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ABSTRACT: Neutral lipids are vital to various cellular processes and disease
pathologies. However, their characterization by matrix-assisted laser desorption/
ionization imaging mass spectrometry (MALDI IMS) remains challenging due to
poor ionization efficiency and difficulties distinguishing subtle structural differences
among numerous isomeric and isobaric species. In this study, we enhanced neutral
lipid detection by incorporating isotonic metal—cation washes into our MALDI
IMS sample preparation workflow. Resulting salt adducts improved neutral lipid
isobar and isomer separation by using trapped ion mobility spectrometry (TIMS).
This approach increased both sensitivity and specificity for neutral lipid IMS
experiments across multiple organ types, including murine brain, rabbit adrenal
gland, human colon, and human kidney. Comparative analyses revealed that the most effective salt wash was tissue-dependent.
However, the Na* carbonate buffer solution (CBS) wash showed the greatest overall increase in neutral lipid detection. These
findings provide a robust framework for mapping neutral lipids across multiple tissues and disease states and allow for the detailed
characterization of neutral lipid isomers and isobars in complex biological tissues.
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Bl INTRODUCTION Matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI IMS) is a versatile analytical tool that

Neutral lipids are a diverse group of biomolecules that include
combines the molecular specificity of mass spectrometry with

sterols (ST) such as cholesterol, cholesteryl esters (CE) and
steroids, ceramides (Cer), hexosylceramides (HexCer), fatty
acyl esters of hydroxy fatty acids (FAHFA), mono-, di-,

triacylglycerols (MAG, DAG, and TAG), and others." These it is particularly well suited for answering spatially driven

biological questions.”'*~" IMS excels at visualizing the relative

abundance and localization of a variety of molecules in tissue,

high-resolution tissue mapping. Given its high sensitivity, broad
dynamic range, and high spatial resolution mapping capabilities,

lipids play crucial roles in cell signaling, energy storage,
membrane dynamics, and maintaining lipid homeostasis in
biological systems.” " For instance, DAGs are necessary for
activating intracellular proteins such as protein kinase C in the
brain, and cholesterol modulates cellular membrane fluidity and
is associated with various diseases.”® Furthermore, neutral lipids
have been implicated in neurodegenerative disorders such as

including metabolites, lipids, peptides, and proteins.' "' *~"” This
enables histologically relevant spatiomolecular analyses of thin
tissue sections, providing a more comprehensive view of
biological processes spanning molecular classes and spatial

scales. While the spatial distributions of phospholipids,

Alzheimer’s disease, as shown by Akyol et al,, who reported the sulfatides, and sphingomyelins are generally well characterized
correlation between Cer and HexCer levels and disease by MALDI IMS, neutral lipids often present a challenge due to
severity.” While lipidomic analyses of tissue homogenates and their limited ionization efficiency arising ffom the absence of
biofluids have highlighted the importance of neutral lipids both proton-exchanging functional groups.''*"?

in healthy and disease conditions, relatively few studies have

explored the spatial distribution of these molecular species in Received: June 24, 2025 8 ey
situ”’™? As lipids encompass a wide variety of structural Revised:  August 20, 2025 3
diversity, there is a clear need for highly sensitive techniques that Accepted:  August 22, 2025

provide precise structural characterization and the capability to Published: September 4, 2025

connect these essential molecules to specific features and cell

types.
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Table 1. Neutral Lipid Isomer Standard Information

Abbreviation Formal Name Acyl Chains
MAG 1-Arachidonoyl glycerol 20:4

MAG 2-Arachidonoyl glycerol 20:4

TAG 1,2-Distearoyl-3-linoleoyl-rac-glycerol 18:0/18:0/18:2
TAG 1,3-Dioleoyl-2-stearoyl glycerol 18:1/18:0/18:1
HexCer Glucosyl(ff) ceramide (d18:1/24:1(15Z)) 18:1/24:1
HexCer Galactosyl(a) ceramide (d18:1/24:1(15Z)) 18:1/24:1
HexCer(S) Galactosyl(f}) dimethyl sphingosine 18:1
HexCer(S) Glucosyl(f) sphingosine 20:1

