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Abstract 

 

Investigation of Ionic-Liquid-Based Dispersive Liquid-Liquid Microextraction and Lipid Adduct 

Formation for Untargeted Lipidomics  

Reza Maulana 

 

Lipidomics is the study of lipids in biological matrices. Challenges in the field include the use of 

toxic solvents and data harmonization. Ionic liquids (ILs), organic salts that can extract organic 

compounds and biomolecules, offer potential solutions, has not been extensively studied for 

lipidomics. Two ILs, 1-hexyl-3-methylimidazolium hexafluorophosphate and 

trihexyltetradecylphosphonium hexafluorophosphate, were assessed for lipid extraction using IL 

dispersive liquid-liquid microextraction with methanol as a disperser. Both ILs showed selectivity 

towards lipids of intermediate polarity, with limited extraction efficiency towards more polar 

lipids. However, slight solubility of ILs in the aqueous layer led to significant ion suppression for 

lipids tested when analyzed using liquid chromatography-mass spectrometry. Overall, the tested 

ILs were unsuitable for untargeted lipidomics of plasma.  

 

Internal standards are commonly used for semi-quantification in untargeted lipidomics. However, 

electrospray ionization (ESI) differences between internal standards and endogenous lipids can 

impact quantification accuracy. The adduct formation for phospholipids, glycerolipids, 

sphingolipids, and sterol lipids was studied in human plasma, murine plasma, murine spinal cord, 

and murine liver tissue. Within-class adduct formation was consistent for most lipid classes, except 

for diglyceride and cholesteryl ester lipid subclasses, necessitating multiple internal standards. 

Mismatch between internal standard and endogenous lipid adduct formation was observed for 

phosphocholine, ceramide, triglyceride, diglycerol, and cholesteryl ester lipid subclasses in at least 

one of the four matrices. Inter-batch variability in sodium concentrations significantly influenced 

sodium adduct formation and could not be controlled with usage of ammonium volatile salts. 

Finally, monoglycerides and diglycerides were detected to form acetate adducts in ESI-. 
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1 Introduction 

1.1 Lipidomics 

Lipids are one of the main building blocks of biological organisms and encompass a large 

variety of molecules with differing structures and functions. They are responsible for many major 

functions such as the formation of cellular membranes and the facilitation of cellular signaling. 

Lipids are substances that are soluble in nonpolar solvents. They consist of saponifiable lipids, 

such as glycerides and phospholipids, and nonsaponifiable lipids, such as steroids.1ï5 

The term ñlipidomicsò was defined by Han6 in 2003 when they utilized electrospray ionization-

mass spectrometry for the large-scale study of lipids at the system level in biological samples. 

Lipidomics is the large-scale characterization and quantification of a lipidome where a lipidome 

is defined as the collection of all lipid species found within a certain biological system. Lipidomics 

involves determining lipid structures, discerning how lipids interact with other biomolecules 

including studies of lipid-lipid and lipid-protein interactions, quantifying individual lipid species, 

and observing changes that occur in various lipid pathways using a combination of analytical 

chemistry approaches and statistical analysis. Lipidomics plays a major role in understanding 

perturbations caused by diseases, drugs, and the environment as any alterations in the content and 

composition of lipid molecular species can be discerned and analyzed.1,4,6ï11  

Metabolomics involves the comprehensive investigation of the metabolome which is 

composed of various compound classes, such as nucleic acids, amino acids, sugars, and lipids. 

Lipidomics can be viewed as a sub-field of metabolomics. However, due to the much higher 

hydrophobicity of lipids in comparison to other metabolites and more predictable fragmentation 

in MS-based approaches which aids in annotation/identification, lipidomics generally employs 

distinct approaches than utilized in metabolomics and is often viewed as a distinct field.1,4,6ï11 

The identification and quantification of individual lipids is highly complex as it is predicted 

that there are tens of thousands of possible molecular species within a cellular lipidome belonging 

to different classes and subclasses where the concentration of different lipid classes can range from 

attomole to nanomole per milligram of protein.1 For example, complex lipids such as 

glycerophospholipids can have large numbers of permutations that can bring about more than 

180,000 possible theoretical phospholipid structures that could be present within a given cell.7 
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Moreover, the lipid concentrations can vary from one lipidome to another and can also vary 

depending on both genetic and environmental factors such as nutritional status and hormonal 

concentration.1,7,12  

1.1.1 Classification of Lipids 

Lipids can be divided into different classes based on the similarities of their chemical 

structures. Lipids that have similar structures such as possessing the same head group or the same 

structural backbone, can be grouped to form a lipid class.1  

One of the major classification systems of lipids is the LIPID MAPS (LIPID Metabolites 

and Pathway Strategy) approach which classifies lipids into eight categories, which are fatty 

acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, 

saccharolipids, and polyketides.13,14  

The fatty acyls are made up by the chain elongation of an acetyl coenzyme A primer with 

malonyl-CoA groups that may contain a cyclic functionality and/or are substituted with 

heteroatoms. They are structurally the simplest lipids and are characterized by repeating 

methylene groups. Lipids in this category include sub-classes such as fatty acids, eicosanoids, 

docosanoids, fatty alcohols, fatty aldehydes, fatty amides, fatty esters, fatty nitriles, fatty ethers, 

and hydrocarbons. The fatty acid class makes up the basic building blocks of more complex 

lipids such as glycerophospholipids and glycerolipids. 

Glycerolipids are lipid species that can only be hydrolyzed into glycerol, a sugar group, 

fatty acid(s), and/or alkyl variants. Lipid classes in this category include monoglycerides (MG), 

diglycerides (DG), triglycerides (TG), and glycolipids. Aside from the glycolipids, glycerolipids 

are composed of a glycerol backbone with fatty acid chains linked to the hydroxyl group of the 

glycerol as shown in Figure 1.1 (a). 

Glycerophospholipids are characterized by the presence of a phosphate group esterified to 

one of the glycerol hydroxyl groups as shown in Figure 1.1 (b). They are one of the more 

complex groups as they contain many different subclasses and individual molecular species.    
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Figure 1.1 General structure of (a) glycerolipids and (b) glycerophospholipids. Different 

glycerophospholipid classes are formed depending on the functional group attached at moiety X. 

 

Choline Ethanolamine Glycerol 
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Figure 1.2 Various headgroups that can be attached to the phosphate groups to create different 

glycerophospholipid classes. 
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Sphingolipid species contain long-chain sphingoid bases as their core structure as shown 

in Figure 1.3. The sphingoid bases can be synthesized alongside acetyl coenzyme A to convert 

to various lipid subclasses such as ceramides and phosphosphingolipids. 

 

Figure 1.3 General structure of sphingolipids. Different sphingolipid classes are formed 

depending on the residue at moiety X. 

 

Sterol lipids are characterized by the formation of four fused rings as shown in Figure 1.4. 

They can be subdivided into cholesterol and its derivatives, steroids, secosteroids, bile acids and 

their derivatives, and others. Cholesterol and its derivatives are the most commonly found sterol 

subclass within mammalian systems. 

 

Figure 1.4 Core structure of sterol lipids. 

 

Prenol, saccharolipids, and polyketides are the three other lipids categories that are 

currently not extensively studied in lipidomics. Prenols are synthesized from five carbon 

precursors isopentenyl diphosphate and dimethylallyl diphosphate that are produced mainly via 

the mevalonic acid pathway. Saccharolipids are lipids that are composed of fatty acids that are 

linked to a sugar backbone.1  
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Lipids can be classified further into three different categories based on their intrinsic charge 

properties. These are anionic lipids, weakly anionic lipids, and charge-neutral polar lipids. Anionic 

lipids contain at least one negative charge under weakly acidic conditions.  Cardiolipins (CL), 

phosphoglycerols (PG), phosphoinositols (PI), phosphoserines (PS), phosphatidic acids (PA), and 

sulfatides, and their lysolipids fall under this category. Weakly anionic lipids are usually 

electrically neutral in weakly acidic pH but at alkaline pH will carry a net negative charge. 

Phosphoethanolamine (PE), lysoPE, non-esterified fatty acids and their derivatives, bile acids, and 

ceramides fall under this category. With charge-neutral lipids, they do not carry a net charge at 

any pH condition and consist of both polar and non-polar lipids. Phosphocholine (PC), lysoPC 

(LPC), sphingomyelin (SM), hexosylceramide, acylcarnitine, monoglycerol, diglycerol, 

triglycerol, and cholesterol and its esters fall under this category.1,3,8,9  

1.1.2 Lipidomics Workflow 

 Lipidomics is an ever-changing field where new approaches and innovations are developed 

on an ongoing basis. One of the key analytical platforms for lipidomics is mass spectrometry (MS). 

The advancements in MS have also helped to advance the field of lipidomics, from sample analysis 

to data processing enabling deeper lipid coverage and more accurate measurements of various 

lipidomes.3 The typical liquid chromatography-mass spectrometry (LC-MS)-based lipidomics 

workflow is shown in Figure 1.5. The workflow is described in more detail in Section 1.3.  

1.1.3 Untargeted Lipidomics 

 Two approaches are commonly employed in MS-based lipidomics. These are targeted 

lipidomics and untargeted lipidomics, also known as global lipidomics. Targeted lipidomics aims 

to characterize and/or quantify a single lipid, single lipid subclass, specific pathway, or subset of 

lipids within a lipidome. Targeted analysis is often performed using triple quadrupole (QqQ) mass 

spectrometers which allows for higher specificity, sensitivity, and quantitative accuracy, and is 

easily scalable. Knowledge of the target lipids such as the fragmentation behavior and retention 

time is required in targeted analysis. 
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Figure 1.5 A typical workflow for LC-MS-based lipidomics.10,13,15 
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 Untargeted lipidomics, on the other hand, aim to identify and quantify all of the lipids 

within a lipidome. Untargeted lipidomics is performed to obtain an unbiased comprehensive look 

within the biological system at the expense of quantitative accuracy and possible ambiguity in lipid 

assignment whereas targeted lipidomics is performed to understand and solve certain biological 

problems. To mitigate ambiguity in identification inherent in untargeted lipidomics, high mass 

resolution is required to increase mass accuracy and to increase confidence when identifying 

unknown compounds. Additionally, the lipid extraction method prior to untargeted analysis should 

be simple and generic in order to obtain a comprehensive snapshot of the lipidome whereas in 

targeted lipidomics, extraction methods are optimized for enhanced selectivity of the target 

analytes.4,7,9,15 

1.2 Lipid Extraction Methods 

1.2.1 Conventional Lipid Extraction Methods 

 The analytical workflow of any lipidomics study starts with the extraction of lipids from 

the sample matrix. Biological sample matrices are highly complicated so steps must be taken to 

extract the lipids from other compounds that would otherwise impede the detection of lipids during 

MS analysis. Lipids from biofluids are easier to extract compared to solid biological samples such 

as cells and tissues, which require prior steps such as homogenization and efficient disruption of 

cell membrane/cell wall before extraction can happen. The solubility of lipids in organic solvents 

depends on the hydrophobic fatty acyl chains or other aliphatic moieties and the presence of any 

polar functional groups, such as phosphate groups. Lipids that do not contain polar functional 

groups such as triglycerides and cholesteryl esters are readily soluble in nonpolar solvents such as 

hexane and toluene and in moderately polar solvents such as diethyl ether and chloroform. Lipids 

that are more polar such as glycerophospholipids and sphingolipids have good solubility in more 

polar solvents such as methanol and ethanol. 

 Three main approaches are utilized for the extraction of lipids. Of these, two involve liquid 

extraction (LE): single organic solvent extraction using solvents such as isopropanol or butanol, 

and liquid-liquid extraction (LLE) using non-miscible solvents such as chloroform or methyl tert-

butyl ether (MTBE). The third approach is solid-phase extraction (SPE). The exact approach to be 

used largely depends on the lipids of interest.4,8,14ï16 In addition to these conventional approaches, 

microextraction methods can also be successfully used for lipidomics.17,18 
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1.2.1.1 Monophasic Organic Solvent Extraction 

 Monophasic organic solvent extraction involves the addition of methanol, isopropanol, 

butanol, or acetonitrile in excess volume to the biological sample followed by vortexing and 

centrifugation. This method ensures that proteins are precipitated, and the resulting supernatant 

can be utilized for instrumental analysis. Monophasic extraction is predominantly used when a 

monophasic system is desired and the entire collection of lipids, both polar and non-polar lipid 

classes, is to be obtained. The advantage of this method is the simplicity, low cost, and high 

throughput that can be achieved. As a monophasic system is obtained, the loss of lipids as a result 

of phase separation is minimal which allows for extremely polar lipids of lower abundance to be 

measured. However, the disadvantages lie in the fact that polar metabolites are not removed and 

can potentially interfere with the analysis and/or cause ion suppression. In addition, highly 

hydrophobic lipids such as cholesterol esters may not be sufficiently soluble in the resulting 

extracts. Satomi et al.19 compared the performance of various organic solvents (methanol, ethanol, 

isopropanol, and acetonitrile) and a modified Matyash method which utilized MTBE-MeOH to 

compare monophasic organic phase extraction against liquid-liquid extraction. Single-phase 

extractions had better recovery as they did not involve a reconstitution step and had better 

extraction efficiency of polar lipids. Monophasic extractions also resulted in a more complex 

extract and were not found to be suitable for shotgun lipidomics but showed high reproducibility 

using LC-MS. A comparison of the organic solvents showed that methanol performed better for 

the extraction of hydrophilic lipids whereas isopropanol had higher extraction efficiency of 

hydrophobic lipids.4,15,16 Sarafian et al.20 compared various solvents for lipid profiling and found 

that isopropanol performed best over other protein precipitation solvents such as methanol and 

acetonitrile classical biphasic extraction. Isopropanol provided 99% protein removal and 

repeatable and broad lipid coverage where it did not sacrifice the detectability of any lipid class.  

1.2.1.2 Liquid-Liquid Extraction 

 The most frequently utilized method for sample preparation of lipids is LLE. The most 

common approaches for the extraction of lipids are the Folch or Bligh-Dyer extraction method 

which utilizes chloroform-methanol as the extracting solvent. The Folch21 method involves the use 

of chloroform/methanol/water at an 8:4:3 (v/v/v/) ratio to extract lipids from various biological 

samples. The majority of the lipids are found in the chloroform phase at the bottom allowing for 

>90% recovery. Lipids such as glycerides, sulfatides, phosphocholines, phosphoethanolamines, 
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sphingomyelins, ceramides, cholesterols, and cholesterol esters would be found in this phase. In 

the middle and upper phases, other phospholipid classes can be found such as phosphoserines, 

phosphatidic acids, and phosphoglycerols. These lipids exhibit lower recoveries with less than 

50%. The high extraction efficiency of many lipid classes has made the Folch method the gold 

standard for lipid extraction. Variations of the method have been made where on 1959, Bligh and 

Dyer22 modified the method by using chloroform/methanol/water at a ratio of 1:2:0.8 (v/v/v/). The 

separation of phases allows for polar impurities to be removed which reduces the background 

matrix during MS analysis. Folch method is also preferred for lipid-rich samples due to the use of 

higher solvent to tissue ratios.16 The main disadvantages of these two methods lie in the usage of 

chloroform, which is hazardous, and the fact that the majority of lipids are found at the bottom 

phase, making the recovery of the phase difficult as contamination with the water/methanol phase 

is possible.  

 Several methods have been developed as an alternative to chloroform-based extractions. In 

2008, Matyash et al.23 replaced chloroform with MTBE whereby MTBE/methanol/water at a ratio 

of 5:1.5:1.45 (v/v/v) was utilized. The lower density of MTBE versus water allowed for the 

collection of the lipids that would typically be found in the bottom phase, to instead be found in 

the organic upper MTBE phase. This mitigated the possible contamination with the aqueous phase 

and enabled easier automation. The disadvantage of the Matyash method is the presence of water-

soluble contaminants that can be found in the upper phase. A comparison of MTBE and chloroform 

revealed that MTBE was superior for the extraction of glycerophospholipids, ceramides, and 

unsaturated fatty acids whereas chloroform had better extraction efficiency of saturated fatty acids 

and plasmalogens.15 Lºfgren et al.24,25 introduced the BUME method which utilizes both single 

solvent extraction and LLE. Single-phase extraction is first carried out on the biological sample 

using 300 ÕL butanol/methanol at a 3:1 ratio (v/v).  LLE extraction is then performed onto the 

previously formed one-phase system into 300 ÕL heptane/ethyl acetate at a 3:1 ratio (v/v) and 300 

ÕL of 1% acetic acid as a buffer. This method reduces water-soluble contaminants in the upper 

phase, but its disadvantage lies in the difficulty of evaporating the butanol. These four methods 

are the main LLE methods that are currently utilized for the extraction of lipids from biofluids and 

tissue samples.4,8,15,16  
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1.2.1.3 Solid-Phase Extraction  

 Solid-phase extraction can also be used for lipidomics either in combination with single 

organic phase extraction or LLE or it can also be utilized by itself. It is typically used in 

combination with other methods when an enrichment step is required to separate target low-

abundance lipid classes such as eicosanoids and steroid hormones from other lipid classes. SPE 

can also be utilized to fractionate neutral and polar lipids.4 As stated in its name, SPE utilizes a 

solid phase sorbent that can selectively retain molecules based on the affinity of the sorbent. The 

type of SPE cartridges that are most commonly used for lipid extraction are normal-phase silica, 

reversed-phase silica, and ion-exchange sorbents.4,15 The SPE protocol is also adaptable where for 

example, the solid support can be modified to include other materials such as ionic liquids.26 

1.2.2 Ionic Liquids 

 Ionic liquids (IL) have recently emerged as an alternative to conventional organic solvents 

for the extraction and isolation of analytes. Ionic liquids are salts with melting points below 100ÁC 

whereas those with melting points below room temperature are known as room temperature ionic 

liquids (RTIL).27ï29 This is due to the larger size of the ions which avoids the packing of the ionic 

lattice which happens with inorganic salts.30 There are more than one thousand known ionic liquids 

with a large number being available commercially, providing a large opportunity over organic 

solvents in sample preparation techniques.31 Ionic liquids are also dubbed as ñdesigner solventsò 

as different cations and anions can be combined while retaining their properties, making them very 

desirable and task-specific. The cations are usually bulky organic nitrogen-containing cation such 

as imidazolium, pyridinium, pyrrolidinium, phosphonium, and ammonium. The anions are usually 

halogen-based organic or inorganic anion such as chloride, hexafluorophosphate, and 

trifluoroethanoate.30 The structures of the common cations and anions are shown in Figure 1.6. 
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Figure 1.6 Common cations (top) and anions (bottom) that are utilized in sample preparation 

procedures.30,32 

 Ionic liquids are known to have negligible vapor pressure and high thermal stability with 

many showing stability with temperatures above 200ÁC.31,33 The thermal stability is dictated by the 

structure of the ionic liquid, particularly the anion. Ionic liquids with lower nucleophilicity or 

coordinating anions are known to be more thermally stable whereas those with halide anions are 

more thermally unstable.31 The cations also play a role where the thermal stability is determined 

by the cation type. Of the common cations the thermal stability increases in the following order 

ammonium-based < imidazolium-based < phosphonium-based.33 Ionic liquids are also known to 

be very viscous which makes their utility a barrier in many cases. The viscosity of the ionic liquid 

is dictated by the nature and size of the cation where larger cations and longer alkyl chains result 
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in higher viscosity. Another factor that can affect viscosity is the nature of the anion where larger 

and/or unsymmetrical anions can lead to higher viscosity. Another important property of ILs is 

their solubility in water where their interaction with water ions is dictated by the size of the ionic 

liquid ions. Anions play a primary role in aqueous solubility where smaller anions such as halide 

ions are hydrophilic whereas coordinating anions are more hydrophobic. The hydrophobicity of 

the common anions increases in the following order bromide ion ([Br]-) ~ chloride ion ([Cl]-) < 

tetrafluoroborate ion ([BF4]
-) < hexafluorophosphate ion ([PF6]

-) < bistriflimide ion ([NtF2]
-) < 

bis((perfluoroethyl)sulfonyl)imide ([BETI]-).31 The cation plays a secondary role where an 

increasing length of the alkyl chain will also increase the hydrophobicity of the ionic liquid. The 

interaction between the ionic liquids and the analytes depends on the polarity of ionic liquids. This 

is determined by both the anion and cation where the polarity is increased with smaller anions and 

longer length of the alkyl chain on the cation.31,33  

 Ionic liquids have been successfully applied in many different sample preparation 

techniques, especially in microextraction format such as solid-phase microextraction, dispersive 

liquid-liquid microextraction (DLLME), and single-drop microextraction.31,33  

1.2.3 Dispersive Liquid-Liquid Microextraction 

 With the advent and push for green chemistry, ionic liquids have proved to be viable for 

extraction procedures such as liquid-liquid extraction, where they can be substituted for toxic and 

flammable organic solvents. Green analytical chemistry principles also aim to reduce solvent 

consumption, waste generation,  as well as time needed for the sample preparation.31 This has been 

made possible by the miniaturization of the extraction procedure where the volume of the solvent 

is limited to 100 ÕL or less. Combining all these requirements, ionic liquids have proven to be 

viable when designing LLE systems.31 One of the more popular methods for the utilization of ionic 

liquids in the microextraction format is dispersive liquid-liquid microextraction due to it being 

simple, quick, and having high extraction efficiency.  

