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A B S T R A C T

Understanding the structural diversity and biological functions of unsaturated fatty acyl chains (FAC) esterified 
in complex lipids –such as glycerolipids (GL), glycerophospholipids (GP) or sphingolipids (SP)– requires precise 
knowledge of the degree of unsaturation, location, and geometrical isomerism of the carbon-carbon double bonds 
(C––C). However, the complex isomeric nature of lipids, combined with the inherent limitations of conventional 
tandem mass spectrometry (MS/MS) in structural elucidation, remains a major challenge in accurate C––C 
elucidation. To overcome this, advanced MS/MS strategies, such as electron impact excitation of ions from or
ganics (EIEIO) have emerged, generating diagnostic fragment ions that enable unambiguous C––C localization. In 
the present study, we conducted a qualitative structural analysis of the C––C positions in esterified FAC of GP 
present in NIST® Human Plasma Standard Reference Material, SRM 1950, employing RP-UHPLC-ESI(+)-EIEIO- 
QTOF-MS/MS. Interpretation of ESI(+)-EIEIO-MS/MS spectra enabled C––C determination in 120 unsaturated 
GP, revealing a predominance of ω-6 and ω-3 FAC. These results offer new insights into the FAC distribution of 
this reference material, enhancing the structural annotation confidence level. By integrating such detailed mo
lecular information, EIEIO-MS/MS proves to be a powerful approach for in-depth lipid structural elucidation in 
complex biological matrices, thereby contributing to methodological advancements and supporting its future 
application in translational lipidomics.

1. Introduction

The number and precise location of carbon-carbon double bonds 
(C––C) within fatty acyl chains (FAC), as well as their geometrical 
isomerism, are essential structural attributes that significantly influence 
their biological function, impacting membrane fluidity, signaling path
ways and lipid-protein interactions [1,2]. Comprehensive analysis of the 
FAC composition and unambiguous C––C structural elucidation is 
therefore crucial in mass spectrometry (MS)-based lipidomic studies, as 
it provides key insights into underlying biochemical pathways and lipid 
metabolism [3].

However, despite extensive research, identifying and differentiating 

FAC regio- and stereochemical variations remains a major challenge, 
due to the large and complex combinatorial space of lipids, which leads 
to numerous isobaric and isomeric structures even within single lipid 
classes [4]. To address this challenge, separation techniques such as 
liquid chromatography (LC) coupled with electrospray ionization (ESI) 
and high-resolution mass spectrometry (HRMS) are widely used, uti
lizing MS1 data to resolve isobaric overlaps, and tandem MS (MS/MS) 
for the structural elucidation of isomeric species [5].

The vast majority of lipidomic MS/MS analyses have relied on low- 
energy collision-induced dissociation (CID), due to its accessibility and 
widespread application in metabolomics and lipidomics studies [6]. 
However, CID-based structural analysis alone has often been insufficient 
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to generate diagnostic fragment ions for C––C position determination. 
To cover this limitation, sophisticated but complex chemical and 
photochemical solution-phase derivatization reactions, and gas-phase 
reactions have been coupled to CID, enabling C––C localization [7,8]
(Fig. 1A).

In recent years, advancements in instrumentation have led to the 
development of enhanced MS/MS methods that enable direct C––C 
cleavage without needing previous modifications offering improved 
resolution for detailed lipid structural characterization [7] (Fig. 1B, C). 
Among these, after ionization dissociation methods, including photon-, 
radical- and electron-based fragmentations, (Fig. 1C), have expanded 
the capabilities of lipid analysis, addressing key limitations associated 
with traditional low-energy CID-MS/MS-based workflows.

Of particular interest has been the use of electron-induced dissocia
tion (EID), which has emerged as a powerful technique for structural 
elucidation of biological molecules, offering unique fragmentation 
pathways not achievable through other gas-phase dissociation methods 
[9]. Within EID, several dissociation methods exist, primarily distin
guished by the applied electron kinetic energy (eKE) –which ranges from 
5 to 50 eV– and the nature of the precursor molecules [9] (Fig. 1C). In all 
instances, fragmentation is driven by the interaction of positively 
charged ions with an electron beam, resulting in high-energy, radical-
directed dissociation pathways.

For single-charged small molecules, such as lipids, electron impact 
excitation of ions from organics (EIEIO) is typically employed, utilizing a 
eKE range of 5–16 eV [10] (Fig. 1C). Unlike other advanced-MS/MS 
techniques limited to C––C position-specific cleavage, EIEIO induces 
extensive molecular dissociation, producing a wide array of fragments 
that provide multilevel structural information, such as head group, 

backbone, FAC composition, sn-regioisomerism, C––C position and/or 
geometrical isomerism [7]. Additionally, EIEIO has demonstrated po
tential for localizing functional groups (e.g., those in oxidized lipids), as 
well as structural features like branched-chain substitutions.

To date, EIEIO-MS/MS has been applied in lipidomics using two 
commercial MS platforms. Initial studies –between 2015 and 2018– 
employed a modified SCIEX TripleTOF 5600 system with a branched 
radio frequency ion trap to determine C––C positions in esterified FAC 
within glycerolipids (GL), glycerophospholipids (GP), and sphingolipids 
(SP), using authentic lipid standards and complex commercial mixtures 
[10–14]. More recently, –between 2023 and 2025– the SCIEX ZenoTOF 
7600 system has been used to determine C––C positions in triglycerides 
from animal and human samples [15], and to develop an 
LC-EIEIO-MS/MS-based method for de novo lipid annotation up to C––C 
localization [16]. Among these, only one study has assessed cis/trans 
isomerism using standards and ruminant samples [10] (Supplemental 
Table S1).

