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a b s t r a c t

Formalin fixation (FF) is widely used in pathology labs due to its ability to prevent tissue degradation and
better preserve tissue morphology, thereby enabling long-term storage especially when combined with
paraffin embedding. The detection of lipids and metabolites has recently been demonstrated from
formalin-fixed paraffin-embedded (FFPE) tissues with matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI). However, the resulting lipid profiles differ markedly from those
typically generated from fresh frozen tissue. To shed light onto the effects of formalin-induced modifi-
cations on lipids in tissues 24 h-formalin-fixed and untreated mouse and rat kidney tissues were
compared using time-of-flight matrix-assisted laser/desorption-mass spectrometry imaging (MALDI-
MSI) and Fourier transform MALDI-MSI combined with tandem mass spectrometry. These analyses
revealed distinct and class-specific depletion of ion signals of certain lipid species upon formalin fixation,
in particular for those containing amine functionalities. As MSI moves closer towards clinical application
and necessitates increased analysis of formalin fixed tissues our results provide a route to rationalize the
observed tissue-dependent lipid compositions observed from such tissues.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Formalin fixation (FF), especially when combined with paraffin
embedding, is the gold-standard approach for tissue preservation
in pathology. The mechanism of preservation arises from the
formalin-induced chemical modification of biomolecules, primarily
via the reaction of formaldehyde with primary amines and thiols
[1]. The most common outcome of this reaction is the crosslinking
of biomolecules through the formation of methylene bridges which
deactivates enzymatic activity enabling long term storage. Despite
the induced chemical modifications a variety of molecular analysis
methods have demonstrated that FF tissues can still yield rich
biochemical information [2e7].

The detection of lipids and metabolites has recently been
demonstrated from formalin-fixed paraffin-embedded (FFPE) tis-
sues using matrix-assisted laser desorption/ionization mass spec-
trometry imaging (MALDI-MSI) [8,9]. Importantly, the resulting
spectral profiles were found to enable tissue-type differentiation
between two renal tumor types and revealed tissue-specific
. Ellis).
distributions. However, the observed lipid profiles differed mark-
edly from those typically generated from fresh frozen tissue, con-
sisting of notably less detected lipid species than typically observed
from fresh frozen tissue. These differences were largely attributed
to lipid removal during the tissue processing steps that require
organic solvents, as has also been reported using ultrahigh per-
formance liquid chromatography [7]. However, it is reasonable to
expect lipid alterations also originating from the fixation process
itself [10]. Using extracts from cell cultures Cacciatore et al. re-
ported that themajority of lipid species can still be detected after FF
[7]. However, little information on the changing ion abundances
and the possibility of class-specific depletion induced by FF was
provided. Such depletion has previously been observed for FF brain
extracts analyzed with LC-MS/MS [10]. Furthermore, previous MSI
studies have observed spectral changes when analyzing FF tissues
compared to fresh frozen tissues [11e13], although broad identifi-
cation based on both high mass accuracy and MS/MS as well as
detailed insight into the changing ion abundances of many lipid
classes was not provided. Given the increasing role of MSI in clinical
research [14,15] and its potential for tissue classification based on
local lipid composition it is important to understand the alterations
in lipid profiles induced by FF and FFPE in tissues analyzed by MSI.

In this study we explicitly investigate the effects of FF on the
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nature and abundance of lipid signals observed frommouse and rat
kidney tissue using time-of-flight MALDI-MSI and Fourier trans-
form MALDI-MSI combined with tandem mass spectrometry. By
exploiting the high mass accuracy and monoisotopic precursor ion
selection these results unequivocally demonstrate the broad lipid
class-specific depletion of ion signals observed during direct MSI
analysis of untreated and FF tissues using high confidence, on-
tissue lipid identifcation. They also confirm previous studies
demonstrating high quality MSI can be obtained for many lipid
species from FF tissues. These results can help researchers ratio-
nalize and understand the observed MSI data from FF and FFPE
tissues and determine if and how reflective they are of the native
tissue environment.

