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 INTRODUCTION 

1.1 Interlude  

I titled my dissertation, “Oh Lipids, The Places We Have Gone.”, based off one of my 

favorite childhood books by Dr. Suess. I was reminded of the book, “Oh, the places you’ll go” by 

my mentor Dr. Valerie Goss and close friend Alicia Nesbary-Moore, at my farewell party to grad-

uate school. Ironically, I received two of the same books, with similar meaning behind them, how-

ever, I would soon learn the meaning at the end of my journey. As many students, embarking on 

another chapter in life, I didn’t understand the magnitude of what this book would do for me and 

to me. So, I want to take you on my journey.  

After my acceptance into graduate school, my tunnel vision only saw food chemistry as 

the end goal for my graduate career. I didn’t have a plan on how I would become a food scientist, 

nor the division or classes needed to accomplish this goal; but I knew one thing, when I said yes 

to Purdue University, I was on the path… Or so I thought. The real path started with my introduc-

tion into the world of analytical chemistry at recruitment weekend. I was clueless with what Purdue 

University had to offer as far as research or careers. So, during recruitment weekend I made sure 

I asked the questions needed to make a sound decision. I was given seminars and accolades re-

garding Purdue University being part of the Top 10 Universities in Analytical Chemistry and En-

gineering for the past decade. However, I didn’t understand at the time how Analytical Chemistry 

will be the steppingstone I needed to become the food chemist I dreamed about.  

In the schedule given for recruitment weekend, faculty comingle with prospective students, 

to answer any questions they may have about the program or research. At the first luncheon, I had 

the pleasure of seating at the table with Dr. Graham Cooks (Dr. Cooks). During lunch, several 

people came to the table bowing and taking pictures with him, which left me a little puzzled. Who 

was the man I was seating next too? After a free moment to speak opened for Dr. Cooks, he kindly 

introduced himself to me. Greeting him with my name, he looked at me with slight confusion and 

asked, “do you know who I am?”. With even more confusion, I said “your name is Dr. Cooks, 

correct”. He immediately laughed and asked me a couple of questions about myself; what made 

me choose Purdue University and what was my interest.  
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Now it was my time to shine! I introduce myself as the new food chemist, I will become. 

The conversation was geared around my love for food and what journey I will take as a graduate 

student in the chemistry department. After listening for a couple of minutes, he asked me “how 

would I use mass spectrometry to solve this problem”? As a response, I asked him, “what is mass 

spectrometry”? Students at the table gasps and Dr. Cooks laughed and said we need to take a walk 

to the basement of Brown (Herbert C.) Laboratory of Chemistry at Purdue University. After trav-

eling to Brown Laboratory, Dr. Cooks escorted me to the front of Scott McLuckey research board. 

This is where life got confusing for me. I was looking at a board of research and had no clue what 

it was saying, what he was saying or why I was here?  However, I noticed one thing on the board 

that was familiar: lipids.  

During the talk, I chuckled and said, “hey, this lab does food chemistry, I see lipids on the 

board”. Dr. Cooks paused and said, “lipids are found in more than food, but in all organisms”. I 

was shocked! I had no clue that lipids were everywhere. After leaving the conversation, I asked 

myself, “What is a Lipid and are they different from food lipids”? I thought I understood this 

question prior to acceptance into graduate school but only had a snapshot idea of the question. 

Then it hit me, I was entering the first stage of wonderland academy, but didn’t know classes had 

started for me. Soon I will learn that recruitment weekend was the enrollment period, and like the 

little boy in the book, I was traveling down the path.   

Leaving the basement of Brown Laboratory, I ran back to the hotel to do some investigation 

on lipids and the questions that were posed to me. I spent the night reading manuscripts, drawing 

mechanisms and pictures of mass spectrometers. Just to gain some understanding, but the more I 

searched, the more excited and confused I became. I knew if I could grab a meeting with Scott 

McLuckey during the 15-minute sessions, I am certain that my question would be answered. Un-

fortunately, after leaving the 15-minute session, oh the places I would go became more serious 

than I thought.  

The research about lipids opened a newfound curiosity, which is scary but exciting at the 

same time. In looking back, I admire how easy it was for me to welcome the new path, even with 

so much uncertainty and struggles along the way. I believe the curiosity and physical drive I pro-

cess was the push I needed to get the level of understanding I desired from lipids. While this new 

path token brought many challenges, confusion, pain, excitement, joy, with thrills, I understood 

more of the words Dr. Suess echoed in the background.  
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Oh Lipids, The Places We Have Gone!  

Lipids I have brains in my head and research in my hand, you have steered me on 
the path, I am on my way. You have taken me through challenges, and paths untold, 
and allowed me to wrestle through things unknown.  When things started to happen, 
you told me not to worry and pushed me right along.  

Oh Lipids, The Places We Have Gone!  

Lipids you have allowed me to sore and reach new heights. You allowed me to 
research and discover new sites. You promoted my discoveries and goofy presen-
tations given, you allowed me to pass and take the lead. You understood the best 
wasn’t the end for me and allowed me to search until no end.  

Except when I didn’t, and sometimes I couldn’t. The bang-ups and hang-ups did 
happen to me too. When I fell into a slump, the discoveries weren’t fun anymore, 
un-slumping myself wasn’t uneasily done. I hit a place in the path that wasn’t easy 
to steer. The light at the path wasn’t easy to fear. Do I dare to keep going? Do I 
dare to stay? Do I dare to keep pushing because I am on my way? As I wait in the 
place of uncertainties and fears, I dare to allow curiosity to not steer.  

Oh, to see I am not alone on the path. Waiting to see if my train will pass.  

Waiting to pass the cumes. Waiting to be a candidate. Waiting to publish my man-
uscriptwhile waiting to write the last chapter… Waiting Waiting Waiting.  

Waiting was good but it was also bad. Waiting promoted me and developed the 
new me.  

I am ready for anything. I am strong and fierce. I has overcome challenges; I have 
overcome fears. 

Oh Lipids, The Places We Have Gone!  

This is not the end of our journey, nor the end of the ride. I have understood the 
path and accepted the strives. I have passed the test and published the papers. I have 
joined the lipid society by producing the data. I have trained and mentored, I have 
recruited and sored. I have succeeded, yes, I have succeeded indeed.  

Today is the day... I am surely on my way.  

As I end my graduate chapter with lipids, I look ahead to the new discoveries that mass 

spectrometry will take me, but before I leave...  
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Welcome to my dissertation! I am honored that you are here. I have designed my disser-

tation to take you through the world of lipids through my eyes, while showcasing my contribu-

tion to the world of Lipidomics. Thank you for reading. Welcome to lipids.  

1.2 Overview 

Biomolecules, also known as “natural biomaterial”, are organic macro and micro- mole-

cules that consist of lipids, nucleic acids, proteins, metabolites, carbohydrates and other chemical 

compositions, that play essential role in the stabilization, functionality, and survival of living or-

ganisms.1,2 Biomolecules are important precursors for enzymatic catalysts, structural and trans-

portive messenger, energy preservers, building and breaking of other biological components; while 

shaping and distributing nutrients in and out of the cell. 3,4 Due to their versatility and integrity of 

the biomolecules, it is critical to unravel the composition and functionality of biomolecules found 

in living systems; one particularly, the lipid.  

Lipids are defined as “hydrophobic or amphipathic small molecules that may originate en-

tirely or in part by carbanion-based condensations of thioesters and/or by carbocation-based con-

densations of isoprene units”.5 In spite of its simple definition, a complex assortment of lipids is  

observed in an organism, that serves many roles and function for existence of the system. A class 

of lipids that is located in all organisms is phospholipids. Phospholipids are the major building 

block of the lipid bilayer; with diverse roles that involve cellular signaling, vascular cell adhesion, 

scaffolding support, while supporting other bioactive molecules. Two classes of phospholipids 

most abundantly found in eukaryotic cells are: sphingomyelins and glycerophospholipids; while 

other lipids such as phosphoglycolipids are found in prokaryotic cells.6,7,8 Lipids are crucial for 

the survival of the cell, aiding in transportation of nutrients and other ions through the membrane; 

making them essential for permeability in and out of the cell. For example, in eukaryotic cells, 

lipids “support potential for budding, tubulation, fission and fusion, characteristics that are essen-

tial for cell division, biological reproduction and intracellular membrane trafficking”.9,10  

Lipids are necessary in building and supplying the cells with material needed to sustain 

survival, while facilitating energy needed to maintain cell production. For example, triglycerides 

are a tri-esters fatty acid, with three acyl chain bound to the glycerol backbone. This subgroup of 

lipids, formally called “TAGs or TGs”, convert unused calories into energy for usage on de-
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mand.11,12 While TGs are crucial for energy storage in the cell, other roles of insulation and pro-

tection of the vital organs are needed from TGs.12,13 In considering the intensive list and functions 

that lipids possess, researchers are only scratching the surface on the many genres of lipids. To 

unravel and enhance efforts in endocrinology, diabetes, metabolism and/or nutrition; there are 

tools needed to enhance lipid analysis, while improving characterization and identification of lipid 

profiles. The limited research developed for lipids has shown challenges that the field that Lip-

idomics present.  

1.3 Lipid Diversity 

As mentioned above, lipids are extraordinary molecules found in all living organisms. Li-

pids can be categorized into 8 different classes, such as: fatty acyls (FAs), glycerolipids (GLs), 

glycerophospholipids (GPs), sphingolipids (SPs), sterol lipids (STs), prenol lipids (PRs), saccharo-

lipids (SLs), and polyketides (PKs).5 The category of lipids contains a diverse list of subclasses, 

with unique descriptions associated with each lipid class. These identifiers allow for classification 

of lipid identity, which varies by species.14 PKs are a subclass of SMs that are biosynthesized by 

polyketide-synthesis.15,16 SLs, also known as Lipid A, has six FAs linked directly to a sugar back-

bone; are comprised in the outer membrane of a gram-negative bacteria.17 PRs and STs share a 

similar biosynthetic pathway, but differ in structural characteristics.18 STs, commonly called cho-

lesterol, are four membered hydrocarbon linked to a hydroxyl group. STs are commonly found in 

the cell membrane, where they build and maintain fluidity and temperature.19,20 However, PRs are 

“synthesized for the five-carbon precursors: isopentenyl diphosphate and dimethylallyl diphos-

phate”21, which transports electrons in and out of membrane to protein in the synthesis ATP.22 

Major components found in the cell membranes are GPs and SPs. While both contains fatty acids 

and are amphipathic, both differ in structural diversity. SPs are a class of lipid derived from a 

sphingosine, containing fatty acid connected to a aliphatic amino alcohol sphingosine base back-

bone.23,24 Ironically, both SPs and GPs are considered polar lipids (PL), but GPs has two fatty acids 

at the sn-1 and sn-2 position, esterified to a glycerol backbone and phosphate group with varying 

head groups.25,26 GLs are a subclass of lipids, containing long fatty acids esterified to a glycerol 

backbone with or without a alcohol bonded.27 Lastly, FAs are long or short carboxylic acids, that 

vary in saturation or unsaturation of aliphatic chain.28,29  
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GPs are a unique class of lipids, commonly found in the cell membrane of the eukaryotic 

cell, displayed in Figure 1. As mentioned above, GPs have two fatty acids at the sn-1 and sn-2 

position, esterified to a glycerol backbone and phosphate group with varying headgroups, repre-

sented in Figure 1(a). Differing in headgroup arrangements, the major classes of GPs are: glycer-

ophosphate (PA), glycerophosphocholine (PC), glycerophosphoethanolamine (PE), glycerophos-

phoglycerol (PG), glycerophosphoserine (PS), and glycerophosphoinositol (PI), Figure 1(b). Other 

GPs, such as glycerophosphoglycerophosphates (PGP), glycerophosphoinositol monophosphates 

(PIP), glycerophosphoinositol bis-phosphates (PIP2), glycerophosphoinositol tris-phosphates 

(PIP3), glyceropyrophosphates (PPA), CDP-glycerols (CDP-DG), glycosylglycerophospholipids 

([glycan]GP), glycerophosphoinositolglycans ([glycan]GP)PI, glycerophosphonocholines (PnC), 

and glycerophosphonoethanolamines (PnE), which is represented on a comprehensive list.5,30 Car-

diolipins constitute a unique subclass of phospholipids, located in the mitochondrial membrane; 

sharing two phosphatidic acids groups linked to a glycerol backbone, shown in Figure 1(c).31,32 

CL are important lipids that aid in the stabilization and support in the transporting of protein and 

electrons through the mitochondrial membrane.33 

GPs and GLs share similar structural components, such as fatty acids linked to a glycerol 

backbone, but GLs differ from GPs, lacking a phosphate group and polar headgroup. GLs lipids 

are exceptional class of lipids, due to how many acyl chains can bind to the carbons on the glycerol 

backbone. The esterification of the acyl chains, can be displayed in category of (mono-, di- or 

triacylglycerol), producing three subclasses lipids called monoacylglycerol (MAGs), diacylglyc-

erol (DAGs), and triacylglycerol (TAGs).34 In the cell membrane, DAGs are an important precur-

sor for the “biosynthesis and degradation of triglycerides, glycerophospholipids and glycerogly-

colipids”.35 In the case of TAGs, one of the most important lipid from the GLs trio, is the main 

form of energy and fatty acid storage located in plants and animals.36 TAGs are remarkable in 

regards to function, which is dependent on where the TAG is made. For example, in the adipose 

tissue, glucose is needed for the making of TAGs synthesis, after production of TAGs, TAGs 

transported to another part of the cell, to be used as fat cells for energy.37 While these lipids are 

great in the varying functions that they process, the challenge comes with how the acyl chains are 

linked to the glycerol backbone, how many of the acyl chains, is each acyl chain different in struc-

ture or constitutional isomers. This is the trials that scientist face in understanding the structural 

dynamics of the lipid composition.  
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One of the major contributors to the structural diversity and complexity to all lipid classes 

are the fatty acids (FAs). FAs are the main lipid biomolecule found in all living organisms and 

playing an assortment of tasks.38 By definition, FAs are defined as “carboxylic acids with long 

aliphatic chains which may be straight or branched, saturated or unsaturated”.28,29 FAs can be cat-

egories by either saturated or unsaturated fatty acids. Saturated fatty acids (SFAs) are fatty acids 

that doesn’t contain any double bond, branching, cyclopropane or other functional groups.39 Sim-

ilar to unsaturated fatty acids (USFAs), the SFAs can range from 3 to 40 carbons linked to form 

fatty acid. When it comes to chain development, volatile fatty acids (C1-C5) contribute to the de-

velopment of FAs (C6-C24), which later forms long-chain FAs (C25-C40).40 In reference to unsatu-

rated fatty acids, unsaturated fatty acids are normally formed by a biogenesis reaction called de-

saturation, which causes enzymes to carry out this sensitive and highly selective reaction, to form 

varying functional groups on the acyl chain.41 Unsaturated fatty acids can be composed of double 

bonds, triple bonds, cyclopropanes, branching, sugars, trans and cis, and etc.42–44 In understanding 

the complexity and beauty that lipids process, this work will focus on differentiating lipid isomers 

by class, subclass and acyl chain composition using mass spectrometry research with the aid of 

ion/ion chemistry.  

1.4 Mass Spectrometry  

Since the inception of mass spectrometry in 1912 by Francis Aston and J.J. Thompson45–

47,  mass spectrometry has developed into one of the most multifaceted and powerful analytical 

methods known to man. Over the last century, researchers have dramatically changed the dynamics 

and mechanics of what mass spectrometer can do. With the expansion of research and never-end-

ing questions that are addressed; mass spectrometers have developed into a more vigorous tools to 

solve problems. However, considering the question posed by Dr. Cooks, what is mass spectrome-

try? Mass spectrometry (MS) “is a high-throughput analytical detection technique used to get in-

formation about the molecular weights and chemical structures of the lipids, peptides, proteins, 

carbohydrates, oligonucleotides, natural products, drug metabolites and other molecules”.48,49 

While there have been many improvement since development of the first mass spectrometer; as a 

mass spectrometrist, I will display the usefulness of the mass spectrometer in the lipid community 

and how we have addressed key problems posed throughout this dissertation.  
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1.4.1 Ionization  

MS is composed of three major components: ion source (ionization), the mass analyzer, 

and the detector. The ion source converts the analyte of interest (solid, liquid or gas) into ions for 

analysis. The analysis of the ion can be determined by different types of mass analyzers  developed.  

There are various methods that can be utilized for in solution ionization, such as: desorption elec-

trospray ionization (DESI)50, matrix assisted laser desorption ionization (MALDI)51,52 and elec-

trospray ionization (ESI)53.  In this work, we will focus on ionization method (ESI), precisely nano-

electrospray ionization (nESI), for analysis of lipid solutions.  

1.4.2 History 

As mentioned above, the start of any mass spectrometry evaluation, is the ionization.  In 

considering any ionization method utilized, one must first consider the internal energy needed and 

molecular properties of the analyte of interest that undergoes ionization. Contingent on the internal 

energy needed, the ionization method can either be “hard” or “soft” for analysis.  

Before the inception of the “soft” ionization; many known ionization techniques were not 

suitable for the ionization of lipids, peptides, proteins, and other biomolecular compounds. For 

example, electron ionization (EI) is the first ionization methods applied to compounds for analy-

sis.54–56 Considered as a “hard” ionization technique since its development in 1918, EI is exten-

sively used in mass spectrometry, effectively in positive ion development studies for the under-

standing behind molecular and atomic structural formation.57 However, there are several draw-

backs to the employment of EI analysis, such as: high energy formed from the electron beam is 

needed for ionization, causing uncommon cleavages of bonds and inconsistent fragmentation, as 

well as, samples must be heat resistant for analysis. Additionally, due to extensive fragmentation 

of the analyte, spectra can be challenging to interpret.58–60 In light of the drawbacks that “hard” 

ionization methods present, the birth of electrospray ionization by John Fenn was employed to 

improve upon the many challenges of utilizing “hard” ionization methods. 

