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Extreme Ultraviolet Photodissociation Decodes the Chain
Modifications of Lipids
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ABSTRACT: Chain modifications play critical roles in the
modulation of biological functions. However, current mass
spectrometry (MS) methods fall short in providing the diagnostic
fragments of lipid chain modifications due to the limitations of
vibrational excited fragmentations. Herein, we introduce a novel
extreme ultraviolet photodissociation (EUPD), which integrates a
tunable-wavelength extreme ultraviolet-free electron laser (EUV-
FEL) into the MS dissociation chamber, enabling ultrafast
photoexcitation and -dissociation of lipids via the dissociation
pathways in electronic excited states. EUPD offers unprecedented || 1 |||K } fength
photochemical manipulations over fragmentation patterns by tuning Ll

the EUV photon energy, enabling the highly selective cleavage of
specific chemical bonds according to their different dissociation
thresholds. This wavelength tunability generates rich types of diagnostic fragments for diverse lipid chain modifications, including
methyl branching (95—100 nm), cyclopropane rings (100—150 nm), polyunsaturation (90—100 nm), and oxidation (140—150 nm).
EUPD exhibits great potential to revolutionize MS-based lipid analysis and significantly promotes the elucidation of lipid structure—
function relationships.
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B INTRODUCTION

Life utilizes a variety of modifications to precisely modulate the

mediators of inflammation and atherosclerosis, with clinical
utility as biomarkers for risk prediction, reclassification, and
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functions of biomolecules. Like the most famous post-
translational modifications (PTMs) of proteins,l’2 diverse
chain modifications also enable the elaborate lipid functions,
including cell membrane formation, signal transduction, energy
storage, and sophisticated protein function regulation.’™>
Glycerophospholipids (GPLs),® the most abundant structural
lipids in eukaryotic membranes, are characterized by a
diacylglycerol backbone linked to different head groups. The
fatty acyl chains at the stereospecific numbering (sn)-1 and sn-
2 positions can vary in length and saturation, contributing to
the structural diversity and biophysical properties of mem-
branes.”® Distinct side-chain compositions, such as stearoyl-
arachidonylglycerol (SAG) and stearoyl-oleoylglycerol (SOG),
selectively recruit different protein kinase C isoforms and
produce divergent downstream phosphorylation patterns.
These structural differences alter lipid—protein affinities and
turnover, with SAG uniquely buffering at the outer leaflet to
prolong signaling duration.” Modifications to acyl chains, like
cyclopropane modification, significantly impact GPL function
and alter the survival capabilities of bacteria.'”'" Branched
chain fatty acids in dairy products are essential for mitigating
inflammation, preventing cancers, and addressing metabolic
disorders.'” Furthermore, oxidized phospholipids are central
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therapeutic monitoring.'> These diverse modifications result in
complex lipid isomers, many of which occur at low abundance
and yet exert strong biological effects. Therefore, precise
structural elucidation—discriminating among these subtle
isomeric variants—is essential for unraveling disease mecha-
nisms and for identifying reliable biomarkers or therapeutic
targets. Mass spectrometry (MS) is the central instrument of
lipidomics analysis, "> and the characterization of lipid
structure is dependent on fragment ion profiling in tandem
MS (MS/MS).'*"” However, compared with protein PTMs,
current MS-based lipid analysis pays little attention to the
identification of lipid chain modifications, mainly due to the
MS/MS techniques fall short in providing the diagnostic
fragments of chain modifications.'® The lack of chain
modification identification severely limits our understanding
of lipid structure—function relationships.
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Scheme 1. Schematic Representation of 75—150 nm EUPD in Decoding Diverse Chain Modifications of GPLs
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EUPD Application