2. Experimental

2.1. Materials

ULC/MS-CC/SFC grade methanol absolute and water was pur-
chased from Biosolve Chimie SARL (Dieuze, France). Anhydrous
chloroform, crystalline norharmane (C11H8N2), and zinc sulfate
heptahydrate (99% A.C.S. reagent) was purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). Formalin fixative (3.7-
4.0%) containing zinc sulfate (�1% according to manufacturer) and
acetate buffered at pH 5.6-5.8 (Unifix) was purchased from Klini-
path BV (Duiven, The Netherlands). Indium tin oxide-coated
conductive (ITO) glass slides (RS 4-8 U/sq) were purchased from
Delta Technologies Ltd (Loveland, Colorado, USA). Hematoxylin
solution modified according to Gill and entellan® new was pur-
chased fromMerck KGaA (Darmstadt, Germany). Eosine-Y, Alcholic
was purchased from Avantor® Performance Materials B.V.
(Deventer, the Netherlands), and cover slips purchased from
Thermo Scientific (Waltham, Massachusetts, USA).

2.2. Sample preparation

Twomouse kidneys were sourced from the same animal at John
Hopkins University School of Medicine under the ethical approval
by the Institutional Animal Care and Use Committee at the Johns
Hopkins University School of Medicine (MO17M190). Two rat kid-
neys were sourced from the same rat at Maastricht University
Medical Centre under the ethical approval by the institution's re-
view board, the Animal Ethical committee, the Inspection for Ani-
mal Welfare and the Dutch Central Committee of Animal
experiments (AVD107002016720). All organs were snap frozen by
immediately transferring them into liquid nitrogen after removal
and stored at �80 �C until fixation and/or sectioning. One kidney of
each animal was fixed for 24 h in a zinc sulfate buffered formalin
fixation solution following a standard pathology protocol. Prior to
fixation tissue was first acclimated for an hour at �20 �C after
removing it from�80 �C. This was followed by moving the sections
to room temperature for an hour to ensure they were completely
thawed before emerging them in the fixation solution. After fixa-
tion for 24 h the fixation solution was removed and the fixed kid-
neys were stored back at �80 �C until sectioning. The other kidney
of each animal was left untreated and kept at �80 �C until
sectioning. Both fixed and untreated kidneys were transversally
sectioned at the thickest part of the kidneys at �20 �C on a Microm
HM525 cryotome (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA). Sections were cut 10-12 mm thick and thaw-mounted
onto ITO glass slides.

For the MALDI-TOF measurements slides were coated with 8
layers of norharmane matrix solution (7mg/mL norharmane in 2:1
chloroform:methanol (v:v)). An automated TM-Sprayer (HTX
Technologies, LLC, North Carolina, USA) was used for matrix
application with a flowrate of 0.12mL/min, 30 s drying time be-
tween each layer and a temperature of 30 �C. Slides for MALDI-
Orbitrap analysis were prepared using identical parameters, but
coated with 15 layers of norharmane matrix.

AfterMSI slides were subsequently washedwith 2 x 70% ethanol
followed by Milli Q water for 3min each before staining with he-
matoxylin for 3min. Excess of hematoxylin was removed with a
3min water wash followed by eosin staining for 30 s followed by
another 3min water wash to remove the excess of eosin. This was
followed by a 1min ethanol wash and 30 s xylene wash before
coverslips were placed on top of the slides using Entellan as a
mounting medium to adhere the coverslips to the sections. Optical
images of the H&E stained tissues were acquired using a MIRAX
scanner (Zeiss, Breda, The Netherlands).

Washing of the untreated rat kidneys with zinc sulfate was
performed by submerging a slide with rat kidney sections in a 1%
zinc sulfate solution in water for 30 s.
2.3. MALDI-MSI measurements

All MALDI-TOF-MSI was acquired at 50 mm spatial resolution on
a rapifleX MALDI-ToF/ToF instrument [16] (Bruker Daltonik GmbH,
Bremen, Germany). Tissues from each kidney (mouse and rat) were
analyzed in both negative-ion and positive-ion mode using adja-
cent sections for each polarity and data acquired in them/z range of
200e2000. The laser scanned across a 45x45 mm2 area using a
50x50 mm2 raster size with 200 laser shots summed for each po-
sition. Laser power and focus were optimized for each tissue
section.