1.4.3 Electrospray ionization 

Electrospray ionization (ESI), pioneered by John B. Fenn in the 1980s, is a soft ionization 

method that allows molecular weight determination of lipids, proteins, peptides, nucleic acids, and 
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other biomolecular compounds. The technique has been so beneficial to the field of mass spec-

trometry, and science in general, that in 2002 John B. Fenn won a Nobel Prize in Chemistry for 

his “development of soft desorption ionization methods for mass spectrometric analyses of bio-

logical macromolecules”.61,62 This revolutionized the abilities to analyze macro- and small-mole-

cules in solid, liquids or gas forms.63 Coupling electrospray ionization with tandem mass spec-

trometry (ESI-MS/MS) allowed for more detailed structural characterization of the analyte in ques-

tions. This technique soon opened doors for the examination of lipid classes in 1991. Lipid iden-

tities were soon reported, with the first manuscript from Weintraub and Pinckard for the analysis 

of platelet-activating factor (PAF).64  

This “soft” ionization technique, ESI, utilizes atmospheric conditions to formulate ions, in 

the form of charged droplets for analysis. Shown in Scheme 1.165 is a schematic of ESI procedure. 

The ESI workflow begins with the analyte of interest loaded to the spray capillary at the interface 

of the mass spectrometer. A high electric field is formed between the end of the spray capillary 

and the interface of the mass spectrometer, which creates charged droplets at flow rates on the 

order of µL/min. Due to the strong force of the electric field, a Taylor cone is formed due to the 

charge on the solution surface and breaks up into charged droplets when the surface tension of the 

solvent is overcome. A stream of charged droplets is emitted from the Taylor cone, causing a 

droplet formation to occur. The ions within the droplet, undergoes two transitions; liquid to gas 

via droplet evaporation, until it reaches the Rayleigh limit. At the Rayleigh limit (the amount of 

charge that can be accommodated on the surface of a droplet) the droplet undergoes coulombic 

fission causing the droplet to decrease in size, until the evaporation ends leaving a charge analyte, 

which is represented in Scheme 1.1.66,67 Lastly, the charged analyte is then transferred to the mass 

analyzer for evaluation.  

1.4.4 Nano-electrospray Ionization  

As addressed above, ESI is a “soft” ionization technique that is routinely used for the anal-

ysis of biomolecules. In the schematic shown in Scheme 1.2, ESI utilize a stainless-steel capillary 

(<0.2 mm) at a flow rate of 1-20 µL/min. Normally, high voltages (2-6 kV) are applied to the 

capillary to charge the analyte solution.68,69 With the aid of the electric field, a Taylor cone is 

developed from the charge droplets, that undergoes evaporation of the analyte, which is later turned 

into charged aerosol that transfers to the orifice of the mass spectrometer.  
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Like ESI, nano-electrospray ionization (nESI) is a widely used method for the examination 

macro and micro-molecules in the mass spectrometer. Shown in Scheme 1.3 is a typical setup of 

the nESI ionization of an analyte, where the analyte is loaded into a borosilicate glass capillary in 

front of the interface of the mass spectrometer to induce a Taylor cone.65,70,71 However, nESI em-

ploys a lower flow rate in 20-50 nL/min, with a finer tip (1-4 µm diameter) and lower spray voltage 

between 0.7-1.1 kV, which allows for a lower sample size for analysis. Due to the utilization of 

capillary tips, nESI produces a much smaller droplet size, less than 200 nm diameter, compared to 

ESI (1-2µm diameter), which increases the sensitivity of the experiment. In addition, with the use 

of nESI, less sample is needed for experiments in comparison to ESI.65,72  

1.5 Mass Analyzers  

The mass analyzer is the most essential component of the mass spectrometer. In the past 

decade, many modifications to the mass analyzer have been made to increase the performance and 

detection of analytes in varying samples. However, what is the mass analyzer? Mass analyzer 

measures the ions generated from the ionization process, based on its mass-to-charge (m/z) ratio. 

Currently, there are six commercially available mass analyzer: quadrupole, time of flight, magnetic 

sector, Orbitrap (an electrostatic ion trap), quadrupole ion trap, and ion cyclotron resonance mass 

analyzer.73 Although a detail discussion of the different analyzers is outside the scope of this dis-

sertation, descriptions of the mass analyzers used for the analysis of lipids here are mentioned 

below.  

1.5.1 Quadrupoles and Linear Quadrupole Ion Trap  

The most popular type of mass analyzer is the quadrupole. Found on the benchtop of vari-

ous sectors of research, quadrupole mass analyzers outrank other analyzer due to their design, 

speed, robustness, inexpensiveness, and dependability.73 Quadrupoles have the abilities to filter, 

trap, separate and analyze ions in one sweep, making them the most valuable tool on the market.74 

As we progress through this section, experiments were analyzed using a linear quadrupole ion trap 

(LIT).  
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Design  

The quadrupole mass analyzer consists of four metallic rods, parallel to each other. The 

opposing cylinder shape rods are connected by both the radio frequency (RF) and direct current 

(DC) applied to the rods (which is shown in positive (+) and negative (-) signs, located on the 

rods). As the ion pass through both the combined RF and DC potential, the ion undergoes a wave 

motion through the quadrupole in a z-direction. Each ion has a particular frequency that correlates 

to the stability through the quadrupole. Only stable ions are able to pass through the quadrupole. 

However, unstable ions undergo collision with the rods, which are later ejected out. Shown in 

Scheme 1.4 is the schematic of a quadrupole mass analyzer.73,75  

Ion Trapping and Stability  

The stability of the ion is crucial for the quadrupole. To stabilize the ion, one must first 

start with the opposing DC (in phase) and RF (out phase) rods. These rods create a suitable field 

for ions to pass through. In order to store an ion, DC potentials must be added to trapping plates at 

the ends of the rod set.  In principle, quadrupoles have the ability to store ions for extended periods 

of time; however, buffer gas and contaminants can lead to the loss of the ion of interest. Each ion 

in the quadrupole has its own mass-to-charge (m/z) ratio, causing a specific motion. This motion 

can be calculated by the Mathieu stability equation.75,76 As mentioned, in order to isolate and sta-

bilize the ion upon injection, two types of potentials are needed: the RF and DC potentials. In 

certain cases, ions can be trapped in a RF only trap, where the stability can be calculated by Equa-

tion 1.1, listed below, where the Mathieu stability equation can be expressed in terms of force, and 

the q value is related to the m/z of the ion. To determine the dimensionless quantities of “q” and 

“a” are comparative to that of RF and DC amplitudes.75–78 The force induced by the RF potential 

can be derived by Equation 1.1: 

𝒒𝒒 =
𝟒𝟒𝟒𝟒𝟒𝟒

𝐦𝐦𝒓𝒓𝒐𝒐𝟐𝟐𝛀𝛀𝟐𝟐 

(1.1) 
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where e is the elementary charge (in Coulombs), V is the RF potential applied (in volts), m is the 

mass of the ion (in kg), ro is the radius of the trap (in meters), and 𝛀𝛀 is the radial frequency (in 

radians s-1) of the RF potential.  

The force induced by the DC potential can be derived from Equation 1.2. The value of a 

can be derived by equation below: 

𝒂𝒂 =
𝟖𝟖𝟒𝟒𝟖𝟖

𝐦𝐦𝒓𝒓𝒐𝒐𝟐𝟐𝛀𝛀𝟐𝟐 

                (1.2) 

where U is the DC potential (in volts). Both RF and DC equations can be represented in the 

Mathieu stability diagram, shown in Figure 1.2. Figure 1.2 displays the shaded stable region for 

the ion. Overlapping of both q and a are considered the stable points for the ion of interest. In other 

regions, the ion is considered unstable. The instability of the ion can be depicted by the q axis by 

0.908, which is commonly referred to as the low mass cutoff (LMCO).79,80 Where m and q are 

inversely related; as the q value increase the smaller the mass becomes, crossing pass the LMCO 

point.  

Ion Isolation  

The isolation of the ion of interest is critical to any MS/MS experiment. All MS/MS ex-

periments start with the ionization of the ion. During the ionization period, ions are transformed 

into charged droplets, where they receive energy to inject into the mass spectrometer for analysis. 

As the ion is received into the quadrupole by RF and DC potential, the stability of the ion is deter-

mined by the m/z needed to finish the experiment. While there are many ions free floating through 

the quadrupole, the ion of interest can be mass selected by its m/z using the Equations 1.1 and 1.2 

and held stable using the Mathieu Stability diagram, shown in Figure 1.2 . Unwanted ions are 

ejected during the ion selection.  

Two methods can be used to eject unwanted ions: dipole or quadrupole excitations. To 

eject a section of ions, a fixed dipole frequency (that corresponds to a given q value) is applied. 

To put the ions out of resonance, the trapping RF is changed which brings the unwanted ions to a 
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different m/z causing a RF sweep to occur out of the trap. Multiple m/z ratios can be ejected by 

applying different frequencies across a period, this is done with a broadband waveform.81,82  

Broadband waveform was first introduced in 1967 by Langmuir83 on using quadrupole excitation 

to eject ions out of the trap.81 This technique opens up new doors for scholars to transform the 

broadband waveform method. New approaches utilize: SWIFT methods84,85,  changing in fre-

quency spacing86,87, tunneling ions through ejection, altering the RF frequency to increase speed 

of ions or duty cycles88, while incorporating these techniques on other traps instruments. This new 

method changed the scope of isolation, which is still done today. In this dissertation, broadband 

waveforms isolation is utilized to isolate different subclasses of lipids for characterization on our 

modified linear ion trap.  

Mass Analysis (LIT) and Detection  

The detection of the ion is the heart of the experiment. In a linear ion trap (LIT), ions are 

detected in two ways: first, by increasing the RF potential on the rods can either eject the ion out 

the trap or move them towards the detector. This is represented in the Mathieu stability diagram in 

Figure 1.2. The Mathieu stability diagram display the stable regions and boundary lines for an ion 

of interest. At a q axis of 0.908, DC potential a = 0 and ions in that region are unstable. Considering 

the force induced by RF potential (Equation 1.1), ramping the RF from low to high m/z, can cause 

ejection of the ion. The second way: is ejecting ions using mass selective axial ejection (MSAE).89 

This is a common procedure in the workflow on hybrid instruments (which I will discuss below) 

and triple quadrupole. MSAE exploits the use of fringe fields, located at the exit of the quadrupole. 

Operating at RF-only,  x, y and z are paired, allowing ions to flow through the quadrupole, reaching 

the exit lenses. The initial energy of the ion is transformed from radial to axial energy, causing a 

cone like reflection. As the axial kinetics of the ion increase, the ions are ejected radically towards 

the detector.89,90 This method is ion specific, where the RF increases as each ion comes in reso-

nance. In the experiments listed below, MSAE is applied as a detection technique for lipid analysis.  
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1.5.2 Hybrid Instruments  

Tandem mass spectrometers can be either tandem-in-space, in which ions are continuously 

transmitted through the instrument and undergo ion isolation, fragmentation, and analyses in dif-

ference regions of space, or tandem-in-time, in which the various stages of the MS/MS experiment 

take place in the same place but are separated in time.  Instruments the combine both transmission 

and trapping capabilities are referred to as ‘hybrid’ instruments.  For example, the triple quadru-

pole (QqQ) mass spectrometer can be used in either a purely transmission mode or in a hybrid 

mode. Listed below are details describing capabilities of a hybrid QqQ mass spectrometer used in 

this work and how it was used to determine structural characteristics of lipids found in biological 

matrices.  

Sciex 4000 Triple Quadrupole   

Tandem mass spectrometry, often referred to as MS/MS or MSn (where n describes the 

consecutive mass analysis stages), involves one or more MS stages are done consecutively to ob-

tain structural elucidation of a particular species. Tandem mass spectrometry is normally done in 

stages. First, before any isolation of any particular ion (also known as the precursor ion) is per-

formed, stage one (MS) has occurred. Second, after the precursor ion (m/z of interest) is isolated 

(from stage one) and fragmented, stage two (MS/MS) has occurred, producing a precursor ion for 

analysis. If an additional isolation and fragmentation of the product  ion is needed, stage three 

(MS3) has occurred. In an MSn experiment, ions are generated from repeated  isolation and frag-

mentation of a particular ions in a sequence.75,91,92 To achieve these types of experiments, modified 

instruments are needed for analysis.  

The most well-established tandem mass analyzer to date, is the triple quadrupole mass 

spectrometer. The triple quadrupole mass spectrometer (QqQ) embodies two dual quadrupoles 

(Q) with unique RF/DC attributes. Housed between the Q, is a single RF only quadrupole (q), 

making this triplet quadrupole capable of determining molecular structures. Shown in this work 

listed below, utilization of a hybrid triple quadrupole mass spectrometer, with modifications to the 

collision cell to perform ion/ion reactions (which will be explained in Section 1.6.1-3).  

The Sciex 4000 Triple Quadrupole is a hybrid instrument with dual capabilities (which are 

mentioned above) that can perform unique experiments. Similar to stages in the Tandem mass 
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spectrometer, Sciex 4000 Triple Quadrupole also start in stages, which is represented in Scheme 

1.5. In Scheme 1.5, the first quadrupole (Q1) performs as mass filter with abilities to isolate a 

particular m/z. The second quadrupole (q2) performs as a collision cell or also known as the storage 

cell, containing a particular gas. The gas particles (such as nitrogen or argon) can undergo energetic  

collisions with the ion of interest to produce fragmentation (this stage will be discussed more in 

Section 1.6.1-3). Lastly, the final quadrupole (Q3), considered a linear ion trap, can perform MSn 

experiments. Examples of these experiments can be found in Chapter 2-4. Scheme 1.5 displays a 

modified triple quadrupole with capabilities to perform ion/ion reaction (this stage will be dis-

cussed more in Section 1.6.4).  

1.6 Tandem MS Techniques 

1.6.1 Ion trap CID  

The dissociation of ions in the gas-phase has been extensively  studied over many decades. 

Within the context of tandem mass spectrometry, the most prominent means for inducing frag-

mentation is via energetic collisions.  The overall process is usually referred to as collision-induced 

dissociation (CID) (also known as collision-activated dissociation (CAD)).  CID is a commonly 

used method that allows structural elucidation of a particular macro or micro-molecules ion of 

interest.93 CID is performed by converting some of the relative translational energy of the collision 

pair into internal energy to induce fragmentation.94,95 In a linear ion trap, CID involves the of a 

buffer gas (located in the collision cell, q2), such as nitrogen, argon, or helium, to collide with the 

ion of interest to form fragments. As a result of energetic collisions with the gas, the ion will 

receive gain internal energy, which will be redistributed, and the ion will undergo bond breakage. 

The ion undergoes acceleration within the ion trap by a applying a frequency to opposing quadru-

pole rod that is in resonance the frequency of motion of the ion.  The extent of acceleration is 

related to the voltage amplitude of the applied waveform. In the collision cell, q2, ions can be 

isolated, stored and/or undergo fragmentation. In Chapter 2-4, examples of CID are utilized for 

the fragmentation of lipids and formation of the ion/ion reaction.  
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1.6.2 Beam-type CID 

A variety of conditions can be used to effect CID.  An important approach involves the 

acceleration of the precursor ion into the collision cell.  This is in contrast to the resonance accel-

eration of trapped ions that underlies ion trap CID.  CID that occurs from accelerating ions into 

the collision cell is called beam-type (BT-CID). In a tandem mass spectrometer, BT-CID can be 

divided arbitrarily into  high-energy or low-energy beam-type CID.96 Depending on the nature of 

the analyte ion, collision conditions can yield a slew of different fragmentation patterns of a par-

ticular ion of interest. In an experiment using BT-CID, the collision energy is usually controlled 

by changing the potential on the rod offset higher or lower relative to the ion source to stimulate 

fragmentation. The potential applied to the rod offset affects the relative translational energy of 

the collision pair. In other words, modulating  the potential (voltage) of the rod offset, modulates  

the collision energy. In a typical experiment, CID or BT-CID can be done under in the  microsec-

ond (BT-CID) to milli-second (ion trap CID) time scales, with energy applied ranging between 1 

to hundreds of eV .96,97  

1.6.3 Dipolar Direct CID 

Dipolar Direct Current (DDC) Collisional Induced Dissociation (CID) is a broad-band ion 

trap CID approach.  (This approach is not widely accessible with commercial instruments.)   DDC 

is affected by applying a dipolar DC across two opposing electrodes in the quadrupole array to 

promote dissociation. By displacing ions from the center of the ion trap, where the quadrupolar 

field is very low, to a region with a stronger quadrupolar field, ions can absorb power from the 

trapping RF.  The ions accelerated by the trapping RF can undergo energetic collisions with the 

bath gas resulting in what is often referred to as ‘RF heating’. A schematic of the Sciex QTRAP 

4000, triple quadrupole mass spectrometer is represented in Figure 1.4, displaying the DDC offset. 

