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Abstract: Unraveling the complexity of the lipidome requires the development of novel
approaches for the structural characterization of lipid species with isomeric resolution. Herein, we
introduce an online photochemical approach for lipid isomer identification through selective
derivatization of double bonds by reaction with singlet oxygen. Lipid hydroperoxide products are
generated promptly after laser irradiation. Fragmentation of these species in a mass spectrometer
produces diagnostic fragments, which reveal the C=C locations in the unreacted lipids. This
approach uses an inexpensive light source and photosensitizer making it easy to incorporate into
any lipidomics workflow. We demonstrate the utility of this approach for the shotgun profiling of
C=C locations in different lipid classes present in tissue extracts using electrospray ionization
(ESI) and for spatially-resolved analysis of lipids in tissue sections using nanospray desorption
electrospray ionization (nano-DESI). These results provide a path for both rapid profiling and
ambient imaging of positional isomers in biological samples.

Lipids are essential biomolecules acting as structural components of membranes, energy
reservoirs, or signaling molecules in biological systems.[*l Multiple biochemical transformations
that lipids undergo during their biosynthesis generate diverse lipid structures, which complicates
their structural characterization./?l Mass spectrometry (MS) has been extensively used to identify
lipid classes, acyl chain composition, and degree of unsaturation.®! However, the differentiation
of isomers that vary only by the position of C=C double bonds critical to understanding their role
in key metabolic processes remains challenging. Recent studies have attributed changes in the
relative abundance of positional isomers to altered lipid metabolism in cancer®%! and diabetes.®]
These findings inspire the development of new approaches for the identification of C=C bond
locations in unsaturated lipids.!"]

The most successful MS-based strategies for identifying C=C bond positions include
ozone-induced dissociation,®® ion-ion reactions,'% electron-ion reaction-based dissociation, 112
and ultraviolet photodissociation.[*34] Alternatively, derivatization methods including Paterno
Biichi,[*>®1 ozonolysis,[*"! epoxidation,®° and thiol-ene!® reactions have been used for the
untargeted analysis of the double bond in unsaturated lipids thereby dramatically expanding the
depth of molecular coverage obtained in lipidomics experiments. When coupled with mass
spectrometry imaging (MSI), these approaches reveal the spatial localization of isomeric lipids in
biological systems otherwise invisible with traditional MSI techniques. [521-24]



Despite the significant progress in this field, isomer-selected shotgun lipidomics and MSI
experiments would substantially benefit from faster derivatization reactions and simplified sample
preparation approaches. Coupling online derivatization with liquid extraction-based MSI is
particularly advantageous for the untargeted quantitative analysis of biological samples without
special sample pretreatment. Herein, we introduce an online derivatization approach, that 1)
enables fast photooxidation and profiling of C=C locations in lipids, 2) uses an inexpensive visible
light source which can be easily focused, and 3) is compatible with both shotgun lipidomics
workflows for the analysis of lipid extracts and direct analysis of biological samples using liquid
extraction-based techniques. In particular, we focus on the development of isomer-specific
profiling using electrospray ionization (ESI) and high-resolution nanospray desorption
electrospray ionization (nano-DESI) MS.

Nano-DESI is an ambient ionization technique, in which analytes are directly extracted
from a sample using a “V” shaped probe comprised of two capillaries and are subsequently ionized
by ESI at a mass spectrometer inlet.”>! The addition of appropriate reagents to the extraction
solvent may be used to perform online chemical derivatization of analytes,?8! which often benefits
from reaction acceleration in microdroplets.’] Coupling of nano-DESI with the on-line
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Figure 1. a) Schematic representation of the oxidation of the
C=C bonds in lipids by singlet oxygen and fragmentation via
CID that yields unique neutral losses. Experimental setup for
the online singlet oxygen reaction with lipids coupled to b) ESI
and c) nano-DESI.
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fragments informative of the position of the hydroperoxide group. Herein, we use the on-line
reaction of unsaturated lipids with 1O, followed by CID of the resulting LOOH products to obtain
diagnostic peaks that provide insights into the C=C bond location.

Proof-of-concept experiments were carried out using ESI as shown in Figure 1b and
described in detail in the supporting information. In this experiment, a mixture of MeOH:H20
(90/10, v/v) containing Rose Bengal (RB) as a photosensitizer and lipid analytes is propelled
through a fused silica capillary at 0.5 pL/min using a syringe pump, ionized by ESI, and analyzed
using a Q-Exactive Orbitrap, quadrupole time-of-flight (QTOF), and linear ion trap (LTQ) MS.
For the online derivatization, the capillary tip pulled to ~25 um OD is illuminated with a green
laser pointer (532 nm) positioned 15 cm away from the tip and focused using a convex lens. This
configuration, which can be readily adapted to lipidomics experiments was used to test the
feasibility of the online derivatization of C=C bonds in fatty acyl chains using O reaction.