Conventional MS/MS strategies for lipid structure deriva-
tion, largely dependent on collision-induced dissociation
(CID/HCD)," rely on the slow conversion of kinetic energy
to internal vibration energy through multiple collisions with
inert gas molecules (He/N,). These methods mainly lead to
lipid headgroup loss with limited fragment information
regarding mostly to lipid subclass.”® Significant progress has
been made in lipid fragmentation techniques that enhance
isomer resolution, ranging from gas-phase ion activation
methods such as electron ionization (EI)-MS/MS CID,”'
covalent adduct chemical ionization-MS/MS CID,** 193/213
nm-ultraviolet photodissociation (UVPD),*”** ozone-induced
dissociation (OzID),”>*¢ electron impact excitation of ions
from organics (EIEIO),”” charge remote fragmentation
(CRF),*® and radical-directed dissociation (RDD),**° to
derivatization-based strategies like the Paterno—Biichi (PB)
These advanced MS/MS techniques provide
diagnostic ions for lipid structure discrimination, thereby
offering valuable frameworks for addressing the long-standing
challenge of lipid isomer identification. However, despite these
advances, efficient generation of adequate structure-diagnostic
fragments for comprehensive lipid structure elucidation
remains challenging.”® In particular, these methods usually
rely on multistage MS (e.g,, MS® UVPD-CID) or derivatization
steps that compromise detection sensitivity and increase
sample complexity. Further, the processes of slower thermal
activation or radical-induced pathways frequently trigger
complex bond rearrangements and hydrogen scrambling,
while the abundances of informative fragments of intrachain
cleavages are relatively low.”” Additionally, existing approaches
remain tailored to specific modification types and require extra
derivatization reaction for each modification feature, failing to
simultaneous identification of multiple coexisting modifica-
tions—such as methyl branching combined with polyunsatura-
tion or oxidation—within a single workflow. There is an urgent
need to develop efficient lipid molecular scissors in MS/MS
that are sufficiently sharp and fast to achieve in situ high-
specificity cleavage and generation of structure feature
fragments for accurate identification of diverse chain
modifications.

. 31
reaction.

Photoexcitation and -cleavage offer exceptional spatiotem-
poral precision and selectivity in biomolecular manipulation,
positioning them as powerful and rapid tools for targeted
chemical modifications.>®> However, conventional ultraviolet—
visible photochemical reactions of biomolecules often require
the introduction of specific chromophores for photon
absorption and reaction initiation such as metal complex-
based photocaging chemistry.”* Currently, there is still lack of
photochemical methods capable of directly targeting and
manipulating different types of chemical bonds in the
biomolecular skeletons. Theoretically, the photon energies in
the extreme ultraviolet (EUV) range (>8 eV, <150 nm) far
exceed the dissociation thresholds of single and double bonds
in common biomolecules including lipids (Table S1), enabling
the direct photoexcitation and -cleavage.”® This process can
promote the biomolecular skeleton into electron-excited
states®® and trigger ultrafast, bond-selective dissociation on
femtosecond time scale, cleaving targeted bonds through a
nonergodic mechanism before energy redistribution and
potential structure rearrangement.’”*® Unfortunately, biomo-
lecular spectroscopy tools with EUV photon action have been
lagging behind for a long time, mainly due to the absence of a
tunable-wavelength EUV light source with high brightness and
ultrafast pulse.””*’

In this study, we introduce a novel EUV photodissociation
approach to decode lipid chain modifications by integrating a
75—150 nm wavelength-tunable EUV-free electron laser
(EUV-FEL)*" into the MS system. The Dalian Coherent
Light Source (DCLS) beamline*” delivered the EUV-FEL via a
vacuum tube directly to the dissociation chamber of MS,
enabling precise control over biomolecule photoexcitation.
Lipid molecules (Table S2) were introduced into MS through
electrospray ionization (ESI), and specific lipid precursor ions
were selected based on their mass-to-charge (m/z) ratios.
Ultrafast photoexcitation of the lipid precursor ions occurred
within 1 ps using a single pulse of EUV-FEL irradiation at
about 10—15 uJ/pulse. The resulting fragment ions were then
detected by an Orbitrap analyzer with high mass resolution.
This novel strategy, termed extreme ultraviolet photodissoci-
ation (EUPD), enabled the generation of rich types of
structure-diagnostic fragment ions, revealing detailed informa-
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tion about various lipid chain modifications (Scheme 1). EUV-
FEL facilitated highly selective photoactivation and -cleavage
of specific bonds within lipid acyl chains by precisely tuning
the wavelength (photon energy) to match the specific
electronic transitions or bond dissociation thresholds, offering
unprecedented photochemical manipulations over lipid
fragmentation patterns.

