
 

p 1 
 

 

Complete structural elucidation of lipids in a single 

experiment using electron activated dissociation (EAD) 

Analyze on an LC timescale using the ZenoTOF 7600 system  

Mackenzie Pearson1, Christie Hunter1, Takashi Baba2  

1SCIEX, USA, 2SCIEX, Canada 
 

The field of lipid research has grown immensely in recent 

decades. Lipids were initially thought to simply be structural 

components of cellular membranes, but the ongoing study of 

lipids and their functions has shown these diverse molecules are 

very active participants in many biological processes. Recent 

studies have shown lipids to play direct or causal roles in many 

human disease states, such as Alzheimer’s, metabolic syndrome 

and lysosomal storage disorders.1 They have also been used as 

potential biomarkers. For instance, a shift in the double bond 

from a ∆7 to ∆9 in a phospholipid has the potential to be a 

biomarker for breast cancer,2 and a change in the sn-1 and sn-2 

positions of an acyl chain in phosphatidylinositol has the 

potential to be a marker in urine for prostate cancer.3  

Lipids have also garnered a lot of attention in the delivery of 

vaccines, genetic material and other small molecules. Lipid 

nanoparticles (LNPs) are a novel drug delivery system consisting 

of a lipid outer shell with the drug encapsulated in the center. 

LNPs have now been approved for several therapies as well as 

for the SARS-CoV-2 vaccines mRNA-1273 (Moderna) and 

BNT162b2 (BioNTech).4 

Although lipid species generally fall into classes that share 

specific subgroups and configurations, the diversity of lipid 

molecules is enormous. Characterization of lipids must not only 

include the identification of molecular composition but also 

details about individual components such as class, head groups, 

lengths of different fatty acids, modifications, attachment points, 

numbers and positions of double bonds, and even cis/trans 

configurations. As a result, the complete structural elucidation of 

lipid molecules has generally been an arduous task composed of 

a series of characterization steps that use different 

methodologies. 

Here, electron activated dissociation (EAD) on the ZenoTOF 

7600 system is used for the complete structural elucidation of 

glycerophospholipids, sphingolipids, and acylglycerols in a single 

experiment. In contrast to the more commonly used collision 

activated dissociation, or CAD, EAD provides an abundance of 

unique fragment ions critical for complete lipid characterization. 

Key features of EAD and the ZenoTOF 7600 
system for lipid analysis 

• EAD, an alternative fragmentation mechanism to CAD, 

provides richer information for improved characterization of 

lipids 

• Tunable kinetic energies for optimization of fragmentation 

for different applications 

• EAD combined with the Zeno trap has the sensitivity needed 

for fast LC-MS analysis and information dependent 

acquisition (IDA) 

 

 

 

  

 

Figure 1. Complete characterization of a lipid. One MS/MS 
spectrum identifies the lipid as  PC 16:0/18:1(n-9:cis) by providing 
class, head group, fatty acid identification, fatty acid position 
(regioisomerism), double bond location and stereochemistry 
(cis/trans). 
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The challenge of lipid characterization 

The LIPID MAPS consortium classifies lipids into 8 different 

categories: (1) fatty acyls, (2) glycerolipids, (3) 

glycerophospholipids, (4) sphingolipids, (5) sterol lipids, (6) 

prenol lipids, (7) saccharolipids and (8) polyketides. Within each 

category are sub-categories specifying details about the lipid 

structure. For example, for glycerophospholipids, the following 

subcategories must all be ascertained for complete structural 

elucidation:  

• Class level 

• Sum composition level 

• Fatty acid level 

• Positional isomer level 

• Double bond position(s) 

• Cis/trans configuration 

 

When considering all of the different combinations that can be 

created using items from each of these sub-categories, ~10,000 

unique glycerophospholipid species are possible. If fatty acid 

modifications are considered, the possibilities are even greater. 

As an example, for the lipid specified at the sum composition 

level of PC 34:1, there are 40 different permutations possible for 

this lipid species alone, as illustrated in the online animation. 

This requires a time-consuming and labor-intensive approach to 

fully characterize this species employing multiple analytical 

technologies and experiments such as those outlined in Figure 2. 

Electron activated dissociation for lipids  

The ZenoTOF 7600 system is equipped with electron activated 

dissociation (EAD).5 Electron based fragmentation has typically 

suffered from relatively low sensitivity. However, working in 

tandem with the Zeno trap on the ZenoTOF 7600 system, highly 

sensitive, fast and reproducible electron-based MS/MS 

fragmentation on an LC timescale can be obtained. Moreover, 

the electron kinetic energy for fragmentation can be tuned to the 

compound of interest. Low-energy electron capture dissociation 

(ECD) is utilized for multiply-charged precursor ions such as 

peptides. Higher energy electrons, such as those used for 

electron impact excitation of ions from organics (EIEIO) are used 

for fragmentation of singly-charged ions such as lipids. With the 

ZenoTOF 7600 system, electron energies can be adjusted from 

<0.2 eV to over 20 eV, enabling dissociation of a vast range of 

compounds. 