Cer C24 Ceramide 18:1/24:0

Cer C24:1 Dihydroceramide 18:0/24:1

MwW Molecular Formula Company Item Number
378.277 C,3H330, Cayman Chemical 62150
378.277 C,3H30, Cayman Chemical 62160
886.798 Cs7H,0606 Cayman Chemical 28179
886.798 Cs7H 4604 Cayman Chemical 26889
809.674 C,sHo NOg Avanti Research 860549
809.674 C4sHy NOg Avanti Research 860432
489.367 C,sH;NO,, Avanti Research 860579
489.367 C,sH;5,NO,, Avanti Research 860438
649.637 Cy,Hg;NO; Avanti Research 860524
649.637 C,,Hg;NO; Avanti Research 860629

Improving neutral lipid sensitivity for IMS is an ongoing area
of interest, with previous studies exploring both sample
preparation and instrumental strategies to overcome this
challenge in an imaging context.”"~>’ Strategies of improving
neutral lipid sensitivity by MALDI IMS include silver sputter
coating or applying ionic solutions directly to the sample to
promote metal cationization. Of these approaches, using ionic
solutions (i.e., salt doping) like Na*, K*, and Li* chloride,”>***’
Na* citrate,”® and carbonate buffer solution”>*° as cationization
agents has shown particular promise. Other post-ionization
approaches, such as MALDI-2, enhance the detection of neutral
lipids without requiring additional sample preparation by
driving protonation after the initial MALDI desorption
event.””>' Though all of these approaches have been effective
at enhancing neutral lipid detection, they require multistep
sample preparation and advanced instrumentation or are
incompatible with subsequent analyses using the same tissue
section as part of multimodal studies (e.g., histological staining,
immunofluorescence microscopy, spatial transcriptomics, etc.).

Beyond sensitivity enhancements, specificity improvements
are key to providing confident annotations and localizations of
detected neutral lipids. The structural diversity within neutral
lipid subclasses complicates structural identification. For
example, isobars (similar mass) and isomers (same exact
mass) cannot be easily distinguished by their mass-to-charge
ratios (m/z) alone on many mass spectrometers.‘?’2 Con-
sequently, IMS images may ambiguously represent multiple
isomeric and/or isobaric ions sharing similar m/z values.*
Orthogonal separation techniques, like ion mobility mass
spectrometry or derivatization strategies, are capable of
distinguishing closely related lipid species.””*> This greatly
enhances the number of neutral lipid identifications obtained
from a single analysis.

Past research has shown that metal—cation doping of the
sample facilitates greater separation of carbohydrates, di-, and
tri-saccharide isomers using electrospray ionization with ion
mobility mass spectrometry.”® More recently, this approach was
successfully employed to enhance the separation of phospho-
lipid isomers using silver nitrate as the doping agent.”” Although
there are many different types of ion mobility, trapped ion
mobility spectrometry (TIMS) enables high mobility resolving
power separation of target analytes, allowing for the separation
of lipid isomers at time scales compatible with imaging
experiments.”> MALDI TIMS IMS, in combination with
metal—cation doping, offers an exciting approach for the in-
depth investigation of neutral lipid structural diversity within a
spatial context.

Here, we introduce a new MALDI imaging workflow using
salt doping and high-resolution TIMS to enhance the sensitivity
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and specificity of neutral lipids in multiple tissue types. We
increased neutral lipid sensitivity in an untargeted fashion by
using an isotonic salt wash in place of the conventional
ammonium formate wash before matrix sublimation.*® Utilizing
TIMS and leveraging unique conformations of neutral lipids
created by salt adducts, we separated and mapped the distinct
spatial distributions of neutral lipid isomers in murine brain,
rabbit adrenal gland, human colon, and human kidney tissues.