 The first DLLME procedure was performed by Rezaee et al.34 and utilized a ternary 

component solvent system. Here, a non-polar extractant solvent is added to the aqueous sample 

containing the analytes with the help of a disperser solvent, which is soluble in both phases. This 

mixes the three solvents together where the extractant solvent forms microdroplets in the aqueous 

phase, generating a cloudy solution that indicates the mixing of the phases. This allows for the 
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analytes to rapidly partition from the aqueous phase into the extractant solvent due to the large 

contact area, allowing for the state of equilibrium to be quickly reached. The bulk aqueous solution 

can then be separated by centrifugation, leading to a bottom sediment phase consisting of the 

extractant solvent with the extracted analytes, and the upper phase being the aqueous solution. The 

sedimented phase is then taken for analysis.30,35,36 The extraction solvent is required to have a larger 

density and low solubility in the aqueous phase to achieve good separation. The disperser solvent 

should have good miscibility in both phases to allow good dispersion, typically, methanol, ethanol, 

acetone, or acetonitrile are used.37 

 Traditionally, DLLME utilizes chlorinated solvents as the extraction solvent, but IL has 

proven to be viable as a replacement in the procedure in large part due to their suitable and greener 

properties. As most ILs have a higher density than water, this also provides a wider selection of 

available choices. The DLLME procedure which utilizes ionic liquid is known as ionic liquid 

dispersive liquid-liquid microextraction (IL-DLLME) where the first IL-DLLME procedure was 

performed by Zhou et al.38 and Baghdadi and Sherimani39. The IL-DLLME procedure is similar to 

the conventional DLLME procedure with the exception of IL being the extractant solvent. The use 

of ILs is advantageous for DLLME as they can be designed to be task-specific. Various cation and 

anion combinations as well as the incorporation of certain functional groups onto the ionic liquids 

can be done to achieve better extraction efficiencies.35 This allows ILs to solvate both inorganic 

and organic compounds for enhanced affinity towards target analytes, leading to better extraction. 

This is mainly dictated by the structure and intermolecular interactions of the ionic liquid. Different 

regions of polarity are formed in the ionic liquid where solutes can form specific polar or non-

polar interactions.33  

 The IL-DLLME procedures have been extensively modified leading to four main modes 

which are (1) conventional IL-DLLME which does not use any modifications, (2) temperature-

controlled IL-DLLME, (3) ultrasound-assisted, microwave-assisted, or vortex-assisted IL-

DLLME, and (4) in-situ IL-DLLME.35 A more recent trend is the utilization of magnetic ionic 

liquids which allows for easier separation and retrieval of the ionic liquid layer.40 IL-DLLME and 

its various modifications have been utilized in various fields such as food, biomedical, and 

environmental analyses for the extraction of both inorganic and organic analytes such as 

tetracyclines in milk, eggs, and honey41, pyrethroid pesticides in water samples40, and zinc in water 

samples42. Analytical determinations are typically done using high-performance liquid 
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chromatography with various detection systems such as diode-array detection and mass 

spectrometry35. Despite all these applications and modifications, there is still minimal coverage on 

the utility of ionic liquids for lipidomics.  

1.3 LC-MS and Quantitation in Lipidomics 

 A variety of instrumental approaches have been used for lipidomics, some of which include 

mass spectrometry, nuclear magnetic resonance (NMR), and fluorescence spectroscopy. The most 

popular up until now remains mass spectrometry which allows for the ability to discern changes 

in lipid levels at very low concentrations and also take snapshots of the lipidome.1,7  

 The rapid development of chromatographic and mass spectrometric techniques in the last 

decade has made LC-MS the technique of choice when performing lipidomics over other 

techniques such as direct infusion mass spectrometry. LC-MS allows for the separation of isobars 

and isomers, reduction of ion suppression, and separation of compounds based on their 

physicochemical properties. Various LC-MS techniques can be employed for lipidomics with 

reversed-phased liquid chromatography (RPLC) being the most popular, followed by other LC-

MS techniques such as hydrophilic interaction chromatography (HILIC) and normal-phase liquid 

chromatography (NPLC).13,43  

1.3.1 Liquid Chromatography 

1.3.1.1 Liquid Chromatography and Lipidomics 

 Liquid chromatography is the most utilized separation and chromatography technique in 

lipidomics as it is easily coupled with MS and allows for the separation of both volatile and non-

volatile lipids. The main advantage of coupling LC with MS over shotgun MS is the ability to 

separate the various lipid classes in the sample matrix before MS analysis.  

 High-performance liquid chromatography (HPLC) is one of the common LC methods 

that is utilized due to its high separation efficiency, selectivity, and sensitivity. Additionally, the 

process can easily be automated. The HPLC system allows for the isolation of analytes from the 

environment, which can prevent sample degradation. The availability of many types of columns 

makes HPLC a versatile method for various applications. HPLC can be further improved by 

utilizing columns with sub-2 Õm sized particles instead of 5 Õm and works at higher pressures 

(6000-15000 psi), in a method known as ultra-high-performance liquid chromatography (UHPLC) 
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which is increasingly becoming more popular. UHPLC allows for higher-throughput sensitivity 

and resolution by increasing the peak capacity, resolution, analytical speed, and decreasing matrix 

effects and peak broadening. It is often coupled with instruments that can perform rapid scans, 

such as QTOF. Lipidomics workflows utilizing UHPLC separation most commonly utilize 

additive-assisted RPLC.4,15,16,44ï46 

  NPLC and HILIC can separate lipid classes based on their head groups, whereas RPLC 

separates lipids according to their hydrophobicity. However, NPLC has poor compatibility with 

the electrospray ionization process as the solvent that is used is mainly nonpolar. RPLC is currently 

the most utilized chromatographic separation method. In contrast, RPLC separates lipids based on 

hydrophobicity, this allows for the prediction of the elution times as the lipids will elute based on 

the length and number of double bonds on the fatty acid chains. The retention time increases as 

the number of carbons on the fatty acyl chain increases whereas retention time decreases with an 

increasing number of double bonds on the fatty acyl chain. Hydrophobic lipids are retained on the 

stationary phase longer compared to more polar lipids. RPLC allows for the separation of isomeric 

species which in turn allows for structural elucidation of lipids. C8, C18, and C30 reversed-phase 

columns are the most commonly utilized reversed-phased columns for lipidomic analysis. The 

separation of the different lipid species allows for reduced interferences to low-abundance species 

from high abundance-lipids, and also for the discovery and quantification of low- or trace-

abundance lipids.4,15,16,44ï46 

 There are many advantages of coupling LC with MS. Low abundance lipids benefit from 

reduced ion suppression from higher abundance lipids. Prior separation mitigates the introduction 

of contaminants that could appear as a result of the sample extraction or from the original sample 

thus minimizing the background interferences during MS analysis.4,16 In addition to LC-MS, there 

are also other separation techniques such as gas chromatography-mass spectrometry (GC-MS), ion 

mobility-mass spectrometry (IM-MS), and supercritical fluid chromatography-mass spectrometry 

(SFC-MS). 
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1.3.2 Mass Spectrometry 

1.3.2.1 Mass Spectrometry Principles 

Mass spectrometry is an analytical technique commonly used for qualitative and quantitative 

analysis. It measures the mass-to-charge (m/z) ratio of ions, and thus particles with zero net 

electrical charge are not detected. Here, mass, m, refers to the relative mass of an ion on the unified 

atomic scale, and z is the charge number of the ion. Therefore, m/z value is dimensionless.47  

 Depending on the resolving power of the instrumentation used, MS analysis can be 

classified into low-resolution mass spectrometry (LRMS) and high-resolution mass spectrometry 

(HRMS). LRMS measurement utilizes the nominal mass, which is the mass calculated using the 

mass of the most abundant isotope of each element of the ion and rounded to the nearest integer. 

HRMS similarly utilizes the mass of the most abundant isotope of each element of the ion, but the 

m/z is measured to four to six decimal places, which is known as the exact mass. This ability to 

distinguish small differences in m/z allows for the differentiation of analytes with small differences 

in their exact mass allowing for better identification and structural elucidation. In HRMS, mass 

accuracy refers to the difference between the experimental m/z value and the theoretical m/z value. 

It is often expressed as an absolute value such as millimass units (mmu), millidalton (mDa), or as 

a relative value in parts per million (ppm).47 

 

Equation 1.1 Mass accuracy formula in ppm. 
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 One of the most important factors in mass spectrometry is resolving power or resolution 

which is the ability of a mass analyzer to separate ions with a small m/z difference (æm). The 

International Union of Pure and Applied Chemistry (IUPAC) defines it as óThe ability to 

distinguish between ions differing in the quotient mass/charge by a small increment. It may be 

characterized by giving the peak width, measured in mass units, expressed as a function of mass, 

for at least two points on the peak, specifically at fifty percent and at five percent of the maximum 

peak heightô.5,47 
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Equation 1.2 Resolving power calculation. 

Ὑ
ά

Ўά
 

where m is the analyte m/z and æm is the width of the peak at a specified fraction (50, 5, or 0.5%) 

of the maximum peak height. The most commonly used fraction for FT-ICR, TOF, and Orbitrap 

is 50% which is known as the full width at half maximum (FWHM).48  

 

 There are various acquisition methods available in HRMS such as high-resolution full 

scans (HR-FS) which use an untargeted approach to allow for a more comprehensive look at the 

sample, or for more targeted approaches, single-ion monitoring (SIM), MS2 product scan, or data-

independent acquisition (DIA) are available. One of the key features in HR-FS is the extracted ion 

chromatograms (XIC or EIC), which construct a chromatogram by extracting a specific m/z value 

with a narrow mass width called the mass extraction window (MEW), which takes the theoretical 

m/z and looks at a specific mass window. This allows for the quantitation of the detected features. 

To further confirm the chemical identities of the detected features, MS2 analysis can be performed 

to collect the fragmentation spectra of the features of interest.47,49 

 Any mass spectrometric analysis has three steps which are analyte ionization, mass-

dependent ion separation, and ion detection. There are many mass spectrometer types available 

such as time-of-flight, quadrupole, and Fourier transform ion cyclotron resonance. There are 

various MS parameters to consider for performing lipidomics experiments such as resolution, mass 

accuracy, dynamic range, and capability to perform tandem-MS experiments. Different MS 

instruments will offer different performance characteristics. Typically, higher resolution and mass 

accuracy translate to enhanced identification and detectability of lipids by improving the 

separation based on the mass-to-charge ratio. Two of the most popular MS instruments for 

lipidomics are quadrupole time-of-flight (QTOF) and Orbitrap.14  

1.3.2.2 Quadrupole Time-of-Flight 

 QTOF has increased in popularity since its commercial advent in 1996.50 QTOF is a hybrid 

mass spectrometer that takes advantage of quadrupole technologies and a TOF mass analyzer. 

Quadrupole allows for rapid fragmentation efficiency and isolation of precursor ions of interest 

whereas time-of-flight is capable of rapid analysis speed and high mass resolution capability.51  
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Figure 1.7 Schematic diagram of a quadrupole time-of-flight mass spectrometer reproduced 

from Chernushevich et al.52 with permission from John Wiley & Sons. 

 The schematic of a typical QTOF is shown in Figure 1.7. The ions enter the mass 

spectrometer after the ionization process. The first quadrupole (Q1) operates as a mass-filtering 

system where ions are filtered based on their mass-to-charge ratio. It is also capable of operating 

in radio frequency (RF) mode where all ions are allowed to pass through the quadrupole. RF-field 

functions by creating a potential well that radially confines the precursor or fragment ions. 

Additionally, quadrupoles in RF-only mode operate at a pressure of several millitorr, as such, they 

allow for the collisional damping of ions in both the radial and axial motion.52 The second 

quadrupole (Q2) functions as a collision cell where neutral gas molecules such as argon or nitrogen 

bombard the ions, fragmenting them in a process known as collision-induced dissociation (CID). 

Similar to Q1, Q2 can also function in RF mode where all ions are allowed to pass through without 

the fragmentation process. An additional quadrupole, Q0, is added in some configurations to allow 

for collisional damping and to focus ions entering the mass spectrometer.  After passing through 

Q2, the ions then enter the TOF tube, which is a field-free tube, where they are re-accelerated 

orthogonally by the ion modulator via pulsation by an electrical field of several kilohertz (kHz). 

The ions will have the same kinetic energy and drift through the field-free drift space. Mass 
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separation occurs here based on the m/z of the ions, lighter ions will have shorter time-of-flight, 

whereas heavier ions will take longer. In modern QTOF systems, the ion mirror utilizes a reflectron 

that corrects for any initial velocity spread for the ions of the same m/z, resulting in the ions of the 

same mass arriving at the detector at the same time. The detector is made of two microchannel 

plates (MCP) in a chevron configuration. The ions strike the MCP creating a pulse of electrons at 

the anode. This pulse is amplified and eventually triggers a timing pulse which is sent to the time-

to-digital (TDC) converter. The TDC registers the arrival time of the pulse and is subsequently 

stored in memory. Over the course of the acquisition period, the pulses from the different ions are 

collected and stored, eventually forming a mass spectrum. The pulse created by the MCP forms 

the ion width peak and therefore affects mass resolution.51ï54 

 There are two methods for data acquisition which are the single MS (MS1) and MS/MS 

modes. MS1 utilizes both quadrupoles in RF-only mode, allowing all ions to pass through to obtain 

an accurate mass scan of the precursor ions. The Q1 can also be utilized to filter for a certain m/z 

range to select specific masses, known as the mass filter mode. In MS/MS, Q1 is utilized either as 

RF-only mass or as a mass filter to allow only the precursor ion of interest, whereas Q2 acts as a 

collision cell for CID. This allows for fragmented ions, known as product ions, and any 

unfragmented ions to pass through the collision cell and into the TOF analyzer for detection.51,54 

 QTOF benefits from a typical resolving power of over 10,000. This mass resolution allows 

for the ability to partially or completely resolve peaks of ions with the same nominal mass. The 

Agilent QTOF model used in this thesis has a resolving power of up to 42,000.51,55  

 

Equation 1.3 Resolving power calculation in TOF-MS. 
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where m and t are the mass and flight time of the ion, æm, and æt are the peak widths measured 

at the 50% level on the mass and time scales, respectively. 

1.3.2.3 Ion trap - Orbitrap 

 The Orbitrap mass analyzer consists of two cup-shaped electrodes and a third electrode, 

which functions as a central spindle-like electrode that holds the trap together and aligns it via 

dielectric end-spacers.56 The two most common types of traps are the standard trap introduced in 
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200557, and the high-field compact trap introduced in 201158. A direct current (DC) voltage is 

applied to the central electrode which causes the formation of a special geometric field in the 

Orbitrap. This is a combination of three cyclic motions, which are the rotational motion around 

the central electrode, a radial motion, and an axial motion along the central electrode. The ions 

inside the Orbitrap will move in a circular orbital motion around the central electrode under the 

central electric field. The centrifugal force and thrust cause the ions to also move in the horizontal 

and vertical directions along the central electrode. The movements of the ions are limited by the 

other two electrodes which also function to detect the induced electromotive force generated by 

the ionsô oscillation.55,56  

 

 

 

Figure 1.8 Orbitrap mass analyzer operational flow reproduced from Lin et al.55 with permission 

from the Royal Society of Chemistry. 

 

 Before ions can enter the Orbitrap mass analyzer, an ion source is necessary. The resulting 

ions are captured within the C-trap using the principle of electrodynamic squeezing. Here, an 

increasing electrical field is applied to squeeze the ions. The ions are then introduced into the C-
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trap according to their m/z where ions with higher m/z enter the C-trap later. The squeezing process 

continues until the ions reach the desired radius which is typically an equidistant radius from the 

central and outer electrodes. This process is important as it allows for more ions to enter the 

Orbitrap mass analyzer compared to other ion traps which improves the mass resolution and 

accuracy.56 As there is a limit to the number of ions that can be introduced into the Orbitrap which 

otherwise would limit its performance, a linear ion trap is used to allow for automatic gain control, 

which allows for the storage of a defined number of ions before being trapped by the C-trap. The 

accumulated ions are then released as ion packets which results in compact ion packets with stable 

trajectories.56,59 

 Once the ion packets, ions of the same m/z, enter the Orbitrap mass analyzer, they oscillate 

along the axis, and the difference in image currents between electrodes is detected by a differential 

amplifier and amplified over a broad range of frequencies. It is then digitized, and a Fourier 

transform converter converts the time-domain signal into a mass-to-charge ratio spectrum. The 

overview of the process can be seen in Figure 1.8.55,56 Using Orbitraps, ultra-high resolution m/z 

is obtained, with resolving powers over 1 million achievable on newer models of Orbitrap when 

longer spectral scan times are used. 

 

 

Figure 1.9 Schematic view of the LTQ Orbitrap VelosÊ MS. Image courtesy of Thermo Fisher 

Scientific. 