Using the ZenoTOF 7600 system and EAD fragmentation, ALL 

the information in yellow font from Figure 2 is obtained in one 

EAD experiment. As shown in Figure 1 for the same 

glycerophospholipid previously discussed (PC 34:1),  a single 

Zeno EAD experiment identifies the lipid class, head group, 

types of fatty acids, fatty acid attachment points 

(regioisomerism), existence and location of a double bond. It 

also shows whether it is cis or trans configuration, to reveal the 

fully characterized lipid species as PC 16:0 / 18:1(9Z)). 

 

  

Figure 2: The many layers of lipid structural specificity. Currently, no single commercial technology can fully characterize a lipid. Multiple different 
technologies, platforms, and experiments are required. Alternatively, the ZenoTOF 7600 system using EAD can obtain all the information outlined above 
in yellow font within a single experiment, enabling complete classification of lipids. 
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Identifying lipid head groups and 
differentiating sphingomyelins from 
phosphatidylcholines 

Lipid head groups vary widely in their chemistries, enabling them 

to influence different structural features such as cell membrane 

flexibility and permeability as well as to mediate various 

biological functions such as substrate transport and cell 

signaling. Identification of a lipid head group is one of the more 

straightforward tasks performed for lipid characterization as a 

unique fragment ion is still observed in Zeno EAD. 

Phosphatidylcholines (a type of glycerophospholipid) and 

sphingomyelins are similar in structure and molecular weights 

and share a common head group, phosphatidylcholine (PC). 

Figure 3 shows the clear identification of the PC head group for a 

sphingomyelin (top) and a phosphatidylcholine (bottom) through 

the diagnostic PC fragment ion with m/z 184. 

In order to differentiate these two lipid classes, fragment ions 

corresponding to the attachment point of the choline head group 

to the lipid backbone are examined. With glycerophospholipids, a 

glycerol unit resides at the center of the molecule and head 

groups are attached to one end. EAD produces two diagnostic 

fragment ions: m/z 224 containing a carbon atom and m/z 226 

with an oxygen atom for the glycerol backbone (Figure 3, 

bottom). This doublet is a unique identifier for 

phosphatidylcholines. With sphingomyelins, however, instead of 

a glycerol backbone, the long-chain amino alcohol sphingosine 

resides at the center of the molecule. EAD breaks the amide 

bond producing a fragment ion with m/z 225 containing the 

amide nitrogen atom (Figure 3, top). Additional unique diagnostic 

fragment ions as outlined in several recent publications serve to 

further differentiate and characterize lipid species within these 

classes.6,7 

Distinguishing regioisomers 

Glycerolipids and glycerophospholipids can have their fatty acid 

chains connected at several different attachment points 

designated as sn-1, sn-2, and sn-3 (“sn” for stereospecific 

numbering). While these structures can seem very similar, in 

recent years it has become increasingly apparent that different 

regioisomers can have very different physical and biological 

properties. Thus identification of attachment points is now a vital 

part of lipid characterization.  

Figure 4 shows the Zeno EAD spectrum for a triglyceride 

standard where two of the three fatty acids are identical (18:1(N-

12Z)) and the third contains a shift in a double-bond position 

(18:1(N-9Z)). The sn-1, sn-2, or sn-3 attachment point for each 

of the fatty acids can be differentiated by examining the dual 

chain loss fragment which still contains the remaining fatty acid 

itself and its attachment point. Two different fragmentation 

patterns are observed for each regioisomer as described in a 

 

Figure 3. EAD MS/MS of sphingomyelins and phosphatidylcholines. Diagnostic fragment ions at the low mass end identify the PC head group at 
m/z 184 and differentiate sphingomyelins (top) from phosphatidylcholines (bottom) with fragment ions containing either nitrogen (m/z 225) or carbon and 
oxygen (m/z 224 and 226). Color coding shows the origin of each fragment ion from the backbone. 
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recent publication.8 In the case of an sn-2 attachment, the dual 

cleavage points for both patterns result in identical products with 

the same mass. Thus only a single fragment peak is observed. 

However, in the case of an sn-1 or sn-3 attachment, the dual 

cleavage points occur after carbon (for one pattern), and after a 

carbon and an oxygen (for the other pattern). Thus, a pair of 

peaks is observed with the lower-mass ion more intense. 

Additionally, the 1.98 Da difference between the paired peaks 

indicates that the lighter fragment contains a CH2 group and the 

heavier fragment contains oxygen instead of the CH2 group.  

