluoroacetamide 

(MSTFA), ethanethiol (ET) and ammonium iodide (NH4I) were obtained from 

Merck KGaA (Darmstadt, Germany). 

Standards of tibolone (100.20 %), 1,4-androstadiene-3,17-dione (99.30 %), 

testosterone propionate (100.06 %), 19-noretiocholanolone (99.80 %), 5α-

androstane-3α,17β-diol (99.80 %), 5β-androstane-3α,17β-diol (99.80 %), 5α-

androstane-3β,17β-diol (99.20 %), calusterone (100.00 %), 1-testosterone (97.70 

%), 4(5)-androstene-3,17-dione (99.71 %), mesterolone (100.08 %), 

epitestosterone (99.66 %), 5α-dihydrotestosterone (98.14 %), boldenone (96.81 %), 

testosterone (96.42 %), progesterone (100.00 %), nandrolone (99.79 %), 19-

norandrostenedione (99.10 %), androsterone (98.30 %) and etiocholanolone (99.00 

%) were purchased from LGC Standards GmbH (Wesel, Germany). 
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Dehydroepiandrosterone acetate (99.60 %) was from ChromaDex (Irvine, CA, US). 

Standards of dehydroepiandrosterone (99.87 %), methandienone (99.43 %), 

methyltestosterone (98.15 %) and testosterone-d3 (98.68 %)were purchased from 

Merck KGaA (Darmstadt, Germany). Methylandrostenediol (99.80 %) and Δ9(11)-

methyltestosterone (99.40 %) were purchased from Tokyo Chemical Industry Co., 

Ltd (Tokyo, Japan). Mestanolone (98.00 %)was from J&H Chemical Co., Ltd 

(Hangzhou, China) and finally danazol (99.90 %) was purchased from U.S. 

Pharmacopeia (North Bethesda, MD, US). All dietary supplements, object of our 

research study, were purchased on internet and their brand names cannot be 

disclosed.  

11.2.2 Standard solutions preparation 

Stock solutions of all 29 anabolic steroids (28 target steroids and 1 deuterium 

labeled internal standard) were prepared. Target compounds were purchased in two 

different formats: neat (solventless) and in solution with a certified concentration 

of 1000 mg L-1, except for the testosterone-d3 having a nominal concentration of 

100 mg L-1. Regarding the standards in neat format, single stock solutions (1000 

mg L-1) were prepared into a volumetric flask, using MeOH or EtAc for the 

solubilization, according to suggestion of the certificate of analysis.  

11.2.3 Solid Phase Extraction 

500 µL of liquid sample or 500 mg of homogenized solid sample were added in 

a 50 mL polypropylene tube and dissolved in 10 mL of MeOH/H2O (50:50 v/v) 

solvent mixture. For steroid quantification, 100 µL of IS solution, containing 

testosterone-d3 (1.00 mg L-1 in MeOH), were added to the sample using Hamilton 

syringe (volume 100 µL). The solution was homogenized with orbital shaker for 20 

minutes (350 1/min ) and centrifuged for 10 minutes (3000 1/min ). To improve the 



 

 

Chapter 11  

Doctor of Philosophy in Chemical Science     243 
 

purity of the steroid fraction, a further clean-up step with solid-phase extraction 

(SPE) was necessary. Phenomenex Strata C18-U SPE cartridge (55 µm, 70 Å, bed 

wt. 500 mg, volume 6 mL) (part# 8B-S002-HCH, Gen-Lab Kft, Budapest, 

Hungary) was used. Prior to load the extract, the SPE cartridge was pre-conditioned 

by using 6 mL of MeOH and 6 mL of H2O. The upper liquid layer was transferred 

into the SPE cartridge. In order to move away the interfering substances, the 

cartridge was washed consecutively with 6 mL of H2O and 6 mL of MeOH/H2O 

(20:80 v/v) mixture, then dried for 10 min. A further washing step was applied using 

6 mL of n-pentane, than the cartridge was dried for 10 min. The dropping speed 

was in every case set at 1 mL/min. Afterwards, the steroid fraction was eluted with 

6 mL of EtAc/IPA (85:15 v/v) solvent mixture and collected in a 15-mL glass tube. 

The steroid fraction was dried by using a nitrogen sample concentrator apparatus 

(Stuart). The temperature of tubes was maintained to 55°C to favorite the 

evaporation of the solvents under constant nitrogen flow. After the evaporation of 

solvents, the steroids were derivatized. 

11.2.4 Steroid derivatization 

Stock solution of the derivatizing agent (MSTFA/NH4I/ET) was prepared in two 

steps. Firstly, 100 mg of NH4I was dissolved in 500 µL of MSTFA and then 

vortexed. After complete dissolution, 0.24 µl of ET was added. The working 

solution was prepared by diluting 500 µL of stock solution with 4.5 mL of MSTFA. 

50 µL of MSTFA/NH4I/ET working solution were added to the dried steroid 

fraction to convert the steroids into TMS derivatives. After a few seconds of 

vortexing, the samples were transferred into GC vial inserts (200 μL), capped 

immediately to avoid the umidity and derivatized at 80°C for 30 minutes. After 

cooling, the samples were ready to be injected in GC-MS/MS instrument. 
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11.2.5 GC-MS/MS analysis 

GC-MS/MS analyses were carried out on an Agilent 7890B gas chromatograph 

(Agilent Technologies, Palo Alto, CA, USA) directly coupled to an Agilent 7010B 

triple quadrupole mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). 

GC system was equipped with an Agilent 7693 autosampler (Agilent Technologies, 

Palo Alto, CA, USA) and a split-splitless injector. For the separation an HP-5ms 

Ultra inert capillary column (30m × 0.25mm ID × 0.25µm df (Agilent Technologies, 

Palo Alto, CA, USA) was applied. Helium (99.9999%, Linde Gas Hungary 

(Répcelak, Hungary)) was used as carrier gas, at a constant linear velocity of 35.0 

cm/s. The injector temperature was set at 270°C. From the derivatized samples 0.5 

μL were injected in pulsed splitless mode (344.74 kPa for 0.8 min). The temperature 

program was the following: 180°C to 220°C at 10°C/min, held for 1 min, then to 

300°C at 20°C/min, held for 1 min and then to 320°C at 10°C/min, held for 4 min. 

Triple quadrupole MS operated in electron ionization mode (70 eV). Interface and 

ion source temperatures were of 250°C and 230°C, respectively; Q1 and Q2 cell 

temperatures were both of 150°C. Nitrogen (99.9999%, Linde Gas Hungary 

(Répcelak, Hungary)) was used as collision gas and auxiliary gas at a flow of 1.50 

mL/min and 2.25 mL/min, respectively. MRM transitions with corresponding 

optimal collision gas energies (CE) of each compound were reported in Table 1. 

Data acquisition and handling were supported by MassHunter software ver. B.08 

(Agilent Technologies, Palo Alto, CA, USA). 