B MATERIALS AND METHODS

Materials. HPLC-grade acetonitrile (ACN), chloroform,
methanol, methyl tert-butyl ether (MTBE), and tetrahydrofuran
(THF) were acquired from Fisher Scientific (Pittsburgh, PA,
USA). Glyceride lipid standards were purchased from Cayman
Chemical (Ann Arbor, MI, USA), and all other standards were
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Detailed lipid standard information is provided in Table 1. Silver
nitrate (AgNO;), ammonium formate (AF), sodium and
potassium carbonate, bicarbonate, and acetate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). a-Cyano-4-
hydroxycinnamic acid (CHCA) was purchased from Bruker
Daltonik (Bremen, Germany), and an aminated cinnamic acid
analog matrix’ was provided by the Vanderbilt Institute of
Chemical Biology Molecular Design and Synthesis Center
(Vanderbilt University, Nashville, TN).

Sample Preparation. Lipid standards were dissolved in
appropriate solvents with a final concentration of 10 mM: TAGs
in MTBE, MAGs in ACN, HexCers in methanol, HexCer(S),
and Cer standards in chloroform. CHCA matrix (7 mg/mL) was
prepared using a 50:50 ACN:H,O mixture. Salt solutions,
including sodium carbonate buffer (Na* CBS), potassium
carbonate buffer (K" CBS), AgNO;, and AF, were made. To
account for the multivalent nature of the carbonate salts, Na*
CBS and K" CBS were diluted 2.5X to create a nearly isotonic
solution. Individual molarities are listed in Table SI1. Salt
solutions were stored at 4 °C. Na* CBS and K" CBS were
comprised of a carbonate buffer solution spiked with acetate as
outlined by Dufresne et al.*>*’

Standards were spotted on an MTP 384 ground steel target
plate (Bruker Daltonik, Bremen, Germany). First, CHCA (0.50
uL) was spotted on the target plate. Once dry, the standard
solution (0.25 uL) was applied, followed by 0.50 uL of salt
solution (omitted AF as a control), then 0.50 uL of CHCA. The
layered spot was allowed to dry at room temperature. Triplicate
spots of individual standards and mixed isomer pairs were
spotted for all standards. When spotting, the salt solutions were
diluted 2.5X to promote proper crystallization.

Fresh frozen tissues, including human colon (collected by the
Cooperative Human Tissue Network from deidentified,

https://doi.org/10.1021/jasms.5c00202
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consented donors under Institutional Review Board (IRB)-
approved protocol #031078), human kidney (obtained through
the Vanderbilt Cooperative Human Tissue Network from a
disease-free tumor-associated nephrectomy placed on ice within
2 h of surgery. IRB protocol #181822),"" rat brain (BioIVT,
Hicksville, NY, USA), and mature rabbit adrenal gland (Pel-
Freez Biologicals, Rogers, AR, USA) were cryosectioned on a
Leica CM3050 cryostat (Leica Microsystems GmbH, Wetzlar,
Germany) at 10 ym thickness, and thaw-mounted onto indium
tin oxide coated glass slides (Delts Technology, Loveland, CO,
USA). The samples were then submerged in either Na* CBS, K*
CBS, AgNO;, or AF three times for 45 s each. Tissues were then
allowed to dry in a vacuum desiccator for 10 min. Matrix
(Vandy37), 1.2 ug/mm?, was prepared in THF and applied to all
slides using an HTX SubliMATE (HTX Technologies, LLC,
Chapel Hill, NC, USA). During sublimation, the coldfinger was
cooled using dry ice and acetone. Slides were allowed to cool for
S min before heating to 250 °C for 10 min at 10 mTorr. Next, dry
ice was removed, dropping the temperature to 200 °C before
adding a preheated 85 °C hot, metallic puck to the SubliMATE.
Once the device had reached room temperature, slides were
removed and annealed on a hot plate at 100 °C for 20 s.

MALDI TIMS IMS. Spotted lipid standards and tissue
analyses were performed on a timsTOF fleX MS instrument
equipped with a SRIG mobility funnel (Bruker Daltonik,
Bremen, Germany). To inform subsequent tissue analyses, we
evaluated the isomer separation efficiency by TIMS with lipid
standards. These data were acquired with a 20 ym pitch before
obtaining MALDI TIMS IMS on tissues including murine brain,
rabbit adrenal gland, human colon, and human kidney at a 10
pum pitch. Across all studies (standard and tissue), TIMS data
were collected with a collision cell in voltage of 220 V, a source
temperature of 50 °C, and a TIMS in pressure of 2.65 + 0.03
mTorr. All data were collected in positive ion mode, with ramp
rates between 0.01—0.18 V/ms and inverse mobility (1/K,)
ranges falling within 0.8—1.8 V-s/cm?. A comprehensive table of
instrument parameters is provided in Table SI.