Determining chain length and location of 
double bonds 

The fatty acid residues attached to lipid molecules are one of the 

fundamental components that drive biological activity. These 

long carbon chains can vary greatly in length and can be fully 

saturated or contain areas of unsaturation with single or multiple 

double bonds. Since the chain length as well as the presence 

and location of any unsaturation can greatly affect both the lipid 

structure and function, full characterization of the fatty acid 

portion is essential for understanding biological activity. 

The difference in mass between the dual chain loss fragments 

(discussed in the previous section) and the intact precursor ion 

provides information regarding the number of carbons within 

each chain, and whether or not there are any double bonds. In 

addition, EAD also produces a rich set of chain fragments 

originating from the intact precursor ion with sequential loss of 

CH2 from the fatty acid backbone. These fragments generally 

span the entire length of the fatty acid chains and help to confirm 

the lengths of the chains themselves. Inspection of the peak 

pattern observed at each sequential carbon loss can reveal the 

location of a double bond. 

Figure 5 shows the two-dimensional elution profile of a complex 

lipid mixture extracted from C2C12 myotubes. Data were 

generated using information dependent acquisition (Zeno IDA) to 

collect EAD MS/MS on the fly, coupled with normal phase 

chromatography for lipid class based separation. This sample 

contains a rich mixture of many different lipid species that can be 

visualized simultaneously using IDA Explorer. Here the C2 

ladder that is common when looking at lipid elongation (addition 

of 2 carbons) is clearly observed. Each blue box encloses sets of 

lipids differing by 2 carbons. Within each set (blue box) different 

lipid species with varying degrees of unsaturation are shown 

eluting at different time points. This study provided near total lipid 

characterization from this complex mixture via LC-MS/MS with 

 

Figure 4. Differentiation of regioisomers. The sn-2 attachment point can be differentiated from the sn-1/sn-3 position through examination of the dual 
chain loss fragment ions. For sn-2, a single fragment ion is observed because all fragmentation patterns result in the same molecular formula for the 
product ion. In contrast, for attachment through the sn-1 or sn-3 position, a pair of fragment peaks are observed with one cleavage pattern terminating in 
a methylene group (-CH2-) and the other pattern terminating in oxygen. 
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the identification and characterization of many common and less 

common lipid species including plasmalogens and ether linkages 

of phosphatidylcholines and multiple adducts. 

As an example of the complete information provided by EAD, 

even on a fast LC-MS/MS time scale, Figure 6 shows the lipid 

from Figure 5 circled in red. The higher mass region is expanded 

in order to show the details for the fatty acid chain fragments. 

Sequential loss of carbon from the precursor ion is clearly 

observed as tight groups of peaks separated by 14 Da (-CH2-). 

When a double bond is observed in the chain length the 

characteristic 12 Da (-C=) difference is observed.    

Differentiating cis and trans isomers of 
double bonds 

Perhaps one of the most difficult structural entities to elucidate 

for an unsaturated fatty acid is whether cis or trans 

stereochemistry exists around the double bond. Cis 

configurations, also referred to as “Z” (from the German 

zusammen) will have important structural components aligned 

along the same side of the double bond whereas trans 

configurations or “E” (from the German entgegen) will have them 

on opposite sides. Using EAD, the peak ratios generated by the 

fragmentation of the C-C single bonds next to the double bond 

can be used to determine cis or trans configuration. Specifically, 

on the methyl terminal side of the carbon chain, the radical 

fragment and the hydrogen loss non-radical fragment have 

different intensities between cis and trans isomers. These peak 

intensity ratios at a fixed kinetic energy can graphically illustrate 

the stereochemistry of these double bonds (data not shown) and 

are described in more detail in Baba et al. (2017).9  

 

Conclusions 

A new methodology for the complete characterization of lipids is 

described that uses electron activated dissociation (EAD) on a 

ZenoTOF 7600 system. The rich MS/MS data produced with 

EAD contains unique fragment ions with patterns and intensities 

that can be used for complete structure elucidation. Additionally, 

the EAD experiment when combined with the Zeno trap is 

sensitive, reproducible and fast, enabling on-the-fly 

characterization of lipids from complex mixtures during LC 

separation.  