11.2.6 Calibration and quantification of steroids. 

The steroids quantitation in dietary supplements was performed using the 

method of the calibration curves with internal standard. Separate calibration curves 

for each one of selected steroids were used to calculate the response linearity to the 



 

 

Chapter 11  

Doctor of Philosophy in Chemical Science     245 
 

MS/MS detector. The calibration curves were created preparing three parallel 

solution sets of ten working mixtures (10 points) at different concentration levels. 

Each working mixture was spiked with a fixed volume (100 µL) of deuterium 

labeled internal standard solution (1.00 mg L-1). The calibration curves were 

constructed plotting the peak area ratio between specific steroid and the deuterated 

internal standard along the vertical axis and the related peak area ratios along the 

horizontal axis. All the calibrating mixtures were subjected to SPE procedure and 

derivatized under the conditions described above. 

11.2.7 Method figures of merit. 

The method figures of merit were measured according to the Eurachem 

guidelines [26]. Limits of detection (LOD) and limits of quantification (LOQ) were 

determined for all target compounds. LOD and LOQ parameters were derived from 

ten replicate measurements of the calibrating mixture at lowest concentration level. 

Ten working mixtures were extracted by SPE procedure and derivatized on the base 

of the optimized protocol to avoid to introduce systematic errors in analytical 

measurements. Thus, LODs and LOQs were determined by multiplying s’0 for three 

and ten times, respectively. The following equations were considered in LOD and 

LOQ calculation [26]: 

LOD = 3 × s’0  

LOQ = 10 × s’0  

where s’0 is the ratio between the standard deviation of the results expressed in 

concentration units and square root of the number of replicates. 

The accuracy of the analytical method was calculated in terms of trueness. The 

trueness was expressed as percentage recovery (recovery %) of all target steroids 

spiked in different real samples. Six dietary supplements were used for recovery 
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evaluation. In details, an isotonic drink was used such as blank matrix for samples 

in liquid form, while powder, tablet and capsule dietary supplements for solid 

samples. To evaluate the performance of the developed strategy, two high complex 

samples were used: the former based on high protein content while the latter based 

on plant extract content, both in liquid form. All dietary supplement used as blank 

matrices were previously analyzed to exclude the presence of contaminating 

steroids. The intra-day precision was established analyzing the content of the 

steroids spiked in six different dietary supplements (six replicate measurements for 

each real sample) within one day under the same conditions. For selectivity 

assessment, the chromatographic profiles of the solvent blank, not spiked real 

sample and spiked real sample were compared. 

11.3 Results and discussion 

The goal of this research was the development of a reliable analytical method 

for the determination of AAS in dietary supplements. The procedures of extraction 

have been optimized to guarantee the screening of a vast range of food supplements 

existing in various morphologies and compositions. This is the part preliminary of 

a project that has, as final objective, the characterization of major part of AAS 

present in the prohibited substances list established by WADA. In addition, the aim 

of the authors is monitor constantly the number of banned substances in function of 

the continuous evolutions by WADA.  

11.3.1 Triple quadrupole MS. 

In the first part of this research, a considerable amount of time was spent for the 

MRM transitions optimization. Specifically, MRM transitions of 28 target steroids 

and 1 internal standard were optimized considering the injection of each pure 

standard. Initially, the spectra of target compounds were acquired in “full scan” 
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mode. From the structural information of the MS spectra obtained, a single 

fragment ion (parent ion) was selected and further fragmented using nitrogen as 

collision gas. In this phase, the triple quadrupole mass spectrometer operated in 

“product ion scan” mode. The fragmentation of parent ion has been conducted using 

different CEs (5, 10, 15, 20, 25, 30, 35 and 40 eV). To improve the sensibility of 

the chromatographic method, only the CEs that generated the most intensive 

transitions were considered. The collision of the parent ion generated product ions 

(daughter ion) in the MS/MS spectra and three of them were selected. In particular, 

a MS/MS transition was used to quantify the target compound (quantifier 

transition), while the other two transitions were selected to confirm the identity of 

steroid molecules (qualifier transition). This approach allowed the univocal 

identification of all 28 target compounds, avoiding the risk of falling in inaccurate 

and unreliable determination, a drawback which is often observed in presence of 

isomers or similar substances. The resolving power of MRM approach allowed a 

good resolution of all compounds including some critical couples, for example 1-

testosterone and 19-norandrostenedione. In this case, considering only “full scan” 

approach, the peak assignment became impracticable. The Figure 11.1 shows the 

MRM chromatogram comparison of two steroids.  
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Figure 11.1. GC-MS/MS chromatogram comparison between 1-testosterone (peak 

A) and 19-norandrostenedione (peak B). 

 

The retention times of two compounds differed only for one millisecond, but 

they can be separated in MS dimension according to the different MRM transitions. 

The optimized mass spectrometric parameters, such as precursor ions, product ions 

and CEs are summarized in Table 11.1.  

Table 11.1. MRM transitions and collision energy (expressed as eV) of 29 steroids 

compounds using GC-MS/MS instrument. MRM 1 was used as the quantifier 

transition; MRM 2 and MRM 3 were selected as the qualifiers transitions. 

 

ID COMPOUND 

MRM 1 MRM 2 MRM 3 

Transition CE Transition CE Transition CE 

1 19-Noretiocholanolone 405>225 5  420>405 5  405>315 10  

2 Androsterone 419>329 5  419>239 10  434>419 5  

3 Etiocholanolone 434>419 5  434>329 15  434>239 20  

4 5a-androstane-3a,17b-diol 256>185 10  256>241 10  436>241 15  

5 5b-androstane-3a,17b-diol 256>241 10  256>199 10  256>185 15  

6 Dehydroepiandrosterone 432>417 5  432>327 10  432>237 15  

7 1-testosterone 432>194 10  432>207 20  432>417 5  

8 19-Norandrostenedione 416>207 20  416>234 10  416>401 10  

9 5a-androstane-3b,17b-diol 422>255 5  422>213 10  422>345 5  

10 Epitestosterone 432>209 15  432>327 15  432>196 15  

11 Nandrolone 418>194 15  418>182 15  418>287 15  

12 5a - Dihydrotestosterone 434>195 15  434>405 5  434>377 5  

13 1,4-androstadiene-3,17-dione 428>206 20 428>413 10 428>323 15 

A

B



 

 

