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Introduction

Optimisation of electron-induced dissociation
parameters for molecular annotation of glycerides
and phospholipids in fast LC-MS

Vincen Wu,? Abraham Moyal,? Alaa Othman+? and Nicola Zamboni (2 *2°
Electron-induced dissociation methods, particularly electron impact excitation of ions from organics
(EIEIO), offer enhanced capabilities for lipid structural elucidation over traditional collision-induced dis-
sociation (CID). Despite their analytical promise, the practicality of EIEIO within routine liquid chromato-
graphy-mass spectrometry (LC-MS) workflows remains largely unexplored. In this study, we optimised
LC-EIEIO-MS analysis for the rapid and detailed structural annotation of glycerides and phospholipids. We
evaluated the effects of reaction times, accumulation times, and electron kinetic energies using lipid stan-
dards from multiple classes and at varying concentrations. Our results revealed that short reaction times
of 30 ms consistently yielded stronger diagnostic signals crucial for lipid class identification and sn-posi-
tion discrimination at concentrations as low as 200 pg on column. To systematically infer the position of
double bonds from EIEIO spectra, we introduced LipidOracle, a software that tests all possible isomers
and correctly accounts for missing data, noise, and crowded spectra. We demonstrated that longer
accumulation times of 200 ms were most effective for determining carbon—carbon double bond (C=C)
positions, particularly in polyunsaturated lipids. Finally, we evaluated the performance of EIEIO with liver
and plasma extracts. Overall, we demonstrate that comprehensive lipid structural characterisation, includ-
ing sn-position and double bond locations in fatty acyl chains, is achievable within typical LC-MS time-
scales (~0.2 s). Our findings outline practical guidelines for high-throughput analysis of complex lipid
samples by EIEIO.

ing of lipid biology; for example, failing to differentiate pos-
itional isomers may preclude definitive biomarker identifi-

Lipidomics has emerged as a powerful field for profiling the
myriad lipid species in biological systems, enabled by
advances in high-resolution LC-MS technologies."” Lipids
exhibit enormous structural diversity — varying in headgroup
classes, fatty acyl chain lengths, positions of unsaturation,
stereochemistry, oxidation, etc. — which underlies their diverse
biological functions in membranes, energy storage, and
signaling.’* However, comprehensive structural elucidation of
lipids remains challenging. In typical workflows, tandem mass
spectrometry of lipids is dominated by collision-induced dis-
sociation (CID), which readily provides the lipid class and total
fatty acyl composition but often cannot distinguish isomeric
details such as the regiospecific (sn) positions of acyl chains or
the location of carbon-carbon double bonds.> The inability to
resolve such isomeric structures can impede a full understand-
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cation or accurate mapping of metabolic pathways.®

To overcome these limitations, several approaches of
chemical modification and alternative dissociation techniques
have been developed to obtain additional structural infor-
mation by enhancing fragmentation in the proximity of carbon
double bonds or in the glycerol backbone. For example, the
Paterno-Biichi reaction uses UV irradiation to induce the for-
mation of an oxetane ring in the place of a carbon double
bond, which then can be readily fragmented with CID.” A
similar result can be obtained with the previous aziridination
of carbon-carbon double bonds in solution and LC-MS/MS
analysis with CID.®° For practical reasons, there is consider-
able interest in methods that can be performed online in MS
instruments on gas-phase ions. A prominent method is ozone-
induced dissociation (OzID), which exploits the reactivity of
ozone to selectively cleave lipid double bonds, generating frag-
ment ions that reveal the positions of unsaturation.'®'!
Equivalent diagnostic fragments can be obtained by exposing
transiting ions to oxygen radicals in oxygen attachment dis-
sociation (OAD)."" The alternative is to activate gas-phase
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ions with photons or electrons. For example, ultraviolet photo-
dissociation (UVPD), in particular at a wavelength of 193 nm,
fragments both double bonds in acyl chains as well as the
backbone.'® Commercial UVPD mass spectrometers, however,
mount a 213 nm laser that, in our experience, requires longer
excitation and acquisition time of 200 ms and longer for most
species, and are hard to apply in untargeted workflows.

Electron-mediated fragmentation techniques have also
gained attention for comprehensive lipid structural analysis.
In particular, electron impact excitation of ions from organics
(EIEIO) involves bombarding singly charged ions with elec-
trons of low kinetic energy (~8-15 eV). In lipids, EIEIO induces
a rich array of radical-driven cleavages, including the major
diagnostic fragments commonly obtained by CID and
additional cleavages that allow for the identification of the
position of C=C bonds in acyl chains or for the discrimi-
nation of fatty acyl regiochemistry. The added value provided
by EIEIO has been widely demonstrated by seminal work by
Baba and his collaborators. Both for glycerophospholipids and
triglycerides,"™*® they achieved nearly complete structural elu-
cidation in a single EIEIO MS® spectrum, missing only the
stereochemical elucidation of cis-/trans-conformation at
double bonds. These studies, however, were done under ideal
conditions using highly concentrated solutions of pure stan-
dards and direct infusion to collect MS> data for up to 20 min
to obtain possibly clean EIEIO spectra. This was necessary
because most EIEIO-specific fragments, particularly those
associated with cleavages of the acyl chains, are 2-3 orders of
magnitude less intense than the common fragments from the
headgroup.

