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ABSTRACT: Lipids are essential macromolecules that play a crucial role in numerous biological events. Lipids are structurally
diverse which allows them to fulfill multiple functional roles. Matrix-assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) is a powerful tool to understand the spatial localization of lipids within biological systems. Herein, we report the use
of ammonium fluoride (NH4F) as a comatrix additive to enhance lipid detection in biological samples, with signal increase up to
200%. Emphasis was placed on anionic lipid enhancement with negative polarity measurements, with some preliminary work on
cationic lipids detailed. We observed lipid signal enhancement of [M-H] ions with the addition of 500 uM NH4F additive attributed
to a proton transfer reaction in several different lipid classes. Overall, our study demonstrates that the use of NH4F comatrix additive

substantially improves sensitivity for lipid detection in a MALDI system.

INTRODUCTION

Within cells, lipids are one of the most diverse macromolecules. Lipids play a key role in the structural integrity, energy
storage, transport, signaling, and a myriad of other functions.! With so many essential functions, interest in lipid analysis has risen
drastically.*? The gold standard in lipid analysis is liquid chromatography coupled to mass spectrometry (LC-MS).® Using LC-MS,
lipidomics, the large-scale study of obtaining the lipid profile, can be conducted in both a targeted and an un-targeted manner.
Targeted lipidomics provides the absolute quantification of lipid targets, whereas untargeted analyses consider all lipids present within
a given sample.* Targeted and untargeted approaches collectively aid in elucidating the identification, composition, and quantification

of lipids within a given sample. However, LC-MS does not give insight into the localization of lipids in situ.



Mass spectrometry imaging (MSI) is a technique used for visualizing the spatial distribution of molecules within a sample.
Some of the most common techniques used in MSI include matrix-assisted laser desorption/ionization (MALDI) and desorption
electrospray ionization (DESI).5 Currently, there are about 10-times the number of publications involving MALDI imaging compared
to DESI imaging to date, per PubMed and Web of Science searches conducted in January of 2023. MALDI is a popular imaging
technique due to its inherently fast analysis, sensitivity, and tolerance to high salts and buffers.® In general, MALDI-MSI creates a
“chemical map” of specific mass-to-charge (m/z) values for a given imaging run. Each pixel in the image is defined by both laser
diameter and raster width, which corresponds to a unique mass spectrum collected at that location. MALDI-MSI has been used

extensively as a spatial characterization technique in a variety of sample types and disease states.”®°

One of the challenges in mass spectrometry is the lack of uniformity in the ionization efficiency of macromolecules.®
lonization efficiency is dependent on a variety of factors and differs drastically not only between different macromolecules, but also
between molecules of the same class, such as lipids.1*'? Many advances have been made to increase the specificity and sensitivity of
lipid species detected in MSI, such as improvements in instrumentation,*3'* adding washing steps during sample processing,*'6
matrix composition,*®!” and introducing additives in matrix application.®!®8 Of particular interest to this work are matrix additives,
as they represent a simple means to increase lipid sensitivity without the added complexity of extensive protocol modifications and

can be applied to existing in-house instrumentation.

Multiple matrix additives have been reported for enhanced detection of macromolecules including trifluoracetic acid (TFA),
heptafluorobutyric acid (HFBA), EDTA, and hydrochloric acid (HCI), to name a few.'%1%20 These studies are often conducted using
a targeted approach in positive polarity. Fewer studies have focused on the effect of comatrix additives on lipid signal using both
positive and negative polarities. Weigand and co-workers recently reported the use of ammonium fluoride (NH4F) in nano-DESI MSI
experiments.?! They were able to demonstrate for the first-time using nano-DESI MSI the enhancement of [M-H]- lipid signal with
the addition of NH4F. In summary, they found a 10- to 110- fold enhancement in lipid signal intensity when using NH4F as an additive
in their solvent spray. The use of NH4F as an additive has been characterized for both lipidomics and metabolomics applications
using LC-MS.22%:24 Yanes and colleagues were one of the first groups to demonstrate how the basicity of the fluoride anion results
in increased deprotonation of small molecules, such as lipids, using ESI.?* The addition of NH4F to the mobile phase resulted in a

several fold increase in metabolite detection as compared to not using NH4F or using other additives.

Within the context of a MALDI system, Cheng & Chan reported the use of ammonium halides as MALDI co-matrix
additives to distinguish any effect on signal enhancement for studying oligonucleotides.? In their study, they found NH4F had almost
twice the signal enhancement for oligonucleotides relative to the other halides using 2-amino-5-nitrophyridine (ANP) matrix. Cheng
& Chan also commented on how the electronegativity of the halide anions appears to play a role in assisting the desorption/ionization
process for oligonucleotides. In this study, we demonstrate for the first time to our knowledge, the novel use of NH4F as a comatrix

additive for enhancement of lipid signal using both polarities within a MALDI system.