In addition, computational tools such as MS-DIAL 5, developed using 
the SCIEX ZenoTOF 7600 system together with authentic standards and 
biological samples, are currently available to support C––C annotation 
efforts [17]. Nevertheless, extensive and expert-driven manual curation 
remains essential for refining results.

Recently, we developed an LC-MS lipidomic database using the 
NIST® Human Plasma Standard Reference Material, SRM 1950, in 
which 592 lipid species across 20 subclasses were accurately identified 
[18]. Lipid characterization was performed using an ESI 
(+/–)-CID-MS/MS strategy, followed by a comprehensive annotation 
workflow, that ensured broad coverage, structural accuracy and anno
tation consistency [18]. Among the lipid classes, GP represented the 

Fig. 1. Overview of selected ESI-Tandem MS dissociation strategies for locating C––C position in lipidomics. Highlighted in red is the EIEIO-MS/MS fragmentation 
mode used in the present study.
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most abundant group, accounting for 48.65 % of the lipidome. While 
our approach provided detailed structural resolution, it was not fully 
complete as far as C––C location is concerned. Therefore, the use of 
advanced MS/MS strategies, which offer greater versatility and are 
particularly valuable for the determination of C––C positions, is essential 
to achieve more detailed structural information.

Although EIEIO-MS/MS has been previously applied in lipidomics, 
no comprehensive annotation of C––C position in SRM 1950 has been 
reported yet. Furthermore, while other derivatization-based strategies 
(Fig. 1A) attempted C––C localization in SRM 1950, these studies have 
typically used it as a quality control material, without generating a 
curated, openly accessible dataset. Thus, the structural information of 
unsaturated lipids remains limited.

Here, we present the first systematic characterization of C––C posi
tions in unsaturated esterified FAC within GP from SRM 1950, building 
upon our LC-MS lipidomic database [18]. To accomplish this, a quali
tative workflow based on RP-UHPLC-ESI(+)-EIEIO-MS/MS analysis was 
followed (Supplemental Fig. S1), incorporating authentic endogenous 
lipid standards to support and confirm spectral interpretation. These 
results offer new insights into the FAC distribution of this reference 
material, by enhancing the structural annotation confidence level.

Moreover, complementary RP-UHPLC-ESI(+/–)-CID-MS/MS ana
lyses were performed to further identify FAC composition and sn-posi
tion of lipid species previously annotated at the sum composition level 
[18], taking advantage of the increased MS/MS sensitivity provided by 
the instrumentation used [19].

To the best of our knowledge, this study provides the most advanced 
structural characterization of unsaturated GP in SRM 1950 to date, 
expanding the utility of this reference material by integrating C––C 
positional detail and serving as a resource-driven contribution that 
bridges analytical innovation with biological insights into lipid- 
mediated inflammation in the material.

2. Materials and methods

2.1. Analytical standards, reagents and sample

LC-MS grade water, methanol (MeOH), acetonitrile (ACN), iso
propanol (IPA) and tert-butyl methyl ether (MTBE) were purchased from 
Merck KGaA (Darmstadt, Germany). Ammonium fluoride (NH4F) (ACS 
reagent, ≥ 98 %), ammonium hydroxide solution (ACS reagent, 
28.0–30.0 % NH3 basis), C17-sphinganine and deuterated palmitic acid- 
(d31) were purchased from Sigma-Aldrich (Steinheim, Germany). Acetic 
acid (≥ 99 %) was obtained from Fisher Scientific (Waltham, MA, USA). 
SPLASH® LIPIDOMIX® Mass Spec Standard, a stable mixture of 14 
deuterium-labeled lipids, and 23 authentic chemical lipid standards 
–including both saturated [PC(14:0/14:0), PE(14:0/14:0), PE(15:0/ 
15:0), PC(16:0/16:0), PE(16:0/16:0), PC(16:0/18:0), PE(17:0/17:0), PC 
(18:0/18:0), PC(20:0/20:0)], and unsaturated species [PC(16:0/18:1 
(9Z)), PE(16:0/18:1(9Z)), PC(16:0/18:2(9Z,12Z)), PE(16:0/18:2(9Z, 
12Z)), PC(16:0/20:4(5Z,8Z,11Z,14Z)), PE(16:0/20:4(5Z,8Z,11Z,14Z)), 
PC(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), PE(16:0/22:6(4Z,7Z,10Z,13Z, 
16Z,19Z)), PE(18:0/18:1(9Z)), PC(18:0/20:4(5Z,8Z,11Z,14Z)), PE 
(18:0/20:4(5Z,8Z,11Z,14Z)), PC(18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), 
PE(18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), PC(18:1(9Z)/16:0)]– were 
purchased from Avanti Polar Lipids, Inc (Alabaster, AL, USA). Detailed 
information about the endogenous lipid standards is given in Supple
mental Table S2.