DDC has been extensively used by our group.98–102 It differs from conventional IT-CID in that it 

does not require the ions to be ‘in resonance’ (i.e., all ions are displaced from the center of the ion 

trap under DDC conditions) and therefore is not as tuning intensive as conventional IT-CID. The 

extent of ion heating is related to the ratio of the DDC voltage to that of the trapping RF. The 

change in ion temperature (∆Tk) can be calculated by Equation 1.3103104105:  
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∆𝐓𝐓𝒌𝒌 =  𝒎𝒎𝒈𝒈𝛀𝛀𝟐𝟐𝒓𝒓𝒐𝒐𝟐𝟐

𝟐𝟐𝟒𝟒𝒌𝒌
(𝟒𝟒𝑫𝑫𝑫𝑫𝑫𝑫
𝟒𝟒𝑹𝑹𝑹𝑹

)2 

                  (1.3) 

Where mg is the buffer gas, 𝛀𝛀 is the drive frequency, ro is the radius of the trap (in meters), k is 

Boltzmann constant, VDDC is the DDC voltage, and VRF is the amplitude of the voltage applied. 

The temperature change is dependent on the extent of ion displacement from the center of the ion 

trap the ion displacement from the center of the trap can be calculated by Equation 1.4: 

𝒓𝒓𝟒𝟒 =  
 𝛀𝛀𝟐𝟐𝒓𝒓𝒐𝒐𝟑𝟑

𝟒𝟒𝟒𝟒
𝒎𝒎 𝒛𝒛⁄

𝟒𝟒𝑫𝑫𝑫𝑫𝑫𝑫
𝟒𝟒𝑹𝑹𝑹𝑹𝟐𝟐

 

                  (1.4) 

Where re is displacement of the ion from the center of the trap (finite space). Equation 1.4 displays 

at higher m/z the displacement of the ion is affected. Equation 1.4 can be altered to account for 

the high mass limit and shown in Equation 1.5:  

(
𝒎𝒎
𝒛𝒛 )𝒉𝒉𝒉𝒉𝒈𝒈𝒉𝒉 =  

𝟒𝟒𝟒𝟒
 𝛀𝛀𝟐𝟐𝒓𝒓𝒐𝒐𝟑𝟑

𝟒𝟒𝑹𝑹𝑹𝑹𝟐𝟐

𝟒𝟒𝑫𝑫𝑫𝑫𝑫𝑫
 

    (1.5) 

This dissociation method can be utilized with ions that are located in q2 on Sciex QTRAP 4000, 

triple quadrupole mass spectrometer.  

1.6.4 Ion/Ion Reaction  

The gas-phase charge inversion chemistry, a form of ion/ion reaction (IIRXN), is one of 

the most remarkable reactions that has the power to make me smile. This simple but intriguing 

reaction has fueled my curiosity for the past five years, but “how did I get here?” In the basement 

of Brown Chemistry Laboratory, housed a poster of various biomolecule reactions that fell under 

three categories: instrument development, ion chemistry studies, and applications. While each 
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technique fell under one umbrella known as the ion/ion reactions. How does lipid add to the dance 

of ion/ion reaction? Confusing, but allow me to explain.  

My first introduction to the ion/ion reaction started with a banner that hung from the 

McLuckey lab (near the meeting room). A diagram of the ion/ion reaction is represented in Figure 

1.5. The mingling of the positive and negative ions where the basis of many of the research en-

deavors’105–107, left me curious on how lipids played a role and moreover, “what is ion/ion reac-

tion?” Gas-Phase ion/ion reaction involves two oppositely charged ions under attractive force 

blending together to form a new species of ions. This process takes place in a collision cell of a 

Sciex QTRAP 4000 hybrid triple quadrupole/linear ion trap mass spectrometer modified to per-

form ion/ion reactions.  

A brief overview of a typical experiment involves alternately pulsed nano-electrospray 

ionization (nESI) to sequentially generate positive and negative ions. The anions are generated via 

negative ion mode nESI, mass selected during transit through Q1, and transferred to q2 for storage. 

Next, the charge inversion (IIRXN) cation was generated via positive ion mode nESI. To facilitate 

the ion/ion reaction, cation and anions were simultaneously stored in a high-pressure collision cell, 

q2, resulting in the formation of charge-inverted species. During the ion/ion reaction, multiple 

reactions could possibly take place, depending on the natures of the analyte and reagent ions , 

including covalent modification, electron transfer reaction, proton transfer reaction, and etc. This 

ion/ion reaction has shown remarkable results, including sequencing, understanding structural di-

versity, molecular composition, and manipulation of ions in the gas-phase.108–116 In Chapters 2-3, 

I will incorporate the ion/ion reaction to unravel structural elucidation of lipid species.  

1.7 Mass Spectrometry-Based Lipidomic Methods 

Since 1912117, the underlying phenomena and mechanisms behind ion formation and de-

tection, has continued to reach new heights in the world of mass spectrometry. Over the past dec-

ades, scientist have uncovered many truths, reaching back to the origin of life118. However, in 

regard to lipids, researchers are still scratching the surface, while developing new tools to detect 

lipids in and out of biological matrices. In considering this new advancement, blending of both 

lipids and mass spectrometry has been key in allowing novel discoveries to soar. To accomplish 

this task, lipidomic was developed. Lipidomics is described as “the full characterization of lipid 

molecular species and of their biological roles with respect to expression of proteins involved in 
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lipid metabolism and function, including gene regulation.”119 While there are many techniques out 

that allows the structural elucidation of lipids of interest, more soft ionization methods are needed 

to detect smaller lipid compositions.  

1.7.1 Shotgun Lipidomics 

The development of ESI-MS approaches has been key in the detection of lipids in a bio-

logical matrix. This “soft” ionization method allows the conversion of dissolved lipids into gaseous 

ions detectable by the mass spectrometer. In many cases, for true identification, prior separations 

are done before mass spectrometry to determine molecular species for analysis. However, Han and 

coworkers developed a technique that allows the direct fusion of intact lipids for analysis in the 

mass spectrometer, called shotgun lipidomics.120–122 The shotgun lipidomic approach eliminates 

prior separation and perform a faster and robust platform to detect lipids of varying species.123 

1.7.2 MS/MS 

Many improvements have been done to the mass analyzer to allow detailed structural char-

acterization of lipid species in biological samples. For example, the Sciex 4000 Triple Quadrupole 

hybrid mass spectrometer is a robust, inexpensive, dependable instrument with high degree of 

sensitivity. The Sciex 4000 Triple Quadrupole was useful in the probing lipids species in a com-

plex mixture of different subclasses, such as Escherichia coli (E. coli) bacterium (example shown 

in Chapters 2).  

In a typical linear ion trap experiment, the ion of interest is isolated and later probed to 

reveal unique physical characteristics. In any lipid experiment, it is crucial to predetermine sub-

class of lipid m/z before structural elucidation. In a complex mixture, such as eukaryotic cells, 

there are various lipid subclass represented in a sample, which is represented in Figure 1.6. To 

confidently identify subclasses within a mixture, precursor ion scans (PIS) and neutral loss scans 

(NLS) are employed to separate lipids based in their subclass.  

In a MS/MS experiment, in the positive mode, glycerophospholipid (GPs) produces head 

group loss. While in the negative ion mode, fatty acyl chain, ketene loss, and neutral loss are rep-

resented. In either ion mode, MS/MS cannot determine the subclass of product ion alone, PIS and 

NLS are needed for concrete determination of m/z. In a mixture of varying subclasses of lipids, to 
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probe for phosphatidylcholine (PC), the PIS for m/z 184 Da is performed to determine any ions 

that shows loss of headgroup.124 Additionally, in the same sample, a NLS of 141 Da is utilized to 

scan for any phosphatidylethanolamine (PE) in a sample. In the case of phosphatidylserines (PS) 

will have a NLS of 185, with PIS of 153 Da for phosphatidylglycerols (PG)124. These values are 

also represented in Table 1.1124.  

1.7.3 Phosphatidylglycerol Analysis  

As mentioned above, phosphatidylglycerol (PGs) are a subclass of the glycerophospholipid 

(GPs), subclass located in the cell membrane. In the cell membrane, PGs are the second most 

abundant subclass located in the cell wall and found in the lung during gestation period (which 

later aid in the development of the lung).33 Similar to other subclass of GPs lipids, PG are com-

posed of two fatty acids at the sn-1 and sn-2 position, esterified to the glycerol backbone with a 

phosphate headgroup and glycerol moiety.33 An example of GPs subclasses is shown in Figure 

1.1.  

PGs naturally contains a net negative charge while housed in the membrane surface, mak-

ing them easy to ionize in the negative most of ESI. Analysis of PGs are different in terms of 

fragmentation in both positive and negative ion mode. In positive ion mode, PGs are protonated 

with a net charge of +1 and represented as [M + H]+.125 Under CID conditions in the positive ion 

mode, PGs displays headgroup loss [M + H – 171]+. In the negative ion mode, PGs [M – H]-, 

deprotonated PGs yields a slew of fragments corresponding to the glycerol moiety (C3H6O2, m/z 

153), sn-1 and sn-2 fatty acyl moieties (represented by RCOO- ion), neutral loss of sn-1 or sn-2 

RCOOH group from [M-H]-, loss of sn-1 or sn-2 acyl chain as ketene (RCH=C=O) from [M-H]-, 

and other corresponding fragments.30,33 An example of the fragmentation of PG 17:0/20:4 can be 

found in Figure 1.7.  

1.7.4 Bis(monoacylglycerol)phosphate Analysis  

A constitutional isomer phosphatidylglycerol (PGs) and bis(monoacylglycerol)phosphate 

(BMP) fatty acids are a unique lipid subclass of GPLs. Similar to PGs, BMP share the same chem-

ical formula, exact mass, molecular weight, and m/z but differ in molecular configuration. As 

mentioned above, PGs are composed of two fatty acids at the sn-1 and sn-2 position, esterified to 
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a glycerol backbone with a phosphate and glycerol headgroup. However, BMP fatty acids exhibit 

a unique arrangement to the esterification of the fatty acids. On the BMP, two fatty acids are es-

terified to the glycerol backbone and phosphate head group in a sn-1:sn-1 arrangement for both 

fatty acids.126 A schematic of PGs and BMP structures are shown in Scheme 1.5.  

BMP are a beneficial lipid that diffuse material in and out of the endosomal compartment, 

while responsible for the transference and circulation in the cellular cholesterol. With such im-

portance to the membrane, BMP are a challenge to analysis. In the gas-phase, MS and MS/MS 

alone are not able to differentiate constitutional isomers. Other systems like, liquid chromatog-

raphy mass spectrometry (LC-MS), and hydrophilic interaction liquid chromatography (HILIC) 

has been used to separate these constitutional isomers, but limitations include high degree of sol-

vents and long retentions times.126 In Chapter 4, I will display the utility of the ion/ion reaction in 

the separation of constitutional isomers.  

1.7.5 Phosphatidylethanolamine Analysis  

Similar to PGs, phosphatidylethanolamine (PE) is a common lipid subclass, mainly com-

posed in the mitochondrial membrane. Synthesized by phosphatidylserine decarboxylase (PSD) in 

the cell via two mechanisms.26 PEs are one of the most abundant GPs and extremely special in 

relations to charge. Like many GPs, dependance on the location and need for the GPs in the cell 

will determine if there is a positive or negative charge on the lipid. However, PEs do not  process 

a charge, but in a cell membrane, PEs can prompt a negative charge to boost membrane fusion.26 

Like other GPs, PEs are comprised of saturated or unsaturated acyl chains at the  sn-1 and sn-2 

position, which are bound to a glycerol backbone with a phosphate and ethanolamine headgroup. 

An example of PEs subclass is shown in Figure 1.1.  

Analysis of PEs are different in terms of fragmentation in both positive and negative ion 

mode, due to the integration of the ethanolamine headgroup. In positive ion mode, PEs are proto-

nated with a net charge of +1 and represented as [M + H]+. However, ionization efficiency of PEs 

is particularly higher and lower depending on the polarity of the ionization. In the case for PEs, 

ionization in positive mode is favorable due to the primary amine but can be also ionized via neg-

ative mode if optimization of the analyte analysis. Under CID conditions in the positive ion mode, 

a NLS of 141 Da corresponds to the headgroup. Scanning through a mixture at with a NL of 141 

Da can determine PEs present in a mixture for analysis. In the negative ion mode, PEs [M – H]-, 
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deprotonated PEs yields a slew of fragments corresponding to the ethanolamine phosphate ion 

(C2H8NO4P, m/z 141), sn-1 and sn-2 fatty acyl moieties (represented by RCOO- ion), neutral loss 

of sn-1 or sn-2 RCOOH group from [M-H]-, loss of sn-1 or sn-2 acyl chain as ketene (RCH=C=O) 

from [M - H]-, and other corresponding fragments.30  

1.7.6 Saturated and Unsaturated fatty Acids Analysis  

Lipids are distinct and universal class of molecules that play a crucial role in membrane 

composition, metabolic fuel, and cellular communication.127 From the category of lipids, fatty ac-

ids (FAs) are notably the most common lipid class that doesn’t get the recognition it deserves in 

comparison to other subclass lipids. Found in a genre of organisms, biological samples and etc.; 

FAs continue to soar beyond the basic building blocks. FAs demonstrates a wide variety of com-

position, in regard to the aliphatic chain length, geometry and degree of saturation. Similar to other 

classes of lipids, the arrangement of FAs can facilitate the biological and physical function needed 

for a particular sample. Variation in the saturation versus unsaturation of the FAs, can have adverse 

health effects, such as diabetes, cancer, and/or cardiovascular disease.128 It is imperative to under-

stand the composition of FAs.  

Saturated fatty acids (SCFAs) are a group of lipids that doesn’t contain any double bond, 

cyclopropane, branching or any constituted to the carbon-carbon chain. SCFAs can range from 4 

– 40 carbons in a chain. SCFAs are generally found in meats, butter, dairy or other solids. Most 

cardiovascular, obesity, and diabetes cases are linked to high consumption of SCFAs. SCFAs risk 

factors have becomes a  global issue in regard to health and safety of a population.30,129 

Conversely, unsaturated fatty acids are a set of lipids that contain one or more double bonds 

in the fatty acyl chain. Unsaturated fatty acids can be monounsaturated (one double bond) or pol-

yunsaturated (more than one double bond). Similar to SCFAs, unsaturated fatty acids can range 

from 4-30 carbon-carbon double bond. Unsaturated fatty acids are unique class of lipids due to 

diversity that each carbon chain can process.130 For example, phytomonic acid, also known as 10-

(2-hexylcyclopropyl)decanoic acid, is a 19-carbon fatty acid with a cyclo-group on the 10 carbons, 

which is similar in mass to its saturated counterpart nonadecanoic acid, better known as non-

adecylic acid. Both sharing the same composition and carbon number but change in degree of 

unsaturation. Another example: phytanic acid or 3,7,11,15-tetramethyl hexadecenoic acid, is a 

branched chain fatty acid, composed of 20 carbons, but branching at the 3,7,11,15 carbon down 
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the chain. Similar in mass with isomer arachidic acid, these isomers can pose a challenge for sci-

entist to identify and separate. In Chapters 2 and 3, I will display how the utility of the ion/ion 

reaction was able to separate these ions in the gas-phase without any prior separation or modifica-

tion to the samples.  

1.8 Thesis Overview  

During recruitment weekend, I was given a question that changed the trajectory of my 

graduate career. The question posed by Dr. Graham Cooks, “how would I use mass spectrometry 

to solve this problem?”, riddled my thoughts through the course of my graduate career. What are 

lipids and how do they relate to the body, is the same question many scientists in the world of mass 

spectrometry is trying to answer. As I have shown over the course of Chapter 1, since the inven-

tion of the mass spectrometer, scientists have dramatically changed the dynamics and mechanics 

of what a mass spectrometer can do. With many developments and newer technology, mass spec-

trometry is only scratching the surface in the lipid world.  

How can I add to the fight? My objective for my graduate career was to explore new ways 

to evaluate and characterize various subclasses of lipids in and out of a biological sample. With 

the aid of the ion/ion reaction I was able to add to a well-known technique for the analysis of lipids. 