MALDI FT-ICR MS. High resolving power (>400,000
resolving power at m/z 600) mass spectra of Na* CBS doped
human colon tissue were acquired using a 15T MALDI Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
eter (Bruker Daltonics, Billerica, MA, USA) equipped with a
ParaCell detector. All FT-ICR data were collected at a 4 M file
size using 38% laser power. Data for DAG isobars was collected
using 20,000 shots with an m/z range of 253.4—900. Precursor
ions were mass-selected using a linear quadrupole (m/z window:
573.0 + 1.75 Da) and fragmented by sustained off-resonance
irradiation collision-induced dissociation (pulsed argon, 0.25 s,
—500 Hz irradiation). MS of PC 36:4 was collected using 1,000
shots with an m/z range of 506.8—1000. The quadrupole was
used to mass select the precursor ion (m/z window: 855.7 + §
Da). Finally, data for TAG 50:1 was collected using 100 shots
with an m/z range of 460.8—1000. No isolation or fragmentation
was performed on this species.

Data Processing and Analysis. All mass spectrometry data
and ion mobility images were visualized in Compass Data-
Analysis and SCiLS Lab (Bruker Daltonik, Bremen, Germany).
Ion mobility images and spectra were generated by using a +
0.01 Da window. All neutral lipid isomer standard mobility
separations are described using two-peak resolution (R,,),
calculated from equations outlined by Dodds et al.*' R, for each
separation was only reported if the % valley separation was
greater than 45%."” These data were also processed in
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collaboration with the Van de Plas laboratory at TU Delft.
Using their in-house designed IMS data processing and
annotation software (eg., annotine), the spectra from each
imaging run were mass aligned, mass calibrated, normalized, and
annotated.*”** Lipidomic profiles of each tissue were generated
from LC-MS/MS data collected on a timsTOF Pro2 MS
instrument (Bruker Daltonik, Bremen, Germany). Full exper-
imental details are defined in Supplementary Section SI. In
annotine, the LC-MS/MS libraries were used in conjunction
with the structural LIPIDMAPS database to make lipid
annotations.*’ Identifications were made by using a 5 ppm
threshold, and ion images were used to qualitatively validate
each annotation. Lipid identifications are provided with
accompanying mass errors (ppm) based on theoretical values
from LIPIDMAPS and our preprocessed measured values.

B RESULTS

Enhanced Sensitivity and Molecular Coverage. We
tested the effect of four salt washes (Na* CBS, K* CBS, AgNO;,
and AF) on four tissue types: rat brain, rabbit adrenal gland,
human colon, and human kidney. These tissues were selected
based on their distinct lipid classes, which collectively provided a
variety of neutral lipid species. All data were generated in
positive ion mode, and the maximum number of neutral lipids
detected (i.e., putatively annotated) defined the optimal sample
preparation conditions. Comparing the number of annotated
molecular species revealed that between the four washes tested,
Na" CBS provided the greatest improvement in sensitivity for
neutral lipids. Percent increases highlighted in Table 2 show that
the Na* CBS wash had the largest improvement in neutral lipids
detected compared to a typical AF wash across all tissues.

Table 2. Percent Increase (Number of Neutral Lipid
Annotations) between Each Wash As Compared to Tissues
Washed with Ammonium Formate

Tissue Na* CBS K* CBS AgNO; AF
Adrenal Gland 463% (45) 138% (19) 88% (15) 8
Brain 64% (23) 57% (22) 21% (17) 14
Colon 78% (73) 44% (59) 34% (55) 41
Kidney 400% (15) 100% (6) 267% (11) 3

A complete table of annotations is provided in Table S2 and
average mass spectra for all tissues are available in Figure SI1.
TAGs and DAGs contributed the most to the overall increase in
the number of annotations (Figure 1a). These species ionized
best when tissues were washed with Na* CBS, which aligns with
previous studies that observed a sensitivity enhancement when
using sodium during sample preparation.”””’ The greatest
increase in the number of annotated neutral lipid species was
found in TAGs, which is consistent with the LC-MS/MS results.
Confirmational LC-MS/MS experiments found TAGs to
account for over one-third of the neutral lipids detected in
colon, kidney, and adrenal tissues (Figure S2).