Herein, we evaluate multiple sample types including cell lysates, lipid standards, liver tissue and single cells as candidates
for the application of NH4F as a broad-spectrum additive in MALDI lipid analysis. Application of the NH4F additive with NEDC
matrix was found to enhance lipid signal intensity for all samples. Interestingly, lipid signals were increased up to 214% in MALDI
dry drop analysis of a lipid standard mix and up to 150% in MALDI dry drop analysis of HCT 116 cell lysate. Additionally,
enhancements were observed for MALDI-MSI analysis of mouse liver tissue and single-cell imaging of HCT 116 cells. With the use
of NH4F as a comatrix additive in MALDI-MSI applications, researchers will gain increased sensitivity in assessing the spatial

localization of lipids within a sample, leading to potential improvements in quantitation for a variety of applications.

MATERIALS AND METHODS

Cell Culture. The HCT 116 human colon carcinoma cell line was purchased from ATCC (Manassas, VA). The cell line
was maintained in McCoy’s 5A cell culture media (Life Technologies, Grand Island, NY) and supplemented with 10% fetal bovine
serum (Thermo Scientific, Gaithersburg, MD), 1% Penicillin-Streptomycin (Fisher Scientific, Hampton, NH), and 1% L-glutamine
(Invitrogen, San Diego, CA). Incubation conditions were held at 5% CO2 at 37°C. The passage of cells was conducted around 75%
confluency to ensure passage in the exponential growth phase. The cells were verified by short tandem repeat (STR) sequencing in
2022.

MALDI Dry Drop Sample Preparation. The Avanti EquiSPLASH mix (Avanti Polar Lipids, Alabaster, AL) was used to
determine the effect of NHsF (Sigma-Aldrich, St. Louis, MO) on lipid signal using MALDI. A 10 mg/mL solution of NEDC (Sigma-
Aldrich, St. Louis, MO) in 9:1 Methanol (MeOH): H20O (LC-MS grade) obtained from Honeywell, was prepared and 475 pL was
aliquoted into six separate 1.5 mL Eppendorf tubes. Next, NHsF was added to the matrix solutions to a final volume of 500 uL and
final concentrations of 0, 100, 200, 300, 400, and 500 uM NH4F (Figure S1). Lastly, 1 pL of lipid standard mix was vortexed with 1
pL of matrix solution containing the additive and spotted on a MALDI target plate. Dry drop analysis was conducted on the Bruker
timsTOF fleX in using both polarities. Additionally, both MALDI and MALDI-2 were evaluated. It is important to note, when using
MALDI-2, we did so with a custom laser setting and not with the M2 preset laser to avoid any power boost associated with the M2
setting.

Dry drop analysis was conducted to determine changes in relative signal intensity for HCT 116 cell lysate in NEDC
containing the NH4F comatrix additive. As mentioned prior, a 10 mg/mL NEDC solution was made with 9:1 MeOH: H20. Next, an
NHaF stock solution was prepared in 9:1 MeOH: H20 and added to the NEDC solution to a final concentration of 500 uM.. An
aliquoted amount of the NEDC matrix solution without the additive was used for the 0 uM additive condition. A 1:1 mixture of HCT
116 cell lysate: matrix solution was then spotted on a MALDI stainless steel target plate for analysis on the Bruker timsTOF fleX

mass spectrometer using negative ion mode. Instrument-specific parameters can be found in Table S1.



For dry drop experiments using an HTX TM sprayer (HTX Technologies, Carrboro, NC), the NEDC matrix was prepared
as previously stated using both a 0 uM and 500 uM condition. These solutions were then sprayed onto an indium-tin-oxide (ITO)
slide (Fisher Scientific, Hampton, NH) with dried lipid standards using the TM sprayer nebulizer (Table S2). Briefly, half of an ITO
slide was covered with aluminum foil while the other side was sprayed with NEDC containing no additive onto 10 pL of dried
EquiSPLASH lipid standard mix. Next, the aluminum foil was shifted to cover the second half of the slide and the second half of the
ITO slide was sprayed with NEDC containing 500 uM of NH4F onto 10 uL of dried lipid standard mix. Again, analysis was conducted

on the timsTOF fleX with the same method parameters as previously conducted with the dry drop analysis.

MALDI-MSI Sample Preparation. Mouse liver samples were generously provided by Dr. Maria Mihaylova. The strain
used was ad libitum fed wildtype B6 mouse strain. Mice used in this study were under veterinary and husbandry care of the University
Laboratory Animal Resources (ULAR) division and approved for use by the IACUC committee at the Ohio State University. Serial
sectioning of mouse tissues were collected using a Leica cryostat with an internal chamber temperature of -16°C and a chuck head
temperature of -20°C. The stage was set for sectioning at 8 pum thickness. Mouse liver sections were thaw-mounted onto MALDI

IntelliSlides (Bruker, Billerica, MA) and then sprayed using a TM sprayer nebulizer.