B EXPERIMENTAL SECTION

Materials

All lipid samples were purchased from Avanti Polar Lipids
(Alabaster, Alabama, USA), except for 1-palmitoyl-2-(4-keto-
dodec-3-ene-dioyl) phosphatidylcholine (KDdiA-PC), 1-pal-
mitoyl-2—13(S)-HpODE-sn-glycero-3-phosphatidylcholine
(16:0/18:2-O0H-PC), and 1-palmitoyl-2-(+)17(18)-EpETE-
sn-glycero-3-phosphatidylcholine (EpETE-PC), which were
obtained from Cayman Chemical (Ann Arbor, Michigan,
USA). The chemical formulas and molecular weights of all
glycerophospholipids included in this study are shown in Table
S2. HPLC-grade methanol (MeOH), ethanol (EtOH), and
dichloromethane (CH,Cl,) were purchased from Sigma-
Aldrich (St. Louis, MO). The deionized water for all
experiments was purified by using a Milli-Q pure water system
(Millipore Inc., Milford, MA). Original lipid stock solutions
(1.0 mg/mL) were prepared in a 50:50 (v/v) mixture of
CH,Cl, and MeOH. Then, these solutions were further diluted
to a final concentration of 10 pug/mL using MeOH as the
solvent.

EUPD Instrumentation

An Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher, San Jose, CA, USA) was utilized for the
EUPD experiments. The experimental setup involved integrat-
ing a wavelength-tunable EUV-FEL from the DCLS beamline
into the low-pressure linear ion trap (LIT) chamber through a
high-vacuum tube (Figure S1). This integration required
specific modifications to facilitate FEL-based EUPD: the rear
cover plate of the LIT in the mass spectrometer was removed
and directly connected to a custom beamline adapter, which
incorporated three differential pumping systems to bridge the
pressure difference between the LIT (107> Pa) and the high
vacuum environment (107 Pa) of the EUV-FEL beamline,
ensuring optimal experimental conditions. Considering the
inherent limitations of the FEL optical path adjustment
capabilities using reflective optics, the mass spectrometer was
positioned on a three-dimensional adjustable vibration
isolation platform to minimize any potential disturbances or
vibrations during data collection. The EUV-FEL facility
functions under the high-gain harmonic-generation (HGHG)
mode,* which exploits the interaction between a seed laser
and an electron beam to achieve coherent emission. The seed
pulse is generated by a picosecond (ps) Ti:sapphire laser with
an energy of approximately 80 pJ and a narrow spectral
bandwidth spanning 240—360 nm. An electron beam,
produced by a photocathode radio frequency gun, is
accelerated to roughly 300 MeV using seven S-band
accelerating sections, providing a bunch charge of 500 pC.**
After being microbunched, the electron beam is directed into a
radiator resonant with the nth harmonic of the seed
wavelength, thereby emitting coherent FEL radiation at a
wavelength of A..q4/n. For the current experiments, the EUV-
FEL operates at 10 Hz, producing pulses of approximately 10
#J energy and 1 ps duration. Although our EUPD results are

obtained in the EUV-FEL facility, recent advances*** in

compact high-harmonic-generation EUV sources suggest that
EUPD might ultimately be implemented in more accessible
laboratory-scale setups in the near future.

Lipid analysis involved introducing samples into the MS
system equipped for static ESI via a 0.58 mm i.d. borosilicate
glass emitter with a 300 nm i.d. tip, employing a platinum wire
to apply a 1.2 kV ESI voltage. The MS transfer capillary
temperature was maintained at 200 °C for optimal ionization.
Precursor lipid ions were then selected using an isolation width
of + 0.5 m/z and directed into the dissociation chamber. A
single pulse of EUV-FEL (1 ps, 10 4J) was delivered to activate
and fragment the lipid precursors within the dissociation
chamber. The resulting photocleavage fragments were
subsequently transferred to an Orbitrap analyzer for spectral
recording. Data acquisition parameters included a resolution of
240 K, achieved by averaging 200 scans with a normalized
AGC target set at 2.5ES and a maximum injection time of 500
ms. All EUPD experiments were independently repeated at
least four times to ensure reproducibility. The FEL optical path
and ion beam alignment were meticulously calibrated by fine-
tuning the mass spectrometer. This involved observing
dissociation fragment signals from PC16:0/18:1, a test sample,
to achieve the coaxial introduction of the FEL beam into the
LTQ dissociation chamber.

193 nm UVPD

193 nm UVPD experiments utilized a 193 nm ArF excimer
laser (Gam Laser, Orlando, FL, USA) generating single pulses
of 1.5 mJ with a pulse width of 10 ns. All spectra were acquired
in quadruplicate. MS/MS analysis was performed at a
resolution of 240 K at 200 m/z, selecting precursor ions
within a quadrupole isolation window of + 0.5 m/z. All
samples maintained a consistent normalized AGC target and
maximum injection time (ms) at 2.5ES, S00.