 Figure 1.9 shows the schematic of a linear trap/Orbitrap hybrid mass spectrometer known 

as the LTQ Orbitrap Velos. The combination of the Orbitrap mass analyzer with the linear trap 

offers several advantages such as very high sensitivity, ion population control, short cycle time, 

and MSn capability. Additionally, it also allowed for the use of both instruments in tandem or as 
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standalone. One of the main features is the automatic gain control, where the linear trap pre-scans 

the ion current within the mass range of interest, effectively allowing the storage of a defined 

number of ions. This feature, along with the precise ion injection time, allows for accurate 

quantitative analyses and ensures stability and accuracy of the m/z measurements by the Orbitrap 

mass analyzer. Since then, many advancements in the instrument have been made. In 200960, the 

LTQ Orbitrap Velos was introduced which improved the sensitivity and scan speed. The capillary-

skimmer interface of the classic LTQ Orbitrap was replaced with the S lens, which is a stacked 

ring RF ion guide, which allowed for a ten-fold higher transfer efficiency in MS/MS mode and a 

3-5-fold increase in full scan spectra.56 This is the Orbitrap model which was used for all lipidomics 

studies in Chapter 3 of this thesis. This Orbitrap model coupled to LC  enables the collection of 

high-resolution full scan spectra and nominal resolution ion trap MS/MS in parallel. This allows 

for the determination of the elemental composition of the precursor, while also recording the 

product spectrum of the lipid of interest to confirm its identification.61 

1.3.2.4 Mass Spectrometry in Lipidomics 

 Mass spectrometry has become the method of choice for the analysis of lipid molecules 

due to its sensitivity and specificity. The advances in the field of lipidomics have been largely 

driven by advancements in MS technology. Various approaches can be utilized for MS analysis in 

lipidomics. The two most popular are direct-infusion MS, also known as shotgun lipidomics and 

LC-MS-based lipidomics.14,15  

 In shotgun lipidomics, there is no separation process involved so the lipid concentration 

remains constant throughout the runtime. This allows for quicker analysis and is more convenient 

than other methods. Shotgun lipidomics can be customized to measure specific lipid classes of 

interest, including use of specific scan modes, or detection of specific fragments or chemical 

modifications. It is typically coupled with ESI and requires multiplexed extraction strategies to 

extract specific lipid classes based on their physicochemical properties such as hydrophobicity, 

stability, and reactivity. Shotgun lipidomics also often employs a strategy for selective ionization 

which takes advantage of the different structures of the lipid classes, also known as intra-source 

separation. Intra-source separation takes advantage of the physical factors and different intrinsic 

electrical properties of the lipids affecting the ionization process in the electrospray ion source. 

The advantage of shotgun lipidomics is that it retains the original information of the sample as 

there is no change in lipid concentration. This also produces a high signal-to-noise (S/N) ratio 
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which allows for accurate quantitative analysis using internal standards. However, shotgun 

lipidomics is also prone to ion suppression as ESI has a limited capacity for ionization. This may 

result in the partial or complete suppression of low abundance lipids or lipids with poor ionization 

capabilities. In addition, as shotgun lipidomics do not include a separation step to reduce the 

complexity of sample prior to MS analysis, it is difficult to resolve isobaric/isomeric lipids and 

requires more powerful instruments such as QTOF or Orbitrap.3,4,9,14,15 

 LC-MS-based lipidomics takes advantage of the highly efficient separation process by LC 

and the sensitive detection of analytes by MS. This seamless integration allows for the detection 

of low abundance lipid species and also for the discovery and identification of novel lipids. The 

advantage of LC-MS is its good reproducibility, and high sensitivity for the detection of many 

lipid classes such as glycerophospholipids, neutral lipids, and sphingolipids. LC-MS-based 

lipidomics also adds an extra dimension by incorporating retention time which is a valuable feature 

for lipid identification, alongside accurate mass and isotopic patterns.14,62 Both methods have their 

distinct advantages and disadvantages, however, LC-MS-based lipidomics have become more 

popular due to these advantages. Nevertheless, both methods utilize atmospheric pressure 

ionization to ionize the lipid of interest with electrospray ionization being the most utilized. 

1.3.3 Electrospray Ionization (ESI) 

 Electrospray ionization is the most popular approach that is used for the mass determination 

of biomolecules and lipidomics. It is a soft ionization technique that allows for the transfer of ions 

from solution into the gas phase at atmospheric pressure. It causes little or no fragmentation, so 

the loss of structural information is minimal owing to the relatively low energy that is utilized 

during the ionization process. Its ability to analyze large, non-volatile biomolecules from the liquid 

phase makes it an ideal choice when coupled with other techniques such as LC and capillary 

electrophoresis.7,16,63,64   

1.3.3.1 Electrospray Ionization Principle 

 In ESI-MS, a solution containing the analyte of interest is passed through a capillary tube. 

A high voltage, positive or negative, is applied to the capillary (2-5 kV) depending on the analyte. 

The applied voltage creates a charge separation in the solution as ions with the same charge are 

repelled away from the capillary which induces the formation of cone-jet at the tip of the capillary, 

also known as the Taylor cone. As time passes, the Rayleigh limit on the Taylor cone is reached, 
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which is the point when the Coulombic repulsion of the surface charge is equal to that of the 

surface tension of the solution.  This causes the ejection of the droplets which will move towards 

the entrance of the mass spectrometer with the assistance of the sheath gas, typically nitrogen 

gas.41,42 

 Before the ions can enter the mass spectrometer, the droplets of solvent or mobile phase in 

which they are contained must be evaporated for the ions to go from solution-phase to the gas-

phase. A curtain of inert heated gas or a heated capillary is often employed for the evaporation of 

this solvent. The main generally accepted mechanism for the formation of gas-phase ions during 

the ESI process for small molecules is the ion evaporation model. In the ion evaporation model, 

as the droplet reduces in size due to the heating element that is applied, this will eventually cause 

the droplet to reach the Rayleigh limit which will discharge the ions from the droplet surface, 

forming progressively smaller droplets. This phenomenon repeats until the gas-phase ions are 

formed.  

 

 

Figure 1.10 Schematic of the electrospray ionization process in positive ionization mode 

reproduced from Nguyen and Schug65 with permission from John Wiley and Sons. 

 There are several ways that the analyte of interest becomes charged which are in-solution, 

through redox reactions in the capillary tube, in the gas-phase, and through the formation of adduct 

ions.  

https://www.zotero.org/google-docs/?MPC25H
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 Often, the analytes of interest are already charged within the solution, and when voltage is 

applied and charge separation occurs, this causes those ions to become part of the excess charge 

and will eventually discharge from the Taylor cone. This method of forming charged analytes is 

the primary method for inorganic species such as sodium, chloride, and nitrate, for organic and 

biological molecules with acidic or basic functional groups, and for species that contain 

ammonium, phosphonium, or oxonium moieties.1,45,63  

 In the capillary tube, electrochemical oxidation and reduction occur. In positive mode, the 

dominant method is oxidation, and in negative mode, reduction is dominant. This method also 

allows for the charging of neutral molecules via oxidation or reduction.63  

 As the ESI process occurs at atmospheric pressure, alongside the charged analytes in the 

gas-phase, charged solvent molecules are also produced in high quantities which allows for gas-

phase interactions between the different molecules which can affect the MS response. Charging of 

analytes in the gas phase occurs mainly through gas-phase proton-transfer reactions. In the gas 

phase, there is an inversion in the basicity of molecules from the solution to the gas phase. 

Molecules with higher basicity will have a higher affinity towards protons. As such, ions that were 

charged in solution will yield their protons to neutral molecules that have higher basicity than 

themselves, which causes these neutral molecules to become charged.63  

 Adduct formation is a phenomenon in ESI whereby an analyte can form multiple ions and 

is observed in both ESI modes. The adduct formation process occurs in the solution phase. Adduct 

formation is regarded as a drawback of ESI as (i) it splits the analyte signal across multiple m/z, 

adversely impacting analytical sensitivity as the signal is distributed across several adducts; (ii) it 

can cause unpredictable ionization efficiencies and poor repeatability/reproducibility and (iii) it 

can complicate the spectra and accurate analyte identification. Protonated ions ([M+H]+) are the 

most commonly observed in ESI+, alongside them, sodium ([M+Na]+), potassium ([M+K]+), and 

ammonium adducts ([M+NH4]
+) are also frequently observed. In negative mode, deprotonated ions 

([M-H]-) are commonly seen alongside chlorinated ([M-Cl]-), formate ([M-HCOO]-), and/or 

acetate adducts ([M-CH3COO]
-). The extent and type of adduct formation is impacted by various 

factors such as the mobile phase additives, solvent impurities, and glassware where for example, 

sodiated ions in positive mode and chlorinated ions in negative mode are omnipresent due to these 

factors. Table 1.1 shows the common adduct ions that are typically formed in both ESI modes for 

common lipid classes.63,66ï68 
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 Mobile phase modifiers or additives are typically added during LC-MS analyses as they 

can improve chromatographic separation as well as the ionization and detection of lipids. They are 

typically volatile salts or weak acids. In LC, additives can act as ion-pairing reagents which 

produce pseudo-neutral compounds. These pseudo-neutral compounds can interact with the 

stationary phase which reduces tailing, resulting in sharper peaks and more reproducible retention 

times. In MS, the inclusion of additives in the mobile phase or via post-column infusion can yield 

better analyte signal and coverage. The ionization efficiency of lipids with poor ionization 

efficiency can also be improved by promoting adduct formation with the addition of selected 

mobile phase additives.  Lipidomics methods typically employ ammonium acetate or formate 

buffers to promote the formation of protonated and ammoniated ions in ESI+, and deprotonated, 

acetate, or formate ions in ESI-. In addition, the intrinsic charge properties of weakly anionic lipids 

can be taken advantage of to be selectively ionized in ESI negative mode with the addition of a 

suitable base such as lithium hydroxide which turns the solution alkaline. However, high salt 

concentrations can cause background interferences that can mask the detection of analytes so low 

concentrations of volatile acids or salts are preferred.3,7,9,63  

 

Table 1.1 Adduct ions formed in both ESI modes for various lipid classes.13 

Lipid Class Positive Mode Negative Mode 

LPC, PC [M+H]+, [M+Na]+ [M-H]-, [M+HCOO]-, [M+CH3COO]
-  

PE [M+H]+, [M+Na]+ [M-H]- 

PG [M+H]+, [M+Na]+, [M+NH4]
+ [M-H]- 

PI [M+H]+, [M+NH4]
+ [M-H]- 

CE [M+NH4]
+  

Cer [M+H]+, [M+Na]+, [M+NH4]
+ [M-H]- 

MG, DG, TG [M+Na]+, [M+NH4]
+  

 

1.3.4 Current Practices for Semi-Quantification of Lipids in Untargeted Lipidomics 

 In quantitative analysis, internal standards and quality control samples must be utilized. 

Quality control ensures the reliability of the obtained data as stability and reproducibility can be 

monitored. Quality control samples can either be pooled quality control samples or a reference 
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standard. Pooled quality control samples are prepared by combining aliquots of all the samples 

and inserting this sample throughout the batch to evaluate the technical variability. A reference 

standard contains molecules whose composition and concentration are known. During the analysis 

runtime, they are then analyzed periodically (every 5-10 injections) to ensure the reliability of the 

analysis. Aside from quality control samples, blanks are also utilized during the analysis runtime 

to monitor for background signal and any contamination resulting from carry-over.3 

 Two main approaches to quantitation are absolute and relative quantitation. In absolute 

quantitation, the amount of the lipid of interest is measured and a specific physical unit reference, 

such as nanomole per milligram (nmol/mg) of protein is given. Absolute quantification is usually 

performed for the analysis of lipid metabolism pathways and the elucidation of biochemical 

mechanisms.3 When performing absolute quantitation, it is assumed that the concentration of the 

lipid falls within the linear dynamic range, as determined by an appropriate calibration curve. The 

most common approach to absolute quantitation is utilizing internal standards using stable isotope 

dilution. Internal standards of known concentration are spiked into the sample and the intensity of 

the analyte of interest is compared against the internal standards. Here, the relative intensity of the 

analyte to the internal standard is proportional to the concentration.3,4 Another approach that can 

be performed is the utilization of external standards. External standards are molecules that are 

identical to the analyte of interest and are analyzed separately from the sample containing the 

analyte to obtain the calibration curve of the standard. The analyte of interest is then compared 

against the established standard curve to quantify it. The advantage of using an external standard 

is that the sample is analyzed separately from the external standard so there is no species overlap 

which may cause overestimation. However, external standards are not suitable when dealing with 

a highly complex system such as a lipidome as slight variations during LC-MS analysis and sample 

preparation can cause differences in the output such as the response and ionization efficiency of 

the analytes. Factors such as carryover during LC-MS analysis and sample preparation that take 

multiple steps can cause a large difference in the obtained result.45  

 In relative quantification, the actual concentration of the lipid does not need to be known. 

Instead, the ratio of the lipid of interest between two samples is determined which is usually done 

for biomarker discovery or comparative studies. Comparison between two samples is usually done 

by comparing the intensity of the lipid between the two samples. This method requires stable LC-
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MS systems where repeatable data sets can be obtained. Differences in factors such as 

chromatographic separation or ionization conditions can affect the obtained intensities.3  

 Quantitation in global lipidomics requires the use of multiple internal standards for each 

lipid class. However, this is still difficult to do due to the limited availability of internal standards 

as well as the large number of lipids that can be found in a lipidome making it impossible to 

account for all possible lipids. Due to these limitations, semi-quantification is typically performed 

instead where at least one internal standard per lipid class is utilized for best accuracy of semi-

quantification. The internal standard should be exposed to similar ionization conditions and coelute 

with the target lipid.61,69,70  

 When semi-quantitation using a single internal standard for a lipid class is used, this results 

in poor accuracy for many lipids, and the use of different internal standards by different labs can 

also severely limit comparability of data across labs. The lack of absolute quantitation in 

lipidomics also impedes the harmonization of the field and various large datasets collected by 

different labs. When relative quantitation is used, the datasets collected at different times and 

across different labs cannot be directly compared. Thus, the field of lipidomics still needs to 

overcome the challenge of standardization in order to ensure confidence in results from various 

laboratories. A major setback in the quantitation of lipids is the lack of consensus within the 

lipidomics community on the best approach. This largely stems from the methodological and 

philosophical differences between different researchers and as a result, different laboratories will 

have different approaches and guidelines. To address this need within the lipidomics community, 

a better understanding of how internal standard selection affects lipid class semi-quantitation is 

required across different biospecimen types.69,70 

1.3.5 Internal Standards 

 The intensity of an analyte analyzed using ESI-MS is affected by various factors such as 

sample preparation, mobile phase, ionization conditions, the instrumentation used, and the 

competition for ionization with other molecules. These factors can lead to different analyte 

intensities with subsequent analyses which in turn hinders repeatability/reproducibility when 

performing it at a different time, utilizing a different instrument, and should a different lab try to 

replicate the experiment. Furthermore, the intensity of an ion is not directly associated to the 
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absolute concentration. Therefore, accurate quantification has to be made using internal standards 

and/or external standards.1,16,44  

 Internal standards that are utilized in lipidomics are typically non-endogenous lipids which 

include lipids with odd-chain fatty acids, deuterated, or 13C-labeled lipids. Non-endogenous lipids 

are primarily utilized due to their lower abundance within higher organisms such as mammals. 

These non-endogenous lipids are typically found with less than 1% of the lipidome inside 

mammalian specimens although they may be found in higher concentrations in certain tissues such 

as the brain, thus, some knowledge of the lipidome profile is important. Stable isotope-labeled 

analogues are preferred as they have similar physical and chemical properties to their endogenous 

analogues making them ionize similarly and also reducing matrix effects while not being present 

endogenously in biospecimens of interest.4,16,45 

 Internal standards are added to the sample for quantification and should be added at the 

earliest step during sample preparation. This ensures that the internal standard compensates for all 

the variations from the sample preparation until the analysis. The choice of internal standard 

depends on the analyte to be analyzed and the same molecule should either be absent or at 

extremely low concentrations within the sample matrix. The advantage of using internal standards 

is its simplicity and accuracy as the analysis of the analyte and internal standard happens 

simultaneously. For polar lipid classes, the number of internal standards to be utilized can vary 

from method to method e.g. targeted or global, LC-MS-based or shotgun. In LC-MS-based 

lipidomics where a mobile phase gradient is used, three internal standards should be employed to 

account for variables arising from matrix effects and changes in the concentration of individual 

species. Whereas for non-polar lipid classes, additional internal standards should be used to 

account for differential ionization responses of individual molecular species.44 Despite these 

recommendations, most lipidomics studies currently do not use so many internal standards. As 

endogenous lipid encompasses varying fatty acyl chain lengths, their ion response factors could 

be different. This effect is pronounced for neutral lipids such as triglycerides, cholesteryl esters, 

and wax esters.71 The lack of a polar head group means that their response is mainly attributed to 

the fatty acyl chain length and degree of unsaturation which would affect their polarity, causing 

differences in ion response on MS. Although it is an absolute requirement for quantitation, a major 

difficulty of using internal standards is the selection of an appropriate internal standard as the 

different lipidomes will contain different lipid species at varying concentrations which may require 
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different internal standards and at different concentrations. The internal standards that are added 

should have similar elution times to the endogenous lipids to ensure similar matrix effects and 

ionization efficiency. In addition, internal standards can also be used to correct for differences in 

ion response as a result of factors such as retention time drift, and differences as a result of 

prolonged duration of analysis.3,15,16,45  

1.3.6 Efforts to Harmonize Lipidomics Quantitation 

 To improve quantitation within the lipidomics community, an interlaboratory study by 

Bowden et al.69 was performed using the National Institute of Standards and Technology (NIST) 

Standard Reference Material (SRM) 1950. This exercise evaluated the lipid profiles of human 

plasma measured by each participating lab and compared the results of the different workflows. 

The results revealed large differences based on various factors such as the type of quantitation 

performed, which internal standard was used for the quantification, and the instrumentation that 

was used. Different lipid classes had different agreements between the participating labs where 

glycerophospholipid classes such as LPC, PC, PE, and PI species showed good agreement relative 

to other lipid species with a coefficient of dispersion (COD) of Ò20%. However, there were also 

lipid classes that suffered from high COD values exceeding 40% which are Cers, DGs, and TGs. 

This result indicates the need for better guidelines for improving quantitation as well as making 

quantitation more uniform. 

 Koelmel et al.72 developed the software tool, LipidMatch Normalizer, which aimed to 

reduce the human error of manually matching internal standards to lipids and instead automated 

this process by using a ranking system that automatically assigns an internal standard to the target 

analyte. This is expected to improve the harmonization of quantification. Drotleff et al.73 

systematically compared various internal standard normalization strategies as guidelines on this 

topic are still lacking. 

 Currently, there is still no consensus on which adduct ion to use for quantitation with 

different labs utilizing different adduct ions. The two most common approaches to semi-

quantitation are using the most intense adduct ion or summation of all adduct ions. Bishop et al.74 

compared the adduct formation of 48 DG lipid species in eight different matrices as it was found 

that variations in the ratios of the detected adducts can lead to inaccuracies during quantification. 