Here we address whether EIEIO-based fragmentation is
compatible with untargeted LC-MS workflows, in which the
acquisition of MS” data for a single precursor can last only a
fraction of a second, or much less in the case of complex
samples. Using diluted standards across multiple classes of
lipids and acquisition times ranging from 35 to 500 ms, we
evaluated the conditions under which it is possible to acquire
EIEIO data to determine either the class, regiochemistry, or
position of carbon-carbon double bonds in polyunsaturated
lipids. Finally, we benchmark the optimized method with the
analysis of plasma and liver extracts. Our findings establish
practical guidelines for incorporating EIEIO into lipidomics
workflows.

Materials and methods
Chemicals

Water was obtained from a Milli-Q system. Acetonitrile, 2-pro-
panol, and formic acid were purchased from Sigma-Aldrich
(Merck, Germany). Ammonium acetate was purchased from
Fisher Scientific (Thermo Fisher Scientific, USA). Lipids stan-
dards were purchased from Avanti Polar Lipids (Avanti, USA).
They consisted of the LightSPLASH mix, which includes 13
primary lipid standards at a stock concentration of 100 g
mL™": PC 15:0/18:1(9Z), LPC 0:0/18:1(9Z), PE 15:0/18:1(9Z),
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LPE 0:0/18:1(9Z), PG 15:0/18:1(9Z), PI 15:0/18:1(9Z), PS 15:0/
18:1(92), TG 15:0/18:1(92)/15:0, DG 18:1(92)/15:0/0:0, MG 18:1
(92)/0:0/0:0, CE 18:1(9Z), SM 18:1;02/18:1(9Z), Cer 18:1;02/
15:0. For tests with multiple double bonds, we included PE
18:0/20:4(52,8Z,11Z,14Z) and PE 18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z).
For analysis, lipid standards were diluted with 2-propanol to
a working concentration between 1 ug mL™" and 1 ng mL™".
NIST Standard Reference Material 1950 metabolites in frozen
human plasma was purchased from Sigma-Aldrich (Merck,
Germany). Liver extract total in chloroform was purchased
from Avanti Polar Lipids (Avanti, USA).

Sample preparation

Samples were first thawed and were followed by single phase
extraction protocol using only 2-propanol. Plasma lipids were
extracted from 10 pL of frozen NIST SRM1950 by mixing with
300 pL 2-propanol at room temperature, followed by vortexing
for 20 seconds, and 30 minutes of incubation at —20 °C. After
incubation, the extract was centrifuged at 14 000 rpm for
20 minutes at 4 °C. Supernatant was transferred to HPLC vial
with insert. The stock liver extract was diluted to 1 mg mL™"
with 2-propanol, from which 200 pL was transferred to HPLC
vial with insert.

LC-MS analysis

Chromatographic separation was conducted using a 1290
Infinity II (Agilent, USA) equipped with an Acquity BEH C18
column 2.1 mm x 30 mm, 1.7 pm (Waters, USA) for the short
LC method and Acquity BEH C18 column 2.1 mm x 100 mm,
1.7 pm (Waters, USA) for the long LC method at a column
temperature of 60 °C. The mobile phase A consisted of aceto-
nitrile/water (60:40), 0.1% formic acid, and 10 mM
ammonium acetate. The mobile phase B comprised 2-propa-
nol/acetonitrile (90:10), 0.1% formic acid, and 10 mM
ammonium acetate. We employed two gradient profiles. The
short LC method (2.5 min) commenced with an initial con-
dition of 85% A, followed by linear gradients from 85 to 70% A
(0:00-0.29 min), 70 to 52% A (0.29-0.37 min), 52 to 18% A
(0.37-1.64 min), and 18 to 1% A (1.64-1.72 min), with a
plateau at 1% A. This was succeeded by a steep gradient from
1 to 85% A (1.79-1.81 min) and equilibration at 85% A
(1.81-2.24 min) (85-85% A). The long LC method (15 minutes)
also began with an initial condition of 85% A, followed by
slower gradients: 85 to 70% A in 2.00 min, 70 to 52% A
(2.00-2.50 min), 52 to 18% A (2.50-11.00 min), 18 to 1% A
(11.0-11.50 min), 0.5 min at 1%A, and concluded with equili-
bration at 85% A (12.10-15.00 min). The flow rate was 1.2 mL
min~" for the short method and 0.6 mL min~" for the long
method, and the injection volume was 2 pL, which resulted in
loading 2 ng, 200 pg, or 20 pg of lipid standards onto the
column.