In Chapters 2 – 4, I will evaluate the use of the charge inversion reaction for the structural eluci-

dation of saturated versus unsaturated isomers in a biological matrix.  
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1.10 Figures 

 
Figure 1.1 - The glycerophospholipid (GPs). (a) A diagram illustrating the GPs structure; GPs has 
two fatty acids at the sn-1 and sn-2 position, esterfied to a glycerol backbone and phosphate group 
with varying headgroups. (b) the different variation of headgroups are represented by the major 
classes of GPs; glycerophosphate (PA), glycerophosphocholine (PC), glycerophosphoethanola-
mine (PE), glycerophosphoglycerol (PG), glycerophosphoserine (PS), and glycerophosphoinositol 
(PI). (c) cardiolipid are a unique subclass of phospholipids, sharing two phosphatidic acids groups 
linked to a glycerol backbone. 
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Figure 1.2 - A schematic of a Sciex 4000 Quadrupole modified for Ion/Ion reactions. 
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Figure 1.3 – Mathieu stability diagram depicted by Aston Labs: Ion Trap Development at Purdue 
University. Reconstructed by Dr. Graham Cooks lab. https://aston.chem.purdue.edu/research/ion-
trap.html.  
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Figure 1.4 – Schematic of Sciex QTRAP 4000, triple quadrupole mass spectrometer with DDC 

offset. 
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Figure 1.5 – Diagram of the ion/ion reaction in the McLuckey laboratory. 
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Figure 1.6 – Different classes and subclasses of of lipids found in eukaryotic cells. 
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Figure 1.7 - Negative and Positive CID mass spectra of PG (17:0/20:4, ionized via ESI. (a) CID 
spectra of protonated PG 17:0/20:4 [M + H]+ ion at 785.5 m/z. (b) CID spectra of deprotonated 
PG 17:0/20:4 [M - H]- ion at 783.5 m/z. Reconstructed from Murphy RC, Axelsen PH. Mass 
spectrometric analysis of long-chain lipids. Mass Spectrom Rev. 2011 Jul-Aug;30(4):579-99. doi: 
10.1002/mas.20284. Epub 2010 Nov 8. PMID: 21656842; PMCID: PMC3117083. 
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1.11 Schemes 

 

 

 

 

 

 

 

 
Scheme 1.1 - The schematic respresenting the elsectrospray ionization of a analyte. Reconstructed 
from Banerjee, S. and Mazumdar, S. Int. J. of Anal. Chem., 2012 (8), 1-40 (2012). 
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Scheme 1.2 - The schematic representing the electrospray ionization ion source. Reconstructed 
from Banerjee, S. and Mazumdar, S. Int. J. of Anal. Chem., 2012 (8), 1-40 (2012). 
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Scheme 1.3 - Nano-electrospray ionization (nESI) schematic that illustrates the utilization of tips 
for analysis. Reconstructed from Wilm, M.S. and Mann, M, Int. J. of Mass Spectrom. and Ion 
Process., 136(2), 167-180 (1994). 
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Scheme 1.4 – Schematic of the quadrupole mass analyzer. Reconstructed from  Haag, A.M. (2016). 
Mass Analyzers and Mass Spectrometers. In: Mirzaei, H., Carrasco, M. (eds) Modern Proteomics 
– Sample Preparation, Analysis and Practical Applications. Advances in Experimental Medicine 
and Biology, vol 919. Springer, Cham. https://doi.org/10.1007/978-3-319-41448-5_7 
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Scheme 1.5 – A schematic of phosphatidylglycerol (PGs) and bis(monoacylglycerol)phosphate 
(BMP) structures. 
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1.12 Tables  

Table 1.1 - Precursor Ion Scans (PIS) and Netural Loss Scan (NLS) for lipid class m/z in positive 
in negative ion mode. Reconstructed by Hsu FF. Mass spectrometry-based shotgun lipidomics - a 
critical review from the technical point of view. Anal Bioanal Chem. 2018 Oct;410(25):6387-6409. 
doi: 10.1007/s00216-018-1252-y. Epub 2018 Aug 9. PMID: 30094786; PMCID: PMC6195124. 
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Table 1.1 continued 
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 LOCALIZATION OF CYCLOPROPYL GROUPS AND 
ALKENES WITHIN GLYCEROPHOSPHOLIPIDS USING GAS-PHASE 

ION/ION CHEMISTRY 

Reprinted by permission from John Wiley and Sons: Journal of Mass Spectrometry. Shenault, DM, 
McLuckey, SA, Franklin, ET. Localization of cyclopropyl groups and alkenes within glycerophos-
pholipids using gas-phase ion/ion chemistry. J Mass Spectrom. 2023; 58( 4):e4913. 
doi:10.1002/jms.4913.  
 

2.1 Abstract  

Shotgun lipid analysis using electrospray ionization tandem mass spectrometry (ESI-

MS/MS) is a common approach for the identification and characterization of glycerophohspholip-

ids GPs. ESI-MS/MS, with the aid of collision-induced dissociation (CID), enables the character-

ization of GP species at the headgroup and fatty acyl sum compositional levels. However, im-

portant structural features that are often present, such as carbon–carbon double bond(s) and cyclo-

propane ring(s), can be difficult to determine. Here, we report the use of gas-phase charge inver-

sion reactions that, in combination with CID, allow for more detailed structural elucidation of GPs. 

CID of a singly deprotonated GP, [GP − H]−, generates FA anions, [FA − H]−. The fatty acid anions 

can then react with doubly charged cationic magnesium tris-phenanthroline complex, 

[Mg(Phen)3]2+, to form charge inverted complex cations of the form [FA − H + MgPhen2]+. CID of 

the complex generates product ion spectral patterns that allow for the identification of carbon–

carbon double bond position(s) as well as the sites of cyclopropyl position(s) in unsaturated lipids. 

This approach to determining both double bond and cyclopropane positions is demonstrated with 

GPs for the first time using standards and is applied to lipids extracted from Escherichia coli. 

2.2 Introduction  

Lipids constitute a large class of bio-molecules that play crucial roles in membrane com-

position, metabolism, and cellular communication.1 Glycerophospholipids (GPs) constitute a com-

mon lipid class and are the major components of the membrane bilayer, aiding in energy storage 

and membrane organization.2, 3 Of the total GP content found in the Escherichia coli (E. coli) bac-

terial membrane, for example, 70% to 90% are composed of the GP subclasses phosphatidyleth-

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0001
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0002
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0003
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anolamines (PEs), phosphatidylglycerols (PGs), and cardiolipins (CLs).4 A typical GP is com-

posed of a glycerol backbone with two fatty acyl (FA) chains attached at the sn-1 and sn-2 posi-

tions via an ester linkage, and one of a variety of head-groups (e.g., ethanolamine, choline, serine, 

inositol, or glycerol) linked via an esterified phosphate to the glycerol backbone at the sn-3 posi-

tion.5, 6 The complexity of the FA chains of GPs can vary, for example, on the basis of acyl chain 

length, nature of unsaturation (i.e., double bonds versus cyclopropane rings), extents of unsatura-

tion, site(s) of unsaturation, and stereochemistry (e.g., cis- vs. trans-double bonds).7 

Electrospray ionization tandem mass spectrometry (ESI-MS/MS) has been used to address 

the structural complexity of GPs. Activation methods such as collision-induced dissociation (CID) 

or higher-energy collisional dissociation, are commonly used for the structural elucidation of 

GPs.8, 9 These methods applied to ions produced via ESI typically provide head-group and acyl 

chain composition, but are limited in localizing alterations (e.g., sites of unsaturation, cyclization, 

or oxidation) within the fatty acyl chain.10 Furthermore, determining the cis/trans stereochemistry 

of the double bonds in lipids is problematic for widely available techniques in lipidomics,11 alt-

hough cis/trans isomers have been separated using ion mobility spectrometry and distinguished 

using ozone-induced dissociation (OzID) when applied to lipid standards.11 

Although less common than double bonds, cyclopropane rings can also be present in GPs 

and can have significant biological relevance. Cyclopropane-containing fatty acids (CFAs), for 

example, are commonly found in bacteria, such as E. coli, Streptococcus, and Salmonella.12 CFAs 

are generated by adding a methylene group, originating from S′-adenosyl-L-methionine, across the 

C=C bond of an unsaturated fatty acid in bacterial phospholipids.13-15 The synthetic pathway of 

CFA has been extensively studied in E. coli,16 and it has been reported that CFAs increase the 

resistance of E. coli to acid stress due to their influence on membrane fluidity.17, 18 It is therefore 

important to be able to identify the presence of CFAs and to localize the position(s) of the cyclo-

propane rings in order to understand their roles.19 

Gas-chromatography mass spectrometry constitutes the gold standard for the elucidation 

of lipids containing CFAs but can be time-consuming and is limited to volatile lipid sam-

ples.20, 21 Various approaches, such as condensed-phase derivatization with the Paternò–Büchi (PB) 

reaction22 and ozone-induced dissociation (OzID),23 have been shown to be capable of determining 

the site(s) of unsaturation but are not appropriate for localizing cyclopropane moieties.22, 23 Elec-

tron-based MS/MS techniques have been described for GP characterization, including double bond 

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0004
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0005
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localization.24-27 An ultraviolent photodissociation (UVPD) method combined with CID, recently 

described by Brodbelt et al., demonstrated the localization of both C=C double bonds and cyclo-

propane rings in GPs derived from a bacterial extract.10, 28 However, UVPD generally yields low 

dissociation efficiencies, which makes challenging the determination of relatively low-level com-

ponents in biological matrices. 

In this work, we demonstrate for the first time the use of gas-phase charge inversion ion/ion 

reactions in conjunction with CID for the localization of cyclopropane and double bond sites in 

GPs. Charge inversion reactions have been demonstrated for the partial structural characterization 

of GPs, including the localization of double bonds, present in biological matrices.29, 30 In brief, CID 

of a singly deprotonated GP, [GP − H]−, generates deprotonated FA anions, [FA − H]−, from the 

fatty acyl chains. The mass of an FA anion reveals the carbon number and degree of unsaturation 

but CID of the anions does not reveal sites of unsaturation. The FA anions can be reacted with the 

doubly charged magnesium tris-phenanthroline complex, [Mg(Phen)3]2+, to form cations, 

[FA − H + MgPhen]+. Subsequent CID of this ion results in charge-remote fragmentation along the 

aliphatic chain of the FA, which allows for the localization of double bonds and cyclopropane 

sites.31 Recently, we reported the charge inversion of FA anions generated from cardiolipins to 

identify carbon–carbon double (C=C) bond position(s) as well as the site(s) of cyclopropyl posi-

tion(s).31, 32 We demonstrate here the application of a similar strategy to localize both cyclopropane 

moieties and double bonds within the fatty acyl chains in a mixture comprised primarily of PE, 

and PG GPs. Specifically, standards of GPs with CFAs are used to demonstrate the process while 

GPs extracted from E. coli are used to demonstrate the capability of the workflow in characterizing 

both double bond and cyclopropane isomers in a biological matrix. 

2.3 Experimental Section  

2.3.1 Nomenclature  

The shorthand notation for lipid structures proposed by Liebisch et al. is adapted through-

out this work when applicable.33 GP classes are identified by their headgroups and abbreviated as 

such: for example, phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidyl-

glycerol (PG). GP standards have identified head groups, fatty acyl carbon numbers, C=C location, 

degrees of unsaturation, and stereo-orientation. For example, PC 16:0/18:1(9Z) represents a GP 
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with a PC headgroup, a FA 16:0 and FA 18:1 fatty acyl chain at the sn-1 and sn-2 positions, re-

spectively, where the separator “/” indicating that the sn-positions are known. The separator “_” is 

used when the sn-positions are not known. The number before and after “:” indicate the carbon 

chain length and degree of unsaturation, respectively. C=C position and geometry is specified us-

ing “9Z” nomenclature meaning that the double bond is at the 9th carbon of the fatty acyl chain 

with cis geometry. When the C=C geometry is unknown, Δ-nomenclature followed by the carbon 

position number is used, that is, PC 16:0/18:1(Δ9). C=Cs with a cyclopropane modification are 

described using the nomenclature proposed by Blevins et al. where “c” specifies a known cyclo-

propane at that position.10 For example, PC 16:0/18:1(c9) represents a cyclopropane motif at the 

9th carbon along the fatty acyl chain of the sn-2 chain. 

2.3.2 Chemicals  

PE 16:1/17:1(c9) (16:0–17:0 cyclo PE (1-palmitoyl-2-cis-9,10-methylenehexadecanoyl-

sn-glycero-3-phosphoethanolamine)), 17:1 Lyso PC (1-(10Z-heptadecenoyl)-2-hydroxy-sn-glyc-

ero-3-phosphocholine) standards and E. coli Total Lipid Extract (product #100500) were pur-

chased from Avanti Polar Lipids (Alabaster, AL). Cis-10 nonadecanoic acid (10Z-nonadecenoic 

acid) (19:1(10Z)), phytomonic acid (19:1(c11)), FA 16:0, and FA 16:1(9Z) standards were pur-

chased from Cayman Chemical Company (Ann Arbor, MI). Magnesium chloride, 1,10-phenan-

throline (Phen), and HPLC Grade methanol were purchased from Thermo Fisher Scientific (Wal-

tham, MA). 

2.3.3 Sample Preparations 

The lipid standards were dissolved in methanol and dilute to a final concentration of 10 μM. 

Similarly, a solution of the E. coli lipid extract (total) was prepared by dissolving the extract in 

methanol and diluted to a final concentration of 50 μM in methanol. Tris-phenanthroline magne-

sium complexes were prepared by mixing 1:1 (mol/mol) magnesium chloride with 1,10-phenan-

throline (Phen) in 50:50 methanol:water and diluted with methanol to a final concentration of 

20 μM. 
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2.3.4 Mass Spectrometry  

All experiments were performed using a QTRAP 4000 hybrid triple quadrupole/linear ion-

trap system (Sciex, Concord, ON, Canada). As previously reported,34 this instrument has been 

modified to allow for the storage of anionic and cationic species simultaneously. Oppositely 

charged ions were generated from separate nano-ESI emitters in an alternately pulsed fash-

ion.35 FA standards were generated as anions using nano-ESI (−1700 V), mass selected with Q1, 

and transferred to the high-pressure collision cell, q2, where they were stored. Tris-phenanthroline 

magnesium cations, [Mg(Phen)3]2+, were produced by nano-ESI (+1200 V), mass isolated by Q1, 

and transferred to q2 to be mutually stored with the lipid fragment anions for 0.3 s.31 The resulting 

cationic products, [FA − H + Mg(Phen)2]+, were transferred to Q3 where they were each mass-

selected and subjected to CID. This initial CID step served to remove one of the Phen ligands to 

yield a [FA − H + MgPhen]+ ion. Ion isolation and activation of each [FA − H + MgPhen]+ ion was 

performed by single frequency resonance excitation at a q value of 0.383. Mass analysis was per-

formed using mass selective axial ejection.36 The GP anions were generated using nano-ESI 

(−1700 V), mass selected with Q1, and transferred to the high pressure collision cell, q2, where 

they were stored and subsequently collisionally activated (q = 0.25) to produce fatty acyl chain 

fragment anions [FA − H]−. The procedure described above for the anions of the FA standards to 

generate and characterize [FA − H + MgPhen]+ ions was used for the FA anions generated from 

the GP anions. 

2.4 Results and Discussion  

2.4.1 Distinguishing cyclopropane moieties from carbon–carbon double bonds in fatty acyl 
chains 

Anions of model FA anions were generated by nano-ESI, converted to 

[FA − H + MgPhen]+ ions via ion/ion reaction, and subjected to CID to illustrate the behavior of 

saturated, double-bond containing, and cyclopropane containing FA ions of the form 

[FA − H + MgPhen]+. Figure 2.1 highlights regions of the CID product ion spectra of (a) 

[16:0 − H + MgPhen]+, (b) [16:1(9Z) − H + MgPhen]+, and (c) and [17:1(c9) − H + MgPhen]+ that 

show the distinctive dissociation behaviors of a saturated FA, a FA with single double bond, and 

a FA with a cyclopropane, respectively. With the exception of the m/z 262 ion, which is common 
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to the product ion spectra of all [FA − H + MgPhen]+ ions and corresponds to 

[•CH2CO2
− + Mg2+Phen]+, all product ions containing FA fragments are even-electron. In the case 

of the saturated FA cations, all of the neutral losses that are complementary to the even-electron 

product ions are alkanes (Figure 2.1A).  

This indicates that a hydrogen transfer from the charged product to the neutral product, 

resulting in a double bond in the charged fragment, is the dominant process for each of the observed 

backbone cleavages, with the exception of the process leading to m/z 262. When a double bond is 

present, cleavages at and adjacent to the double bond are inhibited relative to cleavages one bond 

further away from the double bond (see Figure 2.1B).37 Furthermore, spacings of 12 Da are ob-

served between the fragments on either side of the double bond and the low-abundance fragments 

arising from the double bond location (compare m/z 359 with m/z 371 and m/z 357 with m/z 345) 

in Figure 2.1B.33 The proposed products from the dissociation reactions of 

[16:0 − H + MgPhen]+ leading to these ions are provided in Scheme 2.1. Fragmentation of the 

CFA ion (Figure 2.1C) is distinct from that of the saturated FA ion (Figure 2.1A) and double 

bond-containing FA ion (Figure 2.1B). In this case, multiple doublets are observed 

(e.g., m/z 357/359, m/z 371/373, m/z 385/387, and m/z 399/401), which reflect competing cleav-

age mechanisms for the relevant FA bonds involving and in the vicinity of the cyclopropyl group 

that result in a hydrogen transfer either to or from the charged product (see Scheme 2.2). This 

series of doublets constitutes a signature for the presence of a cyclopropyl group. 
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Figure 2.1 - The CID product ion spectra of (a) [16:0 − H + MgPhen]+, (b) 
[16:1(9Z) − H + MgPhen]+, and (c) [17:1(c9) − H + MgPhen]+. Filled and open circles (●/○) rep-
resent selected/unselected anions, respectively, and filled and open squares (■/□) represent se-
lected and unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion subjected to colli-
sional activation. 
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Scheme 2.1- Proposed products from cleavages in the double bond region of 
[16:1(9Z) − H + MgPhen]+. 
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Scheme 2.2 - Proposed products from cleavages in the double bond region of 
[16:1(9Z) − H + MgPhen]+. 
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Figure 2.2 - Graphic representation of the approach to characterize fatty acyl chains in GPs. Ani-
onic glycerophospholipids, [GP − H]− subjected to CID generate fatty acyl anions, [FA − H]−. The 
fatty acid anions undergo ion/ion reactions with tris-phenanthroline magnesium dictations, 
[MgPhen3]2+, resulting in a complex that spontaneously loses one of the phenanthroline ligands 
to yield [FA − H + MgPhen2]+ cations. Following an additional CID step to drive off a second 
phenanthroline ligand, CID of the resulting [FA − H + MgPhen]+ cations generate product ion 
spectra that allow for the localization of a double bond or cyclopropyl group. Filled and open 
circles (●/○) represent selected/unselected anions, respectively, and filled and open squares (■/□) 
represent selected and unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion subjected 
to collisional activation. 
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An illustration of the process that allows for the C=C double bond and/or cyclopropane 

group characterization of the fatty acyl chains of GP anions is provided in Figure 2.2 using PE 

16:1(9Z)/17:1(c9) as a model GP. In brief, [PE 16:1(9Z)/17:1(c9) − H]− (m/z 728.5) was mass-

selected in Q1 and transferred to q2 where it was stored and subjected to CID to form the fatty 

acyl chain fragment ions, [16:1(9Z) − H]− (m/z 457) and [17:1(c9) − H]− (m/z 471). Next, 

[Mg(Phen)3]2+ (m/z 282) was mass-selected in Q1 and stored with the fatty acid anions in q2 to 

allow for an ion/ion reaction. Attachment of [Mg(Phen)3]2+ to the fatty acyl anions resulted in the 

spontaneous loss of one phenanthroline, giving rise to two distinct product peaks 

[16:1(9Z) − H + Mg(Phen)2]+ (m/z 637) and [17:1(c9) − H + MgPhen2]+ (m/z 651). Ion-trap CID of 

the ions at m/z 637 and m/z 651 resulted in the loss of an additional phen, yielding ions at m/z 457 

([16:1(9Z) − H + MgPhen]+) and m/z 471 ([17:1(c9) − H + MgPhen]+). Consistent with previous 

work,33 CID of [16:1(9Z) − H + MgPhen]+ gives rise to a spectral pattern that is indictive of a dou-

ble bond (12 Da spacing) in the 9th position (Figure 2.2A, highlighted in red). In contrast, CID of 

[17:1(c9) − H + MgPhen]+ gives rise to a distinctive fragmentation pattern arising from the cyclo-

propyl ring in the 9th position (c9), displaying doublets between C9-C14, as highlighted in blue 

and shown in Figure 2.2B. 