2.2. Human plasma sample

National Institute of Standards and Technology (NIST®) Standard 
Reference material (SRM®) 1950 Metabolites in Frozen Human Plasma 
was purchased from Sigma-Aldrich (Steinheim, Germany)

2.3. Lipid standard mixture preparation

Six lipid standard mixtures –containing the 23 authentic chemical 
lipid standards– were prepared in MeOH to support spectra interpreta
tion, structural elucidation and annotation validation. Lipid standard 
mixtures were carefully designed to avoid isomeric and isobaric over
laps, with each standard maintained at a concentration of 10 ppm to 
ensure sufficient fragment ion intensity for accurate method optimiza
tion and spectral interpretation. The composition of each lipid standard 
mixture is detailed in Supplemental Table S2.

2.4. Sample preparation: lipid extraction

Lipids from the SRM 1950 human plasma sample were extracted 
following an all-in-one single-phase lipid extraction method based on a 
monophasic solvent mixture composed of MeOH/MTBE (1:1, v/v) to 
cover the isolation of polar and non-polar lipids [20]. A detailed 
description of the lipid extraction method is given in the Supporting 
Information.

2.5. Analytical conditions

Three replicates of the SRM 1950 lipid extract and the authentic 
endogenous lipid standard mixtures were analyzed using an Agilent 
1290 Infinity II Bio UHPLC system (Agilent Technologies, Santa Clara, 
CA, USA) coupled to a SCIEX ZenoTOF 7600 QTOF Mass Spectrometer 
(SCIEX, Toronto, Canada) equipped with the Turbo V Ion Source with 
Twin Sprayer Electrospray Ionization (ESI) probe enabling both EIEIO 
and CID fragmentation modes.

Quality management (QM) was consistently maintained throughout 
the pre-analysis, analysis, and post-analysis phases. To ensure robust 
QM, we followed the Metabolomics Quality Assurance and Quality 
Control Consortium guidelines (mQACC) [21].

2.5.1. Reverse-phase liquid chromatography
For the RP-UHPLC analysis, an optimized method already reported in 

previous lipidomic studies was implemented [18,22]. A detailed 
description of the method is given in the Supporting Information.

2.5.2. Mass spectrometry
All experiments were performed using the ZenoTOF 7600 system 

with ESI-EID-QTOF-MS configuration, using both ESI(+)-EIEIO and ESI 
(+/–)-CID fragmentation modes (Supplemental Fig. S2A and S2B). Both 
EIEIO and CID were separately employed, with all experiments con
ducted in automated data-dependent acquisition (DDA) mode. The ESI 
source was operating in all cases with the following parameters: source 
temperature, 500 ◦C; curtain gas, 40 psi; ion source gas 1 (GS1), 60 psi; 
ion source gas 2 (GS2), 60 psi; CAD gas, 7 psi. Additional MS experi
mental parameters are provided in Supplemental Fig. S2C.

For DDA experiments different inclusion lists –one for each targeted 
lipid subclass comprising only unsaturated lipid species with abun
dances over 104 in the reported database [18]– were used. These lists, 
containing information on the selected lipid species and mass-to-charge 
ratio (m/z) of the [M+H]+ adduct ion, guaranteed the collection of 
high-resolution product ion spectra. An “MS quick check” tune was 
performed in both polarities before any analysis to ensure instrument 
calibration. In addition, prior to EIEIO measurements, an “EAD back
ground reduction” was run to help clean the EID cell.

Raw acquisition and data processing were performed using the 
Explore module of SCIEX OS software (v. 3.3.0, SCIEX, Toronto, Canada) 
to structurally elucidate lipid species from EIEIO-MS/MS and CID-MS/ 
MS based ion spectra.

2.6. Nomenclature

For lipid category classification and nomenclature, we adhered to the 
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classification system established by LIPID MAPS [23]. When describing 
FAC, common names were used when available, if not, semi-systematic 
names were employed.

The nomenclature of the C––C position followed the analogous “ω” 
notation for general families or series, and “n” notation for specific FAC, 
in line with IUPAC recommendations. Geometrical isomers (cis (Z)/trans 
(E)) were annotated using delta “Δ” nomenclature.

3. Results and discussion

After running the SRM 1950 human plasma sample, a general com
parison of the Total Ion Chromatograms (TIC) in ESI(+) (Fig. 2) between 
the SRM 1950 sample analyzed in the current study and for the con
struction of the SRM 1950 lipid database [18] revealed a high degree of 
consistency, exhibiting nearly identical lipid profiles and ensuring 
comprehensive lipid coverage across the entire polarity spectrum 
(Fig. 2). Additionally, two critical parameters were assessed across the 
runs: mass accuracy and retention time (RT) deviation. Mass accuracy 
was consistently maintained; however, despite using the same chro
matographic method, an expected RT shift was detected across all sub
classes (Fig. 2). This shift, which varied depending on the gradient 
composition of the mobile phases during the chromatographic separa
tion (Fig. 2 and Supplemental Table S3), was potentially attributed to 
pipeline variations (e.g., inner diameter and length) between LC-MS 
instruments.