HCT 116 single-cell analysis was conducted on clean ITO slides. The slides were washed with hexanes (Macron Fine
Chemicals, Radnor, PA), followed by MeOH for 10 minutes each in a sonicator. The slides were then coated with 20 uL of a stock
poly-D-lysine solution (ThermoFisher, Waltham, MA). The stock solution was prepared by combining 750 pL poly-D-lysine, 750
pL LC-MS grade H20, and 1 uL of IGEPAL (Sigma-Aldrich, St. Louis, MO). Slides were placed onto a hot plate for 5 minutes and
then washed in LC-MS grade H2O. After letting the slides completely dry, an 8-well Press-to-Seal Silicone Isolator (Fisher Scientific,
Hampton, NH) was applied to the slide. HCT 116 cells were then seeded onto the slides containing the isolators at 10,000 cells/well.
The slides were then placed in a 150 x 15 mm petri dish and incubated overnight at 5% CO2 and 37°C. After incubation, slides were
washed twice in phosphate-buffered saline (PBS) (ThermoFisher, Waltham, MA), followed by a single wash in 10% formalin for 10
minutes and then twice in 50 mM ammonium formate (Sigma-Aldrich, St. Louis, MO), and twice in LC-MS grade H20, as reported

by Cuypers et al.? Slides were placed in a -80°C freezer for storage until analysis.

For all spraying procedures, a TM sprayer nebulizer was used to apply the matrix for MALDI-MSI analysis. Briefly, 10
mg/mL NEDC in 9:1 MeOH: H.0 was used for application to tissue sections or single-cell slides. After weighing out the NEDC, a
fraction of the matrix was retained for spraying control samples, while NHsF was added to the remaining matrix at a final
concentration of 500 uM. The same spray parameters were used for samples sprayed with and without the additive and can be found

in Table S2.



RESULTS AND DISCUSSION

Analysis of Lipid Standards and HCT 116 Cell Lysate with NH4F Additive. To determine the effect of NHsF on lipid
signal with MALDI, we used an Avanti EquiSPLASH lipid standard mix, which contains 14 lipids covering a range of lipid classes
at the same concentration. The major lipid classes observed in the MALDI dry drop analysis with both polarities include
phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylcholine
(PC), and sphingomyelin (SM). In brief, the dry drop analysis was conducted with a 1:1 ratio of lipid standard mix and NEDC matrix
solution containing various concentrations of NH4F additive. Concentrations of 0, 100, 200, 300, 400, and 500 uM NHiF were
examined in both polarities on the Bruker timsTOF fleX mass spectrometer. Additionally, both MALDI and MALDI-2 ionization
were examined (Figure S2). For this dry drop analysis, we constructed plots corresponding to the signal intensity of lipid standards
as a function of NH4F concentration to assess how the concentration of the additive affect lipid signal intensity. Figure 1 depicts the
plot corresponding to the dry drop analysis using MALDI in negative ion mode and shows the log scale [M-H] signal intensity of
the lipid standards as a function of NH4F concentration. All lipid standards detected by dry drop analysis were enhanced by the

addition of NH4F, with a
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Figure 1. The effect of NH4F additive concentration on a lipid standard mix by MALDI dry drop analysis. Each standard was observed as

an [M-H] ion and plotted as the log of the corresponding signal intensity against NH4F concentration. Each spot represents n = 3.

plateau in signal intensity at concentrations between 400 to 500 uM NH4F. For example, P 15:0_18:1(d7), had a 214% increase in
signal intensity with the addition of 500 uM NH4F additive. Lipid standards detected by MALDI-MS had a statistically significant
increase (p < 0.05) in peak signal with the addition of 500 uM NH4F (Figure 2). Therefore, 500 uM NH4F was the concentration used
in the remaining studies. Interestingly, we noticed enhancement of [M+H]* ion signal for lipid standards using positive polarity
(Figure 2 & Figure S1). Gonzalez-Riano and co-workers described how the use of NHsF in the mobile phase for LC-MS applications

results in the suppression of sodium adducts, [M+Na]*, by the presence of fluoride anions.?® By suppressing sodium adducts, other
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ion species detected, such as [M+H]*, will be influenced by the change in adduct concentration.?” Our findings show some support
for this proposed mechanism, with lipid class dependency. A summary of the dry drop lipid standard analysis and adduct formation

can be found in Figure S2 & Figure S3.
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Figure 2. Dry drop analysis of lipid standard mix with NEDC + 500 uM NH4F. A) [M-H] ions detected using MALDI in negative mode.
B) [M+H]* ions detected using MALDI in positive mode. n = 3 for each condition. (ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001,
*HxEp < 0.0001)

