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ABSTRACT: Mass spectrometry imaging (MSI) of lipids within
tissues has significant potential for both biomolecular discovery and
histopathological applications. Conventional MSI technologies are,
however, challenged by the prevalence of phospholipid re-
gioisomers that differ only in the location(s) of carbon−carbon
double bonds and/or the relative position of fatty acyl attachment
to the glycerol backbone (i.e., sn position). The inability to resolve
isomeric lipids within imaging experiments masks underlying
complexity, resulting in a critical loss of metabolic information.
Herein, ozone-induced dissociation (OzID) is implemented on a
mobility-enabled quadrupole time-of-flight (Q-TOF) mass spec-
trometer capable of matrix-assisted laser desorption/ionization
(MALDI). Exploiting the ion mobility region in the Q-TOF, high number densities of ozone were accessed, leading to ∼1000-fold
enhancement in the abundance of OzID product ions compared to earlier MALDI-OzID implementations. Translation of this uplift
into imaging resulted in a 50-fold improvement in acquisition rate, facilitating large-area mapping with resolution of phospholipid
isomers. Mapping isomer distributions across rat brain sections revealed distinct distributions of lipid isomer populations with
region-specific associations of isomers differing in double bond and sn positions. Moreover, product ions arising from sequential
ozone- and collision-induced dissociation enabled double bond assignments in unsaturated fatty acyl chains esterified at the
noncanonical sn-1 position.

■ INTRODUCTION

Lipids, the primary constituents of cell membranes,1 are key
players in many biochemical functions including membrane
structure,2 energy storage,3 signal transduction,4 and apopto-
sis,5 as well as cancer metabolism.6 The function and
bioactivity of a lipid are dependent on its chemical structure.
Subtle alterations in the molecular structure of glycerophos-
pholipids, arising from acyl chain and/or double bond (db)
positions can influence the physicochemical properties of
membranes,7 and lipid−protein interactions can be specific to
isomeric structures.8 Moreover, lipid synthesis is precisely
regulated in different tissues9 and altered in cancer
metabolism6,10 and diabetes.11

Elucidating the composition of tissue and cellular lipidomes
is spearheaded by continually advancing mass spectrometry
(MS) technologies.12 The workhorse of lipidomics is the
analysis of lipid extracts via electrospray ionization (ESI) using
either direct infusion (“shotgun”)12 or hyphenated chromato-
graphic13 liquid chromatography−mass spectrometry (LC-
MS) approaches. When coupled with high mass-resolving
power and accuracy, such methods are capable of identifying
many lipid species to the sum-composition level (i.e.,
identification of lipid class, total number of carbons, and

degree of unsaturation).14 Tandem mass spectrometry,
employing low-energy collision-induced dissociation (CID),
provides additional structural information such as the length
and degree of unsaturation of individual fatty acyl chains (i.e.,
the molecular lipid level). Despite the widespread and ever-
growing popularity of these methods, they are still far from
resolving all structural features. Fatty acyl stereospecific
numbering (sn-) position in glycerophospholipids, carbon−
carbon db location, and db geometry (i.e., cis or trans) are all
unresolved in such methods. Considering the possibility of
more than 180 000 unique lipid structures in nature,15 and the
intimate link between lipid structure and function, the
development of isomer resolution represents a frontier
challenge for lipidomics.
The drive to improve structural specificity in lipid mass

spectrometry has led to a rapid growth in the application of
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ion-activation and derivatization methods, with a particular
focus toward assigning db and sn positions in glycerophos-
pholipids. For direct infusion and LC-MS lipid analysis,
options include ozone-induced dissociation (OzID),16 ultra-
violet photodissociation (UVPD),17 ion−ion reactions,18