Another factor contributing to the sensitivity enhancement is
the ability of salt washes to simplify the adduct profiles of
detected neutral lipids. The distribution of adduct types
observed for each wash across all tissues is shown in Figure
1b. Salt doping with Na* CBS, K" CBS, and AgNO; washes,
improved neutral lipid sensitivity and promoted the formation of
the targeted cationic adduct for each wash (Figure 1b). In
contrast, the AF wash exhibited much lower sensitivity, likely
due to the tendency of neutral lipids to ionize via cationization
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Figure 1. Total number of neutral lipids annotated across all tissues for each salt wash, organized by the major neutral lipid subclasses (A). Frequency
of adduct annotations summed across all four organ tissues for each salt wash (B). Two rat cerebellum serial sections washed with AF (left) and Na*
CBS (right) were imaged and then processed together using SCiLS Lab (C).

rather than protonation, leading to their total ion counts being
distributed across multiple m/z values.”>**” Thus, a notable
advantage of salt doping is minimizing nonspecific adduct
formation, including non-wash-related metal cationization and
protonation.

In traditional MALDI IMS workflows using AF washes,
phospholipids and other charged lipids are most commonly
ionized as the protonated adduct.’”*® Neutral lipids do not
preferentially ionize in the protonated form; therefore, including
salts in the sample preparation workflow enhances their
sensitivity without damaging the tissue or sacrificing the ability
to perform downstream multimodal analyses. While some
neutral lipids can be detected without salt doping, their signal
intensity is greatly diminished compared to a salt-doped sample.
This is illustrated in Figure 1c. When a rat cerebellum section
was washed with AF, HexCer 42:1;02 was detected at low
abundance as [M + H]* (left). In contrast, when a serial section
was washed with Na* CBS, this same lipid was detected as the
[M + Na]* adduct with a much higher abundance (right).
Advantageously, species besides neutral lipids (e.g., phospholi-
pids and sphingolipids) are also ionized as the metal—cation
adduct and show no signs of wash-induced delocalization. For
example, PC 32:0 and SM 34:1;02 maintain their expected
localization to gray matter and vascular regions of the
cerebellum, respectively (Figure 1c). Overall, salt doping
represents a simple, cost-effective, and broadly accessible
strategy to enhance the detection of neutral lipids.

Enhanced Specificity. Isomeric Standard Separations. To
assess the unique impact a variety of salt adducts have on the
geometry and, consequently, the mobility of distinct neutral
lipid isomers, we analyzed five neutral lipid isomer pair standards
doped with four salt solutions (Na* CBS, K* CBS, AgNO;, and
AF). Double-bond positional isomers, chain length isomers,
regioisomers, and stereoisomers were selected for comparison. A
detailed list of standard information is outlined in Table 1, and
structural differences in each isomeric type are summarized in
Figure S3. The separation of each isomer pair was evaluated with
every salt solution. Figure 2 highlights the ion mobility spectrum
of the salt adduct that exhibited the most resolved separation for
each standard.
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With AF, the protonated ions of most standards were not
detected or lacked discernible separation using TIMS. Neutral
lipid standards exhibited greater sensitivity and specificity upon
introducing salt, enabling the separation of most isomers. These
findings are consistent with May et al. 2020, demonstrating that
cation adduction influences the gas-phase conformation of lipid
isomers.””*>*’ Thus, salt doping is beneficial for the TIMS-
based separation of neutral lipid isomer species. For every
isomer pair except the stereoisomer standards (structures
depicted in Figure S3b), a high mobility resolving power (e.g.,
ramp rates of < 0.03 V/ms) was required to achieve at least
partial separation. Separation of the isomeric mixture (purple
traces depicted in Figure 2) was quantified using two-peak
resolution.”” While certain isomers, such as the glu- and
galactosyl sphingosine standard pair depicted in Figure 2a, can
be separated effectively at lower resolving powers (R, = 1.65),
other types of stereoisomers, as shown in Figures 2b and S3b,
may necessitate more targeted approaches with higher resolving
powers for effective separation. One potential avenue to address
the separation of stereoisomers is using a higher resolving power
ion mobility platform, like cyclic ion mobility.>