After evaluating a standard mixture, we next examined whether the same lipid signal enhancement would be observed in a
complex biological sample for endogenous lipid species. The HCT 116 colon carcinoma cell line was used for cell lysate analysis of
lipid enhancement with the NH4F comatrix additive. Analysis was conducted on a Bruker timsTOF fleX in negative ionization mode.
In total, 25 lipid peaks were manually selected for analysis. 24 of 25 lipid peaks were significantly enhanced (p < 0.05) and showed
as high as a 150% increase in peak signal intensity with the addition of 500 uM NH4F additive. Lipid peaks selected for analysis were
manually validated using an in-house spectral library generated from liquid chromatography-mass spectrometry (LC-MS/MS) data
from a HCT 116 cell line. All m/z values analyzed, relative intensities, and assignments can be found in the Supporting Information
(Figure S4/S5). Similar results were obtained by Weigand et al.?! They reported anionic lipid signal enhancement with desorption
electrospray ionization (DESI) imaging of mouse kidney sections with solvent solutions containing NH4F. Mechanistically, Weigand
and colleagues explain the enhancement is likely due to the basicity of the fluoride anion, which corroborates with previous
studies.?>? They also hypothesize that the interaction between the anion and lipids occurs at the interface of the ESI droplet. We
propose a similar mechanism, where within the MALDI process, the basicity of the fluoride anion interacts with lipid species, causing

a proton



transfer reaction.?%? The precise mechanism is beyond the scope of this paper and will be explored in future studies; for more

information on proton transfer reaction mechanisms within MALDI, see Mirabelli and Zenobi.?

MALDI dry drop analysis can show signal variations due to crystal irregularities, often referred to as “hot spots”.? To
determine if the improvement in signal intensity was due to deviations in crystal size between co-crystallization of NEDC with and
without NH4F in dry drop analyses, we also evaluated sprayed matrices, which are commonly used in MALDI imaging applications.
With the matrix and comatrix additive nebulized onto samples, we again noticed statistically significant improvement in peak signal
intensity of the standards with the addition of 500 uM NH4F additive relative to 0 pM NH4F control in both polarities (Figure S6).
This enhancement confirmed the increase in signal detected in both the lipid standards and the cell lysate dry drop studies was not
due to matrix “hot spot” formation, but due to the presence of the additive. Intriguingly, measurements conducted in positive polarity
for the lipid standards were again significantly higher for peak signals containing 500 uM NH4F in NEDC matrix. The use of MALDI
and MALDI-2 were evaluated, where we found a statistically significant increase in lipid signal with the use of MALDI-2 in positive
ion mode relative to MALDI, and no change associated with measurements collected in negative ion mode (Figure S6). We postulated
the increase in lipid signal with the use of MALDI for both polarities could be due to finer crystal formation occurring with the
additive as compared to samples without it. To test this theory, we imaged the matrix crystals using an Echo Rebel Microscope at a
40x objective and noticed the crystals had the same morphology and size both with and without the additive (Figure S7). Based on
the observations made by the brightfield images, we determined the data supports crystal formation with NEDC is similar with and
without NH4F additive. This finding confirmed the improvement in lipid ionization likely occurs through interaction with the additive
and contributions involving crystal formation are minimal. Since spraying NEDC with additive resulted in a similar trend of increased

ionization of lipids, we then examined whether the same trend would be observed with MALDI-MSI experiments.

MALDI-MSI of Mouse Liver. Wildtype mouse liver samples were sectioned and imaged via MALDI-MSI to distinguish
the effect of NH4F use on a heterogeneous sample. Serial sections of the tissue were sprayed with NEDC, with or without 500 uM
NH4F. Analysis was conducted on a Bruker timsTOF fleX in negative ion mode at a spatial resolution of 20 um. Considerations in
mass spectrometer parameters and statistical comparisons can be found in the Supporting Information. A total of 14 putative lipids
were selected for analysis after completion of the imaging run. Endogenous lipids analyzed in the tissue sprayed with NEDC
containing 500 uM NH4F displayed a statistically significant increase in peak area as compared to the tissue sprayed with NEDC
alone (Figure 3 & Figure S8/S9). The statistically significant increase in lipid signal corresponded to a 10 — 16% signal intensity
enhancement for most lipids analyzed between the two conditions. In addition to the improvement in ion signal intensity, the additive
appears to provide increased resolution of molecular features associated with the lipids. A wide range of anionic lipids had improved
signal, as was the case for both cell lysate and lipid standard analysis with the additive. Lipid classes that were enhanced by the
addition of NH4F include PI, PE, and PS. Figure 3 shows m/z 885.5482 (Pl 38:4), m/z 762.5072 (PE 38:6), and m/z 738.5043 (PE