MSI experiments at high mass resolution and accuracy were
performed using an Orbitrap Elite Mass Spectrometer (Thermo
Fisher, Bremen, Germany) equipped with an ion-funnel based
MALDI interface (Spectroglyph LLC, Kennewick, WA, USA) as
recently reported [17]. Three untreated and FF mouse kidney sec-
tions were each measured in the negative-ion mode at a pixel size
of 50 x 50 mm2 between m/z 200-2000. Data was acquired using a
nominal mass resolution of 240,000 (FWHM at m/z 400), an in-
jection time of 250m s and a laser repetition rate of 1 KHz. In
addition, one FF and unfixed section from both mouse and rat
kidney tissues was analyzed in positive- and negative-ion mode
using the data-dependent acquisition (DDA)-imaging method as
recently described [18]. Data was acquired using a stage step size of
25 x 50 mm2. This approach acquires one full-scan Fourier transform
mass spectrometry spectrum in the Orbitrap and one DDA-MS/MS
scan in the ion trap at each 50 x 50 mm2 area of tissue. Acquisition in
this manner allows simultaneous acquisition of both a high mass
resolving power MSI dataset, accurate mass measurements of all
detected lipids and ion trap MS/MS spectra of lipids using mono-
isotopic precursor selection. DDA-imaging was performed in both
negative-ion and positive-ion mode on consecutive tissue sections
and data acquired within the m/z range 200e2000 using an ion
injection time of 250m s and a nominal mass resolution of 240,000
(FWHM at m/z 400) for the Orbitrap (MSI) scans. Typical mass ac-
curacy was �2 ppm. Both ion activation and mass analysis of the
fragment ions were performed in the dual pressure linear ion trap
using resonant collision-induced dissociation (CID). In negative-ion
mode fragmentation was performed using a normalized collision
energy of 38 (manufacturer units) and an activation q of 0.25. In
positive-ion mode fragmentation was performed at a normalized
collision energy of 30 (manufacturer units) and an activation q of
0.17 to allow for the detection of the low m/z fragment ion at m/z
184 produced from PC and SM lipids.
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2.4. MSI data analysis

MALDI-ToF data was imported into SCiLS software version
2016b (SCiLS GmbH, Bremen, Germany) for further analysis. To
define regions-of-interest (ROIs) and extract region-specific spectra
MSI data was co-registered with the optical images of the post-MSI
H&E-stained tissues sections.

High mass resolution imaging data (excluding DDA-imaging
data) was converted into imzML using ImageInsight software
(Spectroglyph LLC, Kennewick, WA, USA) and imported into SCiLS
software and the publicly accessible METASPACE annotation plat-
form [19]. Regions-of-interest (ROI) were manually defined by vi-
sual correlation with the H&E stained tissues. ROI-spectra were
then extracted from the cortex and medulla regions of each section
and loaded in to mMass software [20] for peak picking and peak
intensity determination. For MSI data visualisation this data was
also converted to mzXML format using RawConverter software [21]
and visualized using in-house scripts for MATLAB (version R2014a,
The MathWorks, Natick, USA) as previously described [17].

DDA-imaging data was converted to mzXML format using a
RawConverter [21] and analyzed using in-house scripts for MATLAB
(version R2014a, The MathWorks, Natick, USA) as described above
and previously [18]. DDA-MS/MS data was analyzed using Thermo
Xcalibur 2.3.26 (Thermo Fisher, Bremen, Germany).

2.5. Lipid identification

Accurate m/z values for precursor ions obtained from the Orbi-
trap data were used to first determine the sum-composition for-
mula of the detected lipid species. Supporting sum-composition
fragments or those allowing assignment of individual acyl chains
were acquired from theDDA-MS/MS data of the untreated tissues.
Assignment of the fragments in the MS/MS spectra was performed
using the online ALEX123 database (http://alex123.info/ALEX123/
MS.php) and the proposed nomenclature by Pauling et al. for all
identified fragments reported in the ALEX123 database [22]. In some
cases several supporting fragments not reported in the ALEX123

databases were also observed and annotated based on prior liter-
ature reports [23].

Selected MS/MS measurements were performed using higher-
energy collisional dissociation (HCD) combined with Orbitrap
detection of fragment ions to aid in the identification of several
unknown ion species. HCD spectra were obtained using a 1.0 Da
isolation window, a normalized collision energy of 40 (manufac-
turer units) and detection of fragment ions at a mass resolution
setting of 240,000 (FWHM atm/z 400) in the Orbitrap. HCD-MS/MS
spectra were acquired from a selected list of precursor ions using a
5000m s injection time while continuously moving the stage over
the tissue at 1mm/s. Data for each precursor was acquired for 2min
prior to spectral averaging for analysis.