These observations provided valuable insights into the
resolving powers necessary for answering specific biological
questions. It is essential to recognize that when utilizing TIMS,
there is a trade-off between ion mobility resolving power and
inverse mobility (1/K,) window width. Our data indicated that
many stereoisomers required a narrow 1/K, range and an
extended ramp time to gain sufficient resolving power for
isomeric separation. MAG (Figure 2d) and TAG (Figure 2e)
isomer pairs demonstrated optimal separation (R,, = 1.04, R, =
0.76, respectively) under these high-resolving power conditions.
Assessing salt adducts of isomer standards provided predictive
insights into isomer separability for subsequent tissue analyses.
This method enhances both the sensitivity and specificity of
neutral lipid detection, enabling more in-depth MALDI TIMS
investigations. While sodiated neutral lipid separations have
been achieved using electrospray ionization, these previous
methods lack the spatial context necessary for linking molecular
observations to distinct histopathological features.*”
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Figure 2. MALDI TIMS IMS of five neutral lipid standards. Red and
teal traces correspond to the individually spotted standards, and purple
traces represent an isomeric mixture. Standards are displayed as follows:
HexCer(S) (A), HexCer (B), Cer (C), MAG (D), and TAG (E). The
salt wash used for each acquisition is indicated by the salt adduct label.
Detailed standard information is outlined in Table 1, where Standards 1
and 2 appear sequentially.

High Sensitivity and Specificity Mapping of Neutral Lipids.
Salt-enhanced MALDI TIMS IMS was applied to tissue samples
for high sensitivity and specificity in situ neutral lipid imaging. A
human colon tissue section was washed with Na* CBS and
imaged at a high spatial resolution (10 ym pixel size). As shown
in previous studies, ion mobility dramatically increases the
overall molecular coverage for IMS experiments, and this was
also true for neutral lipids when introducing salt-doping.*>>' >

For example, forty-six TAGs were annotated when washing
with Na* CBS, but only five TAGs were annotated on a serial
tissue section washed with AF (Table S2). The ion mobility
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heatmap and average mass spectrum depicted in Figure 3a and b
highlight the complex molecular profile detected by salt-
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Figure 3. Ion mobility heatmap (A) and averaged mass spectrum (B)
collected from MALDI TIMS IMS analysis of a Na* CBS doped human
colon tissue section. Isobaric overlaps of four TAG species are depicted
in the m/z dimension (C) and 1/K, dimension (D—F). Extracted ion
mobility spectra, as shown in D—F, were generated with a +0.005 Da
window. Light-colored shading indicates [M+] peaks and dark shading
represents [M + 2] peaks.

enhanced MALDI from human colon tissue. Both isobaric and
isomeric sodiated neutral lipids were separated using TIMS. For
example, several TAGs exhibited an overlap of the [M+] peak of
one TAG and the [M + 2] isotopologue peak of another TAG
that contains one more double bond (Figure 3c). This double-
bond ambiguity is a common isobaric overlap (Am/z 0.00894)
that can only be resolved by ultrahigh mass resolution
measurements, e.g., using FT-ICR MS with at least 100,000
spectral resolving power at n/z 900.>” This can make annotating
lipids difficult using lower-resolution mass analyzers. While
HPLC can effectively differentiate between ambiguities of this
nature, this is not possible in an imaging context.”® MALDI
TIMS IMS can, however, distinguish these overlapping species
and their spatial localization.

Figure 3c shows four TAGs detected by MALDI TIMS IMS,
each having one less double-bond with increasing m/z: [TAG
(54:5) + Na]* (m/z 903.745, 4.20 ppm), [TAG (54:4) + Na]*
(m/z 905.761, 4.53 ppm), [TAG (54:3) + Na]* (m/z 907.775,
2.75 ppm), and [TAG (54:2) + Na]* (m/z 909.791, 3.08 ppm).
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TIMS was able to unravel these overlapping isobaric patterns,
revealing the complexity and diversity of neutral lipids in these
data (Figure 3d—f).