2.4.2 Characterization of GP species in E. Coli Total Lipid Extraction  

 
Figure 2.3 - Negative ion mode nano-ESI MS spectrum of lipid total extract from E. coli. Some 
of the mixture components that were subjected to characterization (see Table 1.1) are also indi-
cated by head group, total FA carbon number and degree of unsaturation. 

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0033
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-tbl-0001
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The workflow described above was applied to an E. coli total lipid extract for the structural 

elucidation of cyclopropyl and double bond-containing GPs. The vendor quoted lipid profile of 

57.5% PE; 15.1% PG; 9.8% cardiolipin; 17.6% unknown provides a suitable matrix for demon-

stration of ion/ion reactions and MS/MS in shotgun lipid characterization. Figure 2.3 shows the 

negative ion mass spectrum of the E. coli total lipid extract over the m/z range of 650–850, which 

is dominated by PE and PG anions. The most abundant PE and PG anions that were characterized 

in this work are indicated in red and blue, respectively. 

Figure 2.4 illustrates the application of the ion/ion reaction approach to characterize the 

ion at m/z 733.3, tentatively identified as a PG 33:1 based on the mass.38 Figure 2.4A shows the 

CID product ion spectrum of the m/z 733.5 anion, which shows the two most abundant fragment 

ions to be at m/z 267.2 and m/z 255.2. The former corresponds to the fatty acyl chain 

[17:1 − H]− while the latter corresponds to the fatty acyl chain [16:0 − H]−, identifying PG 33:1 as 

PG 17:1_16:0. We note that there was no evidence of an isomeric species of PG 17:0_16.1 (or any 

other FA combination that corresponds to 33:1) due to the absence of FA signals consistent with 

other FA anions. The charge inversion reaction using [Mg(Phen)3]2+ produced two abundant prod-

uct ion peaks consistent with [16:0 − H + Mg(Phen)2]+ (m/z 638.9) and 

[17:1 − H + Mg(Phen)2]+ (m/z 650.9) (Figure 2.4B). Isolation and CID of the m/z 650.9 ion re-

sulted in the additional loss of a phenanthroline (180 Da), forming the fragment ion 

[17:1 − H + MgPhen]+ (m/z 471.0). Isolation and activation of the [17:1 − H + MgPhen]+ ion re-

sulted in a spectrum similar to that of the 17:1 standard described above in the discussion of Fig-

ures 2.1 and 2.2. The diagnostic product ion doublets at m/z 357.2/359.2, 371.2/373.2, 

385.0/387.0, 399.0/401.2, and 411.2/413.0 are consistent with the FA 17:1(c9) structure charac-

terizing the species as PG 17:1(c9)_16:0. 

 

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-bib-0038
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Figure 2.4 - (A) CID product ion spectrum of the PG 33:1 anion at m/z 733.3 (from Figure 3). (B) 
Ion/ion reaction of the ions in panel (A). CID of the ion at m/z 650.9 generates an abundant ion at 
m/z 471.2 (phenanthroline loss), the CID product ion spectrum of which is given in (C). Filled and 
open circles (●/○) represent selected/unselected anions, respectively, and filled and open squares 
(■/□) represent selected and unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion 
subjected to collisional activation. 

https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jms.4913?casa_token=aJKBBDH-2lIAAAAA%3AlmUxTqNQAeoSRH8fwg-CRJmxE81OjPOp43RBnBdz1vt4aW2rQTSlNTLufgW2ZsAy3JAFfwh7pzNKOXjLBQ#jms4913-fig-0003
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An example of a PE is provided by the ion at m/z 728.5 from Figure 2.3 consistent with 

the presence of PE 35:2. Figure 2.5A shows the CID spectrum of the ion at m/z 728.5, which re-

sulted in four product anions that correspond the complementary pairs 

17:1(m/z 267.2)_18:1(m/z 281.2) and 16:1(m/z 253.2)_19:1(m/z 295.3). The CID spectrum there-

fore suggests the presence of a major isomer (i.e., PE 17:1_18:1) and a minor isomer (i.e., PE 

16:1_19:1). After the anions of Figure 2.5A were subjected to ion/ion reactions with 

[Mg(Phen)3]2+, the fatty acyl anions were charge inverted resulting in 

[16:1 − H + Mg(Phen)2]+ (m/z 637.2), [17:1 − H + Mg(Phen)2]+ (m/z 651.2), 

[18:1 − H + Mg(Phen)2]+ (m/z 665.2), [19:1 − H + Mg(Phen)2]+ (m/z 679.1) (Figure 2.5B). 

 
Figure 2.5 - (A) CID product ion spectrum of the PE 35:2 ions at m/z 728.5. (B) Product ion 
spectrum after reaction of the anions in (a) with [Mg(Phen)3]2+. Filled and open circles (●/○) 
represent selected/unselected anions, respectively, and filled and open squares (■/□) represent se-
lected and unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion subjected to colli-
sional activation. 

Ion-trap CID of the ions at m/z 637.2, 651.2, 665.2, and 679.1 resulted in an additional loss 

of a phenanthroline ligand resulting in the [16:1 − H + MgPhen]+ (m/z 457.2), 

[17:1 − H + MgPhen]+ (m/z 471.2), [18:1 − H + MgPhen]+ (m/z 485.1), and 

[19:1 − H + MgPhen]+ (m/z 499.0) ions. The CID product ion spectra of the four 

[FA − H + MgPhen]+ cations listed above are provided in Figure 2.6. Consistent with Figure 2.1B, 

the [16:1 − H + MgPhen]+ precursor ion (Figure 2.6A; m/z 457.2) gives rise to a spectral pattern 

with 12 Da spacing between m/z 345.1 and m/z 357.1 indicating a double bond at the C9 position. 

A similar spectral pattern was obtained from CID of the [18:1 − H + MgPhen]+ ion (Fig-

ure 2.6C; m/z 485.1), with the tell-tale 12 Da spacing between m/z 373.1 and m/z 385.1 indicating 
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a double bond at the C11 position. Note that it is possible for there to be mixtures of ions with 

different positions of unsaturation but that, in these cases, a single isomer appears to be present. 

 
Figure 2.6 - (A) CID of the ion population at m/z 637.2 followed by activation of the ions 
at m/z 457.2. (B) CID of the ion population at m/z 637.2 followed activation of the ions 
at m/z 471.2. (C) CID of the ion population at m/z 637.2 followed by activation of the ions 
at m/z 485.1. (D) CID of the ion population at m/z 637.2 followed by activation of the ions 
at m/z 499.0. Filled and open circles (●/○) represent selected/unselected anions, respectively, and 
filled and open squares (■/□) represent selected and unselected cations. Lightning bolts (🗲🗲) indi-
cate the precursor ion subjected to collisional activation. 

The CID spectra from both [17:1 − H + MgPhen]+ (Figure 2.6B; m/z 471.2) and 

[19:1 − H + MgPhen]+ (Figure 2.6D; m/z 499.0) ions show characteristic doublet patterns, sug-
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gesting the presence of a cyclopropyl ring at the C9 and C11 positions, respectively. A deproto-

nated phytomonic acid standard ([19:1(c11) − H]−) was charge inverted with [Mg(Phen)3]2+, fol-

lowed by CID to produce the [19:1(c11) − H + MgPhen]+ ion at m/z 499.0. Another round of CID 

was then employed resulting in similar doublet patterns at 385.0/387.0, 399.0/401.1, 413.0/415.0, 

426.9/429.1, and 441.0/443.0 to the profiled 19:1 fatty acyl chain (compare Figure 2.7 and Fig-

ure 2.6D). In contrast, cis-10-nonadecanoic acid (FA 19:1 (10Z)) was subjected to the same pro-

cess and the resulting product ion spectrum of [19:1(10Z) − H + MgPhen]+ (m/z 499.0) shows the 

expected fragmentation pattern for an FA with a double bond at C10 and distinct from that of the 

profiled 19:1(c9) fatty acyl chain (compare Figure 2.8 with Figure 2.6D). A [17:1(9Z) − H]− an-

ion could be generated from a lyso-PC 17:1(9Z) standard (see Figure 2.8) to compare with the data 

for the profiled m/z 471.2 ion (compare Figure 2.9 with Figure 2.6B). The CID product ion spec-

trum of the m/z 471.2 generated from the lyso-PC 17:1(9Z) standard shows the expected pattern 

and 12 Da spacing for a double bond at the C9 position, in contrast with the behavior noted for the 

profiled m/z 471 ion. 

Table 2.1 summarizes unsaturated GPs represented in the negative ion ESI mass spectrum 

of the E. coli total lipid extract (Figure 2.3) that were subjected characterization using the 

MSn workflow outlined in Figure 2.2. Many of the GP anions derived from the E. coli extract 

were found to be composed of mixtures of FA compositions, as illustrated above for the PE 35:2 

ions. In a few cases, FA anions from minor components were apparent upon CID of the GP pre-

cursor anions but were too low in abundance (<2% of the most abundant FA anion generated by 

CID of the GP anion) to allow for subsequent isolation and CID to localize the unsaturation. These 

cases are indicated with an asterisk in Table 2.1. 
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Table 2.1 - The PGs and PEs in an E. coli total lipid extract characterized via MSn involving CID 
of the deprotonated GP, ion/ion charge inversion of the FA product anions using tris-phenanthro-
line magnesium dictations, and CID of the [FA − H + MgPhen]+ ions. Asterisks indicate cases in 
which the FA anions could be observed from minor GP components but were too low in abundance 
for further characterization via MS/MS. 
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2.5 Conclusion  

In this work, we demonstrate for the first time the localization of both double bonds and 

cyclopropane sites in GPs using ion/ion charge inversion reactions. GP anions were fragmented 

generating FA anions in high relative abundance, which enables the identification of carbon num-

ber and the number of alkene/cyclopropyl groups. CID of deprotonated FAs, however, neither 

distinguishes cyclopropyl groups from double bonds nor allows for the localization of the sites of 

such groups. We therefore charge invert the FA anions via reaction with [MgPhen3]2+ initially to 

produce [FA − H + Mg(Phen)2]+ cations. CID of [FA − H + Mg(Phen)2]+ leads to loss of one Phen 

ligand, generating a [FA − H + MgPhen]+ cation. CID of the [FA − H + MgPhen]+ cation yields dis-

tinct fragmentation patterns for FA anions with double bonds and cyclopropyl groups. In each case, 

it is possible to identify whether the FA modification is a double bond or cyclopropane group as 

well as to localize the modification site. The phenomenology is demonstrated here with standards 

and is extended to GP anions generated from a E. coli total extract. The 16:1 and 18:1 fatty acyl 

chains in the E. coli total extract were found to be 16:1 (Δ9) and 18:1 (Δ11), respectively, whereas 

17:1 and 19:1 fatty acyl chains were found to be 17:1 (c9) and 19 (c11), respectively. The demon-

strated workflow offers extensive GP structural characterization using gas-phase ion/ion reactions 

and tandem mass spectrometry. 
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2.12 Supporting Information  

 
Figure 2.7 - Distinguishing the GP structures; a) CID of Phytomonic Acid 19:1(c11), b) Charge 
inversion ion/ion reaction of ions in panel a), c) Ion trap CID of [C19:1(c11) - H + MgPhen]−. 
Filled and open circles (●/○) represent selected/unselected anions, respectively, and filled and open 
squares (■/□) represent selected and unselected cations. Lightning bolts (🗲🗲) indicate the precursor 
ion subjected to collisional activation. Absolute abundances are provided in a. and b. but these 
cannot be compared directly as the detector gain may not be the same for positive and negative 
ions. 
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Figure 2.8 - Distinguishing the GP structures; a) CID of chloride adduct of PC lyso-17:1(9Z) b) 
Charge inversion ion/ion reaction of ions in panel a), c) Ion trap CID of [C17:1(9Z) - 
H + MgPhen]−. Filled and open circles (●/○) represent selected/unselected anions, respectively, 
and filled and open squares (■/□) represent selected and unselected cations. Lightning bolts (🗲🗲) 
indicate the precursor ion subjected to collisional activation. 
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Figure 2.9 - Distinguishing the GP structures; a) CID of Cis-10 Nonadecenoic Acid 19:1(10Z), b) 
Charge inversion ion/ion reaction of ions in panel a), c) Ion trap CID of [C19:1(10Z) - 
H + MgPhen]−. Filled and open circles (●/○) represent selected/unselected anions, respectively, 
and filled and open squares (■/□) represent selected and unselected cations. Lightning bolts (🗲🗲) 
indicate the precursor ion subjected to collisional activation. 
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 LOCALIZATION OF METHYL BRANCHING SITES ON 
FATTY ACIDS BY COMBINING RADICAL DIRECTED DISSOCIATION 

AND GAS-PHASE ION/ION CHEMISTRY 

A portion of this manuscript will be published at a later date. 

3.1 Abstract  

Branched chain fatty acids (BCFA) are unique structural fatty acid consisting of methyl 

branching located on the carbon chain of the fatty acid. BCFAs are found naturally in vernix ca-

seosa, sebum, and other bacterial making them important to characterization. Straight chain FA 

and BCFA are isomeric with each other, proving to be an analytical challenge which is further 

complexed due to varying orientations of the methyl site while sharing similar mass spectra. gas 

chromatography mass spectrometry (GC-MS) and liquid chromatography mass spectrometry 

(LC/MS) are common approach for the separation of lipid species at sum compositional levels. 

However, mass spectra of both branched (iso and/or anteiso FAs) and SCFAs are identical with 

separation only possible with longer retention time, high concentrations, and reference standard, 

gives minimal localization the branching moieties. Herein, we couple gas-phase ion/ion chemistry 

to charge invert BCFA anions and further interrogate with radical directed dissociation (RDD). 

The incorporation of the RDD, differentiate lipid isomers while producing a rich fragmentation 

pinpointing the site of branching. This charge inversion approach was useful in identifying site of 

saturation and unsaturation of branched chain moieties, without the aid of reference samples and 

any separation techniques.  

Keywords: Methyl Branching, Ion/Ion reaction, RDD, Saturated fatty acids, Gas-Phase Charge 

Inversion Reaction. 