Data Processing Methods

The data analysis pipeline combined commercial software
(MSConvert*”) for initial conversion of raw MS files to mzML
format with custom R scripting for subsequent processing.
Theoretical fragment ion masses, derived from the molecular
formulas of lipid standards, were computed to facilitate the
correlation with experimental fragment ions. Subsequent
alignment of these theoretical masses with experimental data
was performed within a mass tolerance of 10 ppm. Custom R
scripts leveraging “tidyverse”, “data.table”, “mzR”, and “dplyr”
packages were conducted for this mass alignment and overall
data analysis.

Nomenclature

Lipid structure nomenclature adheres to the guidelines
established by Liebisch et al.** For example, the notation
PC16:0/18:1 employs the X:Y format, where X indicates the
total carbon atoms present within the fatty acyl chain and Y
specifies the number of C=C bonds. The forward slash (“/”)
demarcates fatty acids with defined stereospecific numbering
(sn) positions on the glycerol backbone. Double bond
position, measured from the carboxyl carbon, is indicated
within parentheses following the Y value.

Discrimination between the C=C bond and the cyclo-
propane ring utilizes the nomenclature system proposed by
Blevins et al.”’ The “c” in parentheses of PC16:0/17:1(c9)
denotes a cyclopropane (c) at the specific position (9) relative
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Figure 1. Discerning the polymethyl-branched structure of PC4ME16:0. (a) Proposed photocleavage sites at both backbone and branch C—C
bonds of [PC4ME16:0+H]*. The EUPD spectra of [PC4ME16:0+H]", m/z 846.68 at (b) 100 nm, (c) 75 nm, (d) 90 nm, and (e) 95 nm. Relative
intensity normalized to precursor ion [M + H]* (%). Purple for backbone site cleavages, and blue for branch point cleavages.

to the carboxyl moiety. Abbreviations for functional groups
include “Me” for a methyl branch.

B RESULTS AND DISCUSSION

Tunable-Wavelength EUPD Fragmentation Pathways

The fragmentation patterns observed under EUPD are highly
dependent on the laser wavelength/photon energy. The
saturated-chain PC15:0 could yield an intense and evenly
spaced peak envelope (CH,, 14.02 Da), representing C—C
fragmentation of the acyl chain in 75—150 nm EUV-FEL
photoexcitation (Figure S2). Thus, even-electron product ions
dominate the fragment spectra of saturated acyl chains. The
rearrangement of hydrogen radical (He) and subsequent
elimination of a neutral alkane are commonly observed after
the homolytic photocleavage of the C—C bond within
saturated acyl chains.*” On the other hand, during EUPD
analysis of PC16:0/18:1, the fragment at m/z 496.34 shifts to
494.32 via losing two H atoms as the EUV-FEL wavelength
decreases, indicating the formation of a carbonyl group (C=
O) (Figure S3). A further H loss at the carbonyl-adjacent
carbon at m/z 493.31 dominates the spectra under shorter-
wavelength (90 nm) EUV-FEL irradiation. Meanwhile, frag-
ments at m/z 577.52 and 575.50 correspond to the neutral loss
of the phosphocholine headgroup from [PC16:0/18:1+H]",
predominantly observed at 115 nm. When the EUV-FEL
wavelength is reduced to 75 nm, this product ion shifts to m/z
576.51, suggesting radical ion formation. Similarly, the
fragment at m/z 521.35 indicates a radical ion produced via
the 16:0 acyl chain loss. These observations demonstrate that

EUV-FEL with shorter wavelength induces high-energy,
homolytic bond dissociation and favors the formation of
radical fragments that remain stable in the gas phase due to the
absence of collisional quenching. Additionally, the resulting
odd-electron species often gain additional stability through
electronic delocalization within conjugated structures, allowing
for their efficient detection. Thus, EUPD minimizes the impact
of backbone rearrangements on structural elucidation accuracy,
thereby enhancing the reliability of lipid structure character-
ization.