For both broader identification of sum-composition lipid species
and determining the percentage contribution of each lipid class to
the total identified lipid signal in the mouse kidney dataset the
ALEX123 software package was used [18,24,25]. For each replicate
an average spectrum of each sample was first generated. Average
spectra were then used to identify lipids using an m/z tolerance of
±2.5mDa, a relative intensity threshold of 0.1% base peak intensity
(defined as the most intense identified lipid in the averaged
spectra) and searching for the following lipid classes as [M-H]- ions:
PA, PE, PS, PI, PG, their corresponding ether and lyso variants,
SHexCer, Cer, GM1, GM2, GM3 and CL. The percentage contribution
of each lipid class to the total identified lipid signal was then
calculated using Tableau Desktop version 2018.2 (Tableau Software,
CA, USA). Finally the percentage contribution of each class within
fixed and unfixed replicate was averaged to generate the final
dataset.

3. Results & discussion

Three transversal sections taken from both untreated and
formalin fixed (FF) mouse kidney tissue were analyzed using
MALDI-TOF-MSI in both negative-ion and positive-ion mode.
Analysis of this data revealed drastic differences in the mean
spectra generated from the cortex and medulla regions from un-
treated and FF tissues (Fig. 1). Spectra from individual sections are
provided in Supporting Information Figs. S1 and S2. In particular,
the depletion of a variety of lipid-related peaks is observed in the
negative-ion mode upon FF, especially in the m/z 700-850 range.
We note the additional freeze/thaw cycle undergone by the fixed
tissue is expected to have a negligible influence on the observation
made during this study. Previous work has demonstrated that the
primary artefact induced by repetitive freeze/thaw cycles is an in-
crease in free fatty acid signals, and this effect becomes more
pronounced with more cycles. Given only one additional freeze/
thaw cycle was performed, and that no increase in free fatty acid
signals is observed in the fixed tissue, this effect on the data anal-
ysis can be excluded.

Fig. 2 shows selected ion images and narrow m/z ranges ac-
quired from a single FF and untreated mouse kidney tissue sections
in the negative-ionmode. These data reveal in greater the detail the
specific depletion of certain lipid signals upon FF. The corre-
sponding mean spectra and MSI data from all replicates are pro-
vided in Fig. S3 and are consistent with the data shown in Fig. 2.
Fig. 2AeC shows example ion distribution images and spectral
ranges that show little alteration upon FF, Importantly, and in line
with earlier reports [8,11,12], consistent ion images are observed
from both fixed and unfixed tissues indicating that the solvent-
based fixation process does not significantly alter the spatial dis-
tributions of lipids detectable in FF tissues. In contrast, Fig. 2D and E
shows example ion images and spectral ranges acquired in the
negative-ion mode that are significantly depleted upon FF (e.g.,m/z
766.5 and 810.5). Several ions are also observed at higher abun-
dance upon FF, for example m/z 799.5 shown in Fig. 2F, that is
observed primarily from the cortex regions of the kidney. Analo-
gous changes are also observed from identically-treated rat kidney
tissues (Figs. S4eS5). The potential influence on the obtained
spectra by the zinc sulfate present in the fixation solution was also
investigated. Spectra acquired from fresh frozen tissue with and
without washing in 1% aqueous zinc sulfate solution are provided in
Supporting Fig. S6. Although a strong desalting effect was observed
in the washed tissue leading to a reduction of [MþNa]þ and
[MþK]þ ions, crucially, the detected lipid species and classes were
very similar, providing evidence the observed spectral changes are
not the result of the zinc sulfate within the fixation solution.

The above results provide evidence of class-specific lipid
depletion of ion signals upon FF. To elucidate the specific lipid
classes affected by FF we further analyzed both FF and fresh frozen
mouse and rat kidney tissues using high mass resolution MALDI-
MSI and MS/MS. Fig. 3 shows the average ion intensities for a va-
riety of lipid species detected in the cortex and medulla regions of
three untreated and FF mouse kidney sections. MS/MS data sup-
porting the molecular-lipid species lipid identifications are pro-
vided in the Supporting Information (Figs. S7eS12). As these
comparisons are made from the same tissue regions comprising
similar original compositions the observed differences must arise
via FF-induced processes. Fig. 3A and B shows the intensities of
several phosphatidylethanolamines (PE) and phosphatidylserines
(PS) lipid species. Both PE and PS lipids show a dramatic and sta-
tistically significant reduction in signal intensity after FF that is
consistent with prior observations using both MSI and LC-MS/MS