36:4) with a signal enhancement of 12.8%, 16.3%, and 15.6% respectively. Additionally, m/z 810.5248 has a putative identification
7



of PS 38:4 and had a 15.8% increase in signal intensity with the additive (Figure S8). Putative identifications were made for each

lipid using high mass accuracy MS* spectra collected on the timsTOF fleX and analyzed with LIPID MAPS.
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Figure 3. MALDI-MSI of mouse liver sprayed with NEDC £ 500 uM NH4F, acquired in negative ion mode. A) Scanned images of liver
sections used for MALDI-MSI analysis. B) Spatial localization of m/z 885.5482 (PI 38:4, Delta = 0.0017) in mouse serial sections. C) Spatial
localization of m/z 762.5072 (PE 38:6, Delta = 0.0007) in mouse serial sections. D) Spatial localization of m/z 738.5043 (PE 36:4, Delta =
0.0036) in mouse serial sections. E) Overlayed mass spectra collected from 200 — 1200 m/z for both tissue sections imaged. All ion images
were segmented based on the top 2500 intervals and normalized by TIC. Scale bar = 1 mm. LIPID MAPS putative assignments are shown

in parenthesis with corresponding delta values. (Blue = No NH4F Segmentation, Pink = 500 pM NH4F Segmentation)

Tissues sections are one of the most common samples used for MALDI-MSI analysis.*® Often tissue samples are imaged to
distinguish differences in molecular features, such as lipids, between a diseased state and a non-diseased region or control sample.®
Therefore, the contribution of an additive to enhance the spatial localization and detection of lipids in a heterogenous tis-sue sample
is of great importance. Our findings show that the simple inclusion of NH4F as a comatrix additive to NEDC results in increased

signal intensity for lipids in negative mode for a complex tissue sample.

HCT 116 Single-Cell MALDI Imaging. Recent advances in mass spectrometry instrumentation, such as high spatial

resolution and increased sensitivity, have improved the capability for single cell MALDI-MSI.*? Single cell MALDI-MSI is becoming
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significantly important in label-free molecular mapping, drug susceptibility, and biomarker discovery.?*% MALDI-MSI of single
cells allows a deeper insight into holistic changes in molecular species, such as lipids in different cell types or even determining the
effect of a drug treatment option.3* Therefore, it is imperative to continue to advance our ability to detect molecular changes at the
single cell level, which can provide insight into a variety of different mechanisms. MALDI-MSI of single cells is often considered
challenging due to the need for high spatial resolution, small matrix crystal size, increased sensitivity, and a variety of other factors.
Most mammalian cells range from 10 — 100 pum in diameter.>* Therefore, we performed all single cell imaging at 5 um spatial
resolution using a Bruker timsTOF fleX. Similarly, to the mouse liver imaging, poly-D-lysine coated indium-tin-oxide (ITO) slides
were seeded with HCT 116 colorectal carcinoma cells using a silicone isolator and sprayed with NEDC both with and without 500
uM NH4F. MALDI-MSI revealed several lipid peaks in the single cell imaging analyzed with negative polarity. Interestingly, HCT
116 cells imaged with NEDC and 500 uM NH.F again displayed enhanced lipid signal relative to NEDC with no additive (Figure 4
& Figure S10/S11). In total 11 lipids were selected for single cell MALDI-MSI analysis. Mainly, Pl and PE lipids were detected; for
example, m/z 885.5473 (PI 38:4) shown in Figure 4, which exhibited a signal enhancement of 37.5% with the additive compared to
samples without. Most lipids analyzed in the single cell imaging displayed an enhancement around 20% with the additive.
Intriguingly, all P1 lipid species analyzed displayed statistically significant increase in lipid signal when imaged with 500 pM NH4F.

Lipid peaks were again manually validated using a spectral library created by LC-MS/MS data.
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Figure 4. MALDI-MSI of HCT 116 colorectal carcinoma cells sprayed with NEDC + 500 uM NH4F, acquired in negative ion mode. Two

wells of a Press-to-Seal Silicone Isolator were used for analysis for both conditions with three images collected in each well. The spatial
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localization of m/z 885.5473 (Pl 38:4) can be seen in all 12 images taken. Images were spatially segmented based on the top 100 intervals
and normalized by TIC. Scale bar = 300 um. Lipid assignment was based on LIPID MAPS and a spectral library created with LC-MS/MS
data. Statistical analyses were performed with n = 6 for each condition.

Our experimental setup allowed for in situ single cell imaging of HCT 116 colon carcinoma cells grown in two-dimensions
(2D). Within the same imaging run for each condition, we captured both isolated single cells and clusters of cells typically seen within
a 2D cell culture environment. Statistically significant increase in lipid signal was noticed for 8 out of 11 lipids analyzed. We have
again showcased how the simple addition of NH4F as a comatrix additive with NEDC can provide enhanced anionic lipid signal using

MALDI-MSI.