electron impact excitation of ions from organics
(EIEIO),19−21 epoxidation,22 and the Paterno−Buchi (PB)
reaction.23 These techniques identify db locations and can be
used in combination with CID to support sn-positional
assignments.17,24 In general, these methods involve either (i)
the application of a derivatization agent prior to ionization
within the mass spectrometer with subsequent CID (e.g., PB
and epoxidation); or (ii) direct activation of mass-selected lipid
ions within the mass spectrometer (e.g., OzID, UVPD, ion−ion
reactions, and EIEIO).
Extraction-based techniques are the gold standard for lipid

identification; however, they may mask localized changes in
the lipidome of heterogeneous tissues. Recent work has shown
the utility of combining mass spectrometry imaging (MSI)
with PB,25−27 epoxidation,28 UVPD,29 OzID,30 ion−ion
reactions,31 and EIEIO32 for isomer-resolved MSI. For PB
and epoxidation, reaction times are typically on the order of
several minutes, with conversion efficiencies up to 40%.33 One
disadvantage, however, is that derivatization increases signal
degeneracyparticularly for polyunsaturated lipidsdividing
ion populations into derivatized, underivatized, and frag-
mented product ions.
UVPD-MSI has revealed db-positional isomers in multiple

tissue types.29,34 Multiple diagnostic fragments of db-positional
isomers are produced through UVPD, although overall
sensitivity is low due to inefficient dissociation (less than 1%
for db-specific fragments).34 When applied to MSI, only fatty
acids34 and phosphatidylcholines (PC)29 have been analyzed
through UVPD; however, the technique has also been
demonstrated on other glycerophospholipids17 and sphingoli-
pids35 from homogenized lipid extracts. Additionally, sequen-
tial CID and UVPD experiments can distinguish sn isomers;
however, only db- or sn isomers have been distinguished in a
single experiment.17,29,35 Comparatively, OzID can elucidate
lipid db or sn structures.11,36 To establish fatty acyl db
location(s), lipid precursor ions are first trapped in the
presence of ozone. This causes fragmentation at the site(s) of
unsaturation and thus, neutral loss masses that are diagnostic
for specific db locations. Separately, fatty acyl sn position can
be established through consecutive CID and OzID (CID/
OzID) events. Lipid precursors first undergo CID, which leads
to the loss of the phospho-headgroup and a cyclic ketal
rearrangement including the formation of a new db anchoring
the sn-2 fatty acyl chain to the glycerol backbone. Subsequent
ozonolysis of this db selectively liberates the sn-2 chain
enabling the explicit assignment of the composition of fatty
acids at sn-1 and sn-2 positions.24

The main impediment to combining OzID with matrix-
assisted laser desorption/ionization-MSI (MALDI-MSI) is the
slow rate of reaction between ozone and the ionized lipid. In
previous implementations, reaction times of up to 10 s per
pixel for db position analysis have been required to produce
sufficient diagnostic fragments, resulting in long acquisition
times for even relatively small tissue areas.30 CID/OzID is
several orders of magnitude faster due to the cyclic ketal
activating the carbon−carbon double bond, allowing sn isomer
identification in as little as 250 msa time frame that is more
compatible with the sampling frequency of MSI experiments.30

Recent implementation of OzID in the high-pressure ion
mobility region of SYNAPT mass spectrometers has provided
up to 1000-fold enhancement in reaction rates.37,38 This
configuration results in the production of abundant OzID
product ions in the time needed for ions to transit the
traveling-wave ion mobility region. This provides several
benefits for MSI: (i) the ability to operate the MS using its
native duty cycle, allowing for either imaging of larger areas or
higher spatial resolution in practical time frames; (ii) detection
of low-abundance isomers due to increased sensitivity; and
(iii) the ability to generate OzID and CID/OzID fragments
simultaneously, if precursor ion populations are preactivated by
collisions prior to entering the ion-molecule reaction zone.
In this work, we report the implementation of isomer-

resolved MALDI-MSI on a SYNAPT HDMS G2-Si Q-TOF
mass spectrometer, leveraging fast OzID for the imaging of
both db and sn isomers in biological tissues. This unique
combination provided an ∼50-fold gain in acquisition speed
while achieving higher product ion yields; the ability to
perform simultaneous OzID and CID/OzID reactions; and the
observation of third- and fourth-generation product ions
(CID/OzID2). The latter afford explicit assignment of db
positions associated with specific sn fatty acyls. This platform
provides a key breakthrough toward the goal of studying the
distributions of structurally defined lipids in tissues.