Methyl Branching and Cyclopropane Ring

Bacterial membrane lipids such as iso- and anteiso-branched
fatty acids*” modulate membrane packing and low-temperature
adaptation, while in mammals, branched-chain fatty acids
derived from branched-chain amino acid metabolism accumu-
late in milk lipids and influence neonatal gut microbiota and
immune development.”’ The polymethyl-branched phosphati-
dylcholine (PC), 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(PC4ME16:0), presents unique EUV photofragmentation
patterns. While backbone C—C cleavage is prevalent, methyl
branching points at C7, C11, and C15 (m/z 676.49, 746.57,
and 816.63) are more resistant to dissociation due to the steric
hindrance and electron-donating effects of methyl groups,
which stabilize the adjacent C—C bonds.”"*>**~>" This
resistance is notable except for the branch site at the C3
position (m/z 606.41), where double bond conjugation upon
fragmentation stabilizes the resulting ion (Figure lab).
Increasing photon energy enhances the ability to cleave C—
C bonds and intensifies the overall fragment spectra,
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Figure 2. Discerning the cyclopropane ring and oxidation group in the acyl chains of PCs. The EUPD spectra of [PC16:0/17:1(c9)+H]*, m/z
746.57 at (a) 100 nm and (b) 150 nm. The fragment ions at m/z 621.44, 634.44, 635.4S, and 648.46 are generated through bond cleavages of the
cyclopropane ring. The (c) 100 nm and (d) 150 nm EUPD spectra of [POVPC+H]*, m/z 594.38. The (e) 100 nm and (f) 150 nm EUPD spectra
of [PGPC+H]", m/z 610.37. Relative intensity normalized to precursor ion [M + H]* (%). The diagnostic fragment ion of losing the carboxyl and

aldehyde groups is at m/z 565.37.

facilitating the clear distinctions between these two types of
bonds. However, as photon energy reaches 16.5 eV (75 nm),
the ability to discriminate between branched and straight chain
C—C bonds begins to diminish. This might be attributed to the
higher photon energy that can excite additional dissociation
pathways at branching points that are less selective for chain
modification determination. Such behavior likely reflects the
redistribution of excess energy throughout the lipid molecule,
thereby suppressing site-specific bond cleavage and promoting
nonselective fragmentation pathways.”>*® Consequently, the
95—100 nm photon energy range represents an optimal
window that balances efficient 0 — ¢™* excitation/dissociation
with the minimization of nonspecific dissociation channels,

providing the highest selectivity for distinguishing branched
versus straight-chain C—C bonds (Figure 1c—e).

Next, we investigated 1-palmitoyl-2-cis-9,10-methylenehex-
adecanoyl-sn-glycero-3-phosphocholine (PC16:0/17:1(c9))
with a cyclopropane ring at the C9 position of the sn-2
chain, showcasing the potential of EUPD for selective
modification recognition based on tunable wavelengths. Unlike
conventional collision-based methods (CID/HCD) which are
difficult to provide reliable localization of cyclopropane motifs,
photochemical activation can access ring-specific cleavage
channels. In particular, 213 nm UVPD preferentially excites the
cyclopropane unit, promoting cross-ring cleavage.23 This cross-
ring pathway cleaves both C—C bonds across the three-
membered ring concurrently, yielding a diagnostic pair of
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Figure 3. Polyunsaturated acyl chain fragmentation of PC17:0/20:4 (SZ, 8Z, 11Z, 14Z) upon EUPD. The fragment spectra generated by (a) 100
nm EUPD, (b) 120 nm EUPD, (c) 150 nm EUPD, and (d) 193 nm UVPD of [PC17:0/20:4+H]*, m/z 796.58. Relative intensity normalized to
precursor ion [M + H]* (%). Purple for C—C cleavages and orange for C=C cleavages.

fragment ions separated by a mass difference equivalent to
CH, (14.02 Da), which is observed in the EUPD spectra as the
abundant m/z 648.46/634.44 pair under long-wavelength EUV
photoexcitation (e.g, 150 nm). Under shorter EUV wave-
lengths (e.g, 100 nm), the fragmentation pattern shifts: C8—
C9 bond dissociation adjacent to the cyclopropane often
predominates, producing a distinct diagnostic ion at m/z
621.44 (Figure 2a,b). The dominating ring-opening pathway at
relatively low photon energies results from the energetic
favorability of relieving ring strain and forming conjugated
double bonds, whereas increased photon energy enhances a-
cleavage pathways that yield allylic or conjugated fragments
stabilized by electronic delocalization. Collectively, photo-
dissociation at different EUV wavelengths accesses comple-
mentary and mechanistically distinct fragmentation routes, and
bond-selective EUPD channels with higher photon energy
enrich the diagnostic ion palette for determining cyclopropane-
modified acyl chains.