http://alex123.info/ALEX123/MS.php
http://alex123.info/ALEX123/MS.php


Fig. 1. Mean cortex and medulla spectral comparison of the generated MALDI-TOF data acquired in negative-ion (A) and positive-ion (B) mode. Data was acquired from untreated
(n¼ 3, top, red trace) and formalin fixed (n¼ 3, bottom, blue trace) mouse tissues. Intensities have been normalized to the most abundant lipid-related peak in each spectrum. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[10,11] and the known mechanism of formalin fixation. More spe-
cifically, formalin reacts with the primary amine groups of the PE
and PS headgroups, effectively crosslinking the lipids with other
amine-containing lipids and proteins. This crosslinking is hypoth-
esized to inhibit the extraction of free lipids into the matrix and
their subsequent ionization by MALDI. Phosphatidic acid (PA)
species show a varied response upon fixation (Fig. 3C). The ions
corresponding to [PA(18:0_18:1)-H]- and [PA(18:0_22:4)-H]-

remaining relatively unaffected by fixation. This can be rationalized
by the lack of an amine group in PA lipids. In contrast
[PA(18:0_20:4)-H]- shows an apparent ~2 fold reduction upon FF.
This result is initially surprising due to the lack of an amine group
that can undergo crosslinking. However, PA lipids can also form via
in-source fragmentation of other phospholipids, most significantly
from PS lipids following loss of the serine headgroup (�87 Da).
Thus part of the [PA(18:0_20:4)-H]- ion population likely arises
from the abundant [PS(18:0_20:4)-H]- species that is reduced upon
FF (Fig. 3B). Thus results for PA lipids reflect a convolution of both
endogenous PA lipids and those arising from in-source fragmen-
tation of other lipid species. Phosphatidylinositol (PI) lipids showed
a ~2-fold reduction after FF (Fig. 3D). We speculate this is due to
either minor degradation of endogenous lipids during the fixation
process and/or partial reaction of the hydroxyl groups of PI with
formalin. Phosphatidylglycerol (PG) remains largely unaffected by
fixation (Fig. 3E). This is in contrast to previous work that has re-
ported both a decrease [10] and an increase [11] in PG ion in-
tensities after FF, although we note we only observed one PG
species at sufficient intensity for analysis. Interestingly both sulfa-
tides (SHexCer, Fig. 3F) and cholesterol sulfate (CholS, Fig. 3G)
exhibited higher intensities after FF within the medulla. This
observation can possibly be explained by an increase in ionization
efficiency, resulting from the decreased amounts of other phos-
pholipids classes that may lead to charge competition and ioniza-
tion suppression. A similar effect resulting in increased signals for
glycosphingolipids following removal of phospholipids using a
phospholipase C digestion protocol has been reported previously
by Vens-Cappell et al. [26].

From a broader lipidomics perspective, Fig. 4 shows the changes
in relative contributions to the total identified sum-composition
lipid signal (cf., “Lipid Identification” section in the Methods) ob-
tained from both fixed and unfixed mouse kidney tissues in the
negative-ion mode MS1 data (i.e., lipids are assigned based on ac-
curate m/z values). The full list of identified sum-composition lipid
species is provided in Supporting Information Table S1. Consistent
with the above, Fig. 4 shows an increased contribution from sul-
fatides and a reduced contribution from a variety of lipid species, in
particular PI, PE and PS species. We note that the relative decrease
in PE species appears to be less than that shown in Fig. 3. This is due
to the MS1-based identification routine incorrectly assigning
several ions originating from the in-source fragmentation of PC
species to their corresponding [M-CH3]- ions as isomeric deproto-
nated PE lipids. For example based only on accurate mass m/z
718.5386 is assigned as [PE(34:0)-H]-. However, MS/MS data re-
veals an almost exclusive presence of 16:0-related fragments,
suggesting this ion is instead [PC(32:0)-CH3]- (data not shown).
Fig. 5 shows the corresponding ion distribution images for all
species discussed above in Fig. 3 and reveal consistent ion distri-
butions for all lipid species observed in both untreated and FF