To estimate the expected RT of the lipids of interest without 
requiring additional manual inspection, selected endogenous lipid spe
cies, along with the deuterium-labeled lipid species from SPLASH® 
LIPIDOMIX® were used, taking our lipidomic database [18] as a refer
ence template (Supplemental Table S3). This enabled fast identification 
of the targeted lipid species and validated the applicability of the 
database across different instruments. Annotation and RT were further 
confirmed in all cases by examining EIEIO and CID spectra individually. 
Extracted ion chromatograms (EIC) displaying RT of the detected 
SPLASH® LIPIDOMIX® deuterium-labeled lipid species in ESI(+) are 
shown in Supplemental Fig. S3.

3.1. Structural elucidation of the RP-UHPLC-ESI(+)-EIEIO-MS/MS 
spectra enables C––C position determination

Starting from our SRM 1950 lipidomic database, which includes 
annotations up to the FAC [18], SRM 1950 human plasma sample was 
now analyzed using RP-UHPLC-ESI(+)-EIEIO-MS/MS to qualitatively 
determine, after manual MS/MS interpretation, C––C positions in un
saturated GP and sphingomyelins (SM) included in the database. Besides 
C––C position information, EIEIO-MS/MS spectra displayed 
near-complete structural information in a single experiment, producing 
a comprehensive fragmentation pattern that provided information of 
specific head group subclass, backbone, regioisomer arrangement of the 
FAC (sn-1 position) and specific cleavages corresponding to the FAC 
length and C––C position, (Supplemental Fig. S4), therefore allowing 
in-depth structural elucidation.

PC, PE and SM identification were carried out exclusively using the 
predominant protonated adduct [M+H]+, as previously reported for 
these specific lipid subclasses [10–12]. For GP, identification began with 
the assignment of the head group. This was achieved by detecting the 
diagnostic fragment ion m/z 184.0730 in LPC, PC, and PC (O/P) (Fig. 3), 
and a characteristic neutral loss of m/z 141.0191 from the precursor ion 
in LPE, PE and PE (O/P) species (Supplemental Fig. S5) [24]. Subse
quently, glycerol backbone-based lipids displayed two characteristic 
fragment ions corresponding, for LPC, PC and PC (O/P) to ‘C-type’ (m/z 
224.1053) and ‘O-type’ (m/z 226.0845) cleavages (Fig. 3). For LPE, PE 
and PE (O/P) the respective ‘C-type’ and ‘O-type’ fragments were 
observed at m/z 182.0582 and m/z 184.0375 respectively 
(Supplemental Fig. S5) [14,24,25]. Finally, the determination of the 
sn-position and FAC composition was based on a characteristic radical 
cleavage at the C1-C2 bond of the glycerol backbone. This cleavage 
generates a key diagnostic ion that allows the distinction between sn-1 
and sn-2 FAC. Additional fragments, such as those from sn-1 C1-O and 
O-(C1=O) cleavages, further support lipid structure identification. 
Spectra were interpreted according to established guidelines for GP [11, 
14].

In the case of SM, the head group was equally identified by the 
presence of the diagnostic fragment ion at m/z 184.0730. SM backbone 
characterization proceeded with the identification of the sphingoid- 
specific ‘N-type’ cleavage (m/z 225.0975) (Supplemental Fig. S6). 

Fig. 2. Chromatographic Lipid Profile. Overlay of the Total Ion Chromatogram (TIC) in ESI(+) of SRM 1950 measured in this analysis (TIC in pink) –using the Agilent 
1290 Infinity II Bio UHPLC coupled to the SCIEX ZenoTOF 7600 QTOF-MS– and for the construction of the lipid database (TIC in black) –utilizing the Agilent 1290 
Infinity II UHPLC coupled to an Agilent 6545 QTOF-MS– [18], and mobile phase composition over the chromatographic separation method (in blue): I = isocratic, G 
= gradient. I1 [0–1 min], G1 [1–3.50 min], I2 [3.50–10 min], G2 [10–11 min], I3 [11–17.10 min] and G3 [17.10–19 min].
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Then, the sphingoid base backbone was determined by detecting an 
intense radical fragment ion resulting from C2-C3 bond cleavage, 
following previously reported guidelines for SM characterization [14].

For C––C position assignment in all lipid subclasses, first the for
mation of a radical cation ([M]•+), initiated by the loss of a hydrogen 
atom from the precursor ion [M+H]+ occurs; however, the application 
of additional energy generates a series of even- and odd-electron second- 
generation fragment ions between the precursor and the sn-1/sn-2 
diagnostic ions [11]. These fragment ions, although of low intensity 
(generally < 1 % of base peak) due to limited EIEIO fragmentation ef
ficiency, could be interpreted by zooming into specific regions of the 

spectra (Fig. 3). In saturated FAC, a continuous series of fragment ions 
separated by a methylene group (-CH2-) (14.0157 Da) were detected due 
to carbon-carbon single bond (C-C) cleavages along the FAC (Fig. 3). For 
unsaturated FAC, characteristic -CH=CH- cleavages corresponding to 
26.0157 Da were produced at each double bond (Fig. 3). Among 
possible cleavage sites, allylic C-C cleavages were the most favorable. 
Meanwhile, cleavages at vinylic C-C bonds and at the C––C double bond 
itself occurred least frequently. This cleavage preference resulted in a 
characteristic “V-shaped” intensity pattern, facilitating the localization 
of the C––C [11,25]. Interferences from overlapping -CH=CH- cleavages 
(26.0157 Da) with the second isotopic peak of two consecutive -CH2- 