Between the different matrices, the number of DGs detected as well as the ratios of the adduct ions 
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was found to differ from matrix to matrix. The results show that the adduct ratio was highly 

variable in all the matrices. They performed absolute quantitation on selected DG lipid species and 

suggested that at least 80% of the total abundance should be contained within the adducts selected. 

Here, they monitored four adducts which were sodiated, potassiated, ammoniated, and neutral loss 

adduct ([M+H-H2O]
+). They found that a combination of sodiated and ammoniated adduct ions 

which accounted for 80% of the total adduct formation had similar quantitation results as using all 

the adducts combined. 

  Hence, further investigation is required on the adduct formation of more lipid classes as 

well as the selection of appropriate internal standards as ignoring these factors has been found to 

lead to quantitation inaccuracies. 

1.4 Research Objectives 

 Numerous studies have been published on the utilization of IL-DLLME for the recovery 

of various organic compounds such as sulfonamides75 and fungicides76, as well as metals such as 

cadmium77 and arsenic78. Additionally, IL-DLLME has been successfully utilized in various 

matrices but these approaches focused on extracting a specific target compound or group of 

compounds. Currently, there is still a lack of research on the applications of IL-DLLME for both 

metabolomics and lipidomics. To the best of our knowledge, there has not been any literature 

published on this topic. Therefore, the first objective of this thesis is to evaluate the utility of two 

ionic liquids, 1-hexyl-3-methylimidazolium hexafluorophosphate ([C6MIM][PF6]) and 

trihexyltetradecylphosphonium hexafluorophosphate ([P6,6,6,14][PF6]), for lipidomics and 

metabolomics from human plasma using IL-DLLME. 

 Similarly, there is still a lack of literature regarding which adduct should be selected for 

quantitation in lipidomics. Bishop et al.74 revealed that the adduct formation of diglycerol lipid 

species can vary across individual lipid species and different matrices, and different adduct ratios 

were observed across the diglycerol lipid class. The findings show that the choice of the adduct 

monitored could have adverse effects on accurate lipid quantitation. Hence, the second objective 

of this thesis is to elucidate the adduct formation of eight lipid subclasses which are LPC, PC, PE, 

PI, MG, DG, TG, Cer, and CE in four different matrices which are human plasma, murine plasma, 

murine spinal cord tissue, and murine liver tissue. The adduct formation of the lipid classes is 

compared between the lipid species of each class, against the internal standard of each class, and 
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against the same lipid species in a different matrix. The effect of animal inter-individual variability, 

genetic background, and diet (e.g. highly lipemic samples) on lipid adduct formation was also 

examined and compared to technical variability as evaluated using pooled QC samples. Lastly, 

this thesis highlights the discovery of acetate adducts of monoglycerides and diglycerides in ESI 

negative mode utilizing ammonium acetate or acetic acid as the mobile phase modifier. 
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2 Evaluation of 1-hexyl-3-methylimidazolium Hexafluorophosphate and 

Trihexyl(tetradecyl)phosphonium Hexafluorophosphate in Dispersive Liquid-Liquid 

Microextraction Format for Lipidomics 

2.1 Introduction 

Ionic liquids are salts composed of large asymmetric organic cations such as imidazolium 

and phosphonium cations and organic or inorganic anions such as chloride and 

hexafluorophosphate. Ionic liquids are generally colorless liquids with melting points below 

100ÁC. They have negligible vapor pressure, good thermal stability, tunable viscosity, and 

miscibility with water and organic solvents. Recently, ionic liquids have become more popular in 

separation and extraction processes as alternatives to conventional volatile organic solvents due to 

their unique and tunable physicochemical properties. For instance, the use of non-flammable and 

non-volatile ionic liquids instead of traditional solvents can result in greener processes. The 

customizability of the cation and anion constituents provides unique properties of the ionic liquids, 

increasing their potential usage as they can be structurally modified to be either hydrophobic or 

hydrophilic for example. These various properties make ionic liquids effective for the extraction 

of various organic compounds and metal ions.27ï29,79 

Ionic liquid dispersive liquid-liquid microextraction (IL-DLLME) is a simple extraction 

technique that utilizes a ternary component solvent system comprising of an ionic liquid as the 

extraction solvent, a disperser solvent that is miscible with both the extraction solvent and aqueous 

sample, and an aqueous solvent containing the analytes. IL-DLLME allows for the efficient 

extraction of target analytes due to the large contact area during the extraction process. 

Additionally, the minimal extraction solvent usage as well as the short extraction time makes the 

IL-DLLME procedure desirable. Ionic liquids are particularly suitable for the DLLME procedure 

as they can be selected to have higher density and low solubility in the aqueous phase which allows 

for better phase separation as well as low volatility, allowing for stable droplets.32,37,79,80 

In the literature, ionic liquids have been used extensively for the extraction of organic and 

inorganic compounds from various samples. The majority of published articles focuses on the 

extraction of organic compounds in drugs and contaminants from various samples but mainly 

foods and urine, as well as the removal of heavy metals from wastewater. A literature review 

published by Trujillo-Rodriguez et al.35 showed that imidazolium-based ionic liquids are the most 



*Parsram Ramrup, Liquid-liquid Extraction with Ionic Liquids in Global Metabolomics of Plasma, 2016, 

Seminar 
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popular for applications in IL-DLLME with the most common anion pair being [NTf2]
- and [PF6]

-

. Varying alkyl chain lengths have been used where butyl, hexyl, and octyl imidazolium-based 

ionic liquids are the most utilized. In recent years, the focus has shifted towards the modification 

and combination of various IL-DLLME procedures. Most of these procedures focus on the 

utilization of magnetic ionic liquids by simultaneously utilizing ionic liquid with other solvents 

such as supramolecular solvents which takes advantage of the properties of both solvents for 

extraction.81ï84 There is still limited coverage on the utilization of IL-DLLME in biological 

matrices with most being focused on specific drugs in urine85ï87 and plasma88ï90.  

To date, the utility of ionic liquids for both metabolomics and lipidomics has not been 

systematically investigated. Previous research by Parsram Ramrup* in our group has shown ionic 

liquids to be viable for the extraction of metabolites and lipids in IL-DLLME format. His results 

showed that overall, increasing alkyl chain length on imidazolium-based ionic liquids improved 

extraction of metabolites and lipids and that ionic liquids containing hexafluorophosphate anions 

were particularly efficient at extracting lipids. 

Therefore, the objective of this research project is to further examine the utility of 

hexafluorophosphate ([PF6]
-) containing ionic liquids for lipid extraction. Specifically, the utility 

of 1-hexyl-3-methylimidazolium hexafluorophosphate ([C6MIM][PF6]) and 

trihexyltetradecylphosphonium hexafluorophosphate ([P6,6,6,14][PF6]) in IL-DLLME format for 

both metabolomics and lipidomics in a standard mixture and lipidomics in human plasma was 

evaluated. [C6MIM][PF6] was found to be effective for the extraction of lipids in research done by 

Parsram*. Here, [P6,6,6,14][PF6] was selected for additional evaluation, because it contains longer 

alkyl chains, which increase its hydrophobicity relative to [C6MIM][PF6]. This should theoretically 

increase extraction efficiency towards lipids as compared to [C6MIM][PF6]. In addition, the 

aqueous solubility of this ionic liquid should be lower than [C6MIM][PF6], thus decreasing issues 

with ion suppression, when coupling IL-DLLME with LC-MS analysis. 
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2.2 Experimental 

2.2.1 Chemicals and Materials 

LC-MS grade water, methanol, and isopropanol were purchased from Fisher Scientific Inc. 

(Ottawa, ON, Canada). 1-hexyl-3-methylimidazolium hexafluorophosphate, metabolite standards, 

and ammonium acetate were purchased from Millipore Sigma (Oakville, ON, Canada). 

Tri(hexyl)tetradecylphosphonium hexafluorophosphate was purchased from Strem Chemicals 

(Newburyport, MA, USA).  Lipid standards were purchased from Avanti Polar Lipids (Alabaster, 

AL, USA). Pooled human citrated plasma was purchased from Bioreclamation IVT (Baltimore, 

MD, USA). Table 2.1 summarizes the main properties of the two ionic liquids tested. 

2.2.2 Preparation of Metabolite Standard Mixture 

 Individual stock metabolite standard solutions in water, methanol, or hydrochloric acid 

each at 10 Õg/mL, as listed in Table 2.1, were mixed to prepare the metabolite standard mixture at 

200 ng/mL in 10% methanol. A calibration curve with 10 levels was prepared from the metabolite 

standard mixture using a two-fold serial dilution. The detected metabolite standards are listed in 

Table 2.2. 

2.2.3 Preparation of Lipid Standard Mixture 

 Individual stock lipid standard solutions in methanol each at 9.6 Õg/mL, as listed in Table 

2.3, were mixed to prepare the lipid standard mixture at 160 ng/mL in 35% methanol/16.6% 

isopropanol/48.3% water. A calibration curve with 8 levels was prepared from the metabolite 

standard mixture using a two-fold serial dilution. The retention times and adducts of the lipid 

standards are listed in Table 2.4. 
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Table 2.1 Composition of the metabolite standard mixture. 

Metabolite Standard Formula 
ESI+ 

m/z 

ESI- 

m/z 
Log P91 

Stock Solution 

Solvent 

3-hydroxybutyric Acid C4H8O3 105.0546 103.0400 -0.39 Methanol 

Adenine C5H5N5 136.0618 134.0472 -0.57 Water 

Adenosine C10H13N5O4 268.1041 266.0895 -2.1 Water 

Biotin C10H16N2O3S 245.0955 243.0809 0.32 Water 

Cholic Acid C24H40O5 409.2949 407.2803 2.48 Water 

Choline C5H14NO 105.1148 105.1148 -4.7 Methanol 

Cortisol C21H30O5 363.2166 361.2020 1.28 Methanol 

Creatinine C4H7N3O 114.0662 112.0516 -1.1 Water 

Glucose C6H12O6 181.0707 179.0561 -2.9 Water 

Glucose 6-phosphate C6H12O9S 261.0275 259.0129 -3.1 Water 

Glutamic Acid C5H9NO4 148.0605 146.0459 -3.2 Water 

Glutathione C10H17N3O6S 308.0911 306.0765 -4.9 Water 

Histamine C5H9N3 112.0869 110.0723 -0.7 Water 

Histidine C6H9N3O2 156.0768 154.0622 -3.6 Water 

Lysine C6H14N2O2 147.1128 145.0982 -3.2 Water 

Maleic Acid C4H4O4 117.0183 115.0037 -0.04 Water 

Nicotinamide C6H6N2O 123.0553 121.0407 -0.39 Water 

Phenylalanine C9H11NO2 166.0863 164.0717 -1.2 Water 

Taurocholic Acid C26H45NO7S 516.2990 514.2844 -0.24 Methanol 

Thyroxine C15H11I4NO4 777.6940 775.6794 3.73 HCl 

Tryptophan C11H12N2O2 205.0972 203.0826 -1.1 Water 

Ç-estradiol C18H24O2 273.1849 271.1703 3.75 Methanol 

Nicotinamide adenine 

dinucleotide 

(Ç-NAD) 

C21H27N7O14P2 664.1164 662.1018 -10 Water 
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Table 2.2 Retention time and adducts of detected metabolite standard on metabolite standard 

mixture. 

Metabolite 

Standard 
Formula 

Retention Time 

(minutes) 

Observed Adducts 

in ESI+ 

Observed Adducts 

in ESI- 

Adenine C5H5N5 1.11 [M+H]+ [M-H]- 

Adenosine C10H13N5O4 3.64 [M+H]+, [M+Na]+ [M-H]- 

Biotin C10H16N2O3S 6.33 [M+H]+ [M-H]- 

Cholic Acid C24H40O5 12.35 
[M+Na]+, 

[M+NH4]+ 
[M-H]- 

Cortisol C21H30O5 9.56 [M+H]+ [M-H]- 

Phenylalanine C9H11NO2 2.57 [M+H]+, [M+Na]+ [M-H]- 

Taurocholic 

Acid 
C26H45NO7S 10.06 

[M+H]+, [M+Na]+, 

[M+NH4]+ 
[M-H]- 

Thyroxine C15H11I4NO4 10.79 
[M+H]+, [M+Na]+, 

[M+NH4]+ 
[M-H]- 

Tryptophan C11H12N2O2 4.47 [M+H]+, [M+Na]+, [M-H]- 

Ç-estradiol C18H24O2 11.88 [M+H]+ [M-H]- 

Nicotinamide 

adenine 

dinucleotide 

(Ç-NAD) 

C21H27N7O14P2 1.14 [M+H]+, [M+Na]+ - 
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Table 2.3 Composition of the lipid standard mixture. 

Lipid Name Shorthand 

Synonym 

Formula ESI+ 

m/z 

ESI- 

m/z 

Log P92,93 

1-hexadecanoyl-sn-glycerol MG (16:0) C19H38O4 348.3114 329.2697 5.22 

1-heptadecanoyl-sn-glycero-

3-phosphocholine 

LPC (17:0) C25H52NO7P 510.3558 508.3402 6.40 

1,2-diheptadecanoyl-sn-

glycero-3-

phosphoethanolamine 

PE (17:0/17:0) C39H78NO8P 720.5548 718.5392 12.87 

1,2-dioctadecanoyl-sn-

glycero-3-phospho-(1'-sn-

glycerol) 

PG (18:0/18:0) C42H82O10P 779.5802 777.5646 13.33 

1-octadecanoyl-2-

hexadecanoyl-sn-glycerol 

DG (18:0/16:0) C37H72O5 614.5724 595.5302 12.03 

1,2-dinonadecanoyl-sn-

glycero-3-phosphocholine 

PC (19:0/19:0) C46H92NO8P 818.6638 816.6482 14.38 

1,2-dioctadecanoyl-sn-

glycero-3-phosphate 

PA (18:0/18:0) C39H76O8P 705.5434 703.5278 13.27 
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Table 2.4 Retention time and adducts of detected lipid standards in the lipid standard mixture. 

Lipid Name Shorthand 

Synonym 

Retention 

Time 

(minutes) 

Observed 

Adducts in 

ESI+ 

Observed 

Adducts in 

ESI- 

1-hexadecanoyl-sn-

glycerol 

MG (16:0) 12.11 [M+H]+, 

[M+Na]+, 

[M+NH4]
+ 

[M+CH3COO]
- 

1-heptadecanoyl-sn-

glycero-3-

phosphocholine 

LPC (17:0) 10.92 [M+H]+, 

[M+Na]+ 

[M+CH3COO]
- 

1,2-diheptadecanoyl-sn-

glycero-3-

phosphoethanolamine 

PE (17:0/17:0) 22.51 [M+H]+, 

[M+Na]+ 

[M-H]- 

1,2-dioctadecanoyl-sn-

glycero-3-phospho-(1'-

sn-glycerol) 

PG (18:0/18:0) 21.44 [M+H]+, 

[M+NH4]
+ 

[M-H]- 

1-octadecanoyl-2-

hexadecanoyl-sn-

glycerol 

DG 

(18:0/16:0) 

24.68 [M+H]+, 

[M+Na]+, 

[M+NH4]
+ 

[M+CH3COO]
- 

1,2-dinonadecanoyl-sn-

glycero-3-

phosphocholine 

PC (19:0/19:0) 24.60 [M+H]+, 

[M+Na]+ 

[M+CH3COO]
- 

 

2.2.4 Preparation of Plasma Samples using Solvent Precipitation 

 Frozen citrated pooled human plasma was thawed on ice. Methanol or isopropanol was 

added to the thawed human plasma at a 3:1 ratio of solvent: plasma (v/v). The mixture was 

centrifuged at 25,800 g at 4 ÁC for 20 minutes. The supernatant was taken and transferred into an 

HPLC vial with a glass insert and analyzed by LC-MS.  
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2.2.5 IL-DLLME Procedure 

 [C6MIM][PF6] and  [P6,6,6,14][PF6], as shown in Table 2.5, each was added to methanol at 

a 1:9 ratio (v/v) to make the ionic liquid disperser solvent. 1000 ÕL of the lipid or metabolite 

standard mixture as listed in Table 2.1 and Table 2.3, respectively was taken followed by injection 

of 100 ÕL of the ionic liquid disperser solvent and was subsequently vortexed for 2 minutes. It was 

then centrifuged at 25,800 g at 4ÁC for 10 minutes. The supernatant was analyzed by LC-MS. 

 Frozen citrated pooled human plasma was thawed on ice. The ionic liquid disperser solvent 

was added to the thawed human plasma at a 1:10 ratio (v/v) and vortexed for 2 minutes. It was 

then centrifuged at 25,800 g at 4 ÁC for 10 minutes. The supernatant was taken and then methanol 

or isopropanol solvent was added at 3x the supernatant volume. The mixture was centrifuged at 

25,800 g at 4 ÁC for 20 minutes. The resulting final supernatant was analyzed by LC-MS. A blank 

extract using water was also prepared using the same procedure. 

2.2.6 Evaluation of Matrix Effects 

 A mixture of 35% methanol/15% IPA/50% water (v/v/v) was prepared as the blank. Blank 

extraction using IL-DLME was performed, by mixing the ionic liquid disperser solvent and 1000 

ÕL of the blank at a 1:10 ratio (v/v). The mixture was vortexed for 2 minutes and centrifuged at 

25,800 g at 4ÁC for 10 minutes. 750 ÕL of the resulting extraction blank was taken and spiked with 

250 ÕL of the of 727 ng/mL lipid standard mixture. Therefore, the final concentration of lipids in 

this post-extraction spiked blank extract was 182 ng/mL and was used to compare against a lipid 

standard mixture with the same concentration. Both post-extraction blank spiked sample and 

standard solution prepared at the same concentration were analyzed by LC-MS and used to 

determine matrix effects introduced by the IL-DLLME process according to the procedures 

described by Matuszewski et al.94. 
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Table 2.5 Overview of the evaluated ionic liquids. 

Ionic Liquid Tri(hexyl)tetradecylphosphonium 

hexafluorophosphate 

1-hexyl-3-methyilimidazolium 

hexafluorophosphate 

Shorthand 

Synonym 
[P6,6,6,14][PF6] [C6MIM][PF6] 

Structure 

 
 

Molecular 

Formula 
C32H68F6P2 C10H19F6N2P 

Monoisotopic 

Mass 
628.4700 312.1190 

Cation m/z 483.5058 167.1548 

Anion m/z 144.9641 144.9641 

Density 1.013 g/cm3 1.24 g/cm3 

Water 

Solubility 
Non-soluble Non-soluble 

 

2.2.7 LC-MS Analysis 

 LC-MS analysis was performed using the Agilent 1290 Infinity II UHPLC connected to 

Agilent 6545 iFunnel Quadrupole-Time-of-Flight system (Agilent Technologies, Santa Clara, CA, 

USA) via a Dual Agilent Jet Stream (AJS) ESI source. 

 The UHPLC system was equipped with a G4226A autosampler, G4220A binary pump, 

and G1330B thermal column compartment. The autosampler was set at 4ÁC for all experiments. 