3.2 Introduction  

Branched chain fatty acids (BCFAs), commonly found in bacteria (Bacillus subtilis) are 

saturated fatty acids (FA) with one or more methyl branching ordinarily located on the terminal 

end of the carbon chain.1,2,3 BCFAs can be classified as iso-, anteiso-, multi-methyl-, or ω-alicyclic 

BCFAs.4,5,6 In Bacillus subtilis, BCFAs regulates the biophysical properties of membrane in a 
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similar fashion as the cis-double bond: where both increase fluidity, form rigidity of saturated fatty 

acids, and lower the phase transition temperature (Tm).7,8 95% of Bacillus subtilis membrane are 

composed of BCFAs.9,10 While BCFAs are found majority in different genera of bacteria, 25% wt 

of BCFA can be found naturally in vernix caseosa (secretion covering newborn children) on human 

tissue, meibum, sebum, and dairy products.11,12,13 In many studies in the Journal of Nutrition and 

Agricultural Science, illuminates’ the importance of BCFAs found in food sources. BCFAs con-

stitutes around 500 mg/d found in the American diet from beef and dairy, while in other fermented 

foods showed a fraction of BCFAs found.14,15 Compared to other milk products, Yak-milk (Qing-

hai-Tibet plateau) per cup yields 777 mg of BCFAs versus US whole milk (158 mg), with an 

estimated <5,000 mg of BCFAs found in yak yogurt.16 In humans, BCFAs can be found in tissue, 

brain, blood and/or cancer cells, making them important to study.17 Numerous studies on BCFAs 

(such as, phytanic acid, pristanic acid and valproic acid (VPA)) focus on understanding there bio-

chemical and physiological role that BCFAs play in human.18,19,20 Investigators have reported, 

VPA (which is used as a mood-stabilizing and antiepileptic drug) can induce oxidative stress, neu-

rodegenerative diseases which leads to damage to nervous system and human fetal growth.21,22  

Amongst most BCFAs are isomeric straight chain fatty acids (SCFAs), that have proving 

to be an analytical challenge due to varying positions of the branching location along the FA.23 

Historically, gas chromatography mass spectrometry (GC-MS) facilitates a high resolution sepa-

ration of both BCFAs and SCFAs for quantitation.24,25 The analysis approach allows the conver-

sion of the fatty acid from its natural lipid class into methyl esters (FAME), which increase analyte 

volatility. However, one limitation of GC-MS approach allows coelution of FAMEs with 

branched-chain fatty acid methyl esters (BCFAMEs) and other normal saturates. With the addition 

of highly polar columns and longer time, baseline resolution can readily be achieved with GC-

MS.26,27,28 Liquid chromatography mass spectrometry (LC/MS) is a common approach for the sep-

aration of lipid species at sum compositional levels. However, mass spectra of both branched (iso 

and/or anteiso FAs) and SCFAs are identical and separation is only possible with reversed-phase 

high performance liquid chromatography (RP-HPLC) with the addition of a longer retention time 

and is unable to localize the branching site.29,30 Recently,  Chopra and co-workers have combined 

ion/ion charge inversion reaction (IIRXN) with LC-MS/MS method, which allows post-column 

charge switching derivatization of online isomeric branched and straight chain acyl chain, with 
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identification of methyl-branching site of unsaturation. However, this method cannot be utilized 

for intact methyl-branched lipids and require hour long elution times.31   

There are several methods that induce structural information of fatty acyl chain; however, 

methods incorporate additional instrumentation modification to achieve informative information. 

Photodissociation (PD) and ultraviolet photodissociation (UVPD) with LC-MS, utilize a laser-

based dissociation with the aid of FA derivation reagents for the discrimination of isomers that 

differ in site(s) of unsaturation and saturation.23,32,33 Other approaches from Xia and coworkers 

have pinpointed the site(s) of methyl branching, cyclopropanes and/or carbon-carbon double bond 

(C=C) location found in bacteria (Escherichia Coli and Bacillus subtilis), sphingomyelin (sphin-

goid base and N-Acyl Chain), phosphatidylcholines (PCs) and lysophosphatidylcholines (LPCs) 

found in human plasma.34,35,36  

Previous, we have shown the utility of gas-phase IIRXN for the structural elucidation of 

fatty acyls from varying subclass of lipids in biological matrices.373839404142434445 In this work, we 

couple Briefly, singly deprotonated BCFA, [BCFA-H]− reacted with a doubly charged magnesium 

complex, [(TEMPO-Terpy)2-Mg]+2, to form cations, [BCFA – H + (TEMPO-Terpy)-Mg]+. Ion-

trap CID of [BCFA – H + (TEMPO-Terpy)-Mg]+, resulted in a homolytic cleavage and loss of the 

TEMPO moiety leaving behind a nascent free radical, which is further interrogated with CID, 

resulting in the localization of the site(s) of branching.  

3.3 Experimental Section  

3.3.1 Nomenclature  

The proposed shorthand notation for lipid structures were recommended by Liebisch et al., 

is illustrated throughout this work.46  Considering fatty acyl (FA) chains, who are represented by 

the total number of carbons before the colon, followed by the position of the double(s) bond to 

trailed after the colon.  To signify methyl branching sites, “Me” is symbolized after the position 

of the branching, which are illustrated by parentheses.31  For example 14-methyl palmitic acid, 

also known by formal name 14-methyl-hexadecanoic acid, can be demonstrated as FA 16:0(14Me).  

Another example, phytanic acid, commonly referred by 3,7,11,15-Tetramethylhexadecanoic acid, 

can be represented as 16:0(3Me,7Me,11Me,15Me). 
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3.3.2 Chemicals  

Heptadecanoic acid, 14-methyl palmitic acid (16:0 (14Me)), 15-methyl palmitic acid (16:0 

(15Me)), Stearic acid, 17-methyl stearic acid methyl ester (18:0 (17Me)), Phytanic acid (16:0 

(3Me,7Me,11Me,15Me)) and Arachidic acid standards were purchased from Cayman Chemical 

Company (Ann Arbor, MI). Magnesium chloride, HPLC Grade methanol, HPLC Grade water and 

chloroform were purchased from Thermo Fisher Scientific (Waltham, MA). Tert-Butyl methyl 

ether (MTBE) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO).  2, 2’:6’, 2” terpyridine 

(terpy) (Tempo-Terpy) was synthesized by Dr. Jinshan Gao laboratory.  

3.3.3 MTBE Lipid Extraction and Preparation of nESI Solution  

All lipid standards were dissolved in methanol and dilute to a final concentration of 10 μM. 

Lipids were extracted from pooled human plasma using MTBE extraction protocol in an identical 

fashion as previously described.47 A solution of pooled human plasma extract was diluted to a final 

concentration of 50 μM in methanol. Details for the synthesis are described in the Appendix I 

Section of the dissertation. 2, 2’:6’, 2” terpyridine(terpy) (Tempo-Terpy) magnesium complex 

were prepared but mixing 3:1 (mol/mol) magnesium chloride with 2, 2’:6’, 2” terpyridine(terpy) 

(Tempo-Terpy) in methanol and diluted with methanol to a final concentration of 10 μM.  

3.3.4 Mass Spectrometry  

Experiments were performed on a Sciex QTRAP 4000 hybrid triple quadrupole/linear ion 

trap mass spectrometer (Sciex, Concord, ON, Canada), modified to perform ion/ion reactions. As 

previously reported,48 anionic and cationic species were stored simultaneously, on the modified 

instrument. Opposing charged ions were generated from separate nano-ESI emitters in an alter-

nately-pulsed style.49  Lipid anions, [FA - H]-, were generated as an anion using nano-ESI (-1700 

V), mass selected in Q1, and transferred to q2 for storage. Next, MgCl2 and 2,2’:6’,2”terpyridine 

(Tempo-Terpy) was prepared in a methanolic solution to form a doubly charged complex 

[(TEMPO-Terpy)2-Mg]+2 , were produced by nano-ESI (+1400 V), mass isolated by Q1, and trans-

ferred to q2 to be mutually stored with the [FA - H]- anion, resulting in a charge-inverted [FA – H 

+ (TEMPO-Terpy)-Mg]+ for 0.5 s.49 Ion-trap CID of [FA – H + (TEMPO-Terpy)-Mg]+, results in 

homolytic cleavage and loss of the TEMPO moiety leaving behind a nascent free radical which is 
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further interrogated with CID, resulting products are mass analyzed to determine localization of 

branching site.  

3.4 Results and Discussion  

 

Scheme 3.1 - Demonstration of the gas-phase charge inversion ion/ion reaction for the analysis of 
BCFAs and SCFAs. The reaction scheme details the ion selection of the anion [FA-H]-, which 
undergoes charge inversion chemistry with cation [(TEMPO-Terpy)2-Mg]+2 to form [FA–
H+(TEMPO-Terpy)2-Mg2+]+ cationic complex. CID of [FA–H+(TEMPO-Terpy)2-Mg2+]+ com-
plex, results in a homolytic cleavage and loss of the TEMPO moiety, leaving a free radical complex, 
[FA–H+Terpy-Mg2+]+ for further localization of the methyl branching or saturated site. Closed 
and open circles (●/○) signify selected/unselected anions, respectively, and closed and open 
squares (■/□) signify selected/unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion 
subjected to collisional activation. 

3.4.1 Distinguishing branched chain fatty acid moieties from saturated fatty acyl chains.  

Scheme 3.1 exemplifies the creation of [FA–H+(Terpy)-Mg2+]+ cationic complex. As de-

scribed, mutual storage of branched and straight chain FA anions with [(TEMPO-Terpy)2-Mg]+2 

cation, underwent charge inversion reaction in a high-pressure collision cell, q2. The resulting 

ion/ion reaction, convert the singly deprotonated BCFAs and SCFAs anion into [FA–H+(TEMPO-

Terpy)-Mg2+]+ cations. Ion trap CID of [FA–H+(TEMPO-Terpy)-Mg2+]+ gave rise to the loss of 

TEMPO moiety, leaving [FA–H+Mg2+Terpy-CH2
.]+ to later promote radical-directed dissociation 

(RDD) fragmentation. As mentioned, upon CID of [FA–H+(TEMPO-Terpy)-Mg2+]+, results in a 

neutral loss of TEMPO, leaving a radical precursor ion [FA–H+ Mg2+Terpy-CH2
.]+. Additional 

CID of radical precursor [FA–H+ Mg2+Terpy-CH2
.]+, results in rich RDD fragmentation of either 

SCFAs or BCFAs. Figure 3.1 highlights the region of the CID product ion spectra of (a) [17:0−H+ 

Mg2+Terpy-CH2
.]+, (b)  [16:0(14Me)-H+ Mg2+Terpy-CH2

.]+, and (c) [16:0(15Me)−H+ 

Mg2+Terpy-CH2
.]+ that shows distinctive behaviors similar of a straight chain FA, a FA with a 

branching site at the 14th position and FA with a branching site at the 15th position.  
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Figure 3.1 - Ion Trap CID product ion spectra of (a) [17:0−H+ Mg2+Terpy-CH2.]+, (b)  
[16:0(14Me)-H+ Mg2+Terpy-CH2.]+, and (c) [16:0(15Me)−H+ Mg2+Terpy-CH2.]+. Closed and 
open circles (●/○) signify selected/unselected anions, respectively, and closed and open squares 
(■/□) signify selected/unselected cations. Lightning bolts (🗲🗲) indicate the precursor ion subjected 
to collisional activation. Asterisk (*) indicates the odd-electron fragment product peaks developed 
from the RDD fragmentation. 
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Additionally, m/z 288 [Mg2+Terpy-CH2
.+OH]+ and m/z 314 [Mg2+Terpy-CH2

.+CO2
.-]+ (no 

evidence shown) are common to product ion spectra for all [FA–H+ Mg2+Terpy-CH2
.]+ ions. Given 

that irradiation of the radical precursor with CID, yields a radical driven fragmentation pattern, 

causing an even- and odd-electrons fragments displayed amongst the product ions. In this case, an 

odd-electron product peak m/z 329 [Mg2+Terpy-CH2
.+CH3O=CO-]+ is present for all [FA–H+ 

Mg2+Terpy-CH2
.]+ ion spectra. In the instance of straight chain FA cation [17:0−H+ Mg2+Terpy-

CH2
.]+, all the product ions between m/z 342 and 496 generates a series of evenly spaced product 

ions 14 Da apart, which corresponds to the carbon-carbon (C-C) single bond cleavage along the 

aliphatic chain (Figure 3.1a.). Ion trap CID of [16:0(14Me)-H+ Mg2+Terpy-CH2
.]+, shown in Fig-

ure 3.1b., illustrates a series of evenly spaced product ions 14 Da apart, indicating C-C single bond 

cleavage, beginning at C2-C3 (m/z 329.1), and ending at C11-C12 (m/z 454). However, as the 

fragmentation approaches the methyl branching site, two dramatic relative abundant product ions; 

odd-electron product ion at C12-C13, m/z 469.0 (indicating the radical ion) and even-electron 

product ion C13-C14 at m/z 482.0. In comparison with Figure 3.1b., CID spectrum of 

[16:0(15Me)-H+ Mg2+Terpy-CH2
.]+ (Figure 3.1c.), displaying a series of even-electron ions 

spaced 14 Da apart, starting at C2-C3 (m/z 329.1) and ending at C13-C14 (m/z 468.1). However, 

an interrupted even-electron series towards the  methyl branching site, causing an increase in the 

relative abundance to the two adjacent peaks C13-C14 at m/z 483.0 (indicating the radical ion) and 

even-electron product ion C14-C15 at m/z 496.0. It is evident that CID produce a rich RDD frag-

mentation that can differentiate methyl branching site from straight chain isomers. Therefore, this 

method will be utilized to distinguish other isomers.   

To demonstrate the utility of this approach further, we examined another pair of isomers; 

(a) stearic acid [18:0-H]- and 17-methyl stearic acid methyl ester [18:0(17Me)-H]-, shown in Fig-

ure S3.3. Briefly, ion trap CID of [18:0−H+ Mg2+Terpy-CH2
.]+ (Figure S3.3a.), displays similar 

features to Figure 3.1a., giving rise to a series of evenly spaced products ion 14 Da apart, corre-

sponding to the C-C single bond cleavage along the aliphatic chain, from product ions m/z 342.0 

to 524.0. Nevertheless, ion trap CID of [18:0(17Me)-H+ Mg2+Terpy-CH2
.]+, shown in Figure 

S3.3b., exhibits unique features that identifies with a branched chain fatty acid. The product ion 

spectrum of [18:0(17Me)-H+ Mg2+Terpy-CH2
.]+, illustrates a C-C single bond cleavage, with a 

series of even electron product ions beginning at m/z 342 and ending at 496, 14 Da spaced. Ironi-

cally, as the RDD fragmentation continues down the chain, two relative higher peaks, one odd-
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electron product ion at C15-C16, m/z 511 (indicating the radical peak) and second, even-electron 

product ion at C16-C17 at m/z 524. The resulting product spectra allows for the localization of the 

branching or straight chain moiety. 

3.4.2 Characterizing isoprenoids fatty acids from saturated fatty acyl chains. 

Isoprenoids, derived from isoprene, are a class of branched chain fatty acids (IFA), com-

monly found in plants, microalgae, marine food, bacteria, and/or fungi, that form the backbone of 

archaeal membrane of phospholipids. Often considered as the “transportation fuel”,  isoprenoids 

can enhance, stabilize, and structure the membrane. While there are several types of Isoprenoids, 

such as 4,8,12-trimethyltridecanoic acid (TMTD), 3,7,11,15 tetramethylhexadecanoic acid 

(phytanic acid) and/or 2,6,10,14-tetramethylpentadecanoic acid (pristanic acid), they serve as im-

portant biomarkers for understanding oxidase deficiency in humans, can be an analytical challenge 

with differentiating isomers. 50,51,52,53 In this work, we have shown the utility of the gas-phase 

charge inversion reaction for identifying the BCFA/SCFA anion with [(TEMPO-Terpy)2-Mg]+2 

cation to form a RDD driven fragmentation pattern for localization of branching or straight chain 

fatty acids.  

In brief, isolation, and storage of [20:0−H]- anion with [(TEMPO-Terpy)2-Mg]+2 cation in 

a high-pressure collision cell, resulted in a gas-phase charge inversion ion/ion reaction. The sub-

sequent product, [20:0 – H + TEMPO-Terpy-Mg]+, was formed by a neutral loss (NL) of one 

TEMPO-Terpy ligand. Ion trap CID of [20:0 – H + TEMPO-Terpy-Mg]+, resulted in the TEMPO 

moiety undergoing homolytic cleavage and leaving behind a nascent free radical on the terpy, 

[20:0 – H + Mg-Terpy-CH2
.]+. Further, ion trap CID of [20:0 – H + Mg-Terpy-CH2

.]+ cations 

undergo RDD, resulting in a series of charge remote fragmentation (CRFs) spaced +14 Da apart, 

signifying sequential C-C single bond cleavage along the aliphatic chain (shown in Figure 3.2a.).   
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Figure 3.2 - The CID product ion spectra of (a) [20:0−H+ Mg2+Terpy-CH2.]+ and (b)  
[16:0(3,7,11,15Me)-H+ Mg2+Terpy-CH2.]+. Closed and open circles (●/○) signify selected/un-
selected anions, respectively, and closed and open squares (■/□) signify selected/unselected cati-
ons. Lightning bolts (🗲🗲) indicate the precursor ion subjected to collisional activation. Asterisk (*) 
indicates the odd-electron fragment product peaks developed from the RDD fragmentation. 
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In contrast, BCFA [16:0(3,7,11,15ME – H + Mg-Terpy-CH2
.]+ CID spectrum (Figure 

3.2b.), shows a 28 Da spacing consistent with radical-directed cleavage of the acyl chain backbone 

on either side of the methyl-branch point, thus providing evidence of a methyl branching site. Ion 

trap CID of [16:0(3,7,11,15ME – H + Mg-Terpy-CH2
.]+, demonstrates distinctive characteristics 

that identifies the branching site at multiple points, displaying a consistent loss of the branching 

fragment peak down the acyl chain. Different from the single branching site, shown in Figure 

3.1b., Figure 3.1c., and Figure S3.3b., at each branching location of 16:0(3,7,11,15ME), results 

in the loss of the fragment production ion at (3) m/z 342.0, (7) m/z 412.0, (11) m/z 482.0 and (15) 

m/z 552.0. Also, the spectrum features even-electron and odd electron product ions before each 

loss of the branching fragment product ion, starting at (3) odd-electron product ion C2-C3 m/z 

329.0 (indicating the radical peak) and ending at even-electron C3-C4 m/z 356.0. Next, (7) starting 

with odd-electron product ion C5-C6 m/z 385.0 (indicating the radical peak) and ending with even-

electron product ion C6-C7 m/z 398.0. Continuing down the acyl chain, (11) starting odd-electron 

product ion C9-C10 m/z 455.0 (indicating the radical peak) and ending at even-electron product 

ion C10-C11 m/z 468.0. Lastly, starting odd-electron product ion C13-C14 m/z 525.0 and ending 

at even-electron C14-C15 m/z 538.0. Also note, there are several radical peaks present in the spec-

trum after each fragment of sites 7 and 11, shown at m/z 427.0 and 497.0, shown in Figure 3.2b.  