Fig. 3. Localization of C––C position in PC(16:0/16:1(n-7)) using ESI(+)-EIEIO-MS/MS. (A) Expected fragment ions for LPC, PC and PC (O/P). (B) ESI(+)-EIEIO 
spectrum. (C) Zoomed ESI(+)-EIEIO-MS/MS spectrum: ion intensity between m/z 450 – 500 was amplified 100-fold to identify the fragmentation pattern for sn-1 
positional regioisomer determination. Ion intensity between m/z 500 – 732 was amplified 125-fold for C––C position fragmentation pattern determination. For C––C 
position, first the formation of a radical fragment occurs, followed by a series of even- and odd-electron fragment ions that provide C––C position information. 
*Relative abundance refers to the chromatogram without zoom (i.e., a zoom of 100-fold indicates that if represented with relative abundance, the peak intensity will 
decrease 100 times).
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losses (28.2114 Da) were avoided, as the isolation width used did not 
include isotopes. A detailed version of how to interpret EIEIO-MS/MS 
spectra to determine C––C position is shown in Supplemental Fig. S7
and additional examples are provided in Supplemental Fig. S5, S6 and 
S8.

Given the complexity of the EIEIO-MS/MS spectra, bioinformatic 
tools such as MZmine [26] and MS-DIAL [17], have been developed to 
assist C––C positions determination [17,26]. However, this task remains 
challenging, particularly for lipids containing polyunsaturated FA 
(PUFA) in complex matrices, as EIEIO generates a high number of 
fragment ions, sometimes leading to multiple possible annotations for a 
single lipid species. Consequently, even with computational support, 
manual curation and expert-driven knowledge is mandatory to ensure 
accurate interpretation [27].

To facilitate this process, we have developed a customized calculator 
to determine sn-positional regioisomers and the glycerol backbone in 
GP, the sphingoid backbone in SM, and C––C positions in both lipid 
classes. Based on the reported characteristic fragments [11,12,14], this 
tool generates theoretical m/z values for expected fragments of a given 
precursor ion when ionized as protonated adduct [M+H]+. This useful 
calculator is available as an Excel file in Supplemental Table S4.

To support annotations, selected lipid species were validated against 
23 endogenous authentic lipid standards. The evaluation was performed 
using MS1 and MS/MS scanning modes matching exact m/z, RT, and 
fragmentation pattern, including C––C position fragmentation. Detailed 
information of the elucidated lipid standards is given in Supplemental 
Table S5.

As a result, within the GP class, 120 lipid species from a total of 167 
unsaturated GP (with known FAC) in the SRM 1950 lipid database were 
identified up to the C––C position. This represented 71.85 % of the total 
GP, and included LPC, PC, PC (O/P), LPE, PE and PE (O/P) lipid sub
classes (Supplemental Table S6). In addition, among these 120 GP, 97 
lipid species were fully characterized, including sn-1 and sn-2 FAC 
composition, accounting for over 80 % of the identified lipids. For 23 
GP, the C––C position was only determined for sn-2 FAC, with 22 of these 
being PC (O/P) and PE (O/P). This limitation was primarily attributed to 
two factors related with structural and spectral complexity: (i) the 
identical sn-positional diagnostic fragments of ether GP –plasmanyl (O-) 
and plasmalogens (P-)– for specific carbon chain lengths and degree of 
unsaturation (e.g., P-14:0 and O-14:1), which made impossible to 
distinguish between P- and O- based on their backbones, and (ii) the low 
fragment intensity, which was insufficient to determine C––C position. 
Additionally, the presence of PUFA in the sn-2 position, further 
contributed to spectral complexity.

From the identified GP, the majority of the unsaturated esterified 

FAC contained from C16 to C22 carbon atoms, with minor amounts of 
C14, and exhibited an unsaturation degree ranging from 0 to 6 [18]. 
Based on the position of the first C––C relative to the methyl end of the 
chain, these unsaturated esterified FAC were classified into ω-series 
families (e.g., ω-3, ω-6, ω-7, ω-9, ω-10) (Table 1 and Fig. 4). This clas
sification reflected differences in their origins, since lipid species 
belonging to the ω-7, ω-9 and ω-10 series are known to be endogenously 
synthesized de novo, using saturated FA as precursors (Fig. 4A), whereas 
ω-3 and ω-6 series are regulated by dietary intake and nutritional sup
plements, requiring the intake of two essential FA precursors, α-linolenic 
acid (ALA) and linoleic acid (LA) [28] (Fig. 4B).

Among the 120 structurally elucidated unsaturated GP, 79 contained 
at least one esterified FAC (sn-1 and/or sn-2) from the ω-6 series, making 
it the most predominant series within this lipid class, followed by the ω-3 
series. Within the ω-9, oleic acid (OA) –FA(18:1(n-9))– was predominant 
(Supplemental Fig. S9A), recognized for its role in maintaining mem
brane integrity and supporting cellular function [29]. The ω-7 series was 
less represented, with only few GP containing palmitoleic acid –FA(16:1 
(n-7))– and vaccenic acid –FA(18:1(n-7))–, both synthesized from pal
mitic acid (Table 1, Fig. 4A and Supplemental Table S6). Although ω-7 
FA have been associated to metabolic regulation and anti-inflammatory 
effects [30], their functions remain less understood compared to the 
widely studied ω-3 and ω-6 series.