Chapter 11  

Doctor of Philosophy in Chemical Science     249 
 

14 4(5)-androstene-3,17-dione 430>209 20  430>234 15  430>415 10  

15 Mesterolone 448>141 10  433>187 10  448>157 5  

16 Boldenone 430>206 10  430>191 30  430>299 10  

17 Testosterone 432>209 10  432>301 20  432>327 15  

18 Dehydroepiandrosterone acetate 342>327 5  342>237 20  342>195 20  

19 Methylandrostendiol 268>253 10  268>197 25  268>155 40  

20 Mestanolone 448>216 5  448>358 5  448>419 5  

21 Delta-9(11)-methyltestosterone 444>339 10  444>193 5  444>283 25  

22 Methandienone 444>206 10  444>191 35  444>339 15  

23 Tibolone 456>180 10  456>207 20  456>442 5  

24 Methyltestosterone 301>169 15  446>301 20  301>185 15  

25 Calusterone 460>445 5  460>315 15  460>355 5  

26 Testosterone propionate 416>401 15  416>209 15  416>196 15  

27 Progesterone 458>157 15  458>443 10  458>353 15  

28 Danazol 466>167 20  446>193 25  446>218 20  

29 Testosterone-d3 (ISTD) 435>209 15  435>196 15  435>420 15  

 

11.3.2 Optimization of extraction procedures. 

The low amount of the target steroids that may be detected in a vast number of 

dietary supplement existing in different forms and the food samples characterized 

by a complex composition makes the accurate quantifications difficult. Dietary 

supplements can contain proteins, lipids, carbohydrates, polysaccharides, 

phytochemical compounds and other contaminants, which affect the separation and 

the identification of analytes. In addition, the steroids contamination in trace level 

is very low comparing to the amount of interfering substances. Thus, after having 

optimizing the MRM transitions of target compounds, it has been necessary to 

select an appropriate method for the steroids extraction including the choice of 

extraction type and the use of solvent and/or mixture of solvents. In accordance 

with manuscripts reported in literature, the liquid-liquid extraction (LLE) is the 

most used technique in steroid analyses. However, on the base of the obtained 

results, LLE technique was not able to extract the pure steroid fraction when was 

applied to the analysis of water-based samples (for example isotonic drink or energy 
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drink) that can mainly contain sugar, mineral salts or vitamins. In addition, the 

results were also not satisfactory in the case of protein and herbal-based dietary 

supplements. The authors revealed the presence of organic material after the liquid-

liquid extraction procedures. The presence of numerous interfering agents, 

especially in herbal matrix considering the high complexity of plants or plant 

extracts, forced the authors to adopt an alternative extraction technique.  

Solid Phase Extraction (SPE) is another sample clean-up procedure that has 

widely been used in food field for extraction of target molecules. In addition, the 

SPE approach is frequently used for the analysis of compounds in trace level 

dispersed in highly complex matrices with an elevated degree of sample-to-sample 

variability [27]. GC chromatographic profiles of analyzed samples both in liquid 

and solid form, herbal and protein-based dietary supplements have showed that the 

SPE technique was the best choice for extraction and purification of the steroid 

fraction. In detail, the developed procedure involved initially the steroids extraction 

in organic solvents, following by clean-up of the extract with SPE procedure. 

MeOH, MeOH/H2O (65:35) and MeOH/H2O (50:50) were compared as extraction 

solvents in various blank matrices spiked with a steroids reference mixture. The 

better extraction efficiency for all steroids has been provided by combining water 

and methanol in the ratio 50:50. The simple clean-up step was carried out using a 

cartridge, C18 (octadecyl-silane) as sorbent material, ideal to retain the steroids 

with a medium and high degree of hydrophobicity. In order to remove polar and 

nonpolar interfering components from SPE cartridge, H2O, MeOH/H2O (20:80) and 

n-pentane were used. Target compounds were eluted using a solvent mixture ethyl 

acetate/isopropanol (85:15). During the SPE method optimization, MeOH and ethyl 
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acetate have been also tested as eluent solvents, but GC-MS/MS chromatograms 

showed numerous interfering peaks.  

11.3.3 Method figures of merit  

The linearity of the method was measured using ten calibrating mixtures (prepared 

in triplicate) a different levels of concentrations as previously described. The 

internal standard testosterone-d3 was present in all calibrating solutions at a 

concentration of 1.0 mg L-1. The calibration curves were constructed analyzing the 

working mixtures under the optimized MRM conditions. In particular, the 

quantifier transition was used for the construction of all calibration curves. Linear 

regression equation, coefficients of determination (R2) and linearity ranges were 

reported in Table 11.2. All calibration curves were characterized by a satisfactory 

linearity with R2 values ranging from 0.9902 for 5α-androstane-3α,17β-diol to 

0.9997 for dehydroepiandrosterone acetate. 

Table 11.2. Experimental results of linearity, calibration range (ng g-1), LOD and 

LOQ (ng g-1) 

 

ID COMPOUND 

Linearity Linearity Range LOD LOQ 

Regression Equation R2 ng g-1 ng g-1 ng g-1 

1 19-Noretiocholanolone y = 0.7897x + 0.0984 0.9943 80 - 3000 15.0 50.1 

2 Androsterone y = 0.9756x + 0.1196 0.9984 40 - 3000 10.4 34.7 

3 Etiocholanolone y = 0.561x + 0.1265 0.9971 40 - 3000 14.3 37.8 

4 5a-androstane-3a,17b-diol y = 1.1802x + 0.0301 0.9902 4 - 300 1.0 3.3 

5 5b-androstane-3a,17b-diol y = 1.0718x + 0.054 0.9965 8 - 300 2.0 7.1 

6 Dehydroepiandrosterone y = 0.4644x + 0.217 0.9916 40 - 3000 15.2 40.6 

7 1-testosterone y = 0.7345x - 0.1436 0.9972 40 - 3000 12.9 40.0 

8 19-Norandrostenedione y = 0.3712x - 0.0648 0.9950 40 - 3000 10.0 33.3 

9 5a-androstane-3b,17b-diol y = 0.0957x - 0.0044 0.9958 40 - 3000 13.6 40.2 

10 Epitestosterone y = 1.0979x - 0.0048 0.9978 10 - 1500 3.0 10.0 

11 Nandrolone y = 0.9892x - 0.0271 0.9923 20 - 1500 4.7 15.5 

12 5a - Dihydrotestosterone y = 0.551x + 0.0054 0.9943 20 - 1500 7.7 20.8 

13 1,4-androstadiene-3,17-dione y = 0.3133x - 0.0724 0.9967 80 - 6000 28.6 85.2 

14 4(5)-androstene-3,17-dione y = 0.6098x + 0.1859 0.9976 80 - 3000 20.0 66.7 

15 Mesterolone y = 0.4103x - 0.0699 0.9925 40 - 3000 11.6 38.8 

16 Boldenone y = 0.4224x + 0.0031 0.9989 40 - 3000 11.0 36.8 
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17 Testosterone y = 0.7739x - 0.0238 0.9986 4 - 1500 0.7 2.4 