3.5 Conclusion  

We developed a RDD method for structural elucidation of BCFAs and SCFAs isomers. 

This approach encompasses the utility of the charge inversion reaction with CID to prompt a free 

radical for further interrogation of branching location. In the gas-phase, deprotonated FAs anion 

are transposed via the ion/ion reaction with doubly charged magnesium TEMPO-Terpy complex, 

to produce a [FA – H + (TEMPO-Terpy)-Mg2+]+ cationic complex. Ion trap CID of cationic com-

plex, resulted in a homolytic cleavage and loss of the TEMPO moiety leaving behind a nascent 

free radical site, [FA – H + Mg2+-Terpy-CH2
-]+. Further interrogation with CID of [FA – H + Mg2+-

Terpy-CH2
-]+ results in localization of the site(s) of saturation or branching. The utility of the 

ion/ion reaction is able to identify whether the FA modification is a straight chain or branching 

moiety as well as to localize the modification site. This approach was demonstrated on standards 

but can be extended to other bacteria or human plasma anion generated in the gas-phase. Further 

studies will focus development of isomer quantitation to determine the fraction of isomer present 



 
 

103 

in a biological matrix. This approach could utilize different ratios of isomers FA 17:0, 16:0 (14Me) 

and 16:0 (15Me), (for example, 80:20, 20:80, 50:50, 30:70 and 70:30) to generate a measured 

value to measure against a corresponding m/z to determine the amount of isomer present in a given 

m/z.  
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3.12 Supporting Information  

 
Figure 3.3 - The CID product ion spectra of (a) [18:0−H+ Mg2+Terpy-CH2

.]+ and (b)  
[18:0(17Me)-H+ Mg2+Terpy-CH2

.]+. Closed and open circles (●/○) signify selected/unselected an-
ions, respectively, and closed and open squares (■/□) signify selected/unselected cations. Light-
ning bolts (🗲🗲) indicate the precursor ion subjected to collisional activation. Asterisk (*) indicates 
the odd-electron fragment product peaks developed from the RDD fragmentation. 
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 GAS-PHASE ION/ION STRATEGY FOR THE DIFFER-
ENTIATION OF ISOMERIC BIS(MONOACYLGLYCERO)PHOSPHATE 

AND PHOSPHATIDYLGLYCEROL SPECIES BY SHOTGUN LIP-
IDOMICS. 

A portion of this manuscript will be published at a later date. 

4.1 Abstract 

Bis(monoacylglycerol)phosphate (BMPs) commonly found in the late endosomal and lyso-

somal vesicles, are key component in lysosomal stability and vesicle trafficking. Similar to phos-

phatidylglycerol (PGs), BMP and PGs are a unique class of regioisomers, with different structural 

features and biochemical roles in the cell. Due to the complexity and these isomeric species, PG 

and BMP pose an analytical challenge in the separation and quantitation of isomeric ions. Ap-

proaches such as liquid chromatography mass spectrometry (LC-MS), hydrophilic interaction liq-

uid chromatography mass spectrometry (HILIC-MS), and/or reverse-phase liquid chromatography 

tandem mass spectrometry (RPLC-MS/MS), for the quantification and separation of phospholipids 

classes; CLs, BMP, and/or PGs found in varying human tissue, cancer cells and mouse samples. 

However, these techniques require long elution time, high degree of samples, and reference stand-

ards to accurately identify. Herein, we propose a gas-phase charge inversion ion/ion reaction to 

discriminate intact PG and BMP isomeric species. In addition, pinpoint the site(s) of unsaturation 

in acyl chain constituents. This approach utilizes a doubly charged magnesium tri-tert-butyl-ter-

pyridine complex, denoted [Mg(TTBT)2]2+to differentiate constitutional isomer in the gas-phase 

without additional offline derivation methods.  

Keywords: Bis(monoacylglycero)phosphate, Phosphatidylglycerol, Isomers, Ion/Ion Reaction, 

Shotgun Lipidomics,  

4.2 Introduction  

Phospholipids (PLs), also known as glycerophospholipids (GPLs),  are one of the major 

component of the lipid bilayer, that aid in cellular structure and stability to form protection against 

environmental attacks.1 PLs are a group of polar lipids that consist of two fatty acids moieties at 
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the sn-1 and sn-2 position, a glycerol backbone esterified to a phosphate group with an organic 

molecule consisting of either choline, ethanolamine, serine, inositol, glycerol, and/or etc..2,3 The 

classification of PL is based on the diversity of the head group, which is linked to the phosphate 

group varies by chain length, degree of saturation and unsaturation.4 In an organism, PLs perform 

a variety of essential biological roles. PLs serve as physical element of the respiratory chain in the 

mitochondria, acts as the  precursor molecules for second messengers in the membrane and mod-

ifies the cancer cell from oxidative destruction. 5,6,7  

Of the PLs classes, bis(monoacylglycerol)phosphate (BMPs) and phosphatidylglycerol 

(PGs) are a unique class of regioisomers, with different structural features and biochemical roles 

in the cell.8 In the bacterial membrane, PGs are the most abundant PLs class found and the major 

component of the lung surfactant.9 Synthetized in the mitochondria with cardiolipins (CLs); acts 

as the predecessor for glycophospholipids, bacterial proteolipids, lipoteichoic acids, BMPs and 

other biological molecules.10,11,12,13 Having a net negative charge, PGs introduce negative polarity 

in the membrane surface to allow for biological processes, such as: transporting, signaling and 

other protein interactions.14  

Similarly, BMPs are the second most abundant lipid found in mammalian cells and tissues. 

A negatively charged PLs class lipid, BMPs are crucial to lysosomal stability and vesicle traffick-

ing bis(monoacylglycerol)phosphate (BMPs).15,16 BMPs originally named lysobisphophatidic acid 

(LBPA), have shown to promote degradation of glycosphingolipids by targeting the multivesicular; 

which provides suitable nature for interaction glycosphingolipid hydrolases to the lipid sub-

strate.17,18 PGs and BMPs present a unique example of sn-positional isomers where both share acyl 

chains connected to the glycerol-backbone. In the case of PGs and other PLs, acyl chains are es-

terified to the glycerol backbone, represented as sn-1:sn-2 position, however, BMP differs with 

one acyl-chain connected at both the glycerol backbone and headgroup, resulting in an sn-1:sn-1′ 

orientation.19,20,21,22 Although recent reports suggest BMPs serve as biomarkers for metastatic can-

cer, lysosomal storage diseases (LSDs), and drug-induced phospholipidosis, BMP are understud-

ied compared to its PG counterpart.23,24,25,26  

Since PGs and BMPs are constitutional isomers, accurate measurements are needed to sep-

arate isomeric species from biological matrices. In recent studies, utilization of liquid chromatog-
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raphy mass spectrometry (LC-MS), hydrophilic interaction liquid chromatography mass spectrom-

etry (HILIC-MS), and/or reverse-phase liquid chromatography tandem mass spectrometry (RPLC-

MS/MS), for the quantification and separation of phospholipids classes; CLs, BMP, and/or PGs 

found in varying human tissue, cancer cells and mouse samples. However, these methods require 

reference standards to confirm retention time, higher degree of samples and solvents, long analysis 

time and/or etc. than other shotgun approaches, but fail to fully separate isomeric spe-

cies.27,28,29,30,31,32 The integration Ion mobility with tandem mass spectrometry were employed for 

the separation of regioisomeric species, but similar to chromatography methods, ion mobility re-

quire reference standards, long analysis time and suffers from low sensitivity, while struggle to 

fully probe intact BMPs and PGs species.33,34,35  

Other techniques involving condensed phase derivatization strategies have been utilized to 

methylate the phosphate group of the phospholipid (phosphatidylinositol (PPIs), PGs, and BMP 

isomers for identification in a biological sample, but this method is time consuming due to a neutral 

loss scan (NLS) of methylated head groups a head of time to identify lipid species, however, tech-

nique is not able to quantify isomers at varing chain lengths.36,37,38 Utilization of tandem mass 

spectrometry can be useful for separating isomeric species.39 Electrospray ionization (ESI) in neg-

ative ion mode has been widely used to examine PG species but isomeric BMP cannot be differ-

entiate from PG, due to similar mass to charge (m/z) and relative abundances. With the aid of 

ammonium adducts, positive ESI can differentiate both PG and BMP at a higher degree of sensi-

tivity compared to typical tandem mass spectrometry (MS/MS)  negative ion mode. Which pro-

duce diverse product spectrum that identify isomer species but cannot provide complete separation 

of coeluted isomer type,40,41  

Herein, we demonstrate the use of a gas-phase charge inversion ion/ion reaction to discrim-

inate intact PG and BMP isomeric species. In addition, pinpoint the site(s) of unsaturation in acyl 

chain constituents. In previous work, charge inversion reaction has been used for the localization 

of saturated and unsaturated species, present in biological matrices.42–47 In brief, via nESI negative 

ion mode, single deprotonated BMP/PG, [BMP/PG – H]-, was mass selected during transit and 

transferred to high pressure collision cell, q2 for storage.  

Next, in positive ion mode, doubly charged magnesium tri-tert-butyl-terpyridine complex, 

denoted [Mg(TTBT)2]2+, was mass selected and transferred to high pressure collision cell, q2 to 

undergo charge inversion reaction (IIRXN). To facilitate the ion/ion reaction, magnesium complex 
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dictations and lipid anions were simultaneously stored in q2, resulting in the formation of two 

charge inverted species: [BMP/PG – H + Mg(TTBT)2]+ and [BMP/PG – H + Mg(TTBT)]+. Ion-

trap collisional induced dissociation (CID) of dominate ion peak, [BMP/PG – H + Mg(TTBT)]+ 

resulted in distinctive fragmentation corresponding to isomer constituent,  facilitating differentia-

tion of BMP/PG isomers and localization of unsaturation sites in acyl chain constituents. Explicitly, 

standards of PLs with PGs and BMPs are used to demonstrate capability of the ion/ion reaction.   

4.3 Experimental Section  

4.3.1 Nomenclature  

We have adapted the shorthand lipid nomenclature recommended by Liebisch et al., which 

is demonstrated throughout this work.48 For example, bis(monoacylglycero)phosphate and phos-

phatidylglycerol are represented as BMP and PG, respectively. In short, PG 16:0/18:1(Δ9) catego-

rizes the phosphatidylglycerol (PG), by glycerol head group, two fatty acyl chains at the sn-1 and 

sn-2 position, esterified to the glycerol backbone, having a carbon number (represented before the 

colon, 16 and 18), degree of unsaturation, carbon-carbon double bond (C=C), and stereo-orienta-

tion (represented after the colon as 0 and 1). The separator “/” indicating that the sn-positions are 

known. The separator “_” is used when the sn-positions are not known. Geometry and C=C posi-

tion is specified using “9Z” nomenclature meaning that the double bond is at the 9th carbon of the 

fatty acyl chain with cis geometry.  When the C=C geometry is unknown, Δ-nomenclature fol-

lowed by the carbon position number is used, i.e., PG 16:0/18:1(Δ9). However, in the case of BMP 

RR 18:1(Δ9) /18:1(Δ9) identifies the bis(monoacylglycero)phosphate (BMP), by two monoacyl-

glycerols bound to a phosphate group at the sn:1/sn:1 configuration.49 RR represents the stereo-

chemistry of the acyl chain connected to both sides of the phosphate group.  

4.3.2 Chemicals 

18:1(Δ9-Cis) BMP (R,R), 14:0 Hemi BMP (S,R), 18:1 (Δ9-Cis) PG, 16:0-18:1 PG, and 

18:0-18:1 PG standards were purchased from Avanti Polar Lipids (Alabaster, AL). 1,2-Dilauroyl-

sn-glycero-3-PG (sodium salt) (PG 12:0/12:0), 1,2-Dimyristoyl-sn-glycero-3-PG (sodium salt) 
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(PG 14:0/14:0), 1,2-Dipalmitoyl-sn-glycero-3-PG (sodium salt) (PG 16:0/16:0), and 1,2-Dis-

tearoyl-rac-glycero-3-PG (sodium salt) (PG 18:0/18:0) standards were all purchased from Cayman 

Chemical Company (Ann Arbor, MI). 4,4′,4″-Tri-tert-Butyl-2,2′:6′,2″-terpyridine were purchased 

from Sigma-Aldrich, Inc. (St. Louis, MO). Magnesium chloride, HPLC Grade methanol, HPLC 

Grade water and chloroform were purchased from Thermo Fisher Scientific (Waltham, MA).   

4.3.3 Mass Spectrometry  

All data were collected on modified a Sciex QTRAP4000 hybrid triple quadrupole/linear 

ion trap mass spectrometer. Briefly, alternately, pulsed nano-electrospray ionization (nESI) was 

used for ion generation. Deprotonated lipid anions [BMP/PG - H]-, were generated via negative 

ion mode nESI, mass selected during transit through Q1, and transferred to q2 for storage. Next, 

the charge inversion (IIRXN) reagent doubly charged magnesium tri-tert-butyl-terpyridine com-

plex cations, denoted [Mg(TTBT)2]2+, were generated via positive ion mode nESI. To facilitate 

the ion/ion reaction, magnesium complex dictations and lipid anions were simultaneously stored 

in q2, resulting in the formation of charge-inverted lipid cations [BMP/PG - H + Mg(TTBT)2]+. 

Ion-trap CID of charge-inverted lipid anion isomer resulted in distinctive fragmentation, facilitat-

ing differentiation of BMP/PG isomers and localization of unsaturation sites in acyl chain constit-

uents.  
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4.4 Results and Discussion  

4.4.1 Distinguishing bis(monoacylglycerol)phosphate moieties from regioisomeric phos-
phatidylglycerol species.  

 
Figure 4.1 - MS2 CID product spectra of constitutional isomers. (a) [PG 18:1(9Z)/18:1(9Z) - H]- 
(m/z 773.5) and (b) [BMP 18:1(9Z)/18:1(9Z) - H]- (m/z 773.5) in negative ion mode. CID spectra 
of [PG 18:1(9Z)/18:1(9Z) - H]- and [BMP 18:1(9Z)/18:1(9Z) - H]- exhibiting identical fragmenta-
tion patterns, corresponding to the fatty acyl chain [18:1 – H]- (m/z 281.3), neutral loss of sn1 or 
sn2 (m/z 491.1) and neutral loss of sn1 or sn2 group and glycerol (m/z 417.2). Closed and open 
circles (●/○) signify selected/unselected anions, respectively. Lightning bolts (🗲🗲) indicate the pre-
cursor ion subjected to collisional activation.  
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Tandem mass spectrometry (MS/MS) technique are commonly used in the detection of 

lipid species, due to its high sensitivity, robustness, and dependability. In conjunction with MS/MS 

experiment, collisional induced dissociation (CID) is normally employed to aid in the characteri-

zation and quantitation of lipid species. As mentioned above, constitutional isomers PGs and 

BMPs are unique lipid classes of PLs, that pose an analytical challenge due to common mischar-

acterization in the gas-phase. In positive ion mode, ammonium adducted PGs and BMPs [M + 

NH4
-]+ are detected. While PGs are favored more in the negative ion mode, both lipid classes [M 

– H]- are found, sharing similar spectra.  

In positive ion mode, CID spectra of [M + NH4
-]+, produce product fragments correspond-

ing to headgroup dictation. While in negative mode, CID spectra of [M - H]- produce identical 

fragment spectra. For example, shown in Figure 4.1, negative ion mode CID product ion spectra 

of both [PG 18:1(9Z)/18:1(9Z) - H]- and [BMP 18:1(9Z)/18:1(9Z) - H]-. Ironically, both MS/MS 

CID spectra of Figure 4.1(a). [PG 18:1(9Z)/18:1(9Z) - H]- and Figure 4.1(b). [BMP 

18:1(9Z)/18:1(9Z) - H]- illustrates identical fragmentation patterns, corresponding to acyl chain 

composition (m/z 281.3), neutral loss of sn1 or sn2 (m/z 491.1) and neutral loss of sn1 or sn2 group 

and glycerol (m/z 417.2) moieties.  
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Scheme 4.1 - Demonstration of the gas-phase charge inversion ion/ion reaction for the analysis Of BMPs and PGs. The reaction scheme 
details the ion selection of the singly deprotonated PG and BMP anion ([MPG –H]- and [MBMP –H]-), which undergoes a charge inversion 
reaction with cation [Mg(TTBT)2]2+, to form [MPG/BMP-H+Mg2+(TTBT)2]+ and [MPG/BMP-H+Mg2+(TTBT)]+ cationic complexes. CID of 
[MPG-H+Mg2+(TTBT)]+ complex cation, yields structurally informative product ions indicating: [MPG – H + MgTTBT – sn1/sn2)]+, 
[MPG - H + MgTTBT – sn1/sn2 -C3H7O3]+, [sn1/sn2 – H + MgTTBT]+ and amongst other peaks. Ion-trap CID of [MBMP - H + 
Mg(TTBT)]+ resulted in single product ion [MBMP - H + MgTTBT – sn1/sn2 - C3H7O3]+.  
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To distinguish constitutional isomers from its isomeric counterparts without the aid of 

chromatography and/or derivation techniques, the ion/ion reaction was employed. Charge inver-

sion of intact PG/BMP anions via reaction with divalent metal complexes, such as [Mg(TTBT)2]2+, 

followed by CID enables the distinction between PLs classes. Further interrogation of fatty acyl 

allowed localization of carbon-carbon double bond.  An illustration of this process allows distinc-

tion of PG/BMP isomer, shown in Scheme 4.1.  In brief, [MPG/BMP − H]− was mass-selected in Q1 

and transferred to q2 for storage.  Next, [Mg(TTBT)2]2+ (m/z 413.2), was mass-selected in Q1 and 

stored with the [M − H]− anions in q2, to allow ion/ion reaction to occur.  