Oxidation

Oxidized phospholipids generated during oxidative stress or
inflammation function as danger-associated molecular patterns,
activating Toll-like receptors and shaping innate immune
responses; and oxygenated derivatives of polyunsaturated fatty
acids, such as prostaglandins, leukotrienes, and specialized pro-
resolving mediators, orchestrate inflammation onset and
resolution.”” EUPD was employed to analyze oxidized
phospholipids, including 1-palmitoyl-2-glutaryl-sn-glycero-3-
phosphocholine (PGPC) and 1-palmitoyl-2-(5’-oxo-valeroyl)-
sn-glycero-3-phosphocholine (POVPC), and the diagnostic
fragment ions of losing the terminal carboxyl (—COOH) or
aldehyde (—CHO) groups were all observed (Figure 2c—f).
Intriguingly, the losses of —=COOH and —CHO at the terminal

end show reduced frequency when the photon energy
increases, which might stem from the fundamental competition
among fragmentation pathways governed by activation energy
barriers. At low EUV photon energy, fragment ions resulting
from terminal group losses dominate because they involve
labile bonds requiring less activation energy. However, as the
photon energy increases, additional pathways with higher
activation energies become accessible. These include extensive
C—C cleavages along the acyl chain, producing a more
complex fragmentation pattern and redistributing ion
abundances. Consequently, the relative intensities of simple
terminal loss ions (i.e.,, —COOH, —CHO) are reduced due to
the increased prevalence of chain scission. The fragmentation
pathway upon EUPD for epoxide group is analogous to that of
cyclopropane ring, as evidenced by the diagnostic fragment
ions at m/z 634.444, 650.439 via the photocleavage on both
adjacent sides of the oxygen atom (15.995 Da) (Figure S4).
Therefore, the unique EUPD characteristics of acyl chain
modifications greatly enhance the accuracy and sensitivity of
lipid side-chain structure elucidation.

Polyunsaturation

The release of polyunsaturated fatty acids such as arachidonic
acid from membrane phospholipids generates bioactive
eicosanoids,”” including prostaglandins and leukotrienes,
which orchestrate inflammation and immune responses.’’
PC17:0/20:4 contains a polyunsaturated C20:4 (arachidonic
acid) chain with double bonds at AS, A8, A11, and A14 at the
sn-2 position. The intrinsic delocalization of the ¢ and 7
electrons renders the C=C bond less susceptible to direct
bond dissociation. Therefore, 193 nm UVPD typically favors
cleavage of either of the two C-C bonds adjacent to the C=C
bond, producing fragments with diagnostic mass difference of
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Figure 4. Discerning the polyunsaturation and epoxidation group in EpETE-PC. (a) Proposed fragmentation pathways of [EpETE-PC+H]". The
(b) 140 nm, (c) 110 nm, and (d) 90 nm EUPD spectra of [EpETE-PC+H]*, m/z 796.55. Relative intensity normalized to precursor ion [M + H]*
(%). Purple for polyunsaturation region cleavages and blue for epoxidation group region cleavages.

24 Da.%° However, the 24 Da facile indicator of C=C in
polyunsaturated fatty acyl chains like PC17:0/20:4 becomes
less discernible upon 193 nm UVPD (Figure 3d). When
sufficient energy is available—such as under EUPD—o — ¢*
excitations can induce selective bond scission within the
polyene system. Direct cleavage of C=C bonds is greatly
enhanced along with the increase of EUV photon energy,
generating C=C feature fragment ions at positions AS, AS,
All, and Al14 upon 10.3 eV/120 nm. When the photon
energy increases to >12.4 eV, a unique fragmentation pathway
emerges, specially characterized by the highest intensity
fragment ion of the C=C bond cleavage at A8 (m/z
632.43) and subsequent loss of C,H,, group (Figure 3a).
The A8 C=C often shows the highest fragmentation intensity
because it resides near the center of the conjugated system,
where the absorbed energy tends to localize most efficiently,
and its cleavage yields highly stabilized allylic or conjugated
fragments. This observation suggests that EUV-FEL enables
direct excitation of C=C within the polyunsaturated chain,
which facilitates selective cleavage at the internal double bond
positions. Other GPLs (PI, PG, and PS17:0/20:4) exhibit the
same fragmentation behaviors as PC17:0/20:4 (Figures SS,
S6). As a result, EUPD provides enhanced structural resolution
for locating C=C positions that would otherwise be difficult
to resolve by using low-energy dissociation methods.