■ METHODS

Materials. 2,5-Dihydroxyacetophenone (DHA, 97% pu-
rity), sodium acetate (anhydrous, >99%), and chloroform
(≥99%) were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands) and used without further purification.
Methanol (ULC-MS grade), water (LC-MS grade), ethanol
(LC-MS grade), and xylene (AR grade) were purchased from
Biosolve (Valkenswaard, The Netherlands). Hematoxylin and
Entellan were purchased from Merck (Darmstadt, Germany)
and eosin Y from J.T. Baker (Center Valley). Indium tin oxide
(ITO)-coated glass slides were purchased from Delta
Technologies (Loveland). Lipid standards (PC 18:0/18:1n-9
and PC 16:0/18:1n-9) were purchased from Avanti Polar
Lipids (Alabaster).

Biological Samples. Rats, housed and cared for at the
Central Animal Facility of Maastricht University according to
local standards, were provided ad libitum access to water and
regular chow. Healthy rat brain was obtained in accordance
with protocols approved by the Animal Care and Use
Committee (DEC number 2014-120). Horizontal sections of
thickness 10 μm were prepared using a cryo-microtome (Leica,
Nussloch, Germany) at −20 °C, thaw-mounted on ITO-coated
glass slides, and stored at −80 °C until matrix application and
MSI analysis.

Sample Preparation. An automated TM-Sprayer (HTX
Technologies, LLC, Chapel Hill) was used for sodium acetate
deposition. First, 15 layers of sodium acetate solution (4 mg/
mL in 2:1 CHCl3/MeOH (v/v)) were deposited at 0.12 mL/
min, 30 s drying time between layers, at 30 °C, preferentially
forming sodiated ions (Figure S1). Following this, matrix was
applied by sublimation: 40 mg of DHA for 4 min at 160 °C
with a pressure of <4 × 10−5 bar.
Lipid standards were prepared at 0.01 and 0.1 g/L

concentrations in 2:1 CHCl3/MeOH and sprayed on clean
ITO slides for 1−10 layers following the same protocol as for
sodium acetate deposition, creating concentrations from 0.33
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to 3.3 ng/mm2 (assuming equal dispersion). Samples were
then treated equivalently to brain tissue sections.
Hematoxylin and eosin (H&E) staining was performed after

MALDI imaging. Matrix was removed from tissue by
immersion in 70% ethanol for 3 min. A standard H&E
protocol was then used. High-resolution optical images of
stained tissues were generated using an Aperio CS2 digital
pathology slide scanner (Leica Biosystems, Wetzlar, Germany).
Mass Spectrometry Imaging Instrumentation. Tissue

sections were analyzed using a Waters prototype μMALDI
source mounted to a Waters SYNAPT HDMS G2-Si system
(Waters Corporation, Manchester, U.K.), as previously
described by Barre ́ et al.39 Samples were analyzed in
continuous raster mode using waters research enabled software
(WRENS) to operate at 5 pixels/s, laser repetition rate of 1500
Hz, pixel size set to 50 μm, MS/MS isolation window set to
±1.5 m/z, and detection set to sensitivity mode (mass

resolution: ∼15 000). The laser spot size was approximately
15 × 15 μm. Operation of the T-Wave was optimized to
generate the greatest abundance of selected diagnostic
fragment ions without totally depleting the precursor signal
(wave velocity, 1200 m/s; wave height, 38 V). Optimization of
the ion mobility traveling-wave parameters (see Supporting
Information Explanation 1, Figure S2) increased the OzID
efficiency, allowing the acquisition speed to be increased 50
times compared to earlier OzID implementations (cf., linear
ion-trap performance Figure S3) with sensitivity as low as 2.2
fg/μm2 (Figure S4). The dominant factor in this increased
performance was the greater number density of ozone (>10-
fold) with gains from traveling-wave parameters facilitating
small increases in reaction time giving a further 3- to 4-fold
improvement. The trap and transfer collision energies were set
at 4.0 and 2.0 V, respectively, for normal OzID, and trap
energy was set to 40 V during CID/OzID experiments.