Metabolomics experiments utilized the 2.1 x 100 mm Agilent Zorbax Eclipse Plus C18 column 

(Agilent Technologies) with a 1.8 Õm particle size and 91 ¡ pore size. Lipidomics experiments 

utilized the 2.1 x 100 mm Agilent Zorbax Eclipse Plus C18 column and 2.1 x 75 mm Waters 

Xselect CSH C18 column (Waters, Milford, MA, USA) with a 2.5 Õm particle size and 75 ¡ pore 

size. Appropriate guard columns were utilized for both columns: Agilent EclipsePlus C18 (2.1 x 
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5 mm, 1.8 Õm) and Waters XSelect CSH C18 XP Vanguard Cartridge (2.1 x 5 mm, 2.5 Õm), 

respectively. LC conditions that were used for the metabolomics and lipidomics experiments are 

summarized in Table 2.6 and Table 2.7. The Agilent G1310B isocratic pump was used for mass 

internal calibration by the introduction of the reference mix solution to maintain mass accuracy 

throughout all analyses. The reference mix solution contained purine (m/z 112.0508 in ESI+, 

199.0363 in ESI-) and HP-0921 (m/z 922.0097 in ESI+, 980.0163 in ESI-). MassHunter data 

acquisition software (version B.06.01, build 6.01.6157) was used for LC-MS acquisition. MS 

conditions are summarized in Table 2.8. 

 

Table 2.6 LC conditions for metabolomics experiments. 

LC Parameter Conditions 

Mobile Phase A Water with 0.05% Acetic Acid (v/v) 

Mobile Phase B Acetonitrile with 0.05% Acetic Acid (v/v) 

Flow Rate 0.400 mL/min 

Run Time 30 minutes 

Injection Volume 10 ÕL 

Mobile Phase Gradient 

Time (min) %A %B 

0 98 2 

0.10 80 20 

2 80 20 

3 35 65 

16 5 95 

24 5 95 

25 80 20 

32 80 20 
 

Column Temperature 35ÁC 
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Table 2.7  LC conditions for lipidomics experiments. 

LC Parameter Conditions 

Mobile Phase A 60% water/40% methanol and 10 mM ammonium acetate 

Mobile Phase B 90% isopropanol/10% methanol and 10 mM ammonium acetate 

Flow Rate 0.250 mL/min 

Run Time 50 minutes 

Injection Volume 10 ÕL 

Mobile Phase Gradient 

Time (min) %A %B 

0 80 20 

2 80 20 

4 70 30 

25 20 80 

35 15 85 

38 5 95 

41 5 95 

41.1 80 20 

50.1 80 20 
 

Column Temperature 55ÁC 

 

Table 2.8 MS conditions for both metabolomics and lipidomics experiments in both ESI modes. 

MS Parameters Conditions 

N2 Drying Gas Temperature (ÁC) 250 

N2 Drying Gas Flow (L/min) 13 

Nebulizer Pressure (psig) 30 

Capillary Voltage (V) 3800 

Nozzle Voltage (V) 1000 

Fragmentor Voltage (V) 175 

Scan Rate (spectra/sec) 3 

Mass Range (m/z) 50 - 1000 
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2.2.8 Data Processing 

Data obtained were processed using Agilent MassHunter Qualitative Analysis Version 

10.0 Build 10.0.10305.0. In ESI+, protonated, sodiated, and ammoniated adducts were monitored. 

In ESI-, deprotonated and acetate adducts were monitored. The monitored adducts of each lipid 

and metabolite standard were extracted using a 20-ppm window to obtain an extracted ion 

chromatogram. All peak integrations were manually checked. For standards that were detected in 

both positive and negative modes of ESI or detected as multiple adducts, the signal with the 

greatest intensity was used. 

Quantitative analysis was performed using Agilent MassHunter Quantitative Analysis for 

QTOF Version 10.0 Build 10.0.707.0. A retention time window of Ñ0.2 minutes was utilized 

alongside a 1/x weighted linear calibration curve with 10 levels with an accepted R2 of 0.99. The 

process efficiency and matrix effect were then calculated. 

 

Equation 2.1 Process efficiency formula. 

ὖὶέὧὩίί ὉὪὪὭὧὭὩὲὧώ Ϸ  
ὍὒὈὒὒὓὉ άὩὥὲ ὧέὲὧὩὲὸὶὥὸὭέὲ

ὅέὲὸὶέὰ άὩὥὲ ὧέὲὧὩὲὸὶὥὸὭέὲ
  ρππϷ 

 

Equation 2.2 Matrix effect calculation for an analyte. 

ὓὥὸὶὭὼ ὉὪὪὩὧὸ Ϸ
ὖὩὥὯ ὥὶὩὥ Ὥὲ ὴέίὸ ὩὼὸὶὥὧὸὭέὲίὴὭὯὩ ίέὰόὸὭέὲ 

ὖὩὥὯ ὥὶὩὥ Ὥὲ ίὸὥὲὨὥὶὨ ίέὰόὸὭέὲ
ρππϷ 

 

Equation 2.3 IL-DLLME analyte recovery calculation. 

ὃὲὥὰώὸὩ ὙὩάὥὭὲὭὲὫ Ὥὲ ὛόὴὩὶὲὥὸὥὲὸ Ϸ
ὖὩὥὯ ὥὶὩὥ έὪ ὥὲὥὰώὸὩ Ὥὲ ὍὒὈὒὒὓὉ

ὖὩὥὯ ὥὶὩὥ έὪ ὥὲὥὰώὸὩ Ὥὲ ὴέίὸὩὼὸὶὥὧὸὭέὲ ίὴὭὯὩ
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2.3 Results and Discussion 

2.3.1 Comparison of Ionic Liquids for IL-DLLME of Metabolite Standard Mix  

To evaluate the utility of [C6MIM][PF6] and [P6,6,6,14][PF6] for metabolomics, the IL-

DLLME procedure was performed using the metabolite standard mixture as shown in Table 2.1. 

The procedure was performed in triplicate. After the IL-DLLME procedure was completed, the 

aqueous layer was analyzed using LC-MS. The ionic liquid layer could not be injected directly 

due to the viscosity and non-volatile nature of IL which could damage the instrument. 

Figure 2.1 shows the results of the extraction of metabolite standard mix using the ionic 

liquids [C6MIM][PF6] and [P6,6,6,14][PF6]. Out of 23 metabolites that were added to the metabolite 

standard mix as shown in Table 2.1, 11 metabolites were detected in the lipid standard mix and 

were quantitated using C18 LC-MS. The results show that between the two ionic liquids, 

[C6MIM][PF6] has better extraction efficiency compared to [P6,6,6,14][PF6] for the majority of 

metabolites. A two-sample t-test with a 95% confidence level showed that there is a statistically 

significant difference in the process efficiency between [C6MIM][PF6] and [P6,6,6,14][PF6] for all 

the metabolites aside from taurocholic acid (p=0.398) and ɓ-NAD (p=0.479). As the aqueous layer 

is being analyzed, a lower percentage indicates that less of the metabolite remains in the aqueous 

layer and that it has been successfully extracted by the ionic liquid. [C6MIM][PF6] is more 

hydrophilic compared to [P6,6,6,14][PF6], therefore, this results in higher process efficiency of 

[C6MIM][PF6] for hydrophilic metabolites, such as adenine, biotin, phenylalanine, and ɓ-NAD. 

For metabolites of intermediate polarity, such as cholic acid, cortisol, ɓ-estradiol, and thyroxine, 

both ionic liquids show similar process efficiencies. The differences in process efficiency shown 

in Figure 2.1 can result either from the extraction of metabolite into the IL layer and/or from the 

presence of ionization suppression due to the co-elution of analyte of interest with the IL cation or 
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anion. It should also be noted that the decreases in process efficiency are interpreted as extraction 

into the ionic liquid layer. However, this assumption also requires further confirmation. 

 

 

Figure 2.1 Comparison of the metabolite standard process efficiency using IL-DLLME with either 

[C6MIM][PF6] or [P6,6,6,14][PF6] (n=3).  * indicates statistical significance after two-sample t-test 

at 95% confidence. 

2.3.2 Comparison of Ionic Liquids for IL-DLLME of Lipid Standard Mix 

 Lipids are one of the main constituents within human plasma with glycerolipids and 

glycerophospholipids making up a large portion of plasma lipidome. Considering the high 

hydrophobicity of [P6,6,6,14][PF6], it was hypothesized that this IL would outperform [C6MIM][PF6] 

for lipid extraction.  

2.3.2.1 Process Efficiency Comparison  

 To evaluate the interaction of lipids with ionic liquids, first, a simpler matrix should be 

used. Here, a lipid standard mixture consisting of six selected lipid standards belonging to the 

glycerolipid and glycerophospholipid classes dissolved in methanol/isopropanol/water at a ratio of 

35/16.6/48.3 (v/v/v) was utilized to evaluate the performance of the two ionic liquids.  
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Figure 2.2 Process efficiency comparison of the lipid standards using [C6MIM][PF6] and 

[P6,6,6,14][PF6] in ESI+ (n=3). [M+H] was used for MG (16:0) and PE (18:0/18:0), [M+Na] for LPC 

(17:0) and PC (19:0/19:0), and [M+NH4] for DG (18:0/16:0) and PG (18:0/18:0). * indicates 

statistical significance after two-sample t-test at 95% confidence. 

 Figure 2.2 shows that between the two ionic liquids, [P6,6,6,14][PF6] is overall more effective 

at removing lipids as compared to [C6MIM][PF6], as indicated by the lower amount of lipids 

remaining in aqueous supernatant. A two-sample t-test with a 95% confidence level showed that 

there is a statistically significant difference in the process efficiency between [C6MIM][PF6] and 

[P6,6,6,14][PF6] for all of the detected lipid standards. Of the lipid standards added, those that have 

two fatty acyl chains such as PE (17:0/17:0), PE (18:0/18:0), DG (18:0/16:0), and PC (19:0/19:0) 

have higher extraction efficiencies compared to those only having one fatty acyl chain such as MG 

(16:0) and LPC (17:0). In other words, lipids with higher hydrophobicity resulted in higher 

extraction into IL layer.  

 The IL-DLLME process depends on the partition of the analytes between the aqueous 

layer, in this case, the solvent which is composed of a mixture of methanol, isopropanol, and water, 

and the non-aqueous layer which is the ionic liquid. Lipids are hydrophobic and therefore will 

prefer the ionic liquid layer. Between the two ionic liquids, [P6,6,6,14][PF6] is more hydrophobic 

compared to [C6MIM][PF6] as it is composed of more and longer alkyl chains. Therefore, as 

hypothesized [P6,6,6,14][PF6] is better at removing lipids compared to [C6MIM][PF6]. 

 Figure 2.2 shows the process efficiency taken from the most intense adduct whereas Figure 

2.3 and Figure 2.4 compare the process efficiency using the most intense adduct in both ESI+ and 
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ESI- for lipids that can ionize in both modes for each of the two ionic liquids. In ESI+, MG (16:0), 

LPC (17:0), PE (17:0/17:0), and PC (19:0/19:0) were detected as [M+H]+ whereas PE (18:0/18:0) 

and DG (18:0/16:0) were detected as [M+NH4]
+. In ESI-, MG (16:0), LPC (17:0), and PC 

(19:0/19:0) were detected as [M+CH3COO]
- whereas PE (17:0/17:0) and PG (18:0/18:0) were 

detected as [M-H]-. DG (18:0/16:0) was not detected in ESI-.  

Figure 2.3 compares the process efficiency using [C6MIM][PF6] IL-DLME in both ESI 

modes. Although the results for some of the lipids are statistically significant, good agreement in 

results is observed, with the differences not exceeding 11% which is within 15% of the normal 

experimental variability of LC-MS methods. In addition to normal experimental variability, 

differences between the two modes may also arise from the differences in matrix effects. In Figure 

2.4, compared to the results seen for [C6MIM][PF6], larger differences in process efficiency were 

observed between ESI+ and ESI- using [P6,6,6,14][PF6]. For instance, MG (16:0) and LPC (17:0) 

had a difference of 30 and 32%, respectively, between the two ESI modes. The other lipid 

standards, on the other hand, had similar results to [C6MIM][PF6] with both modes showing good 

agreement. The disagreement between ESI+ and ESI- modes for MG (16:0) and LPC (17:0) lipids 

likely arises from the difference in ionization suppression between the two ESI modes. Therefore, 

follow-up experiments in the next section further examined recovery and matrix effects in detail. 

 

Figure 2.3 Process efficiency comparison for IL-DLLME of lipid standards using [C6MIM][PF6] 

analyzed by LC-MS in both ESI modes (n=3). * indicates statistical significance after two-sample 

t-test at 95% confidence. 
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Figure 2.4 Process efficiency comparison for IL-DLLME of lipid standards using [P6,6,6,14][PF6] 

analyzed by LC-MS in both ESI modes (n=3). * indicates statistical significance after two-sample 

t-test at 95% confidence. 

2.3.2.2 Matrix Effect and Recovery Study 

 Figures 2.1-2.4 show the process efficiencies of the two ionic liquids. As the next step, it 

was important to delineate differences in recovery from ionization matrix effects in order to better 

understand the overall performance of the two ionic liquids. Broadly, matrix effect is defined as 

ñThe combined effect of all components of the sample other than the analyte on the measurement 

of the quantity. If a specific component can be identified as causing an effect then this is referred 

to as interferenceò.5 One type of matrix effect in mass spectrometry is the ionization matrix effect. 

This is defined as the effect of co-eluting compounds within the same matrix on the ionization of 

the target analyte and can either cause ion suppression or ion enhancement.95ï97 The exact 

mechanisms of the ionization matrix effect are still unknown, but it is postulated that it is caused 

by the competition for charge and/or access to the droplet surface during the electrospray process. 

The matrix effect is difficult to predict and must be evaluated experimentally.  

 One method that is utilized to assess the matrix effect is the post-extraction spike method94. 

This method compares the signal intensities of the analyte of interest in a standard solution to that 

of the analyte spiked post-extraction into a blank matrix sample at the same concentration. The 

difference in signal intensities between the two is then identified as ion suppression or ion 
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enhancement.98 This method is applicable to use in this work to determine whether ionization 

matrix effects are present. The post-extraction spike method utilized here is described in Section 

2.3.7 where a known amount of lipid standards is spiked into an extraction blank that has gone 

through the complete IL-DLLME procedure. The matrix effect can then be calculated using 

Equation 2.2. Here, a range of 80-120% corresponds to no significant matrix effect, whereas 

percentages below 80% are considered ion suppression, and percentages above 120% are 

considered ion enhancement. 

 

 

Figure 2.5 Comparison of matrix effects observed after IL-DLLME using [C6MIM][PF6] and 

[P6,6,6,14][PF6] and LC-MS analysis in both ESI+ and ESI- (n=3). 

 

Figure 2.5 highlights the matrix effects caused by the ionic liquids in both ESI+ and ESI-. 

The results show similarities in both ESI+ and ESI- for both ionic liquids. Aside from PE 

(17:0/17:0), the remaining lipid standards experience ion suppression. [C6MIM][PF6] elutes 

throughout the entire chromatographic run for both its cation and anion as shown in Figure 2.9 

whereas [P6,6,6,14][PF6] elute in the 16 - 26 minutes range for its cation and 0.925 minutes for the 

anion as shown in Figure 2.10, so their co-elution with PG, DG, and PC can explain the observed 

suppression. MG (16:0) and LPC (17:0) have shorter retention times as indicated in Table 2.4 but 

surprisingly despite not being in the [P6,6,6,14][PF6] elution range are still suppressed. Based on 
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Figure 2.11, the ion suppression may be a result of interferences where an unknown compound 

with m/z 303.2845 is suppressing LPC (17:0) and another unknown compound with m/z 399.4158 

is suppressing MG (16:0) as these are the most intense unknown ions co-eluting with these analytes 

of interest. Finally, both ionic liquids cause the ion enhancement of PE (17:0/17:0) in both ESI 

modes with [C6MIM][PF6] causing higher ion enhancement than [P6,6,6,14][PF6]. This behavior may 

be caused either by (i) a slight increase in solubility of PE in the presence of minuscule amounts 

of solubilized IL in the aqueous phase or (ii) a difference in ionization behavior, such as increased 

surface activity in the presence of IL ions.  

Further investigation of the profile of [P6,6,6,14][PF6] showed the presence of intense 

contaminant ions in the 1 ï 15 minutes region which are not observed for [C6MIM][PF6]. Recovery 

eliminates the matrix effects from consideration as opposed to the process efficiency results shown 

in Figure 2.2.  

Figure 2.6 shows lipid recovery results using IL-DLLME with the two ionic liquids and 

LC-MS analysis in both ESI modes. The data is shown as the lipid remaining in the supernatant, 

as it is not possible to directly analyze the IL phase. The results in this case indicate that neither 

ionic liquid is necessarily better than the other as the recovery seems to be similar for both ionic 

liquids. Similar to the results in Figure 2.4, the more polar lipids MG (16:0) and LPC (17:0) showed 

very poor recovery whereas the hydrophobic lipids had high recovery. Again, this confirms that 

the ionic liquids have higher selectivity towards lipids that are more hydrophobic in nature.  

However, data shown in Figure 2.6 also shows some unexpected results, as the recovery of MG 

and PC is considerably higher than 100% indicating a possible spiking error. In addition, since 

recovery calculation eliminates the influence of matrix effects, good agreement should be observed 

for a given IL when using either ESI+ or ESI- LC-MS analysis. However, in Figure 2.6, we see 

this is not the case, with poor agreement observed for PC, LPC, MG, and PG for at least one ionic 

liquid. Finally, this recovery data is also not consistent with process efficiency data shown in 

Figures 2.2-2.4. Ideally, this experiment would have been repeated, but our QTOF instrument was 

down due to detector failure and replacement. 
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Figure 2.6 Comparison of lipid recovery observed after IL-DLLME using [C6MIM][PF6] and 

[P6,6,6,14][PF6] and LC-MS analysis in both ESI+ and ESI- (n=3). 

2.3.3 Evaluation of Matrix Effect Reduction Methods 

 As both ionic liquids showed significant matrix effects for all of the lipid standards tested, 

efforts have to be made to reduce these effects prior to LC-MS analysis. The main reason for the 

observed matrix effects is the slight solubility of ionic liquids in aqueous phase. Various methods 

can be used to further reduce the solubility of IL in aqueous phase. These include immobilizing 

ionic liquids onto magnetic particles to form magnetic ionic liquids99, and utilizing highly 

hydrophobic ionic liquids to improve phase separation in the IL-DLLME process and in-situ IL-

DLLME100. In this study, we hypothesized that higher hydrophobicity of [P6,6,6,14][PF6] would help 

reduce matrix effects. However, our matrix effects results showed that this was not the case. Even 

though the ion elution pattern changed as predicted, with later elution time for [P6,6,6,14], traces of 

IL present in the sample were still sufficient to cause significant ion suppression/enhancement for 

lipids within the same elution window. Additionally, the presence of other intense contaminants 

contributed to the ion suppression of MG (16:0) and LPC (17:0), which eluted earlier than the 

[P6,6,6,14]+ ion. We next examined two additional strategies to try to further decrease matrix effects 

associated with [P6,6,6,14][PF6]. 