CONCLUSION

In this study, we examined the effect of NH4F as a comatrix additive with NEDC on lipid analysis within different sample
types using MALDI. We found that the addition of NH4F enhances lipid signal intensity in both negative and positive ion modes as
compared to NEDC matrix alone. Enhancement of [M-H] and [M+H]" ions was observed in negative and positive polarity
respectively with the addition of 500 uM NHaF additive. In cell lysate dry drop analysis, lipid signal was enhanced 60 — 150% with
the addition of 500 uM NH4F. Lipid standards showed an increase in signal enhancement of 88 — 214% with 500 M NH4F additive,
depending on lipid class in dry drop analysis in negative mode with the use of MALDI. Spraying NEDC matrix containing 500 uM
NHsF onto lipid standards resulted in a 30 — 83% increase in lipid signal in negative mode with MALDI. Similarly, to dry drop
analyses, MALDI-MSI also resulted in heightened signal intensity of anionic lipids from 10 — 16% in mouse liver and 11 — 38% in
HCT 116 single cell imaging in negative mode. We postulate the reduction in signal enhancement for MALDI-MSI of the liver tissue
is due to the added complexity of imaging a heterogenous tissue, where tissue samples contain many diverse molecules which could
interact with NH4F. Additionally, limited sample ablation with single cell imaging could result in the reduction of signal enhancement
with additives for MALDI-MSI experiments. We attribute the overall increase in lipid signal seen in negative polarity to a proton
transfer reaction taking place during the MALDI process for all sample types. Moving forward, we aim to investigate the mechanism
of the NH4F additive, along with the effect of NH4F in combination with other matrices commonly used in lipid analysis with MALDI.
In summary, this study introduces a straightforward approach to enhance the sensitivity in lipid detection for MALDI analysis and

emphasizes NH4F usage in MALDI-MSI.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website.

10



Chemicals, timsTOF fleX parameters, Echo Rebel Microscope parameters, MALDI data analysis, liquid chromatography-mass

spectrometry, tables & figures (PDF)

MALDI dry drop results for lipid standards and HCT 116 cell lysate, Sprayed matrix results for lipid standards, sodium adduct
formation, MALDI vs. MALDI-2 comparison, statistics for MSI of mouse liver tissue and HCT 116 single cell imaging, liquid

chromatography-mass spectrometry (Excel)

AUTHOR INFORMATION

Corresponding Author

Amanda B. Hummon — Ohio State Biochemistry Program, Department of Chemistry and Biochemistry, and Comprehensive Cancer
Center, The Ohio State University, Columbus, Ohio 43210, United States; orcid.org/0000-0002-1969-9013; Phone: 614-688-2580;

Email: hummon.1@osu.edu

Authors

Joseph H. Holbrook — Ohio State Biochemistry Program, The Ohio State University, Columbus, Ohio 43210, United States;

orcid.org/0000-0002-3729-6832

Emily R. Sekera — Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States;

orcid.org/0000-0002-1668-3227
Arbil Lopez — Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States

Brian D. Fries — Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States;

orcid.org/0000-0002-9259-2351

Fernando Tobias — Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States;

orcid.org/0000-0002-4085-4188

Kubra Akkaya — Department of Biological Chemistry and Pharmacology, The Ohio State University, Columbus, Ohio 43210, United

States

Maria M. Mihaylova — Ohio State Biochemistry Program, Department of Biological Chemistry and Pharmacology, Comprehensive

Cancer Center, The Ohio State University, Columbus, Ohio 43210, United States; orcid.org/0000-0002-2725-767X

11


mailto:hummon.1@osu.edu

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The authors acknowledge the financial support from National Institutes of Health (NIH) (RO1GM110406, R21AG062144), NIH

Director’s New Innovator Award (DP2CA271361), V Foundation Scholar Award, and startup funds from The Ohio State

Comprehensive Cancer Center. Additionally, we would like to acknowledge the graphical abstract was created with Biorender.com.

REFERENCES

(1)

)

3)

(4)

(5)

(6)

()

(8)

Fahy, E.; Cotter, D.; Sud, M.; Subramaniam, S. Lipid Classification, Structures and Tools. Biochimica et Biophysica Acta (BBA)
- Molecular and Cell Biology of Lipids 2011, 1811 (11), 637-647.

Guo, R.; Chen, Y.; Borgard, H.; Jijiwa, M.; Nasu, M.; He, M.; Deng, Y. The Function and Mechanism of Lipid Molecules and
Their Roles in The Diagnosis and Prognosis of Breast Cancer. Molecules 2020, 25 (20).