The consequential ion/ion reaction, caused in a charge-inverted complex [MPG/BMP-

H+Mg2+(TTBT)2]+, where the FA chains complexed to the alkaline earth metal reagent, resulting 

two product ions: [MPG - H + Mg TTBT]+ and [MPG - H + (Mg(TTBT)2]+ or [MBMP - H + Mg 

TTBT]+ and [MBMP - H + (Mg(TTBT)2]+. In the case of PGs, ion-trap CID of [MPG - H + Mg 

TTBT]+ complex cation yields structurally informative product ions indicating: [MPG – H + 

MgTTTB – sn1/sn2]+, [MPG - H + Mg TTBT - sn1/sn2 -C3H7O3]+ , [sn1/sn2 – H + Mg TTBT]+ 

amongst other fragments. Following the similar workflow, ion/ion reaction of BMP anion with 

[Mg(TTBT)2]2+ resulted in similar product spectra of PGs; [MBMP - H + Mg TTBT]+ and [MBMP - 

H + (Mg(TTBT)2]+. Ion-trap CID of [BMP RR - H + Mg(TTBT)]+ resulted in single product ion 

[BMP RR - H + Mg TTBT – sn1/sn2 - C3H7O3]+, shown in Scheme 4.1. MS4 of [BMP RR - H + 

Mg TTBT – sn1/sn2) - C3H7O3]+ gave rise to [sn1/sn2 - H + Mg TTBT]+, while MSn of [sn1/sn2 

- H + Mg TTBT]+ allowed C=C localization.  
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Figure 4.2 - Demonstration of the gas-phase charge inversion reaction for the analysis of PGs and BMPs. (a) Ion/ion reaction of PG 
18:1(9Z)/18:1(9Z) with [Mg(TTTB)2]2+, yielding two dominating product ions: [MPG-H+Mg2+(TTTB)2]+ and [MPG-
H+Mg2+(TTB)]+. (b) Ion trap CID of MPG-H+Mg2+(TTB)]+  yield fragment ion corresponding to head group and acyl chain ions. (c) 
CID of [18:1 – H + MgTTTB]+, yields the spectra pattern indicative of double bond location. (d) In a similar fashion, ion/ion reaction 
of BMP RR 18:1(9Z)/18:1(9Z) with [Mg(TTTB)2]2+, gave rise to two dominating product ions: [MBMP-H+Mg2+(TTTB)2]+ and 
[MBMP-H+Mg2+(TTTB)]+. (e) However, CID product spectra of MBMP-H+Mg2+(TTTB)]+ gave rise to only one ion, corresponding 
to the MBMP - H + MgTTTB - 18:1(9Z) - C3H7O3]+. (f) CID of [18:1 – H + MgTTTB]+ , yields the spectra pattern indicative of 
double bond location. 
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To demonstrate the utility of IIRXNs for the differentiation and detailed identification of 

BMP and PG isomers, we examined isomeric PG 18:1(9Z)/18:1(9Z) and BMP RR 

18:1(9Z)/18:1(9Z), illustrated in Figure 4.2. In Figure 4.2a and Figure 4.2d., IIRXN of PG and 

BMP resulted in the same spectra. However, in Figure 2b., IIRXN between [PG – H]- anions and 

[Mg(TTBT)2]2+ dictations resulted in the formation of two product ions: [PG - H + Mg TTBT]+ 

and [PG - H + (Mg(TTBT)2]+. CID of the [PG – H + Mg TTBT]+ complex cation yields structurally 

informative product ions indicating: [PG – H + MgTTBT - 18:1(9Z)]+
 (m/z 916.63), [PG - H + 

MgTTBT - 18:1(9Z) -C3H7O3]+ (m/z 842.5), [18:1 – H + MgTTBT]+ (m/z 706.2) including other 

product ions corresponding to the headgroup rearrangement, shown in Figure 4.2b. To determine 

the site(s) of unsaturation in the acyl chains, a secondary step of CID was employed. Specifically, 

the CID spectrum of [18:1(9Z) - H + MgTTBT]+ generated an isomer-specific fragmentation pat-

tern dictated by carbon-carbon double bond position (C=C) (Figure 4.2c.). To establish the effec-

tiveness of IIRXN reaction for the discrimination of isomeric BMP and PG lipid molecular struc-

tures, BMP RR (18:1(9Z)/18:1(9Z)) anions were charged inverted in an identical manner with 

MgTTBT cation complex, Figure 4.2d. Resulting in two product ions: [BMP RR - H + MgTTBT]+ 

and [BMP RR - H + (Mg(TTBT)2]+. Ion-trap CID of [BMP RR - H + Mg(TTBT)]+ resulted in 

single product ion [BMP RR - H + MgTTBT - 18:1(9Z) - C3H7O3]+ (m/z 842.57) (Figure 4.2e.). 

Reisolation and CID of [BMP RR - H + MgTTBT - 18:1(9Z) - C3H7O3]+ gave rise to [18:1(9Z) - 

H + MgTTBT]+ and an additional step of CID of [18:1(9Z) - H + MgTTBT]+ permitted C=C lo-

calization, shown in Figure 4.2f.  

Another example of the effectiveness of the charge inversion reaction to distinguish regi-

oisomers species, Figure S14.3(a). PG 14:0/14:0 and Figure S4.3(b). BMP SR 14:0/14:0, shown 

in Supporting Information, Figure S4.3. Briefly, ion trap CID of PG 14:0/14:0 resulted in [PG – 

H + MgTTBT – 14:0]+
 (m/z 789.4), [14:0– H + MgTTBT]+ (m/z 653.2) product ions and other 

dominate ions corresponding to the headgroup rearrangement. While BMP SR 14:0/14:0 resulted 

in one peak corresponding to [BMP SR - H + MgTTBT – 14:0 - C3H7O3]+ (m/z) (shown in Figure 

S4.3(a).) Additionally, isolation and CID of BMP SR - H + MgTTBT – 14:0 - C3H7O3]+, gave rise 

to [14:0 - H + MgTTBT]+ and an additional step of CID of [14:0 - H + MgTTBT]+, shown in 

Figure S4.3(b). In total, the combination of IIRXN reactions and MSn enables in-depth structural 
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identification and differentiation of PG and BMP isomers, including the assignment of C=C posi-

tion(s). Notably, the developed gas-phase ion/ion strategy is capable of distinguishing BMP/PG 

isomers without the aid of synthetic standards. 

4.5 Conclusion  

We developed a novel approach for the differentiation and structural elucidation of intact 

regioisomers PGs and BMPs species. In the negative ion mode, PG and BMP isomers share iden-

tical mass spectra, making them hard to differentiate from each other. To account for that, this 

method incorporates the utility of the gas-phase ion/ion reaction with alkaline earth metal reagent 

and low energy CID for separation of isomeric species without the aid of chromatography or other 

derivation techniques. In the negative ion mode, PG and BMP isomers share identical mass spectra, 

making them hard to differentiate from each other. In the gas-phase, deprotonated FAs anion are 

transformed via the ion/ion reaction with doubly charged magnesium tri-tert-butyl-terpyridine re-

agent, to produce [MPG/BMP-H+Mg2+(TTBT)2]+ cationic complex. Ion trap CID of [MPG/BMP-

H+Mg2+(TTBT)]+ yield two product peaks, corresponding to the PG and BMP: [MPG - H + Mg 

TTBT]+ and [MPG - H + (Mg(TTBT)2]+ or [MBMP - H + Mg TTBT]+ and [MBMP - H + 

(Mg(TTBT)2]+. For PG, CID spectra of [MPG - H + Mg TTBT]+
 reveals structural peaks that in-

dicative of the fatty acyl loss, loss of glycerol headgroup with fatty acyl, and other dominate peaks 

corresponding to the headgroup rearrangement. Ironically in the case of BMP, CID spectra only 

reveals the loss of the fatty acyl moieties. With further interrogation of fatty acyl will reveal the 

carbon-carbon double bond. This approach was established on standards but can be extended to 

bacterium anion generated in the gas-phase. Further studies will focus development of isomer 

quantitation to determine the fraction of isomer present in a biological sample. This approach could 

utilize different ratios of isomers PG 18:1(9Z)/18:1(9Z) and BMP RR 18:1(9Z)/18:1(9Z) (for ex-

ample, 75:25. 25:75, 50:50, 60:40 and 40:60), to generate a measured value to measure against a 

corresponding m/z to determine the amount of isomer present in a given m/z.  
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4.7 Supporting Information 

 
Figure 4.3 -  Demonstration of the gas-phase charge inversion reaction for the analysis of PGs and 
BMPs. (a) Ion/ion reaction of cationic complex generated from ion/ion reaction of PG 14:0/14:0  
with [Mg(TTBT)2]2+, to form [MPG-H+Mg2+( TTBT)]+. Ion trap CID of [MPG-H+Mg2+( TTBT)]+ 

yield product ions indicative of headgroup rearrangement, fatty acyl loss and acyl loss of glycerol 
backbone. (b) Ion trap CID of MBMP-H+Mg2+(TTBT)]+  formed from the charge inversion reaction 
with metal alkaline earth metal complex, on single peak corresponding to the loss of a fatty acyl 
moiety. 
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 OH LIPIDS. THE PLACES WE HAVE GONE 

As I close this chapter of lipid, I am reminded of the question posed to me by Dr. Graham 

Cooks during recruitment weekend; “how would you use mass spectrometry to solve this problem”. 

I believe this same question has boggled the mind of many scientists in the world of mass spec-

trometry and in the Lipidomics community. With the invention of the first mass spectrometer by 

Francis Aston and J.J. Thompson in the late 1912123, this powerful analytical tool has changed the 

landscape of how we probe and detect lipids in a biological matrix.  

On my quest to answer the question; I am reminded of the Dr. Seuss book, “Oh the places 

you'll go”. The childhood story that unravelled over the course my graduate career at Purdue Uni-

versity. Starting at page one with my introduction to the world of Lipidomics. It wasn’t at Scott 

McLuckey group poster but during my first session on the Sciex 4000 Triple Quadrupole in the 

wet lab. Watching how capillary tips were loaded with lipid and reagents solvents to the interface 

of the orifice of the mass spectrometer. Turning on duo pulsed nano-electrospray ionization (nESI) 

of positive and negative ions generate in the gas-phase. The mass analyzer ionizes the solvents 

into charge droplets to be mass selected during transit to a high-pressure collision cell, to undergo 

modifications before detection. Looking at the ions being formed and transferred during different 

segments, while developing spectrums, I was hooked. Like the lipid, I was generated and trans-

formed into a new version of myself and detected. Leaving instrument time, the journey has started, 

and I am on my way.  

In several ways, lipids have allowed me to surpass my limited understanding what a lipid 

is. Lipids are extraordinary molecules found in all living organisms, with so many different classes 

and subclasses of species, I am overwhelmed with the different roles and function that lipids pro-

cess, but the question is still posed. How have I added to this sector of research? Over the course 

of the dissertation, I have explored new ways to evaluate and characterize various subclass of lipids 

in and out of a biological matrix. With the aid of the ion/ion reaction, I was able to add to a well-

known technique, for the analysis of lipids, shown in Chapters 2-4.  The utilization of organic and 

biochemistry to untangle surface and chemical compositions in the gas-phase. The incorporation 

of prior and future knowledge has made me successful in the new field of research. Like the little 

boy in the book, I was on a journey of uncertainty and creativity. I have arrived to the new me. 

Thank you, lipid, for open my eyes to a new horizon of science. For crafting technical skills and 
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empowering me to present you. Thank you for taking me on a journey that I will never forget. May 

I never forget the lessons taught and giving. I promise to take you to the next segment of research.  

5.1 Reference 

(1) The Nobel Prize in Chemistry 1922. NobelPrize.org. https://www.no-
belprize.org/prizes/chemistry/1922/summary/ (accessed 2023-06-22). 

(2) Thomson, J. J. XLVII. On Rays of Positive Electricity. Lond. Edinb. Dublin Philos. Mag. J. 
Sci. 1907, 13 (77), 561–575. https://doi.org/10.1080/14786440709463633. 

(3) Thomson, J. J. Rays of Positive Electricity and Their Application to Chemical Analyses; 
Longmans, Green and Company, 1921. 
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APPENDIX 

2, 2’:6’, 2” terpyridine (terpy) (Tempo-Terpy) was synthesized by Dr. Jinshan 

Gao laboratory. 

N

N N

HO O

H2SO4

MeOH, reflux, 24 h
N

N N

O O

 

 

4′-Carboxylic acid-2,2′:6′,2′′-terpyridine esterified to 4′-Methoxycarbonyl-2,2′:6′,2′′-terpyridine. 

1. Glassware was oven-dried and flame-dried prior to reaction.  

2. 300 mg of Starting material suspended in 100-mL of HPLC-grade Methanol. 

3. Sparged with argon for 15 minutes 

4. Dropwise addition of 4 mL of concentrated sulfuric acid. 

5. Stirred and refluxed for 24 hours. 

Workup: 

1. Reaction was cooled to room temperature and adjusted to pH 6-7 with 2M KOH and satu-

rated sodium bicarbonate solution. 

2. Solvent removed in vacuo. 

3. Redissolved in ethyl acetate and washed thrice with 19.2 Mohm water. 

4. Solvent removed and product isolated as white solid. 98.6% yield. 
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N

N N

O O

NaBH4, LiCl
IPA, reflux, 4 h

N

N N

HO

 

 

4′-Methoxycarbonyl-2,2′:6′,2′′-terpyridine reduced to 4′-Methanol-2,2′:6′,2′′-terpyridine. 

1. Glassware was oven-dried and flame-dried prior to reaction. 

2. Starting material dispersed in HPLC-grade Isopropanol. 

3. Argon sparged for 15 minutes. 

4. Sodium borohydride and lithium chloride in 3 times molar excess to the starting material 

added to reaction vessel. 

5. Reflux while stirring for 4 hours. 

Workup: 

1. Allowed to reach room temperature. 

2. Solvent removed in Vacuo. 

3. Reconstituted in DCM and washed thrice with 18.2 Mohm water. 

4. Dried over anhydrous sodium sulfate. 

5. Solvent removed in Vacuo and product isolated as white solid. 95.6% yield. 
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N

N N

HO

H2O, PBr3

DCM, 0°C→reflux, 4 h
N

N N

Br

 

4′-Methanol-2,2′:6′,2′′-terpyridine brominated to 4′-bromo-2,2′:6′,2′′-terpyridine. 

1. Starting material was switched between argon and vacuum thrice and left under argon 

(flask 1). 

2. Separate flask (flask 2), oven and flame dried, contains 10mL of HPLC grade dichloro-

methane and twice as many moles of water as there are starting material in flask 1 (37 µL 

in this case). 

3. Flask 2 was brought down to 0°C in ice bath while under vigorous stirring.  

4. Phosphorous tribromide is added to flask 2 (equimolar to water, 2x moles of starting ma-

terial). 

5. The starting material is dissolved in flask 1 with dichloromethane and transferred to flask 

2 in a dropwise fashion. 

6. Flask 2 is allowed to reach room temperature before being refluxed for 4 hours while stir-

ring. 

Workup: 

1. Allowed to reach room temperature. 

2. pH adjusted to 7 with saturated sodium bicarbonate solution. 

3. The organic layer was separated, and aqueous layer subjected to two extractions with DCM. 

4. The organic layer was dried over anhydrous sodium sulfate. 

5. Solvent removed in vacuo to isolate a pale brown solid. 
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N

N N

Br

TEMPO, Cu, Cu(OTf)2, Nbpy
benzene, reflux, 5 h

N

N N

O

N

  

4′-bromo-2,2′:6′,2′′-terpyridine to 4’-(2,2,6,6-Tetramethylpiperidine 1-oxy)-2,2′:6′,2′′-Terpyridine. 

Glassware oven and flame dried. 

1. Starting Material switched between vacuum and argon thrice, and left under argon. 

2. TEMPO, copper, copper(II) trifluoromethanesulfonate, and 4,4′-Dinonyl-2,2′-dipyridyl 

were added to the reaction flask. 

3. The molar ratios are as follows:  

4. Starting material : TEMPO : Cu : Cu(Otf)2 : Nbpy = 1 : 1.2 : 1.2 : 0.1 : 0.4 

5. Reaction flask if switched between vacuum and argon thrice, then left under argon. 

6. All reactants were dissolved or suspended in anhydrous benzene. 

7. Refluxed while stirring for 5 hours. 

Workup 

1. Mixture was allowed to reach room temperature. 

2. The mixture was filtered through a short pad of silica. 

3. The organic layer was rinsed with saturated ammonium chloride (NH4Cl), 1 M ammonium 

hydroxide (NH4OH), and saturated sodium chloride solution. 

4. Organic layer was dried over sodium sulfate. 

5. The product was isolated via flash chromatography, using a 12g silica gel column. The 

mobile phase increased from 100% hexane to 70% ethyl acetate in a stepwise manner over 

the course of 70 minutes.  
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6. Fractions containing product were confirmed via MS and dried to isolate the product as a 

white solid. 
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