Fig. 2. Selected m/z ranges and ion images in the negative-ion mode that were (AeC) not significantly altered upon fixation, (D, E) depleted upon fixation and (F) enhanced upon
fixation of the mouse kidney tissue. Spectra represent the average signal acquired from all three technical replicates while one representative MSI dataset from each fixed and
unfixed dataset is shown. All spectra have been normalized to their base peak and all images normalized to the total-ion-current and generated using hotspot removal (quantiles of
the image have been calculated between 0 and 99.0%). MSI data correspond to the labeled peak in each case and optical image of the post-MSI H&E stained tissue are provided
adjacent to the MSI data (note some distortion of the fixed tissues during H&E staining was observed. This distortion was not observed in the optical image of the sample prior to
MSI, neither is it observed in the MSI data itself. This post-MSI distortion thus does not influence the acquired spectra data. ROI's are consistent with the optical images acquired
prior to MSI where cortex and medulla regions are also visible).
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tissues. For interested readers the complete negative-ion mode
datasets from each mouse kidney replicate can be accessed via the
METASPACE online annotation platform (https://metaspace2020.
eu/) [27]. Similar class-dependent depletion of lipid signals was
also obtained in rat kidney tissue sections (Supporting Information
Figs. S13 and S14).

An interesting observation in negative-ion mode was the pres-
ence of the [M þ HSO4]- adducts for sphingomyelin (SM) in the
fixed mouse and rat kidney tissue. Frommouse kidney tissue, these
ions were observed in the Orbitrap data at m/z 799.5274 and m/z
911.6524 (m/z 799.5 is also shown in Figs. 1 and 2). The measured
m/z values provided in the high resolution Orbitrap analysis yielded
no logical matches in either the LIPIDMAPS database or the ALEX123

lipid calculator. However, HCD-MS/MS spectra for these ions
(Supporting Information Figs. S15eS18) revealed a sole fragment
ion at m/z 96.9603 for both precursors which was assigned to the
HSO4

� anion (mass errors �2.5 ppm). This anion formed following
neutral losses of 702.5662 and 814.6909 from the precursor ions at
m/z 799.5274 and 911.6524, respectively. These neutral losses
correspond to the neutral masses of the sphingomyelin (SM)

https://metaspace2020.eu/
https://metaspace2020.eu/


Fig. 3. Barplot comparison of the absolute ion intensities acquired from the cortex and medulla of fixed and unfixed mouse kidney tissue sections (n¼ 3 each) for selected lipid
species representative of seven different lipid classes. (A) phosphatidylethanolamine (PE), (B) phosphatidylserine (PS), (C) phosphatidic acid (PA), (D) phosphatidylinositol (PI), (E)
phoshpatidylglycerol (PG), (F) sulfatide (SHexCer) and (G) cholesterol sulfate (CholS). Significant changes (P< 0.05) between the untreated and the fixed tissues are indicated using
an asterix. Error bars represent ±1 standard deviation.

Fig. 4. Barplot showing the changes in contribution of lipid classes to the total identified lipid signal (cf., “Lipid Identification” section in the Methods) from fixed and unfixed mouse
kidney tissue (n¼ 3 each). Error bars represent ±1 standard deviation.
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species SM 34:1;2 and SM 42:1;2 (�2.8 ppm and �3.0 ppm),
respectively, providing strong evidence for the assignment of these
ions as [M þ HSO4]- ions of these SM lipids. The source of the
hydrogen sulfate is likely from the zinc sulfate containing formalin
solution. The ability to detect SM lipids in the negative-ionmode, in
addition to the more acidic sphingolipids such as SHexCers, can
allow the direct correlation of their distributions within a single
dataset that could serendipitously prove beneficial in the study of



Fig. 5. MALDI-Orbitrap ion distribution images for the lipid species shown in Fig. 3. Each image has been normalized per-pixel to the total ion count and plotted against the
maximum normalized intensity observed from the untreated (fresh frozen) tissues, with the exception for SHexCer and CholS images that are plotted against the maximum
normalized intensity observed from the FF tissues. Confirmatory MS/MS spectra are provided in the Supporting Information.
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sphingolipid metabolism.
Taken together, the above results rationalize the observations in

the initial MALDI-TOF data shown in Figs. 1 and 2. In Fig. 2 the
presence of ions at m/z 837.5, 861.5 and m/z 878.5 that are not
massively depleted upon FF is observed. Using the DDA-imaging
data these ions are identified as [PI(16:0_18:1)-H]-, [PI(18:0_18:2-
H]- and [SHexCer(22:0; 1_18:1; 2)]-, respectively and are lipid
classes that do not contain an amine group and are thus expected to
be tolerant to FF. On the other hand, the ions observed atm/z 766.5
and m/z 810.5 (Fig. 2D and E) are identified as [PE(18:0_20:4)-H]-

and [PS(18:0_20:4)-H]- ions, respectively. These both correspond to
amine-contacting lipids and their signal depletion is consistent
with the known mechanisms of fixation. Finally, as described
above, the ion detected at m/z 799.5 in Fig. 2 is assigned as a
[M þ HSO4]- ion of SM 34:1; 2 and is an artefact of the sulfate-
containing formalin solution.