Figure 1. MALDI-OzID of monounsaturated (A−C) [PC 34:1 + Na]+ and (D−F) [PC 36:1 + Na]+, showing different isomer distributions in rat
brain. MALDI-OzID spectrum of (A) [PC 34:1 + Na]+ and (D) [PC 36:1 + Na]+, where labeled product ions indicate the presence of n-7 and n-9
db isomers. Distribution of precursor ions (B) [PC 34:1 + Na]+ at m/z 782.57 and (E) [PC 36:1 + Na]+ at m/z 810.61 extracted from TOF-only
scans. Fractional distribution images of (C) PC 34:1n-7 and (F) PC 36:1n-7 obtained from MALDI-OzID, showing relative changes in n-7 isomers
throughout the rat brain. In (B, C) and (E, F), H&E staining of the same tissue after the MSI experiments is shown on the left. Note that MALDI-
OzID and MALDI-TOF images are acquired from different brain tissue sections from the same animal. Explanation of additional ions present in
(A) is provided as Supporting Information Figure S6. A technical replicate of these experiments with MS1 and OzID measurements acquired on
consecutive sections is provided in Figure S8.
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In-Line Ozone Generation. Ozone generation and
delivery to the instrument are as described previously.40

Ozone was produced using a high-concentration ozone
generator (TG-40; Ozone Solutions, Hull, IA) from UHP
oxygen (5.0 grade, 20 psi @ 0.4 slm; Linde Gas Therapeutics
Benelux bv, Eindhoven, The Netherlands). Ozone production
was optimized to ∼275 gm−3 in O2 as measured by an in-line
monitor (106-H; 2B Technologies, Boulder). The generated
ozone/oxygen mixture was connected via a needle valve (SS-
SS8; Swagelok) to the ion mobility cell gas inlet of the mass
spectrometer, and the flow was adjusted to maintain a pressure
of 2.9 mbar in the cell. Excess ozone was converted to oxygen
using an unheated destruct catalyst (810-0008; IN USA, Inc.,
Norwood). Laboratory ambient ozone concentration was
monitored (106-L; 2B Technologies, Boulder) and interlocked
to shut off the generator if the background ozone level rose
above 75 ppb. An instrument schematic is shown in Figure S5.
Data Analysis.WatersRawConverter (Waters Corporation,

Manchester, U.K.) was used to convert WRENS data using a
bin size of 1 Da. Data were visualized using in-house MATLAB
scripts (version R2014a, MathWorks, Natick). Regions of
interest (ROI) were manually selected to remove off-tissue
regions when plotting images. Full-scan MS was visualized
using total-ion-current normalization. Ratio images were
created with the numerator being the sum of the aldehyde
and Criegee OzID fragments of a single isomer and the
denominator being the sum of the OzID fragments for all
isomers. Spectra were averaged in MassLynx v4.1 and loaded
into mMass software for offline recalibration and peak picking
(S/N = 3). A total of 100 individual spectra were loaded into
mMass to determine individual scan noise level to define the
limit of detection and quantitation (3- and 10-fold of noise,
respectively). Calibrant peaks were the most abundant OzID
fragments (typically n-7 and n-9), along with phosphatidylcho-
line (m/z 184.07) and the ozonide of the precursor lipid.