2.3.3.1 Effect of Temperature on Solubility of IL in Aqueous Phase 

 The objective of this experiment was to evaluate whether freezing the sample after the IL-

DLLME procedure would lower the solubility of IL in the aqueous layer, enhance phase 
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separation, and ultimately result in the reduction of the IL signal intensities as the aqueous and 

ionic liquid phases would be easier to separate. The experiment was performed by placing the IL-

DLLME mixture in the -80 ÁC freezer for 3 hours prior to LC-MS analysis. The supernatant is then 

removed immediately before the ionic liquid layer has thawed. These results were then compared 

to a regular IL-DLLME procedure as described in Section 2.3.5.  

 

Figure 2.7 Process efficiency comparison for regular IL-DLLME versus IL-DLLME with 3-hour 

freezing using [C6MIM][PF6] before LC-MS analysis in both ESI+ and ESI- (n=3). * indicates 

statistical significance after two-sample t-test with 95% confidence. DG (18:0/16:0) was not 

detected in ESI-. 
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Figure 2.8 Process efficiency comparison for regular IL-DLLME versus IL-DLLME with 3-hour 

freezing using [P6,6,6,14][PF6] before LC-MS analysis in both ESI+ and ESI- (n=3). * indicates 

statistical significance after two-sample t-test with 95% confidence. DG (18:0/16:0) was not 

detected in ESI-. 

 

 Figures 2.7 and Figure 2.8 compare the lipid extraction of the IL-DLLME results with the 

3-hour freezer incubation in both ESI modes for [C6MIM][PF6] and [P6,6,6,14][PF6], respectively. 

The results show that there are no significant differences between the two methods except for 

minor differences observed for MG (16:0) and LPC (17:0) with one or both ILs. Therefore, the 

addition of the freezing step is not beneficial to reducing matrix effects. This is further confirmed 

in Figure 2.9 and Figure 2.10, which show the EIC overlay for the cation and anion of 

[C6MIM][PF6] and [P6,6,6,14][PF6], respectively, with and without the inclusion of the freezing step 

to enhance phase separation and reduce IL aqueous solubility. The EICs for both IL cations and 

anions confirm that the freezing did not reduce the signal intensities of the ionic liquids as the EICs 

are nearly identical. Therefore, this method of reducing the ionic liquid interference during LC-

MS analysis did not prove to be useful. 
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Figure 2.9 EIC overlay of [C6MIM]
+ (m/z 167.1548) signal in ESI+ (top) and [PF6]

- signal 

(bottom) in ESI-  of regular and IL-DLLME procedure with 3-hour freezing. 

 

 

Figure 2.10 EIC overlay of [P6,6,6,14]+ (m/z 483.5058) signal (top) and [PF6]
- signal (bottom) in 

ESI- of regular and IL-DLLME procedure with 3-hour freezing in ESI+. 
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2.3.3.2 Clean-up of Contaminants from [P6,6,6,14][PF6] to Reduce Matrix Effects 

 Another possible reason for the observed ion suppression of [P6,6,6,14][PF6] is the presence 

of additional contaminants in the IL, perhaps stemming from the IL production process. During 

blank and lipid standard extractions, TIC of [P6,6,6,14][PF6] indicated the presence of very intense 

ions, other than IL anion and cation. These intense ions were observed in the region of 5-22 min 

and were different from [C6MIM][PF6] TIC as shown in Figure 2.11. [P6,6,6,14][PF6] had 

contaminant peaks that did not arise from the lipid standard mix and did not match the signal of 

the [P6,6,6,14]+ ion. [C6MIM][PF6] on the other hand showed minimal contaminant peaks with 

retention time > 5 min compared to [P6,6,6,14][PF6]. Therefore for [P6,6,6,14][PF6], it is not clear how 

much ion suppression is caused by IL anion and cation, and how much may be caused by these 

other co-eluting unknown ions. Therefore, in the next experiment, we tried to remove these ions, 

by first performing a blank extraction using IL and discarding that initial supernatant. The IL layer 

was then reused for the IL-DLLME procedure as previously described.  

 

 

 

Figure 2.11 TIC overlay of lipid standard mix (red) against a)[P6,6,6,14][PF6] and b)[C6MIM][PF6] 

(black). 
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Figure 2.12 compares the TIC of the lipid standard mix, IL-DLLME using ionic liquid as 

received, and washed IL-DLLME  both ionic liquids. The results show a drastic decrease in the 

intensities of the contaminant peaks for [P6,6,6,14][PF6]. This is especially apparent in the 1 - 11 

minute range of TIC indicating this was an effective way to remove more polar contaminants. 

Similarly, the decrease in intensity is also apparent for [C6MIM][PF6], as the two sharp peaks that 

can be seen at the 1 - 6 minute range have reduced in intensity. Therefore, cleaning up the ionic 

liquid with the appropriate solvent does help in the reduction of contaminant peaks. The results 

indicate that additional solvent clean-up steps are required to help remove more hydrophobic 

contaminants with retention times of >11 min. Based on these results, future work could explore 

a sequence of wash steps such as water, followed by another immiscible organic solvent, to remove 

both polar and hydrophobic contaminants, respectively. 

 

 

 

Figure 2.12 TIC overlay of lipid standard mix (red), washed IL-DLLME (blue), and IL-DLLME 

ionic liquid as received (black). a)[P6,6,6,14][PF6] and b)[C6MIM][PF6]. 

Comparing the EIC signal intensities of the ionic liquid cations, Figure 2.13 shows that 

washing the ionic liquid did cause a reduction of the [C6MIM]
+ signal. This could potentially be 

useful for analytes that coelute with [C6MIM]
+ signal such as polar lipids: LPC (17:0) and MG 
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(16:0). Therefore, the apparent effect on the reduction of the [C6MIM]
+ signal is limited. [P6,6,6,14]+  

signal did not reduce after the washing as the EIC of the regular and reused [P6,6,6,14]+ signal 

overlaps as can be seen in Figure 2.13. Thus, although the contaminant peaks in [P6,6,6,14][PF6] 

have reduced, the actual peak of the cation remains did not reduce and remains the same. This 

could be potentially useful for lipids that do not coelute within the range of the [P6,6,6,14]+  signal as 

the effects that would have come from the  contaminant peaks have been reduced.Ш 

 

 

 

 

Figure 2.13 EIC overlay of washed IL-DLLME (blue), and IL-DLLME as received (black). 

a)[P6,6,6,14]+ and b)[C6MIM]
+. 
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Figure 2.14 Comparison of lipid standard process efficiency using [C6MIM][PF6] as received and 

washed [C6MIM][PF6] (n=1). PE (17:0/17:0) and PG (18:0/18:0) was not detected in ESI+. 

 

Figure 2.15 Comparison of process efficiency of lipids using [P6,6,6,14][PF6] as received and 

washed [P6,6,6,14][PF6] (n=1). PE (17:0.17:0) and PG (18:0/18:0) were not detected in both ESI 

modes. 
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Figure 2.14 and Figure 2.15 compares the process efficiency of the lipid standards using 

regular IL-DLLME and the reused IL-DLLME with [C6MIM][PF6] and [P6,6,6,14][PF6], 

respectively. Differences can be seen in MG (16:0) and LPC (17:0) in both ESI modes. The reused 

IL-DLLME procedure had higher process efficiency in both modes which may indicate that the 

lipid standards have either not been extracted or as a result of lower ion suppression. Figure 2.12 

shows that the clean-up of the ionic liquids does reduce the intense signal coming from the 

interferences in [P6,6,6,14][PF6] sample in ESI+ as well as reducing the [C6MIM]
+ signal which 

causes the signal of MG (16:0) and LPC (17:0) to be suppressed. Hence, the sample clean-up did 

lower ion suppression for those two lipids. 

2.3.4 Solvent Miscibility of [C6MIM][PF6] and [P6,6,6,14][PF6] 

After the IL-DLLME procedure, the supernatant was injected into LC-MS instead of the 

ionic liquid phase. This is mainly due to the ionic liquids being too viscous and not volatile thus 

making them incompatible with LC-MS. Therefore, a back-extraction procedure is required to 

extract the analytes into a compatible solvent for LC-MS analysis. The solvent should be able to 

form a biphasic layer with the ionic liquid as well as able to extract the analytes from the ionic 

liquid. Here, several extraction solvents were tested: MTBE, hexane, dimethylsulfoxide (DMSO), 

and chloroform due to their lower density than the ionic liquids to easily obtain them as the 

supernatant. The four solvents were tested on both [C6MIM][PF6] and [P6,6,6,14][PF6] for forming 

a biphasic layer. The results were not successful as all four solvents were miscible with the ionic 

liquids and a biphasic layer could not be formed. More solvents need to be tested, as the back-

extraction procedure is crucial in confirming that the analytes have transferred to the ionic liquid 

layer. 

2.3.5 IL-DLLME Comparison of Ionic Liquids in Human Plasma 

 The utility of the two ionic liquids for the removal or extraction of lipids so far was tested 

in a simple matrix consisting only of lipid standards. Ultimately, the objective of this project was 

to evaluate the utility of the two ionic liquids in human plasma, which is a highly complex matrix 

consisting of numerous biological components such as proteins, lipids, and metabolites. The results 

shown in the previous section show that both ionic liquids were seen to be selective towards 

hydrophobic lipids and showed high recoveries, especially for phospholipids. Therefore, as the 
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next step, the same IL-DLLME procedure was applied to citrated human plasma to see if similar 

results can be obtained for the extraction of endogenous lipids from plasma.  

2.3.5.1 Conventional protein precipitation using methanol and isopropanol for lipidomic 

analysis of plasma 

 The removal of proteins during sample preparation of plasma is desirable in lipidomics and 

metabolomics analyses for two main reasons: (i) to disrupt analyte-protein binding, especially for 

lipids and hydrophobic metabolites which tend to be highly protein-bound and (ii) to reduce 

sample complexity and protein build-up/clogging during LC-MS analysis. The most common 

method that is used to precipitate proteins involves adding an organic solvent to plasma, typically 

in a 3:1 or 4:1 ratio. The most common solvents used for this purpose in metabolomics/lipidomics 

include methanol, acetonitrile, and isopropanol. 

 Here, two organic solvents were compared, methanol and isopropanol in a 3:1 ratio of 

solvent: plasma. The solubility of many lipids in acetonitrile is very low, so this is why acetonitrile 

was not considered for this experiment. A total of 98 different lipid species were then checked in 

both plasma samples (Supplementary Table S1). These lipids were checked based on the findings 

by Quehenberger et al.101. Protein precipitation using isopropanol resulted in more lipids detected 

where of the 98 lipid species checked, 39 lipid species were detected. Using methanol resulted in 

29 lipid species detected. Isopropanol is more hydrophobic compared to methanol, therefore it 

more effectively solubilizes hydrophobic lipids. Thus, isopropanol was used for plasma protein 

precipitation during the subsequent evaluation of the utility of the ionic liquids for IL-DLLME of 

human plasma. The use of isopropanol for lipidomics is already well-established as a simple yet 

effective technique as published by Sarafian et al.20 
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Figure 2.16 Comparison of the number of endogenous lipids detected using plasma protein 

precipitation with methanol or isopropanol among a total of 98 lipids considered. 

2.3.5.2 Comparison of Process Efficiency of IL-DLLME using [C6MIM][PF6] and 

[P6,6,6,14][PF6] for Endogenous Lipids  

 

 

Figure 2.17 The abundance of the detected lipids for each class was averaged and the process 

efficiency using [C6MIM][PF6] and [P6,6,6,14][PF6] IL-DLLME was found (DG n=8, TG n=3, PC 

n=7, PE n=4, PS n=1, PI n= 3, PG n=1, LPC n=5, Cer n=7) in human plasma. 

 Figure 2.17 shows the process efficiency for selected plasma lipids as shown in Table S1 

using the two ionic liquids in both ESI modes. In plasma, [P6,6,6,14][PF6] showed better extraction 
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efficiency compared to [C6MIM][PF6], similar to lipid standard results. However, the overall 

process efficiencies were higher, indicating lower recovery into IL phase. In the lipid standard 

mix, both ionic liquids had good selectivity towards hydrophobic lipids. Here, that behavior is not 

seen for glycerolipids as the more hydrophobic lipid classes such as triglyceride (TG) and DGs 

showed poor extraction efficiencies similar to that of the more polar lipid classes such as LPC. 

Therefore, in plasma, IL-DLLME seems particularly selective towards phospholipids. 

 The main reason for the overall reduction in extraction efficiency across all lipid classes is 

the partition coefficient between the aqueous layer, which in this case is plasma, and the ionic 

liquid layer not having a difference that is significant enough. In addition, significant issues to 

observe prominent phase separation were observed. During the IL-DLLME procedure, phase 

separation was less prominent in plasma as compared to when it was performed in a lipid standard 

mix. In addition, a cloudy solution was not formed either when the ionic liquid layer was added to 

the human plasma. A cloudy solution is an indication that ionic liquid microdroplets are being 

formed within the aqueous phase which facilitates the partitioning of the analytes from the aqueous 

phase into the ionic liquid phase. The absence of the formation of a cloudy solution indicates that 

there is lower partitioning of the analytes towards the ionic liquid phase. Ultimately, the lipids are 

already soluble in human plasma and therefore are not efficiently extracted by the ionic liquid 

phase. These issues severely limit the application of IL-DLLME in human plasma. 

2.4 Conclusions 

 Ionic liquids, [C6MIM][PF6] and [P6,6,6,14][PF6] can be used for extraction of selected 

metabolites and lipids using IL-DLLME format. For extraction of polar metabolites, 

[C6MIM][PF6] proved to be more effective compared to [P6,6,6,14][PF6]. This is because 

[C6MIM][PF6] is more hydrophilic compared to [P6,6,6,14][PF6], thus resulting in more efficient 

extraction of more hydrophilic metabolites. For intermediate-polarity and hydrophobic 

metabolites,  [P6,6,6,14][PF6] performed better compared to [C6MIM][PF6]. 

 A major issue when utilizing ionic liquids in combination with LC-MS analysis is the 

matrix effect. Both ionic liquids resulted in high ion suppression of more than 50% for all lipid 

species aside from PE (17:0/17:0), which instead, experienced ion enhancement. For 

[C6MIM][PF6], this ion suppression is caused by the co-elution of its anion/cation with all of the 

lipid standards. In contrast, [P6,6,6,14][PF6] ions elute within the 16 - 24 minutes range, away from 
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LPC (17:0) and MG (16:0). However, these two lipid standards also experience ion suppression 

by [P6,6,6,14][PF6] IL-DLLME which was caused by the presence of other intense contaminant ions 

in this IL. 

 Two methods were evaluated to reduce the matrix effect caused by the ionic liquids. First, 

the freezing step was added to attempt to further improve phase separation and reduce IL solubility 

in the aqueous phase. This approach did not result in any reduction in ionic liquid signal intensities, 

so it was not further considered.  Secondly, it was investigated whether the addition of an aqueous 

clean-up step could remove contaminants found in [P6,6,6,14][PF6]. The results showed that the 

clean-up procedure did decrease the intensity of these contaminants which were responsible for 

suppressing MG (16:0) and LPC (17:0). Consequently, higher process efficiency was seen for MG 

(16:0) and LPC (17:0) in the washed IL-DLLME compared to the as-received IL-DLLME which 

might indicate that smaller matrix effects were experienced by these two lipids. 

 Lastly, IL-DLLME of human plasma using both ILs showed several critical issues 

including reduced extraction of glycerolipids in comparison to what was seen in the lipid standard 

mix, issues with microdroplet formation thus decreasing surface area available for extraction, and 

ineffective phase separation.  The lack of prominent phase separation makes the method 

impractical. This IL-DLLME method is also inappropriate for broad untargeted lipidomics studies, 

as neither lysophospholipids nor glycerolipids were effectively extracted from plasma. The 

proposed method may have some utility for analyses of phospholipids only. Therefore, we 

conclude that the utility of the two ionic liquids, [C6MIM][PF6] and [P6,6,6,14][PF6], for the 

extraction of lipids in human plasma, is limited. The proposed method may be more suitable for 

the extraction of lipids from more aqueous biospecimens such as urine or saliva, pending further 

investigation.  
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3 Investigation of Lipid Adduct Formation for Lipid Identification and Quantification 

3.1 Introduction 

LC-MS has emerged as the most popular technique for lipidomics due to its ability to 

resolve isomers and isobars, separate compounds based on nonpolar fatty acyl moieties, and obtain 

predictable retention times.15,43,46 Reversed-phase liquid chromatography is the most common 

separation technique that is used for lipidomics as chromatographic separation helps improve the 

detectability of low-abundance lipids and lipids with low ionization efficiency, which overall 

improves lipid coverage.102 However, LC-MS lipidomics also faces a problem of data 

harmonization across labs and across methods. As different lipidomics methodologies are applied, 

this in turn results in different findings in terms of the number, type, and quantity of lipids 

observed.46,69,103,104 

ESI is the most utilized ionization method in LC-MS for lipidomics. Different lipid classes 

will ionize differently in ESI+ and ESI-, so both modes are typically used to achieve maximum 

coverage of lipids.13,105 The ESI process can generate various adducts of lipids in addition to 

protonated/deprotonated ions.43 Typically, more adducts are observed in ESI+ mode than ESI- 

mode.67  

Additives are often used in mobile phases to help enhance the ionization of the lipids or 

promote the formation of particular adduct ions. They contribute ions to the surface excess charge 

which changes the processes occurring during ionization. Without it, the ions that contribute are 

the impurities that are found within the mobile phase which can vary on a day-to-day basis 

depending on the solvents used, compromising the repeatability of analyses.67 Weak acids such as 

acetic acid and formic acid are commonly used to promote protonation. Volatile salts, such as 

ammonium acetate and formate are also commonly used for analytes that poorly ionize as [M+H]+ 

ions.105  For example, non-zwitterionic lipids such as glycerolipids ionize poorly in ESI+, thus 

requiring the addition of volatile salts by promoting the formation of [M+NH4]
+ adduct 

ions.1,13,105,106 

The quantification of lipids is highly dependent on the quality and concentration of the 

internal standard used.46 Internal standards can compensate for variability that arises throughout 

the lipidomic workflow, including lipid extraction recovery and matrix effects during LC-MS 

analysis.104 For the latter, internal standard must co-elute with the lipid of interest. Ideally, for 
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every lipid to be quantified, its stable isotopologue should be used for its quantification, however, 

this is not very feasible in untargeted lipidomics due to the vast numbers of lipids and the limited 

selection of internal standards that are commercially available.71,107 In lipidomics methods, most 

commonly, one or two internal standards per lipid class are utilized where the acyl-chain length 

and degree of saturation between these internal standards should be varied to help improve the 

accuracy of quantification.13,104,108 In general, lipid ionization efficiency decreases with increasing 

acyl-chain length whereas increasing acyl-chain unsaturation was found to increase MS 

response.12,109,110 However, the extent of the impact of length and unsaturation is also lipid class 

dependent, with glycerolipids and CEs more extensively affected.71 

 Currently, there is still no clear consensus on how to address multiple adducts and which 

adduct to utilize for quantitation of a lipid concentration. Different data analysis workflows or 

software may opt for different strategies. The most common approach is the utilization of the most 

intense adduct within the ionization mode followed by the summation of adducts.70 However, it is 

currently not known how the approach chosen affects the accuracy of the determinations. A study 

published by Li et al.111 on the determination of ginkgolides and bilobalide found that monitoring 

multiple adduct ions (protonated, sodiated, and ammoniated adduct) overall improved the 

repeatability of analyses and quantification results compared to single ion.25  Recently, Bishop et 

al.74, also reported that the selection of adduct can cause drastic differences in quantification in 

lipidomics, and recommended using the sum of sodiated and ammoniated adducts for quantitation 

of DGs. This study, however, did not examine the influence of adduct formation on other lipid 

classes such as phospholipids, sphingolipids, and sterol lipids.   