18 Dehydroepiandrosterone acetate y = 0.6739x + 0.1149 0.9997 40 - 3000 12.0 40.1 

19 Methylandrostendiol y = 3.1144x - 0.0059 0.9903 4 - 300 1.5 4.9 

20 Mestanolone y = 0.18x - 0.0196 0.9924 80 - 3000 18.8 62.8 

21 Delta-9(11)-methyltestosterone y = 0.9309x - 0.1101 0.9927 8 - 1500 1.7 5.5 

22 Methandienone y = 0.1966x + 0.0451 0.9942 40 - 3000 16.0 43.3 

23 Tibolone y = 0.0494x - 0.0197 0.9927 100 - 3000 38.2 107.2 

24 Methyltestosterone y = 3.9915x - 0.0115 0.9910 4 - 300 0.7 2.3 

25 Calusterone y = 0.2991x + 0.0178 0.9983 8 - 1500 2.0 7.0 

26 Testosterone propionate y = 0.3688x + 0.0024 0.9979 8 - 1500 2.0 8.3 

27 Progesterone y = 0.3261x + 0.0483 0.9945 40 - 3000 10.8 36.1 

28 Danazol y = 0.2278x - 0.0823 0.9935 20 - 3000 6.7 20.4 

 

The LOD values obtained (Table 11.2) varied from 0.7 ng g−1 in the case of 

methyltestosterone to 38.2 ng g-1 for the tibolone. Similar results were reported by 

Cha and co-authors [25]. 

The accuracy of the method was described as recovery percentage (recovery %) 

of each steroid compounds. Detailed accuracy results were summarized in Table 

11.3. All the investigated compounds were correctly quantified when spiked in 

isotonic drink, excepted for danazol (74 % of recovery). This result highlights that 

the proposed method guaranteed optimal results in screening of anabolic agents for 

this category of dietary supplements. In the case of solid samples (powder, tablets 

and capsule), lower recovery values were obtained only for few steroid compounds. 

Protein and herbal-base dietary supplements showed different values of extraction 

recovery varying from 60 to 140%, highlighting the high degree of complexity of 

the matrices. In general, the results obtained showed that the developed strategy 

was ideal for the screening of steroids in highly complex matrices with an elevated 

degree of variability.  
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Table 11.3. Accuracy of the method expressed in terms of recovery %.  

 

ID COMPOUND 

Liquid Powder Tablets Capsule Protein Herbal 

Rec % Rec % Rec % Rec % Rec % Rec % 

1 19-Noretiocholanolone 89 111 77 106 115 70 

2 Androsterone 91 111 96 106 124 72 

3 Etiocholanolone 90 102 98 131 115 74 

4 5a-androstane-3a,17b-diol 85 69 104 123 129 100 

5 5b-androstane-3a,17b-diol 84 68 98 126 138 101 

6 Dehydroepiandrosterone 90 68 109 81 73 110 

7 1-testosterone 98 83 101 112 82 81 

8 19-Norandrostenedione 119 67 94 97 86 74 

9 5a-androstane-3b,17b-diol 85 82 68 81 66 80 

10 Epitestosterone 106 108 93 104 89 102 

11 Nandrolone 115 129 119 110 97 113 

12 5a - Dihydrotestosterone 90 84 69 117 88 80 

13 1,4-androstadiene-3,17-dione 103 78 59 93 112 62 

14 4(5)-androstene-3,17-dione 110 113 72 86 100 87 

15 Mesterolone 90 79 97 61 74 77 

16 Boldenone 97 61 118 104 119 78 

17 Testosterone 100 100 80 93 96 95 

18 Dehydroepiandrosterone acetate 91 76 73 88 76 65 

19 Methylandrostendiol 88 100 104 98 82 90 

20 Mestanolone 96 70 109 101 104 68 

21 Delta-9(11)-methyltestosterone 113 70 102 118 97 73 

22 Methandienone 104 61 104 133 89 112 

23 Tibolone 103 105 102 104 137 90 

24 Methyltestosterone 98 122 93 127 79 77 

25 Calusterone 109 133 65 71 95 102 

26 Testosterone propionate 105 85 119 117 95 105 

27 Progesterone 108 109 121 130 81 86 

28 Danazol 74 124 89 140 135 100 

 

In Table 11.4 were reported the intra-day precision values (RSD %) for all target 

steroids spiked in different dietary supplements with RSDs always lower than 20%. 

Table 11.3. Accuracy of the method expressed in terms of recovery %.  

 

ID COMPOUND 

Liquid Powder Tablets Capsule Protein Herbal 

Rec % Rec % Rec % Rec % Rec % Rec % 

1 19-Noretiocholanolone 10.3 13.4 7.9 11.3 11.3 14.1 

2 Androsterone 7.4 12.3 9.4 2.0 8.5 14.7 

3 Etiocholanolone 10.8 15.2 8.3 3.8 5.1 14.0 
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4 5a-androstane-3a,17b-diol 6.6 15.4 8.9 6.0 7.2 8.6 

5 5b-androstane-3a,17b-diol 5.3 18.4 7.9 4.7 7.0 14.2 

6 Dehydroepiandrosterone 11.7 15.0 6.5 5.8 9.3 11.6 

7 1-testosterone 5.1 7.1 8.4 13.7 8.7 8.0 

8 19-Norandrostenedione 6.2 8.0 7.9 5.7 9.1 11.8 

9 5a-androstane-3b,17b-diol 5.2 11.2 3.9 9.7 6.5 9.6 

10 Epitestosterone 3.1 7.6 5.2 17.4 7.8 4.4 

11 Nandrolone 2.9 6.2 6.3 14.3 8.4 4.1 

12 5a - Dihydrotestosterone 6.1 11.3 3.6 16.8 4.5 6.4 

13 1,4-androstadiene-3,17-dione 7.6 9.9 13.4 15.5 15.5 12.1 

14 4(5)-androstene-3,17-dione 3.8 6.4 7.8 11.7 5.8 8.8 

15 Mesterolone 5.8 4.3 12.9 5.5 7.3 6.2 

16 Boldenone 16.4 6.1 5.4 10.9 10.2 17.4 

17 Testosterone 3.1 3.7 4.8 3.0 1.1 1.5 

18 Dehydroepiandrosterone acetate 7.2 10.1 13.2 10.2 2.3 8.8 

19 Methylandrostendiol 4.2 16.5 11.0 11.8 7.5 2.5 

20 Mestanolone 4.9 8.6 18.1 11.6 4.7 5.9 

21 Delta-9(11)-methyltestosterone 4.1 7.0 11.5 6.9 10.2 15.2 

22 Methandienone 17.2 10.3 5.4 1.7 13.5 14.9 

23 Tibolone 6.9 5.6 19.7 5.4 14.3 4.9 

24 Methyltestosterone 4.7 11.4 15.3 11.0 8.3 2.9 

25 Calusterone 7.8 8.1 16.5 13.0 4.8 3.5 

26 Testosterone propionate 3.9 6.7 7.7 16.0 7.8 6.1 

27 Progesterone 11.0 10.7 13.2 13.7 7.1 5.9 

28 Danazol 11.5 9.2 16.4 15.1 6.3 3.3 

 

The developed method was then applied to the research of steroid compounds in 

commercially dietary supplements using for each compound of interest the 

optimized MRM transitions. None of the monitored samples resulted positive, 

adulterated or contaminated from AAS compounds.  