Isomeric and isobaric lipids from multiple lipid classes were
separated with salt-enhanced MALDI TIMS. Figure 4 highlights
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Figure 4. Autofluorescence of a Na* CBS doped human colon tissue
section (A) and MALDI TIMS IMS images (B—D) imaged at a 10 um
pixel size in positive mode. Ion images are overlaid on a black-and-white
autofluorescence image. The corresponding ion mobility spectra are
displayed in (B1—D1).

uniquely distributed DAG isobars and phosphatidylcholine
(PC) and TAG isomers in human colon tissue. Figure 4a
provides the autofluorescence image of a human colon tissue
section that was subsequently doped with Na* CBS. Regions of
muscle, mucosa, and submucosa were imaged with TIMS.
Isobaric species, DAG 34:3 (m/z 573.489, 1.39 ppm) and DAG
0-32:2 (m/z 573.486, 2.00 ppm), were found to localize to
different areas of the mucosa (Figure 4b).

DAG 0-32:2 and DAG 34:3 were differentiated with TIMS
(Figure 4b1) and were detected only as the [M + Na]* and [M +
H — H,0]" adducts, respectively. Furthermore, the Na* CBS
wash successfully promoted the sodiation of other isomeric lipid
species, such as PC 36:4 (m/z 804.551, 0.49 ppm) and TAG
50:1 (m/z 855.743, 2.10 ppm). Figure 4c and d display MALDI
TIMS IMS images that show the distributions for two PC 36:4
isomers and TAG 50:1 isomers as [M + Na]* adducts. The
corresponding ion mobility spectra are provided in Figure 4cl
and d1. Supporting LC-MS/MS measurements (Figure S4) of
PC 36:4 isomers suggest that PC (18:2_18:2) is represented by
the peak at 1/K, 1.469 and PC (16:0_20:4) has a measured 1/
K, of 1.484 (Figure 4cl). An average mass spectrum and
complementary ultrahigh mass resolution measurements are

provided in Figures S5—6, confirming these isobaric and
isomeric separations. These results underscore the capability
of salt doping for mapping biologically relevant neutral lipid
isomer distributions.

B CONCLUSION

In conclusion, we developed a MALDI TIMS IMS workflow
incorporating isotonic metal—cation washes to improve the
sensitivity and specificity of neutral lipid detection in a wide
variety of biological tissues. This method addresses critical
limitations in current MALDI IMS workflows, including the low
ionization efficiency and structural ambiguity inherent to neutral
lipids. Although all salt washes tested showed improved neutral
lipid detection for most molecular classes, Na* CBS demon-
strated the most consistent performance enhancement across
the broadest range of neutral lipid classes for the widest variety
of tissue types. Salt-enhanced MALDI IMS also has the
advantage of simplifying the spectral complexity for positive
ion mode imaging experiments by driving the majority of ions to
the same adduct, improving lipid annotation accuracy and
analytical sensitivity. Moreover, integrating TIMS provided
critical orthogonal separation, effectively resolving neutral lipid
isomers and isobars, which were previously indistinguishable by
traditional IMS methods alone. Metal cationization dramatically
improved the ability of TIMS to resolve structural differences in
neutral lipids compared with protonated ions. The combined
salt-enhanced TIMS workflow enabled detailed spatial mapping
and differentiation of neutral lipid isomers within histologically
relevant tissue structures, notably identifying distinct spatial
distributions of DAGs and TAGs in human colon tissue. This
approach is particularly advantageous over other methodologies
because it is easy to implement into typical sample preparation
workflows, is cost-effective, and is compatible with subsequent
multimodal analyses, thus expanding its utility in integrative
spatial biology studies. However, the inherent complexity of
TIMS IMS data sets still poses a challenge when distinguishing
and annotating isomers and isobars. Additional work to develop
improved computational methods is needed to perform these
analyses at scale. Still, the capabilities of salt-enhanced MALDI
TIMS substantially advance the potential for IMS research in
understanding the role of neutral lipids in complex cellular
processes and disease states.
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