The objective of this study was to address this critical gap in the literature and examine the 

variability of adduct formation of several lipid classes in four different matrices: human plasma, 

murine plasma, murine liver tissue, and murine spinal cord tissue. The adduct formation of the 

endogenous lipid species was also compared against the internal standards of the same class. 

Additionally, the effect of different diets and/or lipemia on adduct formation was investigated. 

Lastly, adduct formation variability was evaluated between two different instruments, QTOF and 

Orbitrap, to verify whether the results obtained can be generalizable regardless of the instrument 

platform employed.  

https://www.zotero.org/google-docs/?7fEblv
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3.2 Experimental 

3.2.1 Chemicals and Materials 

Acetic acid, methanol, water, acetonitrile, and isopropanol, all LC-MS grade, were bought 

from Fisher Scientific (Ottawa, ON, Canada.) Ammonium acetate (LC-MS grade) and Orlistat 

(lipase inhibitor) were purchased from Sigma-Aldrich (Oakville, ON, Canada). Pooled human 

citrated plasma was bought from BioIVT (Baltimore, MD, USA). Lipid standards and internal 

standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA). ApoE-/- mice were 

obtained from Jackson Laboratories (Bar Harbor, Maine, USA) and used for breeding. 

3.2.2 Preparation of the Internal Standards 

Internal standards (ISTD) covering the lipid subclasses of interest were spiked in all 

samples. Internal standards were prepared in their suitable solvents and stored at -70ÁC prior to 

their use. ISTD mix I, as listed in Table S2 for human plasma and Table S4 for murine samples, 

was spiked at the beginning of the sample preparation to control the entire analytical process. ISTD 

mix II, as listed in Table S3 for human plasma and Table S5 for murine samples, was spiked 

immediately prior to LC-MS analysis to check for ionization matrix effects and instrumental drift. 

The percent relative standard deviation (%RSD) of each ISTD was calculated in both QC and 

study samples to check the data quality.  

3.2.3 Sample Preparation of Human Plasma 

Samples were prepared at three different temperature conditions: room temperature, 4ÁC, 

and 4ÁC with -80ÁC incubation for the protein precipitation process. A total of 10 conditions were 

tested. To prepare the samples, Eppendorf tubes were washed with 1 mL of isopropanol to remove 

any contaminants, dried, and kept at either room temperature, on ice, or in the freezer. Human 

plasma samples (n=6 replicates per condition) were thawed on ice for 1 hour and subsequently 

vortexed for 1 minute. 90 ÕL of plasma was mixed with 10 ÕL of ISTD mix I with or without 

orlistat (0 ÕM, 5 ÕM, or 25 ÕM) and was then vortexed and kept at room temperature or on ice for 

10 minutes. 300 ÕL of isopropanol was added to the samples for protein precipitation. The samples 

were then placed on a shaker at 200 rpm for 1 hour at room temperature, in a cold room set at 5ÁC, 

or without shaking at -80ÁC. All samples were centrifuged at 25,000 x g, 4ÁC for 20 minutes. 40 

ÕL of the supernatant was taken and transferred to an HPLC vial with a glass insert and diluted 
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(1:1 v/v) with ISTD mix II for the ESI- analysis. 10 ÕL of supernatant was diluted 20-fold with a 

mix of methanol/isopropanol/water (13.15%/11.85%/75%). Afterward, 40 ÕL was transferred to 

HPLC vials with glass inserted and diluted (1:1 v/v) with ISTD mix II for ESI+ analysis. A pooled 

QC was prepared by combining 5 ÕL of each sample post-extraction. Extracted blanks were 

prepared for each condition using water instead of plasma and following the rest of the extraction 

procedure. The samples were then immediately analyzed using LC-MS. The total duration of the 

sample preparation was approximately 2 hours. 

3.2.4 Sample Preparation of Murine Spinal Cord and Liver Tissue  

Individual tissues were thawed on ice, weight, and ISTD mix I at 3 Õg/mL, as listed in 

Table S3, was added (0.1 g/mL). The weights of individual tissues were noted for normalization 

with the solvent. The tissues were homogenized using a Precellys (6500 rpm, 4 cycles of 15 

seconds with 30 seconds of break). The temperature was monitored during the homogenization to 

15-16ÁC. The extracted samples were vortexed for 5 minutes and then incubated on ice for 15 

minutes before centrifugation at 25,000 x g for 10 minutes at 4ÁC. The supernatant was collected. 

For ESI+, samples were diluted 10-fold and a second centrifugation was performed at 25,000 x g 

for 20 minutes at 4ÁC. Finally, the samples were diluted 4-fold with ISTD mix II at 100 ng/mL, as 

listed on Table S3. For ESI- mode, samples were centrifuged at 25,000 x g for 20 minutes at 4ÁC 

and diluted 5-fold with ISTD mix II at 100 ng/mL. 

3.2.5 LC-MS Analysis 

LC-MS analyses for all four matrices were performed using the Agilent 1100 LC system 

coupled to LTQ-Orbitrap Velos MS with a heated electrospray (HESI) source (Thermo Fisher). 

The column used was a Waters XselectÈ CSH C18 (130 ¡, 2.5 Õm, 2.1 x 75 mm) with a guard 

column Xselect CSH C18 XP Vanguard cartridge (130 ¡, 2.5 Õm, 2.1 x 5 mm). A column oven 

was used to maintain the temperature of the column at 55ÁC. For ESI+ mode, mobile phase A was 

water/methanol (60/40, v/v) containing 10 mM of ammonium acetate. Mobile phase B was a mix 

of isopropanol/methanol (90/10, v/v) with 10 mM of ammonium acetate. For ESI-, mobile phase 

A was water/methanol (60/40, v/v) with 0.02% (v/v) of acetic acid. Mobile phase B was 

isopropanol/methanol (90/10, v/v) with 0.02% (v/v) of acetic acid. The flow rate was 0.25 mL/min 

with the following gradient for both ESI modes; 0 - 2 min isocratic at 20% B; 2 - 4 min increase 

from 20 - 30% B; 4 - 25 min increase from 30 - 80% B; 25 - 35 min isocratic at 85% B; 35 - 38 
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min increase from 85 - 95% B; 38 - 41 isocratic at 95% B; 41.1 - 50.1 decrease from 95 - 20% B. 

The autosampler was kept at 4ÁC and 10 ÕL of each sample was injected.  

The samples were analyzed in both ESI modes. The temperatures were 275ÁC and 300ÁC 

for capillary temperature and source heater temperature, respectively. The spray voltages were 3.5 

kV and 3.0 kV for ESI+ and ESI- modes, respectively. The s-lens RF was 60% for both modes. 

The lock masses were 391.2843 m/z and 311.1686 m/z for ESI+ and ESI-, respectively. The chosen 

m/z ranges were 280-1200 m/z and 300-1200 m/z for ESI+ and ESI- at 60,000 resolving power 

and automatic gain control of 1e6. MS/MS was performed using the top eight Collision-Induced 

Dissociation Dependent Data-Analysis (CID DDA) with the following dynamic exclusion settings: 

repeat duration of 12 seconds, exclusion duration of 25 seconds, and exclusion mass width of 10 

ppm. Samples were run in randomized order after 3 extraction blanks and 6 pooled quality control 

(QC) injections to equilibrate the system. QCs were run after every 8 samples. Diluted QCs were 

run to confirm signal linearity and/or detect significant matrix effects.  

LC-MS analyses of human plasma were also performed using the Agilent 6545 UHPLC-

QTOF system with a Dual AJS ESI source. The same LC conditions as described for Orbitrap 

were used. The samples were analyzed in both ESI+ and ESI-. The capillary temperature and 

source heater temperatures were 250ÁC and 275ÁC, respectively. The nozzle voltage was 1.0 kV 

for both ESI modes, respectively. The chosen m/z range was 50 - 1000 m/z for both ESI modes.  

3.2.6 Data Processing 

 The raw data that was obtained from the Agilent 6545 UHPLC-QTOF system was 

processed using Agilent MassHunter Qualitative Analysis Version 10.0 Build 10.0.10305.0 with 

a mass tolerance of 20 ppm. The raw data obtained from the LTQ-Orbitrap Velos MS was 

processed using Thermo Scientific Xcalibur 2.2 SP1.48 with a mass tolerance of 5 ppm. All peak 

integration was manually checked. 

 In ESI+ mode, [M+H]+, [M+Na]+, [M+NH4]
+, and [M+K]+ ion adducts were monitored 

whereas in ESI- mode, [M-H]- and [M+CH3COO]
- were monitored. The adduct ratios were 

calculated by taking the proportion of each adduct across all the detected adducts in the lipid 

species. 
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Equation 3.1 Adduct ratio formula. 

ὃὨὨόὧὸ ὙὥὸὭέ %   
ὃὦόὲὨὥὲὧὩ έὪ ὥὨὨόὧὸ Ὥέὲ

Ὓόά έὪ ὥὦόὲὨὥὲὧὩ έὪ ὥὨὨόὧὸ Ὥέὲί
 

3.3 Results and Discussion 

This study systematically evaluated several different factors that may affect lipid adduct 

formation for glycerolipids, glycerophospholipids, sphingolipids, and sterol lipids. These factors 

included sample type, analysis batch, instrument type, and biological variability such as diet and 

genetic strain. In addition, the adduct formation behavior of spiked internal standards was 

compared to those of endogenous lipids. 

3.3.1 Evaluating Adduct Formation of Internal Standards and Endogenous Lipids in 

Different Matrices 

The addition of internal standards is frequently used to mitigate any errors arising from 

sample preparation and instrumental analysis. To achieve the best accuracy and precision, labelled 

analogues of each analyte should be used. In untargeted lipidomics, internal standards are also 

frequently used, but usually, only 1-2 standards per lipid subclass are added. These standards are 

used to perform semi-quantitation using single-point calibration and derive approximate 

concentrations of the measured lipids. This approach suffers from several disadvantages: (i) 

internal standard lipids do not co-elute with all lipids of interest when using reversed-phase 

lipidomics methods so they will not accurately be able to compensate for ionization matrix effects 

for all lipids in class; (ii) differences in ionization efficiency of internal standard and endogenous 

lipid-based on unsaturation and acyl chain length may require additional correction factors and 

(iii) differences in standards and their purity used across labs can prevent data comparisons across 

labs.  In addition to this, the effect of adduct formation when selecting an internal standard for a 

given study has not been examined and may represent another possible source of inaccuracy. 

Finally, for semi-quantitation, either a single adduct ion (typically selected based on intensity) or 

the sum of adduct ions is used to calculate the concentration of an analyte lipid. However, the 

impact of this choice on the quantitation of many lipids other than DGs has not yet been 

systematically investigated.74  

Here, the adduct formation of the internal standard lipids and detected endogenous lipids 

within the same lipid class were evaluated in four different matrices: human and murine plasma, 
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murine liver tissue, and murine spinal cord tissue. The adduct formation of the internal standards 

across four different matrices was compared to observe how the different matrices and/or days of 

analysis would affect adduct formation. The adduct ratios of endogenous lipids across the different 

matrices were also compared. The aim was to discern if the adduct ratios of the endogenous lipids 

remained consistent in the various matrices and whether within-class adduct ratios remained 

consistent.  

Figure 3.1 shows the lipid classes that were observed to have consistent adduct formation 

across the lipid species within the same lipid (sub)class in the different matrices. The adduct 

formation of all the endogenous lipids that were considered within a given class can be found in 

Supplementary Figures S1-S34. 
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Figure 3.1 Average adduct ratios of selected (a) LPC (b) PC, (c) PE, (d) PI, (e) Cer, and (f) TG 

lipid species in QC samples from murine liver tissue (n=12), murine plasma (n=14), murine 

spinal cord tissue (n=20) and human plasma (n=13) in ESI+. Darker shading represents the 

internal standard(s) and lighter shading represents standard(s). 

Within glycerophospholipid class, the internal standard(s) for LPC, PE, and PI showed 

consistent adduct formation, which also matched the adduct formation of endogenous lipids of that 

class. When two internal standards were used within one matrix for a given lipid subclass, both 

showed good agreement with each other. However, for PC lipids, unusual trends were observed, 

whereby sodium adduct formation for internal standards was significantly lower than endogenous 

lipids for murine plasma and spinal cord, or considerably higher for human plasma and murine 

liver. For TG lipid subclass, the internal standards similarly showed good agreement with each 

other and with endogenous lipids. However, an issue was observed with TG (15:0/18:1-d7/15:0) 

in the murine liver tissue where there appears to be high interference in the sodium channel. This 

makes this standard unsuitable for use for this matrix. The mismatch between internal standard 

and endogenous lipid adduct formation was the most pronounced for Cer, belonging to the 

sphingolipid class. As shown in Figure 3.1, Cer internal standard showed appreciably higher 

[M+Na]+ adduct formation than any endogenous ceramide lipids. The adduct formation of Cer 

(f) 



75 
 

internal standards across the different matrices also showed very high variability with ~60% 

difference between Cer (18:1/17:0) in murine plasma and human plasma. The difference in adduct 

formation between the Cer internal standards and endogenous lipids shows that internal standards 

can ionize differently compared to endogenous lipids and be an important source of inaccuracy 

which should be carefully considered during internal standard selection.  

 Within the same matrix, the adduct formation of the lipid species of the same class for 

lipids shown in Figure 3.1 showed good agreement. Endogenous glycerophospholipid species such 

as LPC, PC, and PE were observed to form dominantly [M+H]+ followed by [M+Na]+, PI species 

form [M+NH4]
+ followed by [M+H]+ and [M+Na]+, endogenous TG species formed [M+NH4]

+, 

followed by [M+Na]+ and minor amounts of [M+H]+ and [M+K]+ at varying ratios across the 

different matrices, and endogenous Cer lipid species were observed to form dominantly [M+H]+ 

followed by [M+Na]+. This matches what is generally seen for these lipid groups as reported by 

Cajka and Fiehn13. In our study, smaller ratios of [M+K]+ to other ions were observed compared 

to what was reported by Bishop et al.74 which may be a result of differences in the sample matrix 

or in solvents and/or LC-MS system. 

Comparing the adduct formation across the different matrices, some variability in adduct 

formation can be seen with differing ratios of [M+Na]+. This behavior was most apparent with TG 

and PI. The TG and PI lipid species experienced higher variability in [M+Na]+ adducts between 

the different matrices compared to the other lipid classes. However, the dominant adduct remained 

consistent within the same lipid class. Within the murine spinal cord tissue, PI (34:2) and PI (36:2) 

had high interferences in the sodiated channel and could not be properly measured due to co-

eluting interferences (Supplementary Figure S231). As illustrated by these PI examples and TG 

internal standard in the liver, alongside the exact mass, MS/MS spectrum, and retention time, 

calculating the adduct formation provides a complementary method to confirm the identification 

of these lipids. The deviations in adduct formation for lipid subclasses where adduct formation is 

very consistent can indicate potential interferences and should be carefully considered during data 

analysis workflows.  

Among the lipid subclasses considered in this study, DGs and CEs showed high variability 

of the adduct ratios within the class, between the different matrices, and against the internal 

standards as highlighted in Figure 3.2. For CE lipid species in the different matrices predominant 

ion varied between [M+Na]+ or [M+NH4]
+ depending on the matrix and lipid considered. Both 
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internal standards that were utilized, CE (C15-d7) and CE (17:0), formed only one adduct as 

[M+Na]+, further complicating the quantification of CE lipids. A putative trend can be seen where 

increasing chain length or number of double bonds starts to favor the ionization of [M+NH4]
+ over 

[M+Na]+. This could be a possible reason as to why the internal standards utilized here did not 

form any [M+NH4]
+ as the chain length and unsaturation are lacking compared to the detected 

endogenous CE lipids. Alongside [M+NH4]
+ and [M+Na]+, minor formation of [M+H]+ and 

[M+K]+ was observed for several CE lipids. The formation of these adducts varies across the 

different matrices. For example, in human plasma, minor formation of [M+H]+ and [M+K]+ was 

detected whereas in murine spinal cord tissue, none were detected. CE lipids in murine plasma and 

human plasma samples had higher signal intensities overall compared to murine spinal cord and 

murine liver tissue samples which would explain the formation of the [M+K]+ adduct.  
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Figure 3.2 Average adduct ratios of various (a) CE and (b) DG lipid species in QC samples from 

murine liver tissue (n=12), murine plasma (n=14), murine spinal cord tissue (n=20) and human 

plasma (n=13) in ESI+. Darker shading represents the internal standard(s) and lighter shading 

represents standard(s). 

High variability of adduct formation can also be seen in the DG endogenous lipid species. 

Comparing the adduct formation of the endogenous DG lipids in the different matrices, the adduct 

formation seems to largely depend on the individual lipid species where lipids such as DG (34:1) 

showed similar adduct formation in three matrices whereas DG (32:0) and DG (36:0) showed 

higher variability. Aside from this, the adduct formation of the endogenous lipids in murine plasma 

did not agree with the endogenous lipids in the other matrices, with higher sodium adduct 

formation observed. The internal standard that was utilized for DG (DG 15:0/18:1-d7) across the 

different matrices, showed relatively good agreement with the majority of the endogenous DG 

lipids in the murine plasma and murine spinal cord samples. For instance, within the murine plasma 

sample set, the maximum difference in adduct formation between ISTD and endogenous lipids is 

~10% as observed for DG (32:0), whereas, in the murine spinal cord sample set, the maximum 

difference observed was ~27% for DG (38:5). However, the [M+Na]+ adduct formation of DG 

(15:0/18:1-d7) within the human plasma and murine liver sample set was much higher compared 

(b) 
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to endogenous lipids, with 77% and 92% of sodium adduct observed, respectively. In these 

matrices, DG (15:0/18:1-d7) appears to ionize better as [M+Na]+ rather than [M+NH4]
+. This 

example highlights the importance of checking internal standard suitability for each matrix 

analyzed. Internal standards that perform well in one matrix may not necessarily work as well in 

other matrices. In addition to internal standard, the adduct formation of another standard, DG 

(18:0/16:0) was verified within the human plasma sample set, and this standard showed better 

agreement compared to both DG (15:0/18:1-d7).  