Lipid Nomenclature. Lipid structure nomenclature is
based on the recommendations of Liebisch et al.,41 whereby
the site(s) of unsaturation are indicated by n-x, where x is the
number of carbons relative to the methyl terminus of the acyl
chain. The underscore “_” or slash “/” is used for unknown or
known sn positions, respectively, of the fatty acids.

■ RESULTS AND DISCUSSION

MALDI-OzID Imaging of Monounsaturated Phospha-
tidylcholines. Db-isomer distributions of the abundant
monounsaturated phosphatidylcholines, PC 34:1 and PC
36:1, were investigated in rat brain tissue to assess the
sensitivity and speed of the high-pressure MSI-OzID setup
(Figure 1). PC 34:1 and PC 36:1 have previously been studied
with isomer-resolved MSI using OzID,10,30 UVPD,17 and on-
tissue PB reactions,27 which provide benchmarks for this
approach. The MALDI-OzID spectrum of [PC 34:1 + Na]+

(Figure 1A) revealed product ions indicative of two db
positions, namely, n-7 (m/z 700.45 and 716.45) and n-9 (m/z
672.42 and 688.42). Under optimized experiment conditions,
OzID product ions were of comparable abundance to the
mass-selected precursor ion, aiding isomer identification.
Imaging of the intact precursor lipid distribution was
performed in “TOF-only” mode on an adjacent tissue section
from the same animal. The distribution of the [PC 34:1 + Na]+

ion at <2 ppm mass accuracy is shown in Figure 1B and
represents the combined intensity distribution of signals arising
from lipid isomers with this composition. The distributions of
the individual PC 34:1n-7 and PC 34:1n-9 db isomers were
extracted from the OzID data and were individually compared
against the total abundance of product ions from all isomers to
generate fractional distribution images (FDI), as shown in
Figure 1C. Comparing the sum composition distribution with
the isomer-resolved image reveals that although PC 34:1 shows
higher abundance in the gray matter of the brain (Figure 1B),

Figure 2. MALDI-OzID of polyunsaturated PC lipids showing the distribution of the polyunsaturated phospholipid and an interfering lipid
throughout the rat brain, showing different distributions in white/gray matter. (A) MALDI-OzID spectrum of [PC 38:4 + Na]+, revealing the
presence of an omega-6 fatty acid. In addition, n-9 OzID fragments from an interference are visible in the spectrum, labeled as n-9. (B) Distribution
images of the omega-6 and (C) the n-9 OzID fragments. (D) MALDI-OzID spectrum of [PC 38:6 + Na]+, revealing the presence of an omega-3
fatty acid. In addition, n-9 OzID fragments from an interference are visible in the spectrum, labeled as n-9. (E) Distribution images of the omega-3
and (F) the n-9 OzID fragments. For these images, 99th quantile hotspot removal was applied to the non-normalized data.
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Figure 3.MALDI-COzID of (A−D) [PC 34:1 + Na]+ and (E−J) [PC 36:1 + Na]+ in rat brain obtained by preactivating the ions with CID (40 V)
in the trap region prior to ozonolysis in the ion mobility cell. (A) COzID mass spectrum of [PC 34:1 + Na]+ showing diagnostic product ion pairs
indicating the presence of db-positional (PC 34:1n-7 and PC 34:1n-9) and sn-positional (PC 16:0/18:1 and PC 18:1/16:0) isomers. Additional
product ions observed in the spectrum are consistent with CID/OzID2 processes, which are regiospecific for the n-7 and n-9 db positions of the sn-
1 18:1. (B−D) FDIs of the different isomers present, showing the intensity of signals specific for (B) PC 16:0/18:1, (C) PC 34:1n-7, and (D) [PC
18:1(n-7)/16:0 + Na]+ isomers. (E) COzID spectrum of [PC 36:1 + Na]+ showing diagnostic product ion pairs indicating the presence of db-
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an underlying variation in the relative population of PC 34:1n-
7 and PC 34:1n-9 is present (Figure 1C). A comparison
between the isomer-resolved MSI and H&E-stained tissue
revealed that the n-7 isomer is proportionately more abundant
in gray matter and the cerebellum and less abundant in white
matter and the cortex, consistent with previous isomer-resolved
MSI studies.26−28,30 Compared to prior isomer-resolved MSI
implementations, the acquisition time for the data reported
here (∼4 h) is significantly shorter than would have been
required to acquire equivalent data using earlier OzID-MSI30