Parameter optimisation was done with a SCIEX ZenoTOF
7600 System (SCIEX, Canada) in positive ionisation mode."’
The following are the parameters for mass spectrometry
during data acquisition: electrospray voltage at +5.5 kV; source
temperature at 700 °C; mass range of m/z 100-1000; accumu-
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lation time at 75 ms; declustering potential at 60 V; decluster-
ing potential spread at 0 V; ion source gas 1 at 70 psi; ion
source gas 2 at 70 psi; curtain gas at 45 psi; CAD gas at 7 psi.
The MSMS parameters were set as EAD with top 2 ions for
every survey scan, excluding ion for 1 second after 1 occur-
rence; mass range m/z 100-1000; declustering potential at 60
V; declustering potential spread at 0 V; Zeno pulsing is turned
on with Zeno threshold set at 500 000 cps; Q1 unit resolution;
time bin to sum at 6 with all 4 channels selected; EAD RF set
at 80 Da. Unless otherwise specified, electrons in EIEIO were
generated with a current of 7500 nA and accelerated by a field
of 12 eV, with variety of different reaction time and accumu-
lation time paired together in a quasi-factorial design experi-
ment (reaction time - accumulation time: 30 ms - 35 ms;
30 ms-120 ms; 30 ms-200 ms; 60 ms-65 ms; 60 ms-135 ms;
60 ms-200 ms; 90 ms-95 ms; 90 ms-150 ms; 90 ms-200 ms;
115 ms-120 ms; 115 ms-160 ms; 115 ms-200 ms) for the short
LC method. For the 15-minute LC method, reaction times and
accumulation times were paired as follows: 30 ms-35 ms,
30 ms-65 ms, 30 ms-120 ms, 30 ms-200 ms, and 30 ms-
500 ms.

Additional analyses were done on the SCIEX ZenoTOF 8600
System (SCIEX, Canada) in positive ionisation mode with the
following parameters: electrospray voltage at +4.5 kV; source
temperature at 400 °C; mass range of m/z 50-1000; accumu-
lation time at 250 ms; ion source gas 1 at 50 psi; ion source
gas 2 at 60 psi; curtain gas at 45 psi; CAD gas at 7 psi. The MS/
MS parameters were set as EAD with top 4 ions for every survey
scan, excluding ion for 3 seconds after 1 occurrence; mass
range m/z 50-1000; Q1 unit resolution; reaction time was set at
30 ms; accumulation time was set at 200 ms; electron kinetic
energy was set at 12 eV with 7500 nA beam current; EAD RF
was 80 Da; time bins to sum was set at 6.

Nomenclature

We follow the nomenclature shorthand notation of lipids
according to LIPID MAPS.*° In short, double bond positions
are counted from the carboxyl end (can be denoted as A),
whereas n- or - are counted from the methyl end.
Geometrical isomers of double bonds are given as Z (cis) or E
(trans). When sn-positions of acyl chains are known, acyl
chains are listed in the order from sn-1 to 3 separated by a
slash (/). An underscore indicates that the position of the acyl
chains is undefined, and all permutations are equally plaus-
ible. Lipid class abbreviations are listed as follows: phospha-
tidylcholines (PC), lysophosphatidylcholines (LPC), phosphati-
dylethanolamines (PE), lysophosphatidylethanolamines (LPE),
phosphatidylgylcerols (PG), phosphatidylinositols (PI), phos-
phatidylserines (PS), monoglycerides (MG), diglycerides (DG),
triglycerides (TG), cholesteryl ester (CE), sphingomyelins (SM),
ceramides (Cer). In addition, we specify the ion to indicate
which adduct was isolated for MS> spectrum analysis. For
instance, PC 16:0/18:1(92) refers to a phosphatidylcholine with
a fatty acyl chain at the sn-1 position with 16 carbons and no
double bonds, and a fatty acyl chain at the sn-2 position with
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18 carbons and one double bond at the 9™ carbon counting
from the carboxyl end with cis geometry.

Data analysis

For the analysis of the fragments linked to the inference of
lipid class and sn-regiochemistry, we converted the raw data
mzML file with MSConvert (ProteoWizard 3.0.22291) using the
vendor-provided centroiding algorithm. The resulting mzML
files were processed by SLAW>' to obtain the MGF files for all
detectable features. For the analysis of double-bond position
that required a precise analysis centroiding of low-abundant
EIEIO peaks, we used functions provided by the Python
module scipy 1.15.2. We exported profile data directly from
vendor files and applied a Savitzky-Golay smoothing with a
window size of 7. Peaks were detected by a local maximum pro-
cedure (find_peaks) with a minimum peak prominence of 3.0.
The m/z of the centroids was refined with a local, intensity-
weighted averaging. The resulting spectra were exported to
MGF files and analysed by LipidOracle 0.7.36. Liver and
plasma samples were processed directly from raw data using
the Python package masster 0.5.17 and annotated with
LipidOracle.