Multiple Coexisting Modifications

To delve deeper into the characteristics of the EUPD, we
further examined the fragmentation patterns of PCs bearing
intricate unsaturated and oxidized acyl chains across a range of
EUV photon energies. KDdiA-PC has a carboxylic acid group
at the sn-2 chain terminus, which exhibits a propensity for
photocleavage at relatively long EUV-FEL wavelengths (Figure
S7a,b). The fragment ion at m/z 675.4S corresponds to the
loss of the carboxylic acid group. Further, the fragments at m/z

647.42, 632.43, and 61841 suggest the cleavage centered
around the C9=0 group, whereas m/z 661.43 is indicative of
the direct cleavage of C10=C11 (Figure S8). On the other
hand, shorter EUV-FEL wavelengths, such as 110 nm, are
particularly suitable for identifying unsaturated groups due to
their ability to provide sufficient energy to cleave bonds with
high dissociation energies. 16:0/18:2-OOH-PC contains an sn-
2 acyl chain bearing a conjugated diene system and a
hydroperoxy group located at the C13 position (Figure S7c-
e). The fragment ions observed at m/z 757.56 and 772.55
suggest the losses of hydroperoxy and hydroxyl groups,
respectively. In contrast, the high-abundance fragment ion at
m/z 702.47 is indicative of skeleton breakage around the C13
position. This cleavage occurs through both the C13—C14
bond and the O—O bond in the hydroperoxy group, resulting
in a conjugated carbonyl and diene system at longer EUV-FEL
wavelengths. Notably, when EUV photon energy reaches 13.8
eV (90 nm), the preferred fragmentation pathway yields a
feature fragment at m/z 674.48 through cleavage between the
C12—C13 bond, leaving the stable conjugated diene system
intact (Figure S9). EpETE-PC contains an sn-2 polyunsatu-
rated acyl chain with a conjugated tetraene motif and a
terminal oxirane moiety (Figure 4). EUPD reveals distinct
fragmentation patterns depending on the photon energy, as
described above. At relatively long EUV-FEL wavelengths, the
fragment spectra primarily highlight the terminal epoxide
moiety, as fragment ions at m/z = 754.50 and 738.51 indicate
the cleavages around the oxygen atom within this region.
Conversely, higher EUV photon energies favor the identi-
fication of conjugated polyunsaturated system, and the
fragments in m/z S50—700 are generated through the cleavage
of C=C and C—C bonds within the sn-2 chain (Figure S10).
These characteristics shed light on the EUV photoinduced
fragmentation pathways and underlying mechanisms in
decoding the structures of more sophisticated lipid molecules.
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Our results demonstrate that photochemical manipulation
provides a robust and versatile approach for bond-selective
activation within complex molecular systems. By coupling
wavelength-tunable excitation with mass spectrometric detec-
tion, we were able to distinguish fragmentation pathways that
are otherwise inaccessible through conventional collisional or
thermal activation. The observed wavelength dependence of
fragmentation behavior highlights the intrinsic link between
electronic excitation and bond-specific reactivity. These
findings not only validate the concept of wavelength-governed
bond selectivity but also underscore its potential as a general
strategy for structural elucidation and mechanistic studies of
biomolecules. Collectively, this work establishes photochemical
control as a powerful analytical and mechanistic tool for
resolving subtle structural features and reaction dynamics at
the molecular level.

B CONCLUSION

Overall, the advent of EUPD marks a significant turning point
in MS-based lipid structure elucidation. By harnessing the
power of EUV wavelength tunability, picosecond ultrafast
photoexcitation, bond-selective photoexcitation, and -dissoci-
ation, EUPD enables researchers to gain unprecedented
insights into diverse lipid chain modifications. Its unique
capacity to dissect structural features, including methyl
branching, cyclopropane motifs, oxidative modifications, and
polyunsaturation, offers new opportunities for elucidating lipid
structure—function relationships with remarkable precision.
Beyond the lipid subclasses examined in this study, the
underlying potentials of EUPD can also be applied to other
types of biomolecules. In ongoing work, we are assessing its
utility for additional lipid categories, including sphingolipids
and glycolipids as well as peptides and protein complexes. In
addition to qualitative structural elucidation, EUPD also holds
significant potential for quantitative lipidomics analysis. When
combined with chromatographic separation and isotope
labeling approaches, EUPD can globally monitor temporal
lipid remodeling events and dynamic metabolic fluxes.
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