In another experiment shown in Figures 1c and S1, the O reaction is coupled to a high-
resolution nano-DESI probe to perform an on-line derivatization and C=C profiling of analytes in
complex lipid mixtures extracted from tissue sections. In this setup, the solvent containing RB is
propelled through the nano-DESI probe comprised of the primary and spray capillary. Analytes
are continuously extracted from a specific location on the sample into a dynamic liquid bridge
formed between the two capillaries and surface as shown in the inset. The spray capillary transfers
the extracted lipids and metabolites to a mass spectrometer inlet. The laser light is focused onto
the tip of the spray capillary positioned at the MS inlet. A shear force probe is placed next to the
nano-DESI probe to maintain a constant distance between the sample and the probe. 3%

The reaction between 1O, and unsaturated lipids (Figure 1a) generates an allylic hydroperoxide
at either end of the double bond accompanied by a shift in the double bond position to the adjacent
carbon.’®1:32 The reaction results in a mass shift of 32 Da corresponding to the net addition of 2
oxygen atoms. We note that the presence of Na* in the RB salt used in these experiments results
in formation of abundant sodium adducts of lipids in positive mode ESI. Multiple LOOH products
are generated when 1O reacts with multiply unsaturated lipids. Figure 2a shows mass spectra of
a standard mixture containing LPE 17:1, PC 36:2 and TG 48:3 obtained upon irradiation. Although
the dominant product corresponds to the addition of one O, the distribution of the LOOH products
observed in the spectrum confirms that the reaction occurs at each double bond. No other side
products such as aldehydes, alcohols or ketones were observed in these experiments. CID of
LOOHSs generates unique neutral losses (NL) indicative of the position of the hydroperoxide group
and hence C=C bond in the unreacted lipid. This is illustrated using two isomeric LOOH species
generated from two positional isomers: PC 18:1(9Z) 18:1(9Z) and PC 18:1(6Z) 18:1(6Z) shown
in Figure 2b. In this experiment, 1 uM solutions of each standard containing 50 uM RB were
analyzed individually using ESI coupled with laser excitation. For both isomers, CID spectra
shown in Figure 2c-d contain fragments at m/z 781.4 and 657.5 corresponding to head group losses
from m/z 840.5. However, fragmentation at the hydroperoxide generates different fragments for
the two isomers. For the 9Z isomer, a fragment ion corresponding to the loss of CgH1gO due to the
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Optimization of the reaction conditions was conducted using a lipid extract from mouse
gastrocnemius muscle tissue. The extraction procedure is described in the SI. Figure S7 shows
mass spectra obtained at different concentrations of RB (5, 50, 100, and 200 puM) in the solvent.
We found that the 50 UM RB solution provided good yields of LOOH products without producing
dominant RB-related peaks that suppress the ionization of lipids at higher RB concentrations.



Figure 3a shows part of a mass spectrum
obtained under the optimized conditions, in
which the LOOH products highlighted in
blue exhibit a 32 Da mass shift from their
precursor lipids. lon chronograms of the
endogenous PC 38:6 at m/z 828.6 (left) and
PC 36:4 at m/z 804.6 (right) shown as black
traces along with the corresponding LOOH
products shown as blue traces are depicted in
Figure 3b. The signals of PC 38:6(LOOH)
at m/z 860.5 and PC 36:4(LOOH) at 836.5
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appear immediately after the light is turned
on, reach a plateau within ~3 s showing a 30-
40% LOOH vyield, and remain stable over
time demonstrating the feasibility of this
approach to perform online chemical
derivatization of C=C bonds. Using the
solution flow rate and the estimated volume
irradiated by the laser, we estimate the
reaction time of ~100 ms in these
experiments. This rapid derivatization makes the O, reaction compatible with nano-DESI MSI
experiments.
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Figure 3. a) ESI-MS of a mouse gastrocnemius muscle tissue
extract obtained using the SO reaction; the LOOH products are
shown in blue. b) lon chronograms of the endogenous species at
m/z 828.55 (left panel) and m/z 804.55 (right panel) and their
corresponding reaction products at m/z 860.54 and m/z 836.54,
respectively, obtained with and without laser excitation.