Lipid annotation

LipidOracle employs a two-step process for annotating each
query MS? spectrum. In the initial step, it matches measured
spectra against a library of expected MS® spectra, compiled
with diagnostic fragments described in the literature for CID
and EIEIO. The library includes permutations of sn-regio-
isomers, chain lengths, saturation levels, and oxidation states.
For all variants, diagnostic fragments are included to tenta-
tively identify the position and composition of the acyl chains.
Library fragments are weighted according to their prevalence,
and the matching is scored using a greedy cosine function. In
this first step, for each experimental MS> spectrum, all
matches with a score within 10% of the top match are
retained, assessed individually for each spectrum. For lipids
where the acyl chain composition could be determined in this
step (covering 39-54% of the spectra according to Table 1), the
analysis proceeds to the second step: C=C analysis. Starting
with the heuristic library that provides simulated EIEIO
spectra for approximately 190000 acyl chain variants (as
described in the main text), all compatible isomers are
retrieved. If multiple isomers are present, combined MS>
spectra are generated. Matching relies on a hybrid score that
sums two partial scores. The first partial score measures the
number of expected fragments that are matched. If all expected
fragments, including H gains and losses, are matched, the
partial score is 0.5. The second partial score assesses the inten-
sity of the theoretical peaks that are matched. It gives credit
for the correct identification of the V-pattern or fragments
close to the ester bond. Unlike a classical dot product, the
second term does not depend on the intensity of the measured
EIEIO spectrum, which is often noisy and overlaid by other
fragments, such as those from the head group. The maximum
score for the second partial score is 0.5, and it is added to the
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Table 1 Summary of lipid annotation for lipid extract of liver and human plasma (NIST SRM1950)

Liver Plasma
Sample
Instrument 7600 8600 7600 8600
Features with MS” data 1426 2008 1004 1254
Features with MS-identification 255 340 102 152
Features with diagnostic peaks for acyl chains 130 51% 182 54% 37 36% 75 49%
Features with diagnostic peaks for sn-regioisomerism 49 19% 55 16% 19 19% 75 49%
Features with DB identification 88 35% 131 39% 27 26% 49 32%
Features with unique DB identification 49 19% 61 18% 17 17% 18 12%

first partial score to obtain a total score between 0 and 1. To
keep only good matches, we discard all isomers with a total
score below 0.5. If multiple isomers pass this threshold, we
retain those within 2% of the highest total score for each
query MS?. From the final set of isomers whose predicted MS>
spectrum best matches the query spectrum, we count how
often each bond was predicted to be a C=C. For more details,
refer to the online documentation at https:/hub.docker.com/r/
zambonilab/lipidoracle.

Results
A short reaction time is best for lipid identification

We wanted to investigate the minimum MS? acquisition time
for obtaining meaningful structural information on glycero-
phospholipids by electron-associated dissociation. The short-
est time we investigated was 35 ms, which results from the so-
called reaction time of 30 ms and the additional 5 ms required
to profile all fragments in the time-of-flight detector. During
the reaction time, cations from the quadrupole filter are acti-
vated by a short exposure to the electron beam. The dis-
sociation kinetics are slow, at least compared to collision-
induced dissociation, and the reaction proceeds for 30 ms or
longer to yield sufficient fragments. To increase the fragment
yield, we tested reaction times of up to 115 ms. Fragmentation
data, however, is stored based on the accumulation time. The
shortest accumulation time is the reaction time plus the 5 ms
detection time. The accumulation time can be increased to
perform multiple cycles of electron activation and reaction on
subsequent packets of ions, eventually obtaining a summed
spectrum with improved signal-to-noise. Increasing both the
reaction time and the number of cycles extends the accumu-
lation time, and thus limits the number of precursors that can
be analyzed per unit of time.

We wrote several data-dependent acquisition (DDA)
methods that differed only in reaction and accumulation time.
We tested the combinations that were compatible with a total
cycle time of less than 500 ms, i.e., to ensure that sufficient
MS' scans were collected over a chromatographic peak. The LC
method consisted of a short, 2.5 minutes reversed-phase LC
gradient. The test was done using lipid standards across
different classes, injected at a concentration of 2 ng on
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column for each lipid. To direct the analysis on the fragments
that are mostly relevant for identifying the lipids, we relied on
the diagnostic fragments that have been described before."”™*®
These include common fragments that are specific for cor-
rectly identifying the head group, as well as EIEIO-specific
fragments in the glycerol backbone that allow distinguishing
the acyl chain at position sn-1/3 and sn-2 based on the neutral
losses. For all compounds of interest, we extracted MS> spec-
trum closest to the chromatographic peak and subsequently
extracted the ion counts for all diagnostic fragments. We gen-
erated a contour plot of the mean intensity for each diagnostic
peak to obtain an overview of the information dependency on
reaction and accumulation time.