(∼200 h) or UVPD-MSI29 (∼36 h) implementations, while
simultaneously improving sensitivity for the diagnostic frag-
ment ions. In addition, the faster reaction rate with our method
enabled the ability to perform OzID-MSI experiments on non-
alkali-adducted ions that typically exhibit lower reaction rates.
The MALDI-OzID data of monounsaturated [PC 34:1 + H]+

is shown in Figure S7 and is similar to the results of [PC 34:1
+ Na]+, showing that the n-7 isomer is proportionately more
abundant in the gray matter of the cerebellum.
A representative MALDI-OzID spectrum of mass-selected

[PC 36:1 + Na]+ ions is shown in Figure 1D and reveals the
presence of both n-7 (m/z 728.48 and 744.44) and n-9 (m/z
700.45 and 716.46) db isomers, in agreement with previous
studies.30,40 The precursor ion distribution of m/z 810.61
showed that PC 36:1 was concentrated throughout the white
matter (Figure 1E), in contrast to the correlation between PC
34:1 and gray matter. As was also observed in previous
studies,30,42 the FDI (Figure 1F) revealed that the n-7 isomer
was more prevalent in the gray matter and the cerebellum,
while n-9 was more abundant in the white matter and the
cortex.
MALDI-OzID Imaging of Polyunsaturated Phosphati-

dylcholines. The increased sensitivity of the MALDI-MSI-
OzID implementation is particularly important for polyunsa-
turated lipids because the diagnostic db-positional information
is spread across multiple pairs of OzID fragments. OzID of
mass-selected [PC 38:4 + Na]+ and [PC 38:6 + Na]+ produced
spectra with sufficient S/N to allow spatial distributions to be
extracted for each db-position (see Figures 2 and S9). The
MALDI-OzID spectrum of [PC 38:4 + Na]+ revealed four
double bonds at the n-6, 9, 12, and 15 positions (Figure 2A),
which enables assignment of the lipid as PC 18:0_20:4n-6.
Isobars around the n-9 neutral loss indicated the presence of an
isobaric monounsaturated lipid, assigned as hexosylceramide
HexCer 42:2;O2 by accurate mass. OzID imaging of [HexCer
42:2;O2 + Na]+ revealed that the distribution of this
sphingolipid was distinct from PC 38:4 (Figure 2B,C). While
PC 38:4 was widely distributed throughout the gray matter
(Figure 2B), HexCer 42:2;O2 was highly localized to the white
matter/myelin, which is known to be rich in glycosphingolipids
(Figure 2C).
For [PC 38:6 + Na]+ (Figure 2D), the MALDI-OzID

spectra showed six pairs of product ions corresponding to
double bonds at the n-3, 6, 9, 12, 15, and 18 positions,
assigning the lipid as PC 16:0_22:6n-3, which has been

previously reported in rat brain30 and is shown here to be
primarily present in the granular cell layer of the cerebellum
(Figure 2E). As with PC 38:4, isobars around the n-9 neutral
loss revealed the presence of an additional monounsaturated
lipid, in this case, the [PC 36:1 + K + 13C2]

+ isotopologue in
the gray matter (Figure 2F). Interestingly, in these spectra, we
observed an “inverted” isotopic distribution, created from the
loss of either one or both 13C in the OzID neutral loss
fragment. This could potentially be used as a diagnostic pattern
for identifying isobaric and co-isolated 13C-containing lipids
(Figure S10).