In order to demonstrate the feasibility of this approach for the spatially-resolved profiling or
imaging of isomeric lipids directly from biological samples, we coupled the 1O, reaction with a
high-resolution nano-DESI probe. The system was used for the spatial profiling of lipids in mouse
uterine tissue sections. In this experiment, the sample is continuously moved under the probe at 20
pum/s and mass spectra are acquired at 7 Hz acquisition rate. This experiment closely approximates
imaging experiments performed using nano-DESI. The extraction solvent contains 50 UM RB and
200 nM of the LPE 17:1 standard. Before the nano-DESI probe is landed on the tissue, the standard
is used to optimize the position and focusing of the laser by examining the yield of the
hydroperoxide product, LPE 17:1(LOOH). lon chronograms of LPE 17:1 and LPE17:1(LOOH)
obtained with the nano-DESI probe operated in the air are shown in Figure S8 and demonstrate
rapid LOOH formation upon laser excitation.

Figure 4 shows line scan profiles collected for the LPE 17:1 standard and an endogenous PC
34:1 extracted from the tissue along with the corresponding LPE 17:1(LOOH) and PC
34:1(LOOH) products. When the nano-DESI probe is on a glass slide, the signal of the standard is
high and other three molecules are not observed in the spectrum (Figure 4a). After the light is
turned on, the ion signal of the LPE 17:1(LOOH) appears promptly (Figure 4b) while the signal
of the unreacted LPE 17:1 drops. When the nano-DESI probe is on the tissue, the signals of the
endogenous PC 34:1 and its product, PC 34:1(LOOH) are observed in the spectrum (Figure 4c-
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compatible with a typical nano-DESI MSI
experiment. At 1 min, the light is turned off,
which causes the signal of the reaction
products LPE 17:1(LOOH) and PC
34:1(LOOH) to immediately disappear.
Meanwhile, the signals of the corresponding
precursor lipids are still detected. Finally, the
signal of the endogenous PC 34:1 disappears
when the nano-DESI probe gets off the
tissue. At the same time, the signal of LPE d)
17:1 increases and reaches its initial value. :
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Scanning the tissue. Table S1 lists fourteen Figure 4. Line scan profiles collected with the nano-DESI probe
unsaturated lipid species in mouse Uterine  over uterine tissue sections of a) std LPE 17:1 and b) endogenous
Sections’ for which C=C locations were PC 34:1 and the hydroperoxides b) LPE 17:1(LOOH) and d) PC
successfully identified along with their 341(t00H)
diagnostic fragments. We found that lipids containing FA 18:1 showed the presence of the isomeric
9(Z) and 11(Z) pair. These isomeric species were identified based on CID spectra shown in Figure
S9. This isomeric pair has been previously observed in different tissues, which validates our
findings.1*®! 1t should be noted that due to the complexity of the lipidome, some acyl chain
combinations may yield ambiguous identifications based on MS? results alone. For example, the
same neutral losses are expected for FA 16:1(7Z) and FA 18:1(92) or for FA 16:1(9Z) and FA
18:1(11Z). Therefore, lipids containing both FA 16:1 and FA 18:1 in the same molecule will
require MS® to unambiguously distinguish the C=C bond locations. Nevertheless, a majority of
positional isomers of lipid species can be readily identified based on MS? experiments.

In summary, we have developed an online chemical derivatization method based on the 1O,
reaction that allows identifying C=C positions in different lipid classes. Rapid reaction rates enable
on-the-fly photooxidation of lipids into their corresponding LOOH products which are detected
promptly after laser excitation is turned on. The observed product yields and flow rates are
consistent with a reaction occurring on a timescale of ~100 ms. CID of LOOH species produces
unique neutral losses corresponding to the position of the hydroperoxide groups, which enables
identification of the C=C bond positions. This approach relies on an inexpensive light source and
photosensitizer added to the solvent or analyte mixture and can be readily implemented on any
mass spectrometer. As a result, it is compatible with both ESI-based lipidomics workflows and



liquid extraction-based ambient ionization techniques and may be used for the spatial profiling of
C=C bonds in lipids extracted directly from tissue sections under ambient conditions. Coupling of
the 102 reaction with high-resolution nano-DESI imaging experiments is straightforward and will
be explored in future studies. Collectively, our results indicate the power of the 1O reaction for
the rapid analysis of the C=C bond positions in isomeric lipids, which will provide insights into
their role in biological processes.
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