Of all esterified FAC characterized, the most prevalent were arach
idonic acid (AA) –FA(20:4(n-6))–, followed by LA –FA(18:2(n-6))–, and 
cervonic acid (DHA) –FA(22:6(n-3))–, as they frequently occupy the sn-2 
position of almost all PC series (Supplemental Fig. S9A). AA and LA, 
both key members of the ω-6 series, play critical roles in membrane 
structure and numerous physiological functions. DHA, the most abun
dant ω-3 FA identified, is essential in maintaining neuronal and retinal 
membrane integrity, supporting cognitive performance and visual 
function [31]. Functionally, ω-6 and ω-3 esterified FAC are transformed 
by phospholipase A2 into free FA, serving as ligands for different 
cyclooxygenases and lipoxygenases, and producing highly active 
pro-inflammatory eicosanoids in the case of ω-6 FA, and less potent 
anti-inflammatory eicosanoids for ω-3 FA [32] (Supplemental Fig. S10).

In addition, the C––C position within the esterified FAC of unsatu
rated SM was also determined, as the sphingoid base backbone consis
tently maintains C––C positions, regardless of the lipid species. 
Inspection of the EIEIO-MS/MS spectra identified C––C positions in 6 
SM, accounting for 50 % of those with an unsaturated esterified FAC 
reported in our database [18]. These FAC contained from C14 to C24 
carbon atoms and 0–2 degrees of unsaturation [18]. Identified FAC 
included OA –FA(18:1(n-9))–, gondoic acid –FA(20:1(n-9))–, erucic acid 
–FA(22:1(n-9))–, nervonic acid –FA(24:1(n-9))– and tetracosadienoic 

Table 1 
C––C position in unsaturated esterified fatty acyl chains detected in GP and SM. Abbreviations: FAC, Fatty Acyl Chain.

FAC length Unsaturation degree Nomenclature ‘n’ system Common name (Abbreviation)

C16 1 C16:1(n¡7) Palmitoleic acid
C18 1 C18:1(n¡7) Vaccenic acid

1 C18:1(n¡9) Oleic acid (OA)
2 C18:2(n¡6,9) Linoleic acid (LA)
3 C18:3(n¡3,6,9) α-Linolenic acid (ALA)

C20 1 C20:1(n¡9) Gonodic acid
2 C20:2(n¡6,9) Dihomolinoleic acid (DLA)
3 C20:3(n¡6,9,12) Dihomo-γ-Linoleic acid (DGLA)
4 C20:4(n¡6,9,12,15) Arachidonic acid (AA)
5 C20:5(n¡3,6,9,12,15) Timnodonic acid (EPA)

C22 1a C22:1(n¡9) Erucic acid
4 C22:4(n¡6,9,12,15) Adrenic acid (ADA)
5 C22:5(n¡6,9,12,15,18) Osbond acid (DPA)
5 C22:5(n¡3,6,9,12,15) Clupanodonic acid (DPA)
6 C22:6(n¡3,6,9,12,15,18) Cervonic acid (DHA)

C24 1a C24:1(n¡9) Nervonic acid
2a C24:2(n¡6,9) Tetracosadienoic acid

aFAC only detected in SM
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acid –FA(24:2(n-6,9))–, with all except the latter belonging to the ω-9 
series (Table 1 and Fig. 4). Among all, OA, gondoic acid and erucic acid 
were predominant and consistently found across all sphingoid base 
backbone series (d18:0, d18:1 and d18:2) (Supplemental Fig. S9B), 
contributing to membrane stability and signaling, and underscoring 
their importance in maintaining cellular structural integrity [33]

As a result, our SRM 1950 LC-MS lipidomic database has been 
updated to include annotations up to the C––C position of the identified 

lipid species (Supplemental Table S7).
To further refine structural details, an initial attempt was made to 

assess the cis/trans isomerism using authentic endogenous lipid stan
dards. The configuration was evaluated by analyzing the intensity ratio 
of fragments generated at the C-C bonds adjacent to the C––C, as pre
viously described by Baba et al. [10]. Following this approach, in the cis 
configuration, the radical fragment at the single bond preceding the 
C––C shows higher intensity than the hydrogen-loss (-H) non-radical 

A

B

Linoleic acid (LA)
18:2(n-6,9)

Δ6

γ-Linolenic acid (GLA)
18:3(n-6,9,12)

E

E
Tetracosatetraenoic acid

24:4(n-6,9,12,15)
Δ6

Tetracosapentaenoic acid (TPA)
24:5(n-6,9,12,15,18)

β-ox.
Osbond acid (DPA)
22:5(n-6,9,12,15,18)

Dihomo-γ-Linolenic acid 
(DGLA) 20:3(n-6,9,12)

Dihomolinoleic acid 
(DLA) 20:2(n-6,9)

E

Columbinic 
acid

18:3(n-6,9,13)

Δ5

Arachidonic acid (AA)
20:4(n-6,9,12,15)

Docosadienoic acid
22:2(n-6,9)

Δ5 E

Adrenic acid (ADA)
22:4(n-6,9,12,15)