11.4 Conclusion 

The main objective of this work is improvement of steroid screening in anti-

doping control by using GC–MS/MS instrument. Our strategy includes the 

development of SPE method before GC analysis and conversion of steroid 

compounds in TMS-derivatives. Our research work has provide a highly sensitive 

and selective GC-MS/MS method in MRM mode for the determination of AAS in 



 

 

Chapter 11  

Doctor of Philosophy in Chemical Science     255 
 

food matrices extremely complex and rich of interfering such as dietary 

supplements.  

For the full validation of the developed analytical method, limited of 

quantification (LOQ) and limited of detection (LOD), accuracy and precision in 

terms of intra-day tests have been also evaluated improving the reliability of 

detection for suspicious samples in routine anti-doping analysis. 
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Chapter 12 

 

Development of an omic approach for a fingerprinting of total lipids in 

Mediterranean mussel (Mytilus galloprovincialis) 1. 

 
1 This section has been adapted from the following publication: Donato P, Micalizzi G, Oteri M, 

Rigano F, Sciarrone D, Dugo P, Mondello L. Comprehensive lipid profiling in the Mediterranean 

mussel (Mytilus galloprovincialis) using hyphenated and multidimensional chromatography 

techniques coupled to mass spectrometry detection. Anal Bioanal Chem. 2018; 410: 3297-3313. 

 

12.1 Introduction 

Lipid analysis and profiling is a crucial task to separation scientists working in 

many different fields, including pharmaceutical and cosmetic, clinical, biological, 

and food [1-2]. The complete clinical lipidomics workflow includes selection of the 

subjects, the sample type the sample pre-processing conditions, the analytical 

method/s, and data processing [3]. Given the high complexity of many lipid 

matrices and the great structural diversity of these molecules, no single analytical 

technique is capable to afford thorough knowledge of all the lipid classes and 

species in a given sample. A variety of chromatographic techniques have been 

employed to this purpose, coupled to mass spectrometry (MS) and other types of 

detectors [4-5]. Reversed-phase HPLC (RP-LC) has been widely applied to 

accomplish rapid separation of saturated and unsaturated fatty acids (FAs) differing 

in chain length and number of degree of unsaturation. In RP-LC, retention of FAs 

and, hence, of triacylglycerols (TGs) increases with the increasing degree of 

hydrophobicity, commonly identified by partition number (PN), as given by the 

sum of the total carbon number (CN), minus twice the number of double bonds 

(DB) in the acyl chain, i.e.: PN=CN-2 DB [6-7]. Normal-phase HPLC (NP-LC) 

separates neutral lipids like TGs, cholesterol and cholesteryl esters (CEs), as well 

as phospholipids (PLs) on the basis of their polarity, regardless of their FA 
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composition [8]. A fair limitation of NP-LC is that mobile phases are commonly 

used, which are not compatible with MS due to their low polarity and dielectric 

constant. Likewise, hydrophilic interaction HPLC (HILIC) can be regarded as a 

version of NP-LC, in which class-type separation of lipids can be performed by 

passing a hydrophobic or mostly organic mobile phase across a neutral hydrophilic 

stationary phase. By this means, HILIC is an electrospray ionization (ESI)-MS 

compatible separation tool for PL separation according to the polar head group. 

The benefits to be attained by the coupling of two independent (orthogonal) 

separation mechanisms in a multidimensional (MD) chromatographic system are 

obvious, as resolving power may be boosted greatly, and subsequent detection made 

easier and more reliable [9]. The maximum gain in separation will result from the 

implementation of two dimensional comprehensive techniques where, unlike in the 

case of heart-cutting approaches, the whole column effluent is directed from a first 

(1D) to a second (2D) chromatographic dimension, usually by means of one or more 

switching valves, equipped with symmetrical (empty or packed) loops for sample 

storage. Among the possible arrangements, continuous online techniques (LC × 

LC) have clear advantages over off-line and stop-flow techniques (2D-LC), 

involving fraction collection after 1D, and/or flow-interruption. Specifically, stop-

flow HILIC×RP-LC has been employed to achieve separation of individual 

molecular species of PLs [10] and other lipids [11] in biological tissues, NPLC × 

RP-LC has allowed for comprehensive lipid profiling in plasma [12]. Remarkably, 

all online LC × LC techniques relied on RP-LC as the final dimension of separation, 

due to the use of MS-compatible solvents [13], with the noteworthy exceptions of 

the work carried out by the research groups of Holčapek [14] and Schoenmakers 

[15]. 
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On the other hand, GC allows for flame ionization detection (FID) to be 

employed universally, and to obtain reliable quantification according to organic 

carbon of the lipid molecules; usually after conversion of the FAs into their 

corresponding methyl esters (FAMEs). 

The present research aimed to implement a multi-technique approach, focused 

on the comprehensive characterization of the total lipid profile in a complex marine 

organism, namely Mytilus galloprovincialis (Mediterranean mussel). These 

molluscan bivalves, native from the Mediterranean Sea, are recommended as 

bioindicator organisms to elucidate the relationship between environment and 

health in contaminated sites [16]. Major lipid classes in mussels comprise FFAs, 

TGs, sterols and sterol esters, and polar lipids; unlike most terrestrial organisms, 

mussels are rich in ω-3 long-chain polyunsaturated FAs (PUFAs): 20:4, 20:5 

(EPA), 22:5, 22:6 (DHA). 

In this research, class-type separation and side chain composition of neutral and 

polar lipids were obtained by online HILIC×RP, providing for the first time a global 

fingerprint of the lipidome without the common drawbacks associated to the use of 

NP-LC or the stop-flow approaches. Hyphenation to ion trap-time of flight (IT-

ToF) MS allowed for further characterization of the lipid fraction, in terms of 

molecular species within each class. In addition, GC-MS data obtained for the off-

line collected fractions of individual phospholipid species afforded qualitative 

information about the FA distribution within the phosphatidylcholine class, 

providing unambiguous evidence of the different FA positional and geometric 

isomers. 
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12.2 Materials and methods 

12.2.1 Solvents and chemicals 

Chloroform (CHCl3), methanol (MeOH), water (H2O), n-hexane, diethyl ether 

(Et2O), acetic acid (CH3COOH), and potassium hydroxide (KOH) employed for 

extraction of the mussel lipids, solid-phase extraction (SPE) and derivatization of 

the FAs were from Carlo Erba (Milan, Italy). LC-MS grade acetonitrile (ACN), 

H2O, ammonium formate (HCOONH4), MeOH, isopropyl alcohol (IPA) and 

tetrahydrofuran (THF) were from Sigma-Aldrich/Supelco (Milan, Italy). 