In the positive-ion mode the combined high mass accuracy and
MS/MSmeasurement enabled the differences shown in Fig.1B to be
identified. As expected positive-ion mode spectra were dominated
by PC and SM lipids in both FF and untreated tissues. Although at
first look the spectra appear similar, being dominated by abundant
[MþH]þ ion in both cases, an increase in alkali adducts, most
notably [MþNa]þ ions, is also observed in the untreated tissues. The
shift towards protonated ions in the fixed mouse and rat tissue is
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attributed to the aqueous fixation solution which effectively
removes endogenous sodium and potassium from the tissue. This
effect is analogous to studies utilizing aqueous washing to desalt
tissues prior to MSI [28,29] and is consistent with work demon-
strating a shift in adduct formation of PC lipids before and after
fixation, with the specific shift depending on the composition of the
formalin fixation solution [11,12]. However, [MþNa]þ and [MþH]þ

adducts of different PC lipid species can remain unresolved even
with the high mass resolving power realized here. To demonstrate
the shift towards protonated species in the FF tissue we have
analyzed the CID-MS/MS spectra acquired from precursor ions of
m/z 782.57 and m/z 810.60 in both positive-ion mode datasets.
These two ion populations represent isobaric combinations of [PC
36:4 þ H]þ/[PC 34:1 þ Na]þ and [PC 38:4 þ H]þ/[PC 36:1 þ Na]þ

respectively. In the untreated tissue both the 59 and 183 neutral
loss fragments are observed at high abundance and are attributed
to the losses of N(CH3)3 (�59 Da) and phosphocholine (�183 Da)
respectively (Supporting Information Figs. S19a and S20a (from
mouse tissue) and S21a, S22a (from rat tissue)). These fragment
ions are known to form to a far greater extent for alkali adducted PC
lipids compared to their protonated variants [30], thereby
providing evidence for a significant population of [MþNa]þ ions. By
contrast, in the fixed tissue the m/z 184 fragment is formed almost
exclusively and is the main expected fragment from protonated PC
lipids (Supporting Information Figs. S19b and S20b (from mouse
tissue) and S21b, S22b (from rat tissue). These data demonstrate
that FF does not significantly influence the detection of PC and SM
lipids in positive-ion mode but simply results in a shift in adduct
profile. In this case this results in the almost exclusive formation of
protonated PC lipids in the fixed tissue.
4. Conclusion

Using MALDI-MSI combined with accurate mass measurements
and MS/MS we have systematically investigated the effect of
formalin fixation on lipids in kidney tissue, a widely used model
tissue for MSI studies. In line with the known crosslinking mech-
anism of formalin our results show a significant depletion of ion
signals from primary amine containing phospholipids, namely PE
and PS that is consistent with earlier reports [10,11]. We did not
observe potential intermediate reaction products of the fixation
process such as N-formylation N-methylation as previously re-
ported for LC-MS [10] or cross-linked lipid species. The latter
observation can be rationalized by the generation of a cross-linked
network of lipids and proteins. Although the depleted lipids only
contain a single amine group they may still form an interconnected
covalent network with other cross-linked species that is not effi-
ciently extracted into the matrix, ionized, and that exceeds the
accessible mass range. It is noteworthy that despite the solvent-
based fixation procedure high quality MSI data can still be ac-
quired from fixed tissues for many different classes with minimal
delocalisation compared to unfixed tissues (e.g., Figs. 2 and 4). The
potential recovery of cross-linked lipids by optimized antigen
retrieval steps may provide an exciting future avenue of research to
increase the lipid coverage achievable when analyzing FF tissues.

FF is not used in isolation, but routinely in combination with
paraffin embedding (FFPE tissues). Given the recent demonstration
of lipid detection from clinically-relevant FFPE tissues using
MALDI-MSI and the potential diagnostic power of such analyses [8]
our results can help rationalize the detected lipid species in these
applications (independent of potential losses arising from the
paraffin embedding process itself) and provide insight into the
biochemical conclusions that can, and cannot, be drawn in these
studies.
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