MALDI-COzID Imaging of Monounsaturated Phos-
phatidylcholines. CID/OzID has been used to identify sn-
positional isomers of PC lipid species via an MS3 sequence. As
only MS2-level activation could be performed with the
SYNAPT, the CID products could not be mass-selected
prior to ozonolysis. Instead, to generate CID/OzID product
ions, a combined collision- and ozone-induced dissociation
(COzID) strategy was employed.43 Mass-selected [M + Na]+

ions were activated in the trap region (i.e., prior to ozonolysis)
with a 40 V collision energy, forming [M-183 + Na]+ head
group loss fragment ions without significantly depleting the [M
+ Na]+ precursor. Subsequent reaction of these ions with
ozone produced both CID/OzID and OzID product ions,
providing db- and sn-positional isomer information in the same
spectrum. This experiment sequence was performed for [PC
34:1 + Na]+ (Figure 3A), revealing product ions indicative of
both n-7 (m/z 700.47 and 716.47) and n-9 (m/z 672.47 and
688.47) db positions in addition to CID/OzID fragments
diagnostic for both 16:0 and 18:1 acyl chains at the sn-1
position (m/z 379.25/395.25 and 405.25/421.26, respectively;
see Figure S11A). In accordance with previous investigations,
the fractional distribution showed that the canonical PC 16:0/
18:1 is elevated within the white matter, while the non-
canonical PC 18:1/16:0 isomer is proportionately elevated in
the gray matter (Figure 3B).30

The observation of both db- and sn-specific product ions in a
single spectrum (Figure 3A) supports the presence of at least
three, and likely four, PC 34:1 isomers (i.e., PC 16:0/18:1n-7,
PC 16:0/18:1n-9, PC 18:1n-7/16:0, and PC 18:1n-9/16:0).
Additional information can be gleaned from low mass ions (i.e.,
m/z 250−350) in the same spectra, the presence of which
indicates subsequent OzID reactions on CID/OzID fragment
ions (i.e., CID/OzID2 product ions). These ions have been
characterized previously by Pham et al. using explicit MS4

activation on an ion-trap mass spectrometer.24 Importantly,
these product ions allow unambiguous assignment of db
locations to sn-1 acyl chains based on the fragmentation
sequence outlined in Figure S12. For example, in the case of
[PC 34:1 + Na]+ (Figure 3A), the CID/OzID2 ions observed
at m/z 295.12 and 323.15 reveal the presence of lipid isomers
carrying both n-7 and n-9 db locations at the sn-1 position,
namely, the noncanonical PC 18:1n-9/16:0 and PC 18:1n-7/
16:0 lipids. Pham et al. also identified an alternative MS4

sequence, which uniquely assigns db isomers of the sn-2-

Figure 3. continued

positional (PC 36:1n-7 and PC 36:1n-9) and sn-positional (PC 18:0/18:1 and PC 18:1/18:0, PC 16:0/20:1 and PC 20:1/16:0) isomers.
Additional product ions observed in the spectrum are consistent with CID/OzID2 processes, which are regiospecific for the n-7 and n-9 db
positions of the sn-1 18:1 and sn-1 20:1. (F−J) FDIs of the different isomers present, showing the intensity of (F) PC 18:0/18:1, (G) PC 16:0/
20:1, (H) PC 36:1(n-7) db position, (I) [PC 18:1(n-7)/18:0 + Na]+, and (J) [PC 20:1(n-7)/16:0 + Na]+ isomers. For the FDIs, an H&E staining
of a consecutive section is shown on the left.
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substituted acyl chains. Unfortunately, these low m/z product
ions were not detected under the COzID conditions used;
however, sn-2 unsaturation can be inferred from the
comparison between OzID and COzID spectra. In rat brain,
CID/OzID2 product ions showed unique distributions of [PC
18:1n-7/16:0 + Na]+ and [PC 18:1n-9/16:0 + Na]+. Although
the overall signal from PC 34:1n-7 was relatively more
abundant in the gray matter of the cerebellum (Figure 3C),
the noncanonical PC 18:1n-7/16:0 isomer appeared more
abundant in the white matter of the brain (Figure 3D). Despite
our inability to directly visualize sn-2-related db fragments in
this experiment, a comparison between Figure 3C,D indicates
that the location of double bonds in fatty acids is closely
correlated with the sn position of the fatty acid.
The equivalent analysis for [PC 36:1 + Na]+ revealed the