We present exemplary results for phosphatidylcholine,
sphingomyelin, and a triglyceride at the highest tested concen-
tration (Fig. 1; details on the fragments are provided in
Fig. S1). In each contour plot, the bottom left edge of the
surface indicates the intensity of the diagnostic peak for a
single packet of ions at different reaction times. We observe
that a short reaction time of 30-60 ms yields more signal for
all diagnostic fragments. When the reaction time is 90 ms or
longer, the signal decreases by 50-80%. The decrease in frag-
ment intensities could be due to unwanted secondary frag-
mentation on primary fragments. The intensity of primary
fragments generated at shorter reaction times was higher com-
pared to those at longer reaction times, while smaller m/z
peaks increased in intensity with longer reaction time. The
results show that shorter reaction times are preferable, which
is promising for achieving high throughputs. Conversely, we
observe the effect of increasing accumulation time and
summing multiple packets from bottom to top. The trend
aligns with expectations, with a gain that scales with the
number of packets. The strongest signals are achieved with the
longest accumulation time (200 ms) and the shortest reaction
time (30 ms), which corresponds to the summation of six
packets and results in a signal amplification of about 3 to 5
times compared to the single-packet method with an accumu-
lation time of 35 ms. The analysis was extended to additional
lipids in the test mix (Fig. S2): although the absolute counts
vary across lipid and lipid fragments, the trend with decreas-
ing signal at longer reaction times is conserved. We concluded
that, in general, the shortest reaction time of 30 ms yields the
most diagnostic fragments.

This journal is © The Royal Society of Chemistry 2025
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nation of reaction and accumulation time, we extracted the intensity of the fragment from MS? spectrum close to the chromatographic apex and

added a smoothed contour plot to visualize the relative trends of the mean intensity. Fragments are selected and named after Baba et a

cated in Fig. S1.

Regiospecific fragments

After establishing the optimal settings to obtain the highest
counts of diagnostic fragments, we considered the sensitivity.
We decided to focus the analysis on the fragments that carry
information on sn-regioisomerism, because they are not acces-
sible by CID and embody the primary reason for choosing
EIEIO. Discrimination of sn-1 and sn-3 from sn-2 is possible
when the glycerol backbone fragments between C1 and C2, or
C3 and C2 in triglycerides.">'® C-C bonds are less prone to
breaking compared to ester bonds, which serve as the basis for
most other diagnostic fragments. Consequently, detecting frag-
ments that indicate sn-regioisomerism becomes more difficult.
To estimate the threshold of detection for these fragments
across the tested lipids, we analysed varying quantities,
ranging from 2 ng to 20 pg on the column, maintaining a reac-
tion time of 30 ms throughout. The accumulation time varied
from 35 to 200 ms, which corresponds to one to six packets of
ions. For every combination of time and concentration, we
measured the intensity of 12 sn-specific fragments across eight
compounds, and 2 acyl-specific fragments for sphingomyelin
and ceramide (Fig. 2). In most instances, the desired frag-
ments were observable at a concentration of 200 pg. Only for
[PC 15:0/18:1(9Z) + H]" and [Cer 18:1;02/15:0 + Na]" did we

This journal is © The Royal Society of Chemistry 2025

(.,*8 and indi-

detect fragments at an injection of 20 pg. Assuming that the
intensity of sn-isomer-specific peaks is indicative of their rela-
tive concentration, we calculated the regiospecific purity of the
standards (Fig. $3). [PC 15:0/18:1(92) + H]" was estimated to be
~99% pure, and [PS 15:0/18:1(92) + H]" ~100%. The purity of
the three PEs ranged from ~86% to ~98%, but the low inten-
sity of the corresponding fragments might bias these results.

Surprisingly, extending the accumulation time beyond
35 ms did not yield any significant benefits. Most signals were
stable even as the number of packets increased. We only
observed a rise in counts in a few instances, such as with PC
15:0/18:1(9Z) (2 ng) or SM 18:1;02/18:1(9Z). While we lack a
definitive explanation for the constant fragment yield, we
hypothesise that it might result from some form of normalisa-
tion included in the spectra acquisition process. Overall, our
data indicates that a short reaction time (30 ms) and accumu-
lation time (35 ms) are well-suited to provide a complete
characterisation of the tested lipids at a concentration of
approximately 200 pg.

The challenge of identifying double bond positions

One significant advantage of EIEIO over CID is its ability to
pinpoint the locations of double bonds in unsaturated fatty

Analyst, 2025, 150, 5201-5211 | 5205
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acyl chains. This is feasible because C-C bonds rarely break,
allowing for the detection of a series of neutral loss and homo-
lytic radical fragments that shift by 14 Da (-CH,-) in saturated
chains. In theory, a C=C bond causes two successive shifts of
13 Da (-CH-), but it noticeably affects the intensity of nearby
fragments. Due to the stronger nature of the double bond
(bond dissociation energy ~174 kcal mol™ for C=C in
alkenes, compared to 83-90 kcal mol™" for C-C in alkanes or
~92 keal mol™ for C-O in methanol®**?), breaks at the C=C
bond is less common and result in lower intensity or even a
lack of peaks at the center of the 13 Da shifts. Thankfully, a
C=C bond can stabilize the radicals generated from the homo-
lytic break of nearby C-C bonds, leading to enhanced intensity
of the related fragments. Thus, the existence of a double bond
is represented by a V-shaped fragment intensity pattern. This
same pattern is employed for the algorithmic identification of

5206 | Analyst, 2025, 150, 5201-5211

double bonds.>* A recently presented algorithm seeks shifts of
26 Da at predefined positions, e.g. n-3, n-6, n-9, etc.>

In practice, identifying the C=C positions in EIEIO spectra
presents three significant challenges. First, the neutral loss
fragments, or the V-shaped intensity pattern, can be hard to
detect. In an LC-MS setup, many relevant fragments might be
missing or confused with background noise. The second chal-
lenge arises because the model for fragment intensity relies on
lipids containing single C=C bonds; however, it is still
unclear how multiple C=C bonds on the same acyl chain
interact or how the initial ester or ether bond affects fragment
intensity. Finally, it is understood that heterolytic fragments
and hydrogen transfers increase with the electron’s kinetic
energy.” Specifically, H gains result in 13 Da shifts, even in
the absence of a C=C bond, highlighting potential bias in
their accurate identification.