Patel, A.; Antonopoulou, I.; Enman, J.; Rova, U.; Christakopoulos, P.; Matsakas, L. Lipids Detection and Quantification in
Oleaginous Microorganisms: An Overview of the Current State of the Art. BMC Chemical Engineering 2019, 1 (1), 13.

Lee, H.-C.; Yokomizo, T. Applications of Mass Spectrometry-Based Targeted and Non-Targeted Lipidomics. Biochemical and
Biophysical Research Communications 2018, 504 (3), 576-581.

Eberlin, L. S.; Liu, X.; Ferreira, C. R.; Santagata, S.; Agar, N. Y. R.; Cooks, R. G. Desorption Electrospray lonization Then
MALDI Mass Spectrometry Imaging of Lipid and Protein Distributions in Single Tissue Sections. Anal. Chem. 2011, 83 (22),
8366-8371.

Wang, Y.; Hummon, A. B. MS Imaging of Multicellular Tumor Spheroids and Organoids as an Emerging Tool for Personalized
Medicine and Drug Discovery. J Biol Chem 2021, 297 (4), 101139-101139.

Mezger, S. T. P.; Mingels, A. M. A.; Bekers, O.; Cillero-Pastor, B.; Heeren, R. M. A. Trends in Mass Spectrometry Imaging for
Cardiovascular Diseases. Analytical and Bioanalytical Chemistry 2019, 411 (17), 3709-3720.

McDowell, C. T.; Klamer, Z.; Hall, J.; West, C. A.; Wisniewski, L.; Powers, T. W.; Angel, P. M.; Mehta, A. S.; Lewin, D. N.;
Haab, B. B.; Drake, R. R. Imaging Mass Spectrometry and Lectin Analysis of N-Linked Glycans in Carbohydrate Antigen—

Defined Pancreatic Cancer Tissues. Molecular & Cellular Proteomics 2021, 20.

12



(9) zemski Berry, K. A.; Hankin, J. A.; Barkley, R. M.; Spraggins, J. M.; Caprioli, R. M.; Murphy, R. C. MALDI Imaging of Lipid
Biochemistry in Tissues by Mass Spectrometry. Chem. Rev. 2011, 111 (10), 6491-6512.

(10) Wang, C.-C.; Lai, Y.-H.; Ou, Y.-M.; Chang, H.-T.; Wang, Y.-S. Critical Factors Determining the Quantification Capability of
Matrix-Assisted Laser Desorption/lonization— Time-of-Flight Mass Spectrometry. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences 2016, 374 (2079), 20150371.

(11) Perry, W. J.; Patterson, N. H.; Prentice, B. M.; Neumann, E. K.; Caprioli, R. M.; Spraggins, J. M. Uncovering Matrix Effects on
Lipid Analyses in MALDI Imaging Mass Spectrometry Experiments. Journal of Mass Spectrometry 2020, 55 (4), e4491.

(12) Yang, K.; Han, X. Accurate Quantification of Lipid Species by Electrospray lonization Mass Spectrometry — Meets a Key
Challenge in Lipidomics. Metabolites 2011, 1 (1), 21-40.

(13) Ellis, S. R.; Paine, M. R. L.; Eijkel, G. B.; Pauling, J. K.; Husen, P.; Jervelund, M. W.; Hermansson, M.; Ejsing, C. S.; Heeren,
R. M. A. Automated, Parallel Mass Spectrometry Imaging and Structural Identification of Lipids. Nature Methods 2018, 15 (7),
515-518.

(14) McMillen, J. C.; Fincher, J. A.; Klein, D. R.; Spraggins, J. M.; Caprioli, R. M. Effect of MALDI Matrices on Lipid Analyses of
Biological Tissues Using MALDI-2 Postionization Mass Spectrometry. Journal of Mass Spectrometry 2020, 55 (12), e4663.

(15) Wang, H.-Y. J.; Liu, C. B.; Wu, H.-W. A Simple Desalting Method for Direct MALDI Mass Spectrometry Profiling of Tissue
Lipids. Journal of Lipid Research 2011, 52 (4), 840-849.

(16) Angerer, T. B.; Bour, J.; Biagi, J.-L.; Moskovets, E.; Frache, G. Evaluation of 6 MALDI-Matrices for 10 Mm Lipid Imaging
and On-Tissue MSn with AP-MALDI-Orbitrap. J. Am. Soc. Mass Spectrom. 2022, 33 (5), 760-771.

(17) Leopold, J.; Popkova, Y.; Engel, K. M.; Schiller, J. Recent Developments of Useful MALDI Matrices for the Mass Spectrometric
Characterization of Lipids. Biomolecules 2018, 8 (4).