Cholesterol, cholesteryl palmitate (CE(16:0)), cholesteryl stearate (CE(18:0)), 

cholesteryl oleate (CE(18:1)), cholesteryl linoleate (CE(18:2)), glyceryl trilinoleate 

(LLL, TG(18:2/ 18:2/18:2)), 1,2-dilinoleoyl-3-palmitoyl-rac-glycerol (LLP, 

TG(18,2/18:2/16:0)), 1,2-dioleoyl-3-linoleoyl-rac-glycerol (OOL, 

TG(18,1/18:1/18:2)), 1,3-dipalmitoyl-2-oleoylglycerol (POP, TG(16,0/18:1/16:0)), 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 

(PS), phosphatidylinositol (PI), sphingomyelin (SM) and L-α- phosphatidylcholine 

(LPC) standard materials were from Millipore Sigma/Supelco (Bellefonte, PA, 

USA). The following standard materials were used for optimization of the GC 

conditions: linoleic acid methyl esters, cis/trans-isomers; linolenic acid methyl ester 

isomer mix; Supelco 37 Component FAME Mix; Polyunsaturated Fatty Acid Mix 

(PUFA No.1, PUFA No.2, PUFA No.3); bacterial acid methyl ester (BAME) mix; 

AOCS official method margarine FAMEs (provided by Millipore Sigma/Supelco). 

12.2.2 Liquid-Liquid Extraction and SPE fractioning 

Adult specimens of Mytilus galloprovincialis (Mediterranean mussel) were 

obtained from an aquaculture farm in the coastal area of Brucoli (Sicily, Italy). The 

organisms were randomly selected, transported to the laboratory in aerated 
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seawater, and immediately subjected to lipid extraction. The shells were gently 

opened and, after removal of the excess inter-valvar liquid, the whole tissue was 

removed; around 30 g of mussel tissues were pooled and homogenized (IKA 

3720000 T-18 Ultra Turrax Digital Homogenizer, Cole-Parmer, Vernon Hills, IL, 

USA); lipids were then extracted using the method from Bligh and Dyer [17] 

recommended by the Technical Guidelines of the Organization for Economic 

Cooperation and Development (OECD) for complete extraction of the total lipids 

from marine species [18]. Total lipids were extracted with 90 mL of a CHCl3:MeOH 

(1:2 v/v) mixture in a separating funnel; upon homogenization for 2 min, the 

homogenate was filtered and the solid residue set aside. Afterwards, 30 mL CHCl3 

were added to the liquid mixture and, after blending for 30 s, 30 mL of H2O were 

added, and blending continued for 30 more seconds. After centrifugation at 3000 

rpm for 15 min, the lower CHCl3 phase was collected, and the whole extraction 

procedure was applied twice to the upper phase combined with the solid residue. 

The three extracted phases were pooled together, filtered through 0.22 μm nylon 

membrane and brought to dryness in an Envi (EZ-2 Envi) Evaporator (Genevac, 

Ipswich, Suffolk, UK). The sample was stored at − 18°C until use. 

Neutral lipids, free fatty acids (FFAs), and polar lipids were separated on a SPE 

cartridge Supelclean LC-NH2SPE tube (bed wt. 500 mg, volume 6 mL, Millipore 

Sigma/Supelco, Bellefonte, PA, USA). In details, Around 70 mg of the dried lipid 

extract were reconstituted in 1 mL of a MeOH:CHCl3:n-hexane (2:1:1, v/v/v) 

mixture prior to isolation and purification by SPE. The SPE cartridge was 

preconditioned with n-hexane, and then the lipid extract was loaded. Neutral lipids 

(TGs, diacylglycerols (DGs), monoacylglycerols (MGs), cholesterol, and CEs) 

were eluted first with 4 mL of CHCl3:IPA (2:1,v/v) mixture; the following fraction, 
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containing the FFAs, was collected upon elution with 8 mL of Et2O:CH3COOH 

(98:2,v/v) mixture, while PLswere eluted last with 4 mL of MeOH. The samples 

were stored at −18 °C until use. 

12.2.3 Lipid derivatization 

For the preparation of FAMEs, 250 μL of 2N KOH in methanol and 1 mL of n-

hexane were added to 5 mg of the neutral lipid and the polar lipid fractions. After 

vortexing for 5 min, the mixtures were allowed to stand for about 5 min, then the 

hexane upper layer was transferred into a vial and injected for the GC-MS analyses 

of FAMEs. All measurements were performed in triplicate. Knowledge about the 

free fatty acid composition of mediterranean mussel had been gained in a previous 

study using nano LC-EI-MS [16]. For identification of the fatty acid substituent in 

a given lipid species, the same procedure was applied to the offline collected PC 

species, after RP-LC analysis of the PC class obtained by HILIC separation of the 

SPE-fractionated polar lipids. 

12.2.4 Online HILIC×RP-LC analyses 

Two-dimensional comprehensive separation of the mussel lipid extract (≈ 10 

mg/mL in CHCl3:MeOH, 2:1 v/v) was then obtained using the two columns, 

connected online. Two-dimensional LC analyses were performed on a Nexera LC 

system (Shimadzu, Kyoto, Japan), consisting of a CBM-20A controller, four LC-

30 AD dual-plunger parallel-flow pumps, a DGU-20 A5R degasser, a CTO-20A 

column oven, a SIL-30 AC autosampler, and a SPD-M20A photodiode array (PDA) 

detector (2.5 μL flow cell volume). The two separation dimensions were connected 

by means of two high speed/high pressure two-position, six ports switching valves 

with micro-electric actuator (model FCV-32 AH, 1.034 bar; Shimadzu), placed 

inside the column oven and equipped with two 0.254 mm I.D. stainless steel sample 
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loops of identical volume (100 μL). The LC × LC system was interfaced to an 

LCMS-IT-TOF spectrometer through an ESI source (Shimadzu). The instrument 

and the switching valves were controlled by the LCMSsolution version 3.50.346 

software (Shimadzu). The LC × LC data were visualized and elaborated into two 

and three dimensions using Chromsquare version 2.2 software (Shimadzu). 