This journal is © The Royal Society of Chemistry 2025
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position of the double bond.

We began our analysis by examining the presence of diag-
nostic and confounding signals in the concentrated 2 ng
sample. Based on our earlier findings, we implemented a
30 ms reaction time, along with a total accumulation time of
0.5 s, which we consider the upper limit for LC-MS analysis.
To maintain a high abundance of the precursor during the
fragmentation period, we switched to a slower, 15-minute gra-
dient. The results for LPC 0:0/18:1(9Z) are presented in Fig. 3.
AV-shaped pattern around the C=C bond is apparent, but the
fragmentation shows significant sensitivity to the electron’s
kinetic energy. At energies up to 10 eV, the EIEIO spectrum is
characterised by homolytic fragments spaced by 14 Da with
(grey bars). Hydrogen losses become predominant starting at
12 eV, including the lighter shoulder of the V-shaped pattern
(light blue bars). The shift is more prominent for fragments
that have lost the C=C, which likely contributes to H retention
in the neutral loss. Importantly, the heterolytic H gains appear
in fragments near the double bond with as low as 10 eV. These
pose the key challenge as they introduce a 13 Da shift, which
can lead to the misassignment of the C=C bond by one posi-
tion, for instance, A8 instead of A9. At high kinetic energy (25
eV), both single and double hydrogen gains become prevalent
for all breakpoints between the C=C bond and the end of the
acyl chain, while the distinctive V-shaped pattern fades away.
Similarly intricate shifts were noted for other lipids (Fig. S4).
In general, hydrogen losses and gains appear to be un-
avoidable, making them essential to consider when determin-
ing C=C bond positions from EIEIO spectra. Since the C=C
assignment primarily hinges on the completeness of the frag-
mentation spectrum, it is critical to pinpoint the conditions
that minimize any missing data. Using the same dataset, we

This journal is © The Royal Society of Chemistry 2025

examined how the electron kinetic energy affects the intensity
of sn-specific fragments across all lipid standards (Fig. S5). For
most lipids, fragmenting at 12 eV yielded the highest sn-
specific signal intensity. However, some PE lipids showed
slightly higher sn-specific intensities at 10 eV. According to our
findings, the ideal kinetic energy for detecting carbon double
bonds and sn-regioisomerism in the examined lipids is
approximately 12 eV, as this range yields the highest fragment
intensities.

Inference of double-bond positions from LC-MS data

None of the existing EIEIO annotation tools>*** are designed

to deal with missing values, noisy data, or hydrogen transfers.
To fully account for these factors, we adopted a conceptually
simple approach that compares the measured spectrum
against the simulated EIEIO spectrum of all possible isomers.
To simulate EIEIO spectra for any linear unsaturated fatty acid,
we first constructed a heuristic model that mimics the frag-
ment intensities in a chain with a single C=C bond (Fig. S6A
and B). The model accounts for hydrogen gains and losses as
well as intensity shifts based on the distance to the double
bond, enabling the simulation of theoretical EIEIO spectra for
any unsaturated, linear acyl chain. The model was extended to
predict the effect of multiple C=C bonds, which matches
favorably with real data EIEIO spectra acquired at long
accumulation times (Fig. S6C). We composed an EIEIO neutral
loss library for all acyl chains ranging from 4 to 30 carbon
atoms, accommodating up to 6 double bonds, including all
permutations of non-contiguous C—=C positions, for a total of
>100 000 fatty acyl chains. We packed the library and annota-
tion routines into LipidOracle, a publicly available container
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that conducts in-depth lipid annotation by EIEIO, starting
directly from measured MS? spectra in MGF format.