Bishop et al.74 recently reported their findings on the adduct formation of various DG lipid 

species in 8 different matrices. Similarly to our study, their findings also revealed that DG 

exhibited high variability of adduct formation across the different matrices. The adducts that they 

monitored for were [M+Na]+, [M+NH4]
+, [M+K]+, and [M+H-H2O]

+. In our study, [M+K]+ and 

[M+H-H2O]
+ were not detected at all. Instead, minor amounts of [M+H]+ were detected in our 

murine samples for several lipid species. Their results showed that within the murine plasma and 

liver data set, [M+Na]+ was the dominant adduct followed by [M+NH4]
+ and [M+K]+. Similarly, 

our findings showed that [M+Na]+  was the predominant adduct in murine plasma followed by 

[M+NH4]
+. However, for murine liver tissue, our main adduct was typically [M+NH4]

+ followed 

by [M+Na]+. This may be a result of different workflows and instrumentation, as well as inter-

batch differences in sodium concentrations. Bishop et al.74 proposed that for DG class, the sum of 

[M+Na]+  and [M+NH4]
+ adducts should routinely be used for the most accurate quantitation and 

demonstrated the accuracy of this approach using standard addition method for several DGs. 

In sum, internal standards that have similar adduct ratios to the endogenous lipids should 

be used for quantification, and the adduct formation of each internal standard should be compared 

against endogenous lipids in each matrix of interest. Across internal standards we tested, similar 

adduct formation was generally observed for LPC, PE, PI, and TGs. Internal standards for PC, 

Cer, CE, and DG resulted in dissimilar adduct ratios so the quantification with these internal 

standards should not be performed using a single adduct as it can lead to highly inaccurate 

concentrations of the endogenous lipids. In the cases of lipid classes where their lipid species 

produce highly variable adduct ratios such as DGs and CEs, multiple internal standards should be 

utilized whenever possible to mitigate possible quantification errors.  
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3.3.2 Inter-Batch Variability in Adduct Formation 

The variability of adduct formation across matrices reported in Section 3.3.1 may arise 

from two different sources: (i) different concentrations of sodium in biospecimens from different 

biological matrices and (ii) different concentrations of sodium present in LC-MS system for a 

given analytical batch, including different lots of extraction solvents, mobile phases, and 

glassware. To examine which of these factors may be predominant, Figure 3.3 compares two 

studies of murine plasma, performed on the same mice, with blood collection spread 6-weeks apart 

(labeled as Week 0 and Week 6 in Figure 3.3). The samples were extracted using the same 

extraction methods and analyzed on the same LC-MS instrument several months apart. The 

comparison is shown for pooled QC samples prepared from all biospecimens (n=108) in each 

study.  The results show that there is a significant difference in adduct formation between the two 

studies for all lipids except PE, with the week 6 study showing consistently higher [M+Na]+ 

formation. This indicates that external factors such as solvents and glassware used for extraction 

and mobile phase preparation, appear to be the main cause of the observed differences. Even for 

lipid classes that favor [M+NH4]
+  formation, the addition of controlled levels of ammonium 

acetate (10 mM) as was done in our study, was not sufficient to fully control adduct formation. 

Therefore, day-to-day and inter-batch variability in sodium concentrations appears to be an 

underappreciated factor contributing to the observed differences across lipidomics studies and 

labs. 

Comparing the adduct formation of internal standard to endogenous lipids, the adduct 

formation was consistent for the majority of the lipid classes. However, variability between the 

internal standards and endogenous lipids can be seen in PC where in week 0, the adduct ratio 

matches, but in week 6, higher variability can be seen between the two. Similarly, differing adduct 

ratios can also be seen in Cer. Although the adduct ratios do not match between the internal 

standards and endogenous lipids, a significant shift of ~25% of the adduct ratio can be seen 

between week 0 and week 6 for the internal standard whereas the endogenous lipid adduct ratio 

shifts slightly. This suggests that adduct formation can be affected by day-to-day and inter-batch 

variability. 
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Figure 3.3 Comparison of average adduct formation in pooled QC sample for LPC, PC, PE, PI, 

Cer, CE, MG, DG, and TG lipid subclasses in murine plasma at two different time points, Week 0 

(QC n=14) and Week 6 (QC n=11). Both studies were performed on the same animals (n=108), 

and these studies were analyzed several months apart. Darker shading represents the internal 

standard(s). 

3.3.3 Impact of Biological Variability on Adduct Formation  

Section 3.3.1 investigated adduct formation in the average pooled QC sample of the four studies. 

This sample represented average lipid composition in the stated study, and the examination of 

replicate injections of this sample throughout the batch provided information on the technical 
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variability of adduct formation in a given study. Next, we examined whether biological differences 

such as diet or mouse strain knockouts could impact the adduct formation in a given biospecimen. 

3.3.3.1 Evaluation of Impact of High-Fat Diet on Adduct Formation Variability 

 The mice used for the murine plasma study were fed three types of diets: chow group (C), 

fed regular mouse chow, a low carbohydrate-high protein diet group (LCHP), and high-fat diet 

(W) group. Our previous results show that both LCHP and W diets result in elevated lipid levels, 

with a general trend C<LCHP<W.  Here, the adduct formation from mouse plasma obtained from 

these different diet groups was evaluated to discern whether changing diets, which is an external 

factor, and the inter-animal variability in biospecimen composition would affect adduct formation. 

Figure 3.4 shows the adduct formation of several lipid species across individual mouse 

biospecimens receiving different diets where each bar represents a different mouse. Further data 

can be found in Supplementary Figures S36-S102. The results show that adduct formation is very 

consistent both within the mice belonging to the same diet group and across diet groups. Highly 

lipemic samples of the W diet show the same adduct formation as other diets tested, indicating that 

lipemia does not significantly affect adduct formation in a given study. The only exception to this 

trend are CE lipids. As shown for CE (16:1) in Figure 3.4, the C diet group was consistently 

observed to have slightly different adduct ratios compared to the L and W diet groups with higher 

formation of sodium adduct in this group. This behavior is also observed for several other CE 

lipids (Supplementary Figures S77 ï S82). Cholesteryl esters are dietary lipids that serve as fat 

storage and also transport cholesterol within blood plasma and cells. The ions of CE lipids had 

higher abundances in the LCHP and W diet group compared to the control diet group. Higher 

concentrations of CEs in L and W diets suggest that increasing CE levels increases the adduct 

formation of [M+NH4]
+, as there may not be sufficient sodium present to efficiently ionize all of 

these lipids. This behavior was not seen in TG lipids, another lipid subclass that increases as a 

result of L and W diets. It is possible that co-eluting TGs are outcompeting CEs for sodium during 

the ionization process. Therefore, for CE lipid class, it is recommended to use the sum of 

[M+NH4]
+ and [M+Na]+ to ensure the most accurate quantitation, especially if highly lipemic 

specimens are included as part of the study.   
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Figure 3.4 Adduct formation of selected lipid species in representative individual murine plasma 

samples obtained from mice fed C, LCHP or W diets at Week 6. 
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3.3.3.2 Evaluation of Impact of Genetic Strain and Sex on Adduct Formation Variability 

Different mice strains, selected to result in different degrees of myelination of the spinal 

cord, were compared to assess the impact of biological diversity and its effect on adduct formation 

variability. This study also included both male and female mice, as denoted by M and F codes in 

sample name labels. The results for selected lipids as shown in Figure 3.5 illustrate that different 

mice strains and sex both have minimal effect on the adduct formation variability. Similar adduct 

formation within the same strain and across the different strains is observed for all lipids except 

PC 30:0, where the Shiver strain shows lower formation of [M+Na]+ than other strains. Higher 

variability in adduct formation can be seen for CE (18:2) and DG (32:0) but this is expected as the 

DG and CE lipid classes were found to have inconsistent ratios, and this was not further impacted 

by sex/strain. Further data, for additional lipids beyond the lipids shown in Figure 3.5 can be found 

in Supplementary Figures S223-S282. 
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Figure 3.5 Adduct formation of selected lipid species from LPC, PC, PE, PI, Cer, CE, MG, DG, 

and TG in different mice specimens within and between different strains and sexes (B6WT n=8, 

M1EM3M5_Ko n=6, M3 n=6, M3_KO n=12, M3M5_Ko n=5, M5_KoD3 n=6, Shiver n=6) in 

murine spinal cord sample set. M and F in sample codes specify male and female specimens. 

3.3.3.3 Comparison of Technical and Biological Variability of Adduct Formation  

To further assess technical versus biological variability, the adduct formation was 

compared between individual biological samples and QC. The average of all the biological 

samples from the same matrix was compared against the average of the QCs. The QC contains 

aliquots of all the biological samples and so represents the collective average of all the biological 
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samples in a given study. However, since it is pooled after extraction, it eliminates extraction 

differences across samples. Replicate injections of pooled QC, thus, provide a good estimate of 

technical variability, focusing on the consistency of ESI process, LC injection variability, and any 

LC-MS drift over the long run times typically employed in large lipidomics studies.  The average 

adduct formation across all study samples includes all of those factors but also adds extraction 

variability and inter-animal variability. The mean ratio of adduct formation across the two sample 

types should be the same within experimental error and this is exactly what is observed in Figure 

3.6. The adduct formation between the biological and QC samples is in good agreement with each 

other. The differences in RSD between the sets would indicate an important contribution of 

biological variability to adduct formation. Figure 3.7 compares the %RSD of [M+Na]+ formation 

between the samples and QC. [M+Na]+ adduct ions are seen by all of the lipid classes and thus can 

be used to show the variability between samples and QC. For the majority of the lipid species, the 

%RSD between the samples and QC are similar indicating no major contribution of biological 

variability. However, there are some instances where the %RSD for samples is higher, but this is 

most frequently observed in PC subclass, where a minor amount of [M+Na]+ adduct is formed, so 

variability is higher due to lower signal intensity. In conclusion, both results in murine spinal cord 

and plasma indicate stable adduct formation regardless of strain, diet, sex, or inter-animal 

variability. 
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Figure 3.6 Comparison of mean adduct formation across biological samples (n=108) against QC 

(n=13) samples for LPC, PE, PC, PI, Cer, CE, MG, DG, and TG lipid classes in murine plasma. 

Darker shading represents the internal standard(s). 
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Figure 3.7 Comparison of %RSD of [M+Na]+ formation across biological samples (n=108) 

against QC (n=13) samples for LPC, PE, PC, PI, Cer, CE, MG, DG, and TG lipid classes in murine 

plasma samples. 
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3.3.3.4 Effect of Dilution on Adduct Formation 

 Finally, the effect of dilution on adduct formation was also examined. QC samples were 

diluted to form a dilution series, and the adduct formation from the dilution series was then 

evaluated. Dilution of the QC systematically decreases/increases the concentration of sodium in 

the samples which should cause the formation of [M+Na]+ ions to be lower/higher with increasing 

dilution if the adduct formation is sensitive to the concentration of sodium in sample extracts. 

Whether the dilution increases or decreases sodium levels depends on the sample type and the 

levels of sodium in a particular batch of solvent used for dilution.  The results showed that for the 

majority of the lipids that were evaluated, the dilution of the QC sample did not cause changes in 

the adduct formation. This is shown in Supplementary Figure S291-S299.  For CE lipids 

(Supplementary Figure S296), increasing dilution levels was seen to increase the ratio of [M+Na]+ 

ions. At higher dilution levels, the changes in adduct ratio were seen mainly due to the non-

detection of minor adduct ions, as their signal intensity decreased below the limit of detection of 

the instrument. This was observed for several LPC, PC, PI, and MG lipid species. 

3.3.4 Adduct Formation Comparison of Human Plasma using QTOF and Orbitrap 

Next, the adduct ratios of endogenous lipids were calculated and compared to evaluate the 

consistency of the adduct formation across two different LC-MS platforms, Agilent 6545 QTOF 

and Thermo LTQ-Orbitrap Velos. Same LC conditions and column were used for the comparison.  

Further data can be found in Supplementary Figure S283-S290. 
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Figure 3.8 Adduct formation comparison of LPC, PC, PE, PI, Cer, TG, DG, and CE lipid classes 

in human plasma analyzed on QTOF and Orbitrap. 

 Comparing the adduct formation from the two instruments, higher variability of the adduct 

formation can be seen on QTOF compared to Orbitrap. The difference in adduct formation can 

arise from several factors. One factor is the difference in resolving power between the two 

instruments. Orbitrap data was collected with a resolving power of 60,000 whereas QTOF data 

was collected at a resolving power of 20,000. On Orbitrap, resolving power decreases with 

increasing m/z, while on QTOF the opposite is true. These differences in resolving power may 

result in different interferences observed for various adducts on the two platforms. To account for 

differences in resolving power and mass accuracy, in Orbitrap, a mass tolerance of 5 ppm was used 
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whereas in QTOF, the mass tolerance was 20 ppm. This increases the confidence of the detected 

adduct ions. The higher variability in QTOF in this case, might be a result of a combination of 

these factors. The other factors contributing to the observed differences include different ESI 

source designs which also may contribute to the differences in the adduct formation and the 

variability of ESI process. Finally, sodium ion concentration on the day of analysis may contribute 

to the observed differences as analyses on Orbitrap and QTOF were performed on different days 

using different batches of solvents, and our results in Section 3.2 confirm that this is an important 

confounding factor. The results generally show higher formation of [M+Na]+ on QTOF, but this 

may be connected to that particular day of analysis. To eliminate the influence of this factor, this 

experiment needs to be repeated by using the same sample and mobile phase on both instruments. 

Glycerophospholipids such as LPC, PC, and PE that were analyzed on Orbitrap had adduct 

formation at similar ratios between the different lipid species. LPC, PC, and PE lipids form 

predominantly [M+H]+ adduct ions at a ratio of ~96% followed by [M+Na]+ adduct ions at a ~4% 

ratio. Similar adduct ratios were seen on QTOF. However, the adduct formation from one lipid 

species to another is much more varied, this is very noticeable when comparing LPC on the two 

instruments. On Orbitrap, LPC showed very consistent adduct formation across the entire subclass, 

however on QTOF, this was not the case as the adduct formation varied by more than 25% as can 

be seen when comparing LPC (16:0) and LPC (16:1). This variability can also be seen in PEs but 

to a lesser extent than for LPCs. Within PI class, the adduct formation on Orbitrap is largely 

consistent with the dominant [M+NH4]
+ adduct followed by [M+H]+ and [M+Na]+ ions. On QTOF, 

this same behavior is not seen as the dominant adduct shifts between [M+H]+, [M+Na]+ and 

[M+NH4]
+ adduct ions. As the PI lipids increase in chain length and the number of double bonds, 

the formation of [M+Na]+ ions decreases, and [M+H]+ and [M+NH4]
+ ions increase. This behavior 

was not observed for PI lipids analyzed using Orbitrap. The difference in adduct formation in PI 

might be a result of the abundance of the detected adduct ions, with low intensity signals observed 

for some adducts within this class. Low abundances of adduct ions can cause higher susceptibility 

to changes in ratio, resulting in higher ratio variability. However, the changes in the most dominant 

ion and their dependence on PI composition seem to indicate true differences in lipid ionization 

behavior between the two ESI sources are also present for lipids within PI class.  

 Cer showed similar behavior to LPC where in both instruments, the dominant adduct was 

[M+H]+ followed by [M+Na]+. On Orbitrap, the ratio of [M+H]+ ions to [M+Na]+ ions is ~96% to 
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~4%. On QTOF, this ratio is much more varied with a difference in adduct formation of up to 

~17%.  

 Within the glycerolipid class, TGs and DGs were evaluated. TGs formed dominantly 

[M+NH4]
+ ions followed by [M+Na]+ on both instruments and showed similar variability across 

the class.  On Orbitrap, DG lipids also dominantly formed [M+NH4]
+ ions followed by [M+Na]+ 

ions. A minor amount of [M+H]+ and [M+K]+ adduct ions was observed. However, on QTOF, the 

dominant adduct was seen to switch between the [M+NH4]
+ ions and [M+Na]+ ions depending on 

the lipid species once again highlighting the importance of using the sum of adducts for this lipid 

subclass. 

 For CEs, differences in adduct formation between the two instruments were seen. In 

Orbitrap, [M+NH4]
+ ions increased with increasing chain length and double bonds. This behavior 

was not seen in QTOF where all CEs instead dominantly formed [M+NH4]
+ and sodium adduct 

appeared to increase with increasing chain length or extent of unsaturation. This class had high 

variability on both instruments where in QTOF a difference of up to ~25% was seen whereas in 

Orbitrap, a difference of up to ~51% was seen, mainly due to the shifting adduct formation across 

the different lipid species. 

3.3.5 Evaluation of Adduct Formation in ESI- 

In ESI-, all the lipid classes were only detected as one adduct ion. When ammonium acetate 

or acetic acid was used as the modifier, anionic and weakly anionic lipids formed [M-H]- adduct 

ions only, whereas charge-neutral lipids formed an adduct ion of the anion moiety of the modifier, 

in this case, acetate adduct, or did not ionize at all. Glycerolipids fall under the classification of 

neutral lipids. Lipid classes such as TG are not readily ionizable in ESI- mode due to the lack of 

acidic protons and poor electron affinity resulting from its structure comprising a glycerol 

backbone and three fatty acid chains. The same phenomena explain the behavior of DG and MG 

lipids in ESI-. However, surprisingly we were able to detect prominent acetate adducts for these 

two classes. These results are discussed in more detail in Section 3.3.6 as this ionization 

phenomenon was further verified with standards and investigated on both QTOF and Orbitrap 

platforms. 

In conclusion, since only a single ion was observed, calculating the adduct formation was 

not possible in ESI- for any of the lipids considered in this study. 
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3.3.6 Detection of Monoglycerols and Diglycerols in ESI- Mode 

Here, we were able to detect the MG and DG lipid class when using ammonium acetate or 

acetic acid as the modifier. Figure 3.9 shows an example of the detection of MG and DG in both 

ESI+ and ESI-. The presence of the [M+CH3COO]
- lipid species in ESI- was confirmed by 

comparing their retention time with the adduct ions detected in positive mode and m/z value in 

MS1.  
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Figure 3.9 Detection of a) MG (18:0) and b) DG (34:0) as [M+CH3COO]
- ion in NIST SRM 1950 

in ESI- on Orbitrap. 

 aD όмсΥлύ  aD όмуΥлύ aD όмуΥмύ aD όмуΥнύ aD όнлΥоύ aD όнлΥпύ aD όннΥсύ 

IǳƳŀƴ tƭŀǎƳŀ         

aǳǊƛƴŜ [ƛǾŜǊ         

aǳǊƛƴŜ {Ǉƛƴŀƭ /ƻǊŘ         

aǳǊƛƴŜ tƭŀǎƳŀ         

 

 5D όонΥлύ 5D όопΥлύ 5D όопΥмύ 5D όопΥнύ 5D όосΥлύ 5D όосΥоύ 5D όосΥпύ 5D όоуΥрύ 

IǳƳŀƴ tƭŀǎƳŀ         

aǳǊƛƴŜ [ƛǾŜǊ         

aǳǊƛƴŜ {Ǉƛƴŀƭ /ƻǊŘ         

aǳǊƛƴŜ tƭŀǎƳŀ         

Figure 3.10 Detected MGs and DGs in the different matrices as [M+CH3COO]
- adduct in ESI- 

mode on Orbitrap. Green: detected; red: not detected. 
















