In 1D, an Ascentis Express HILIC, 150 mm × 2.1 mm I.D., 2.7 μm d.p. column 

was used. The mobile phases were: (A) ACN:10 mM HCOONH4 (98:2, v/v ) , (B) 

ACN:MeOH:10 mM HCOONH4 (55:35:10, v/v/v). The gradient program was: 0–

15 min 0% B, 40 min 100% B, held for 40 min. The mobile phase flow rate was 50 

μL/min, and the injection volume 5 μL. In 2D, a Titan C18, 50 mm× 4.6 mm I.D., 

1.9 μm d.p. column was used. The mobile phases were: (A) ACN:MeOH:10 mM 

HCOONH4 (55:35:10, v/v/v), (B) IPA + 0.1% formic acid. The segmented gradient 

(SG) conditions were: 0.01–0.35 min 0% B, 1.00 min 20% B, 1.70 min 70% B, 1.75 

min 100% B (held for 0.10 min), 1.86 min 0% B (held for 0.14 min), repeated for 

the initial 40 min of the 1D run; 0.01–0.75 min 0% B, 1.00 min 20% B, 1.70 min 

70% B, 1.75 min 100% B (held for 0.10 min), 1.86 min 0% B (held for 0.14 min), 

for the subsequent 40–62 min of the 1D run; 0.01– 1.00 min 0% B, 1.85 min 20% 

B, 1.86 min 0% B (held for 0.14 min), for the final 62–80 min of the 1D run. The 

mobile phase flow rate was 3.0 mL/min, with column oven temperature of 55°C. 

The modulation time of the switching valves was 120 s. Data were averaged from 

three consecutive runs. Acquisition was occasionally performed by PDA, using a 

detection wavelength range of 300–500 nm. 

12.2.5 MS/MS detection 

MS acquisition was performed using an ESI interface simultaneously operated 

in both positive and negative ionization modes, under the following conditions: 
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curved desolvation line (CDL) temperature, 250°C; heat block temperature, 250°C; 

nebulizer gas flow, N2, 1.5 L/min; detector voltage, 1.55 kV; acquisition, 250–1000 

m/z (positive polarity) or 150–1000 m/z (negative polarity); ion accumulation, 30 

ms; repeat, 3. For MS/MS: acquisition, 50–800 m/z; ion accumulation, 50 ms; 

precursor ion isolation (width: 1, time: 50 ms). Collision-induced dissociation 

(CID) parameters: energy, 100%; collision gas, 100%; time, 50 ms. 

12.2.6 Offline HILIC-RP-LC analyses 

Separation of the PL fraction obtained upon SPE of the mussel lipid extract (≈ 

27 mg dissolved in 600 μL of MeOH) into classes was achieved on an Ascentis 

Express HILIC, 250 mm× 4.6 mm I.D., 5.0 μm d.p. column, with mobile phases 

consisting of: (A) ACN:10 mM HCOONH4 (98:2, v/v), (B) ACN:MeOH:10 mM 

HCOONH4 (55:35:10, v/v/v), in gradient mode (0–15 min 0% B, 15– 40 min 0–

100% B, 40–80 min 100% B), at a flow rate of 0.8 mL/min. Injection volume was 

20 μL. The chromatographic peak corresponding to the PC class was collected after 

consecutive runs, evaporated to dryness, and re-dissolved in MeOH (≈ 1 mg/mL) 

for subsequent separation of the individual molecular species. RP-LC separation of 

the PC species was achieved using an Ascentis Express C18, 250 mm× 4.6 mm 

I.D., 5.0 μm d.p. column, with mobile phases consisting of: (A) IPA:10 mM 

HCOONH4:THF (55:30:15, v/v), (B) ACN, isocratically (40% B), at a flow rate of 

0.6 mL/min. The column oven was set at 35°C, and the injection volume was 50 

μL. The PDA detection wavelength was set at 205 nm. 

12.2.7 FAMEs GC-MS analyses 

GC separations of the FAMEs were achieved on a Supelco SLB-IL 111, 200 m× 

0.25 mm I.D., 0.20 μm df, fused silica capillary column. The programmed oven 

temperature was: 50°C (1 min) to 160°C (33 min) at 10°C/min, then up to 185°C 
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(8 min) at 6°C/min, and finally up to 260°C at 3°C/min. Injector temperature: 

260°C; injection volume: 0.5 μL; injection mode: splitless. Helium (He) was used 

as the carrier gas at a constant linear velocity of 20.9 cm/s and a pressure of 492.3 

KPa. MS parameters were as follows: mass range, 40–650 amu; scan interval, 0.20 

s; ion source temperature, 200°C; interface temperature, 220°C. Data were 

averaged from three consecutive runs. All the chromatographic columns were 

kindly donated by MilliporeSigma/Supelco (Bellefonte, PA, USA). 

12.3 Results and discussion 

12.3.1 Online HILIC×RP-ESI-MS/MS 

As expected, HILIC did not enable baseline separation of all the neutral lipids (TGs, 

cholesterol, and CEs), as most of them co-eluted in one chromatographic peak, 

before the starting of the gradient (isocratically, at 0% B). Baseline separation of 

all the PLs was obtained, according to the nature of the polar head group, in order 

of decreasing polarity: PI>PS>PE>PC>SM>LPC. According to a previous work 

[19], the separation of neutral and charged phospholipids in HILIC mode showed a 

different behaviour: retention of the former (PE, PC, SM, LPC) was higher with the 

increasing polarity of the molecules; elution of the latter classes of PLs (PI, PS) 

probably resulted from combined effect of hydrophilic and electrostatic 

interactions, since their retention times decreased by increasing the HCOONH4 

percentage.  

After HILIC-ESI-MS, next step was the separation of individual species inside 

the lipid classes, this was accomplished by the coupling of RP-LC; the latter was 

first optimized for each standard lipid class in monodimensional analyses, and then 

adapted to the real sample. The separation of lipid individual species within each 
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class was obtained, in the 2D RP-LC, according to their hydrophobicity, on a C18 

phase operated under a gradient of IPA. 

HILIC×RP-ESI-MS plot of the mussel lipid extract is shown in Figure 12.1. 

Complete elution of the sample components was achieved in 72 min. According to 

what previously observed for the separation of the standard compounds, neutral 

lipids, which are the most hydrophobic components of the lipid extract (and 

therefore, the less retained on the polar 1D column) were the first-eluted class, 

appearing at the beginning of the bidimensional plot (Figure 12.1) (8–12 min). 

Along with TGs and sterol lipids (cholesterol, CEs, and secosteroids), also FFAs, 

wax esters (WEs), prenol lipids and polyketides were observed, the latter two 

classes comprising natural antioxidants like flavonoids and carotenoids. The 

highest amounts of solvent B were required for elution of the polar PL classes, 

according to the increasing polarity of the polar head group, together with their 

corresponding lyso forms: PE, LPE, PC, LPC. The assignment of chromatographic 

blobs in the 2D plot in Figure 12.1 to specific lipid classes was performed by careful 

interpretation of MS and MS/MS spectra averaged under each chromatographic 

peak in the raw data file .A preliminary investigation performed by the neutral loss 

scan survey confirmed the literature data available on the PL distribution in mussels 

[20], reporting PC species as the most abundant PL class (chromatographic band 

centred at 57 min), followed by PE (band centred at 45 min); also the corresponding 

lyso forms LPC and LPE were found (at 66 and 46 min, respectively). Together 

with diacylic PC and PE, also the plasmanyl and plasmenyl forms 

phosphonocholine (PnC) and phosphonoethanolamine (PnE) were also detected. In 

addition, ceramide lipids belonging to the aminoethylphosphonate (CAEP) class 
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were observed, as a separate chromatographic band eluting between those of LPE 

and PC (at 51 min). 