We used LipidOracle to quantify the accuracy with which
EIEIO spectra identified the correct C=C position in LC-MS
experiments. Our initial analysis was conducted using data
acquired on a SCIEX 7600 ZenoTOF system, the same instru-
ment used for all previous experiments. We employed a fixed
reaction time of 30 ms and a kinetic energy of 12 eV, and wrote
multiple methods with accumulation time ranging from 35 to
500 ms. The analysis was extended to a new-generation instru-
ment, the SCIEX 8600 ZenoTOF system, which became available
during the review process. The new instrument boasts over ten
times higher sensitivity, and we aimed to test whether this
enhancement could translate into shorter reaction and accumu-
lation times. Specifically, on the 8600 system, we tested accumu-
lation times ranging from 5 to 65 ms and reaction times ranging
from 4 to 30 ms. We injected 2 ng of LPE 18:1(9Z), PE 18:0/20:4
(52,82,11Z,14Z), and PE 18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z) on
both instruments. Upon extracting a single MS> spectrum
closest to the chromatographic centroid, we submitted all
spectra to LipidOracle for systematic elucidation of C=C posi-
tions. For each experimental spectrum, LipidOracle simulated
the EIEIO spectra of all possible isomers, ie., 16, 1365, and
5005, respectively, and ranked them by a matching score. To
account for the potentially ambiguous assignment of double
bonds, we retained all isomers with a score within 1% from the
top value. Finally, we counted the frequency of correct C—=C
bond positions in the top isomers identified by LipidOracle,
resulting in a true discovery rate (TDR), which indicates the per-
centage of correct C=C assignments (Fig. 4). For the easiest
case of LPE 18:1(9Z), the correct double bond position was recov-
ered in all samples except one replicate with 35 ms accumu-
lation time on the ZenoTOF 7600 system, where LipidOracle
could not distinguish position 8 and 9. On the 8600 system,
instead, the TDR was 100% for all tested settings, including the
shortest accumulation time of 5 ms.

Assigning the C=C position is much more challenging for
polyunsaturated acyl chains, for glycerophospholipids with
two acyl chains because their respective EIEIO fragments
overlap confusing the correct recognition of mass shifts. The
difficulty increases closer to the head group, because unsatura-

LPE 18:1(9Z)/ 0:
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o |
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Fig. 4 Double bond identification true discovery rate (TDR) for

PE 18:0/20:4(52,8Z2,11Z,142)

Acccumulation Time (ms)
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tion affects fewer fragments, and these fragments are further
influenced by the head group. In our experiment, the obtained
C=C position TDRs for PE 38:4 and PE 40:6 ranged from
75% to 90% for the longest tested accumulation times. The
correct isomers PE 18:0/20:4(52,87,11Z,14Z) and PE 18:0/22:6
(42,72,102,132,162,19Z) were frequently among the top hits,
but not the unique ones, explaining the lower TDR. We specu-
lated that the inability to attain 100% TDR for polyunsaturated
glycerophospholipids, even with long accumulation times and
the most sensitive instrument, reflects a fundamental limit of
EIEIO spectral analysis caused by the overlap of homolytic and
H-shifted fragments of the two acyl chains. On a positive note,
acquisition times of ~15 ms and ~120 ms seem sufficient for
capturing the key spectral information on the 8600 and 7600
systems, respectively.

Analysis of complex lipid extracts

Finally, we evaluated the performance of EIEIO in annotating
complex lipid extracts in untargeted LC-MS. Our main objec-
tive was to apply the optimised workflow and quantify to what
extent lipids can be structurally characterised. We analysed
liver and plasma extracts on both the 7600 and 8600 systems,
using a 15-minute LC gradient with data-dependent acqui-
sition in positive mode only, selecting in each cycle the top 4
precursors for dissociation by EIEIO at 12 eV, with 30 ms reac-
tion time and a total of 200 ms accumulation for each MS>
spectrum. The total cycle time was ~1 s. After feature detection
and deisotoping, MS® spectra were exported and analysed with
LipidOracle to putatively identify species, chain lengths, sn-
regioisomerism, and C=C position in unsaturated chains
(shown in Fig. 5 for liver and Fig. S7 for plasma). Depending
on the fragments detected in an MS” spectrum, the annotation
can range from species to structural level.

To obtain a summary of the information retrieved for both
sample types and instrument, we counted how frequently an
MS?-spectrum included the different classes of diagnostic frag-
ments or was sufficient to infer C=C position (Table 1). The
liver extract was more concentrated than the plasma sample,
and the newest instrument provided ~30% more MS? spectra
and ~50% more identifications. Across all experiments, we
found fragments indicating the length and saturation of at

PE 18:0/22:6(42,7Z2,10Z,132,16Z,19Z)
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LPE 0:0/18:1(92), PE 18:0/20:4(57,87,117,147), and PE 18:0/22:6

(42,72,102,132,162,192), as quantified by LipidOracle upon testing all theoretical isomers with non-consecutive double bonds. The labels 7600 and

8600 indicate the MS instrument.
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Fig. 5 Annotation of lipid in liver extract by MS? spectra collected using either a ZenoTOF 7600 (left column) or a ZenoTOF 8600 system (right
column). The upper panels (A and B) report the lipid class. The lower panels (C and D) indicate the type of diagnostic fragments that were matched
in the annotation process. Class indicates fragments that are related to the head groups, chains indicate acyl-specific fragments that enable the
definition of length and saturation of one or more fatty acyls, sn- indicates that detection of regiospecific fragments, and C—-C indicates that the
double-bond configuration could be inferred from the EIEIO spectrum and a minimum score of 0.5. In the background, we projected the log10-

transformed intensities of MS* data.