presence of both n-7 and n-9 isomers for each PC 18:0/18:1,
PC 18:1/18:0, PC 16:0/20:1, and PC 20:1/16:0 (Figure 3E;
magnification of m/z 250−500 is provided in Figure S11B). In
line with previous investigations of [PC 36:1 + Na]+, these
data reveal that PC 18:0/18:1 accounts for >90% of all PC
18:0_18:1 sn isomers (Figure 3F)30 based on the relative
intensity of 18:0/18:1-specific peaks compared to the summed
intensity of 18:0/18:1 and 18:1/18:0-specific signals, and the
relative fractions of PC 18:0/18:1 and PC 18:1/18:0 do not
change significantly throughout the brain. By comparison, PC
16:0/20:1 relative to the combined PC 16:0_20:1 signal is
confined almost completely to the white matter (Figure 3G).
The FDI of the db-locational isomers revealed PC 36:1n-7 to
be relatively more abundant in the gray matter and cerebellum
compared to the cortex (Figure 3H). Although the FDIs based
on CID/OzID2 product ions had lower signal-to-noise ratios
for PC 36:1, PC 18:1n-7/18:0 and PC 20:1n-7/16:0 isomers
could still be observed; however, n-9 isomer species appeared
entirely absent (Figure 3I−J). This indicates that the n-9 db is
exclusively associated with the 18:1 or 20:1 chain substituted at
the sn-2 position or was present below the detection limit of
our analysis.

■ CONCLUSIONS
This work reports significant advancement for lipid isomer-
resolved MSI by performing OzID in the high-pressure
environment of the ion mobility region of a SYNAPT
HDMS G2-Si mass spectrometer. Combining this approach
with MALDI-MSI has provided: (i) 1000-fold shorter reaction
times; (ii) OzID acquisition rates of up to 5 pixels s−1 (a 50-
fold improvement from previous experiments); and (iii)
simultaneous generation of OzID, CID/OzID, and CID/
OzID2 product ions. Combined, these advances allow for OzID
characterization of db-, sn-, and db+sn-positional isomers at
suitable reaction times for MALDI-MSI.
The ability to probe both db- and sn-characteristic product

ions creates the possibility to study regiospecific enzyme
activity relating to both desaturation-elongation and remodel-
ing processes.10,44 As lipids are both the substrates and the
products of enzymatic processes, the spatial distribution of
lipid isomers enables insight into the enzymatic processes
occurring in distinct tissue types. Moreover, the enhanced
sensitivity afforded by the OzID-MSI implementation reported
within enables isomer-resolved imaging of less abundant
glycerophospholipids, particularly from among the phospholi-
pid classes. Direct observation of the similarities and
differences between the spatial distribution of phospholipid
classes and their isomer populations (including fatty acyl chain

composition, regiochemistry, and db locations) will provide a
signature for lipid modification and remodeling within different
tissues. Isomer-resolved MSI is thus essential for providing
holistic visualization of phospholipids populations across and
between tissue samples. Ultimately, combining this technology
with multiplexing techniques (such as SONAR45 or DDA30)
will allow for a broader interrogation of tissue lipid metabolism
by profiling multiple lipid precursor ions within a single
imaging acquisition. Improvements in mass spectral sensitivity
or source ionization could allow for the interrogation of even
lesser abundant species or enable acquisitions with smaller
pixel sizes. Taken together, this work represents a significant
advance in capabilities for isomer-resolved MSI lipidomics,
including the unambiguous imaging of lipid species at the full-
structure level.41
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