 

Figure 12.1. Fig. 2 2D plot obtained from the HILIC×RP separation of the mussel 

lipidome, recorded in the ESI(+) mode by IT-ToF detection. Abbreviations: FFA, 

free fatty acids; Chol, cholesterol; WE, wax esters; CE, cholesteryl esters; TG, 

triacylglycerols; PA, phosphatidic acid; PI, phosphatydylinositol; PS, 

phosphatydylserine; PE, phosphatydylethanolamine; PnE, 

phosphonoethanolamine; LPE, lysophosphatydylethanolamine; CAEP, ceramide 

2-aminoethylphosphonate; PC, phosphatydylcholine; PnC, phosphonocholine; 

LPC, lysophosphatydylcholine; LPnC, lysophosphonocholine. Reproduced with 

permission from Springer Nature. 

 



 

 

Chapter 12  

Doctor of Philosophy in Chemical Science     270 
 

The HILIC×RP approach implemented rendered a 2D plot of the mussel lipid 

species, in which the different compounds are characteristically distributed along 

the two retention time (rT) axes, so that hydrophilicity of the separated lipid classes 

increases going from the left to the right of the 1D HILIC axis, while hydrophobicity 

of the individual species increases with retention in the 2D RP axis, from the bottom 

up. Even though the resolution in 2D RP x LC analysis could not be fully exploited 

due to the limited run time available (and made worse by the complexity of the 

sample), yet the 2D plot obtained allows for a quick visual fingerprinting of the 

mussel lipid composition. 

Identification was performed by gathering the complementary data of retention 

times in the two chromatographic dimensions, MS and MS/MS data, and further 

supported by the data attained by GC-MS analysis, on the FA composition of the 

neutral and polar lipid mussels. Accurate m/z ratios retrieved from IT-ToF MS 

spectra were first searched on the LIPID MAPS Lipidomics Gateway (freely 

accessible at: http://www.lipidmaps.org/); since the typical mass accuracy delivered 

by manual predicted flight time adjustment after autotune was < 2.5 ppm (in the 

mass range 400–2000 Da), a tight mass tolerance could be set on the m/z ratio 

matching, equal to (±) 0.001. The described approach led to the identification of 

over 200 species in the mussel lipidome, which are distributed along 19 different 

classes/categories, spanning a wide range of hydrophilicity/hydrophobicity (plot in 

Figure. 12.1), as discussed below.  

12.3.2 Offline HILIC-RP-LC 

Under the separation/analysis conditions employed, it was not possible to infer 

the exact FA composition of the lipid species identified, in terms of structural 

isomers and stereoisomers. Thus, in a next step, the separated PC species have been 
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selected as a case study, and subjected to further investigation by GC-MS, to 

demonstrate the capability of the technique to handle such a task. To this purpose, 

a HILIC column of conventional I.D. (for higher load capacity with respect to the 

one used in the online approach) was employed to achieve class type separation of 

the PCs, from the whole polar lipids obtained upon SPE-fractionation of the mussel 

lipid extract. Once collected and evaporated to dryness, the PC fraction was 

reinjected onto a long C18 column, for subsequent separation of the individual 

molecular species, which was achieved isocratically. All the peaks separated within 

the PC fraction have been separated, collected and transferred to the GCMS system 

for the FA composition determination. The Figure 12.2 shows the two most 

abundant peaks isolated from the PC fraction, eluting in RP-LC according to PN = 

26 and PN = 28, respectively. In particular, 1-esadecanoil, 2-docosanoil-glicerolo 

PC (PC-C16:0, C22:6) (PN=26), 1-esadecanoil, 2-eicosatetranoil-glicerolo PC (PC-

C16:0, C20:4) and 1-tetradecanoil, 2-esadecenoil-glicerolo PC (PC-C14:0, C16:1) 

(both with a PN=28) were detected.  

 

Figure 12.2. RP-HPLC chromatogram of offline collected PCs fraction in Mytilus 

galloprovincialis. Reproduced with permission from Springer Nature. 
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12.3.3 GC-MS analyses 

In order to highlight the FAs composition of the different species belonging to 

the PC class, and eventually elucidate the cis/trans geometry, the offline collected 

fractions were analysed by GC-MS. To this purpose, a 200-m highly polar ionic 

liquid stationary phase has been employed, as previously reported in the literature 

[21], a dedicated MS database of the standard FAMEs was constructed in lab, and 

the linear retention indices (LRI) of the separated lipid species were calculated.  

The chromatographic conditions were optimized with the aim to obtain the 

separation of the geometric isomers using the splitless mode followed by isothermal 

steps, and the following conditions were selected: after 1 min of splitless, the oven 

temperature was rapidly increased to a first isothermal step at 160°C, followed by 

a second isothermal step at 185°C, at the end of which a temperature gradient 

allowed elution of the most retained components. In such a way, the total run time 

was conveniently shortened, as well. The peaks separated within the PC fraction, 

with PN values in the 20–34 range  have been subjected to transesterification prior 

to injection in GC. As illustrative examples, Figures 12.3 and 12.4 show the GC-

MS chromatograms of the FAMEs obtained from the two most abundant peaks 

isolated from the PC fraction (Figure 12.2), eluting in RP-LC according to PN = 26 

and PN = 28, respectively. The GC separation and identification of peak PN=26 

showed evidence of the presence of Me. C16:0 (MS similarity 99%, LRITheor 1563, 

LRIExp 1560) and Me. C22:6n3 (4Z,7Z,10Z,13Z,16Z,19Z) (MS similarity 99%, 

LRITheor 2652, LRIExp 2654). From the combination of the two, a PN value of 26 

could be derived for PC (16:0/22:6). Me. C14:0 (MS similarity 99%, LRITheor 1362, 

LRIExp 1361), Me. C16:0 (MS similarity 99%, LRITheor 1563, LRIExp 1560), 

Me.C16:1n7 (9Z) (MS similarity 99%, LRITheor 1662, LRIExp 1663), and 
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Me.C20:4n6 (5Z,8Z,11Z,14Z) (MS similarity 92%, LRITheor 2334, LRIExp 2337) 

have been identified, as co-eluted within peak PN = 28, given the presence of 

individual PC species with the same PN value of 28, and namely: PC(14:0/16:1) 

and PC(16:0/20:4). 

 

Figure 12.3. FAMEs GC chromatogram relative to the PC fraction with PN = 26. 

Reproduced with permission from Springer Nature. 
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Figure 12.4. FAMEs GC chromatogram relative to the PC fraction with PN = 28. 

Reproduced with permission from Springer Nature. 

 

 

12.4 Conclusion 
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