least one chain in 36-50% of the cases. Regiospecific frag-
ments were detected in ~16-49% of the cases. In about 30% of
all identified EIEO spectra, it was possible to infer the position
of C=C. In 12-19% of the cases, a single structural isomer
stood out in terms of scoring. These included mono- and poly-
unsaturated lipids such for example, LPC 18:2(9,12)_0:0, LPC
18:1(9)_0:0, PC 16:1(9)/16:0, PC 18:2(9,12)/16:0, PC 16:0/
20:4(5,8,11,14), PC 16:0/20:3(8,11,14), PC 18:0/18:2(9,12), PC
18:1(9)/18:0, and PC 18:0/20:4(5,8,11,14), which were detected
in liver extracts using the ZenoTOF 7600 system. These results
confirm that deep structural characterisation, including sn-
position and double bond locations in fatty acyl chains, is
achievable with an accumulation time of 200 ms.

Conclusions

We demonstrated that comprehensive lipid structural charac-
terisation is achievable on an LC-MS timescale by integrating

This journal is © The Royal Society of Chemistry 2025

electron-based fragmentation with fast chromatographic separ-
ations using a SCIEX ZenoTOF 7600 system. Optimal EIEIO
parameters were identified as an electron kinetic energy of
12 eV, a reaction time of 30 ms, and an accumulation time of
35-200 ms. Even at the shortest accumulation time tested
(35 ms), all key diagnostic fragments for lipid class and sn-1
position were detectable when injecting ~200 pg lipid stan-
dards. Longer accumulation times of up to 200 ms are necess-
ary to identify the position of C=C bonds in acyl chains,
especially for polyunsaturated lipids. This step, however, is
only possible with approximately 10 times higher lipid concen-
trations in the range of nanograms on column. Overall, the
major outcome of this study is that near-complete lipid struc-
tural elucidation by EIEIO is generally feasible within ~0.2
seconds and, thus, well-suited for LC-MS timescales.

From these observations, a two-tiered LC-EIEIO-MS work-
flow emerges as an effective strategy for lipidomics. For
routine analysis, we recommend using 35 ms accumulation
time to rapidly profile the lipid constituents and obtain basic
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structural annotations (headgroups, chain lengths, and sn-lin-
kages). This is sufficient to collect dense MS> data by DDA
with short LC gradients. For the 2.2 min LC gradient, we routi-
nely adopt for every cycle with subsequent top 7 EIEIO-MS>
scans of 35 ms each, which provides MS data for up to 1000
precursors per minute. Then, in-depth analysis is best sup-
ported by a slower method with EIEIO-MS> scans of 200 ms.
This can be achieved by several means, such as a fully targeted
MS? acquisition, a DDA method with an inclusion list, or by
re-analysing selected samples with a long LC method. Such a
tiered workflow capitalises on EIEIO’s strengths for structural
lipidomics within practical timeframes and is likely to be
broadly applicable in lipidomics studies where large sample
sets and detailed structural resolution are both required. If not
concerned by throughput, we recommend adopting a single,
slower LC-EIEIO-MS method with an accumulation time of at
least 200 ms, as we demonstrated with a 15-minute gradient
for liver and plasma extracts. Martinez et al. reported the ana-
lysis of lipids in human plasma by EIEIO using an accumu-
lation time of 1 second;*® however, our experiments indicate
that a longer time has only a marginal effect on the accuracy of
annotation.

Despite the clear benefits, there are important practical
limitations when deploying EIEIO fragmentation in an LC-MS
context. The most critical is the increased complexity of EIEIO
spectra due to extensive hydrogen rearrangement reactions
that start to emerge at 10 eV and, therefore, are practically
unavoidable. These rearrangements lead to fragment mass
shifts of +1 and 2 Da that confound the spectral analysis.
We addressed this challenge by incorporating hydrogen
shifts and considering all possible C=C isomers in
LipidOracle. This allowed for inferring the position and
confidence of carbon double bonds, even in cases of noisy
and partial spectra. Our systematic analysis also high-
lighted that for largely polyunsaturated lipids, it remains
prohibitive to reduce the false discovery rate below 20%.
Our experiments demonstrate that the accuracy of C=C
localisation doesn’t improve with longer accumulation
times or with the new ZenoTOF 8600 system, which offers
>10x increased sensitivity. Hence, we believe that the per-
formance is limited by the overlap of homo- and hydrogen-
shifted fragments originating from multiple chains. Our
current EIEIO-fragmentation model is based on simple
heuristic rules that don’t allow for accurately predicting
intensities for polyunsaturated chains. Hence, we adopted
a scoring scheme that weights the presence of matching
fragments more heavily and the guessed intensity less. To
improve the structural identification of polyunsaturated
glycerides and phospholipids, a more accurate prediction
of fragment intensities is needed to adopt a stricter match-
ing metric.
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Data availability

Raw data, extracted spectra in MGF format, and results
are available at https:/doi.org/10.3929/ethz-b-000734594.
LipidOracle is accessible at https:/hub.docker.com/r/zamboni-
lab/lipidoracle.

Supplementary information (SI) is available. See DOI:
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