Tetracosadienoic acid
24:2(n-6,9)

E E

α-Linolenic acid (ALA)
18:3(n-3,6,9)

Δ6

Stearidonic acid (SDA)
18:4(n-3,6,9,12)

E

E
Tetracosapentaenoic acid

24:5(n-3,6,9,12,15)
Δ6

Nisinic acid
24:6(n-3,6,9,12,15,18)

β-ox.
Cervonic acid (DHA)
22:6(n-3,6,9,12,15,18)

Dihomo-α-linolenic acid 
(DALA)

20:3(n-3,6,9)
Timnodonic acid (EPA)

20:5(n-3,6,9,12,15) Docosatrienoic acid 
(DTA)

22:3(n-3,6,9)

Δ5

E

Clupanodonic acid (DPA)
22:5(n-3,6,9,12,15)

E

E

ω-3 series ω-6 series

Eicosatetraenoic acid (ETA)
20:4(n-3,6,9,12)

Δ8Δ8

Regulated by Diet

Δ6

Sapienic acid
16:1(n-10)

E
Octadecenoic 

acid
18:1(n-10)

ω-10 series

Δ6

Palmitoleic acid
16:1(n-7)

Hexadecadienoic acid
16:2(n-7,10)

Paullinic acid
20:1(n-7)

Octadecatrienoic acid
18:3(n-7,10,13)

Eicosatrienoic acid
20:3(n-7,10,13)

EΔ5

E

EE
Vaccenic acid

18:1(n-7)
Octadecadienoic acid

18:2(n-7,10)

ω-7 series

Myristic acid
14:0

Cerotic acid
26:0

E

E

Palmitic acid
16:0

Arachidic acid
20:0

Behenic acid
22:0

Lignoceric acid
24:0

E

E

E

E
Stearic acid

18:0

SFA

De novo synthesis

Hypogeic acid
16:1(n-9) 

Eicosadienoic acid
20:2(n-9,12)

Mead acid
20:3(n-9,12,15)

Erucic acid
22:1(n-9)

Dihomo Mead's acid
22:3(n-9,12,15)

Nervonic acid
24:1(n-9)

EE

Δ5E

EE

Eβ-ox.
Δ6

Octadecadienoic acid 
18:2(n-9,12)

Oleic acid (OA)
18:1(n-9)

ω-9 series

Δ9

Δ9

Δ9

Gondoic acid
20:1(n-9)

Fig. 4. Fatty acid synthesis in mammals. (A) Fatty acids derived from ω-7, ω-9 and ω-10 series, endogenously synthesized de novo from the corresponding saturated 
FA. (B) Fatty acids derived from ω-3 and ω-6 series regulated from dietary intake. FA highlighted in bold are the ones detected in this analysis. E = elongase; Δ 
= desaturase; β-ox. = β-oxidation.
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fragment. In contrast, for the trans configuration, this order is reversed, 
with the hydrogen-loss non-radical fragment exhibiting greater intensity 
than the radical fragment. At the single bond after the C––C, the cis 
configuration displays a higher intensity of the radical fragment 
compared to the hydrogen-gain (+H) non-radical fragment, while 
similar intensities are observed for both fragments in the trans config
uration. Among all standards, full geometric resolution was achieved in 
PC(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), confirming cis configuration 
(Fig. 5). Partial geometry assignments were achieved for an additional 
four standards, which consistently showed cis configurations. However, 
several standards did not yield sufficient diagnostic fragments to resolve 
geometry.

Within SRM 1950, geometry was confidently annotated in 7 GP 
(5.8 % of all GP annotated with C––C positions), all of which displayed 
cis configurations (Supplemental Fig. S11). While these results suggest a 
predominance of cis isomers in the plasma reference material, consistent 
with the activity of fatty acid desaturase enzymes in mammalian lipid 
biosynthesis [34], further analysis under optimized conditions are 
required to robustly distinguish cis/trans isomers in complex lipid mix
tures, due to the limited scope of the current method.

Considering all this information, and despite the strengths of EIEIO- 
MS/MS for C––C position determination, certain limitations persist. The 
technique is restricted to lipid species that ionize in ESI(+), meaning 
those that do not ionize in this polarity require charge-switching 
derivatization strategies. Structural elucidation of certain lipid sub
classes, such as cholesteryl esters, also proves difficult due to insufficient 
eKE for efficient fragmentation. Additionally, low-abundance lipids 
require longer accumulation times or targeted inclusion lists to enhance 
signal intensities. Finally, no db-positional isomers were observed in this 
analysis, likely due to predominant isomer detection, highlighting the 
need for improved experimental conditions to enable their resolution.

3.2. Advancements in instrument performance enhances annotation 
confidence level of lipid species using ESI(+/–)-CID-MS/MS

Given their low-abundance, certain lipid species were characterized 
only at the sum composition in our lipid database [18]. Therefore, to 
enhance their annotation confidence level, additional analyses were 
conducted using ESI(+/–)-CID-MS/MS, which, in combination with the 
Zeno trap, provided increased sensitivity. CID generated lipid 
class-specific fragments in ESI(+) and FAC fragments in ESI(–), along 
with the corresponding precursor ions in both polarities (Supplemental 
Fig. S12) [24]. However, besides the fragmentation mode and despite 
their higher efficiency, traditional TOF instruments usually produce ion 
loss with each pulse between the collision cell and the TOF accelerator, 
hindering annotation of certain lipid species usually present at lower 
concentrations in the sample [35]. As an improvement, the SCIEX 
ZenoTOF 7600 system overcomes this limitation with the Zeno trap 
[19], which accumulates fragment ions at the exit of the collision cell, 
then releasing them in reverse mass order towards the accelerator 
(Supplemental Fig. S12). This approach prevents ion loss and results in 
significant improvements in MS/MS sensitivity [19,35], particularly 
enhancing the detection of low m/z fragments.