(18) Griffiths, R. L.; Bunch, J. A Survey of Useful Salt Additives in Matrix-Assisted Laser Desorption/lonization Mass Spectrometry
and Tandem Mass Spectrometry of Lipids: Introducing Nitrates for Improved Analysis. Rapid Communications in Mass
Spectrometry 2012, 26 (13), 1557-1566.

(19) Zhou Ping; Altman Eleonora; Perry Malcolm B.; Li Jianjun. Study of Matrix Additives for Sensitive Analysis of Lipid A by
Matrix-Assisted Laser Desorption lonization Mass Spectrometry. Applied and Environmental Microbiology 2010, 76 (11),
3437-3443.

(20) Choi, H.; Lee, D.; Kim, Y.; Nguyen, H.-Q.; Han, S.; Kim, J. Effects of Matrices and Additives on Multiple Charge Formation
of Proteins in MALDI-MS Analysis. Journal of The American Society for Mass Spectrometry 2019, 30 (7), 1174-1178.

(21) Weigand, M. R.; Yang, M.; Hu, H.; Zensho, C.; Laskin, J. Enhancement of Lipid Signals with Ammonium Fluoride in Negative
Mode Nano-DESI Mass Spectrometry Imaging. International Journal of Mass Spectrometry 2022, 478, 116859.

(22) Wang, W.; Cole, R. B. Enhanced Collision-Induced Decomposition Efficiency and Unraveling of Fragmentation Pathways for

Anionic Adducts of Brevetoxins in Negative lon Electrospray Mass Spectrometry. Anal. Chem. 2009, 81 (21), 8826-8838.

13



(23) Gonzalez-Riano, C.; Gradillas, A.; Barbas, C. Exploiting the Formation of Adducts in Mobile Phases with Ammonium Fluoride
for the Enhancement of Annotation in Liquid Chromatography-High Resolution Mass Spectrometry Based Lipidomics. Journal
of Chromatography Open 2021, 1, 100018.

(24) Yanes, O.; Tautenhahn, R.; Patti, G. J.; Siuzdak, G. Expanding Coverage of the Metabolome for Global Metabolite Profiling.
Anal. Chem. 2011, 83 (6), 2152—-2161.

(25) Cheng, S.; Chan, T.-W. D. Use of Ammonium Halides as Co-Matrices for Matrix-Assisted Laser Desorption/lonization Studies
of Oligonucleotides. Rapid Communications in Mass Spectrometry 1996, 10 (8), 907-910.

(26) Cuypers, E.; Claes, B. S. R.; Biemans, R.; Lieuwes, N. G.; Glunde, K.; Dubois, L.; Heeren, R. M. A. ‘On the Spot’ Digital
Pathology of Breast Cancer Based on Single-Cell Mass Spectrometry Imaging. Anal. Chem. 2022.

(27) Kruve, A.; Kaupmees, K. Adduct Formation in ESI/MS by Mobile Phase Additives. Journal of The American Society for Mass
Spectrometry 2017, 28 (5), 887-894.

(28) Mirabelli, M. F.; Zenobi, R. Observing Proton Transfer Reactions Inside the MALDI Plume: Experimental and Theoretical
Insight into MALDI Gas-Phase Reactions. Journal of The American Society for Mass Spectrometry 2017, 28 (8), 1676-1686.

(29) Szaéjli, E.; Feheér, T.; Medzihradszky, K. F. Investigating the Quantitative Nature of MALDI-TOF MS. Molecular & Cellular
Proteomics 2008, 7 (12), 2410-2418.

(30) Zhu, X.; Xu, T.; Peng, C.; Wu, S. Advances in MALDI Mass Spectrometry Imaging Single Cell and Tissues. Frontiers in
Chemistry 2022, 9.

(31) Franck, J.; Arafah, K.; Elayed, M.; Bonnel, D.; Vergara, D.; Jacquet, A.; Vinatier, D.; Wisztorski, M.; Day, R.; Fournier, I.;
Salzet, M. MALDI Imaging Mass Spectrometry: State of the Art Technology in Clinical Proteomics. Mol Cell Proteomics 2009,
8 (9), 2023-2033.

(32) Séupékova, K.; Dewez, F.; Walch, A. K.; Heeren, R. M. A.; Balluff, B. Morphometric Cell Classification for Single-Cell
MALDI-Mass Spectrometry Imaging. Angewandte Chemie International Edition 2020, 59 (40), 17447-17450.

(33) Boggio, K. J.; Obasuyi, E.; Sugino, K.; Nelson, S. B.; Agar, N. Y.; Agar, J. N. Recent Advances in Single-Cell MALDI Mass
Spectrometry Imaging and Potential Clinical Impact. Expert Review of Proteomics 2011, 8 (5), 591-604.

(34) Ginzberg, M. B.; Kafri, R.; Kirschner, M. On Being the Right (Cell) Size. Science 2015, 348 (6236), 1245075.

14