• Complete characterization of lipids is possible in a single 

experiment including: 

• Lipid class and head group identification – differentiation of 

sphingomyelins from phosphatidylcholines was highlighted 

here but is possible for many other lipid classes10 

• Determination of fatty acid chain lengths and attachment 

points (sn-1/sn-3 and sn-2 regioisomerization) 

• Location of double bonds with determination of cis/trans 

configurations 

• The sensitivity of electron-based fragmentation is greatly 

enhanced using the Zeno trap, for large MS/MS sensitivity 

gains 

• Because of the sensitivity gains, Zeno EAD can be used in 

conjunction with information dependent acquisition (IDA) on 

an LC timescale compatible with UHPLC separations 

 

  

Figure 6. EAD MS/MS spectrum for an unsaturated lipid. The higher 
mass region is expanded to show fragmentation of the alkyl chain. The 
location of the double bond can be found by examining the set of peaks 
generated for each carbon loss. In addition, the intensities of these 
fragments will typically be lower for the peaks corresponding to the 
double bond position.  

 

 

 

Figure 5. Zeno EAD IDA of lipids extracted from C2C12 
myotubes.  Lipids with different chain lengths appear as ladders 
increasing in mass. Different unsaturated lipids for each chain length 
elute over time (blue boxes). Red circle indicates the lipid shown in 
Figure 6. Red star indicates a lipid with potassium adduct. 
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• The unique fragment ions produced with Zeno EAD can be 

used for differentiating closely related lipid species 

• The kinetic energy is tunable, enabling fast and efficient 

fragmentation of singly-charged ions that require high 

energy for dissociation as well as multiply-charged ions that 

require very low energy. 

 

References 

1. Finkelstein J, Heemels MT, Shadan S, Weiss U. (2014) 

Lipids in health and disease. Nature. 510(7503): 47. 

2. Perrotti, F., et al. (2016) Advances in lipidomics for cancer 

biomarkers discovery. Int J Mol Sci. Nov 28;17(12):1992.  

3. Ma, X., et al. (2016) Identification and quantitation of lipid 

C=C location isomers: A shotgun lipidomics approach 

enabled by photochemical reaction. Proc Natl Acad Sci 

USA. Mar 8;113(10):2573-8. 

4. Anselmo, A., Mitragotri, S. (2019) Nanoparticles in the clinic: 

An update. Bioeng Transl Med. Sep; 4(3): e10143. 

5. Qualitative flexibility combined with quantitative power - 

Using the ZenoTOF 7600 system, powered by SCIEX OS 

Software. SCIEX technical note RUO-MKT-02-13053-A. 

6. Campbell, J. L., Baba, T. (2015) Near-complete structural 

characterization of phosphatidylcholines using electron 

impact excitation of ions from organics Anal. Chem. 87, 

5837−5845. 

7. Baba, T., et al. (2016) In-depth sphingomyelin 

characterization using electron impact excitation of ions from 

organics and mass spectrometry J Lipid Res. 57(11):858-

867. 

8. Baba, T., et al. (2016) Structural identification of 

triacylglycerol isomers using electron impact excitation of 

ions from organics (EIEIO) J Lipid Res. 57(11): 2015-2027. 

9. Baba, T., et al. (2017) Distinguishing cis and trans isomers 

in intact complex lipids using electron impact excitation of 

ions from organics mass spectrometry. Anal. Chem. 89(14), 

7307–7315. 

10. Baba, T., et al. (2018) Quantitative structural multiclass 

lipidomics using differential mobility: electron impact 

excitation of ions from organics (EIEIO) mass spectrometry. 

Journal of Lipid Research. 59: 910–919. 

11. Complexity of the lipidome. SCIEX community post RUO-

MKT-11-13093-A. 

 

 

 
 The SCIEX clinical diagnostic portfolio is For In Vitro Diagnostic Use. Rx Only. Product(s) not available in all countries. For information on availability, please contact your local sales 

representative or refer to www.sciex.com/diagnostics. All other products are For Research Use Only. Not for use in Diagnostic Procedures.  
 
Trademarks and/or registered trademarks mentioned herein, including associated logos, are the property of AB Sciex Pte. Ltd. or their respective owners in the United States and/or certain 
other countries (see www.sciex.com/trademarks). 
 
© 2021 DH Tech. Dev. Pte. Ltd.   RUO-MKT-02-13050-B. 

 

 

 

 

https://www.nature.com/articles/510047a
https://www.mdpi.com/1422-0067/17/12/1992
https://www.pnas.org/content/113/10/2573
https://www.pnas.org/content/113/10/2573
https://aiche.onlinelibrary.wiley.com/doi/full/10.1002/btm2.10143
https://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b01460
https://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b01460
https://www.jlr.org/article/S0022-2275(20)30988-3/fulltext
https://www.jlr.org/article/S0022-2275(20)30988-3/fulltext
https://www.jlr.org/article/S0022-2275(20)34573-9/fulltext
https://pubs.acs.org/doi/10.1021/acs.analchem.6b04734
https://pubs.acs.org/doi/10.1021/acs.analchem.6b04734
https://www.jlr.org/article/S0022-2275(20)33126-6/fulltext
http://www.sciex.com/diagnostics
http://www.sciex.com/trademarks