As a result, we successfully identified the FAC and sn-position of 29 
lipid species, including GP –4 PC, 11 PC (O/P), 2 PE, 1 PE (O/P), 1 PI–, 
and 10 SM, all reported as sum composition in our database 
(Supplemental Table S8). In addition, the sn-position of 21 GP –1 LPC, 
10 PC, 6 PC (O/P) and 4 PE–, previously identified with the FAC but 
without regioisomerism, were determined (Supplemental Table S8). ESI 
(–)-CID spectra were mainly used for FAC and sn-position determination, 
except for SM where ESI(+) spectra were inspected to determine the SM 
backbone. These results demonstrated the capability of the Zeno trap for 
a more sensitive and comprehensive acquisition, leading to higher- 
quality MS/MS spectra and enabling the identification up to FAC and 

Fig. 5. Evaluation of cis configuration in the sn-2 FAC present in the authentic lipid standard PC(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) using ESI(+)-EIEIO-MS/MS. 
The spectrum was amplified 125-fold to evaluate the fragmentation intensity pattern at the C-C bonds adjacent the C––C [10]. Differences in the intensity ratio of the 
fragments were observed both before and after the C––C. In cis configuration, at the single bond prior the C––C (highlighted in green), the radical fragment (denoted 
by a black dot •) has a higher intensity than the hydrogen-loss (-H) species non-radical fragment (denoted by a pink asterisk *). At the single bond after the C––C 
(highlighted in yellow), the radical fragment presents a higher intensity than the hydrogen-gain (+H) non-radical fragment (denoted by a blue diamond ◆).

S. Martínez et al.                                                                                                                                                                                                                               Journal of Pharmaceutical and Biomedical Analysis 266 (2025) 117081 

8 



regioisomerism of lower-abundant lipid species in SRM 1950.

3.3. Analytical performance of EIEO versus CID in lipid characterization

When comparing EIEIO vs CID fragmentation modes conducted 
without prior derivatization strategies, clear differences were observed 
in (i) the type and depth of structural information obtained, (ii) frag
mentation efficiency and, (iii) fragmentation patterns. Notably, EIEIO 
delivered a significantly greater amount of structural data in a single ESI 
(+) experiment, outperforming the combined results obtained from ESI 
(+/–)-CID. Specifically, whereas CID requires separate polarity analysis 
to determine head group identity, FAC composition, and sn-positional 
isomerism, EIEIO enabled the direct and simultaneous elucidation of 
head group lipid subclass, molecular backbone, FAC identity, sn- 
regioisomerism, and precise C––C position, all within a single experi
ment conducted in ESI(+). Regarding fragmentation efficiency, EIEIO 
showed significantly lower performance, resulting in a larger fraction of 
unfragmented precursor ion and lower overall fragment intensities 
(Fig. 3 and Supplemental Figs. S5, S6 and S8), occasionally limiting 
structural elucidation. To address this, accumulation time in the Zeno 
trap was considerably increased in EIEIO compared to CID 
(Supplemental Fig. S2), however, in certain cases it remained insuffi
cient for accurate C––C position determination. Finally, for fragmenta
tion patterns EIEIO was found to generate distinct fragmentation 
profiles based on the identity of the precursor adduct ion (e.g., [M+H]+, 
[M+NH4]+, [M+Na]+), whereas CID consistently produced the same 
fragmentation pattern regardless of the adduct type [13,14,27].

4. Conclusions

In this work, we provide the first comprehensive structural elucida
tion up to C=C position of unsaturated GP and SM in the SRM 1950 
human plasma reference material. Using EIEIO-MS/MS in combination 
with the enhanced sensitivity of the Zeno trap, we achieved detailed 
molecular characterization of 120 GP and 6 SM species in a single ESI(+) 
experiment. Complementary, ESI(+/–)-CID-MS/MS analyses further 
resolved FAC composition and/or sn-positional regioisomer of 59 addi
tional lipid species, improving overall annotation confidence [18].

This in-depth characterization underscores the functional relevance 
of C––C position on lipid functionality, with ω-3 and ω-6 series, pre
dominant in plasma GP, implicated in inflammatory regulation, and ω-9 
lipids, mainly found in SM, contributing to cellular membrane stability. 
Importantly, although SRM 1950 has been used in previous lipidomic 
studies, extensive C––C positional information of esterified lipids has not 
been reported. Therefore, our study fills this gap by generating a curated 
dataset that extends the structural resolution of SRM 1950, supporting 
its value as a reference resource for lipidomics.

While these findings should be interpreted within the context of this 
standard material, they serve as a critical step toward enabling future 
investigations exploring structure-function relationship in complex 
biological matrices.
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