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ABSTRACT: Mass spectrometry imaging (MSI) encompasses a
powerful suit of techniques which provide spatially resolved atomic
and molecular information from almost any sample type. MSI is now
widely used in preclinical research to provide insight into metabolic
phenotypes of disease. Typically, fresh-frozen tissue preparations are
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considered optimal for biological MSI and other traditional preservation FEPE

methods such as formalin fixation, alone or with paraffin embedding tissue PE (36:4) - FFPE neg
(FFPE), are considered less optimal or even incompatible. Due to the | ] X, Y stage

prevalence of FFPE tissue storage, particularly for rare and therefore

high-value tissue samples, there is substantial motivation for optimizing IR Laser

MSI methods for analysis of FFPE tissue. Here, we present a novel
modality, atmospheric-pressure infrared laser-ablation plasma postioniza-  sample preparation free analysis of FFPE and fresh tissue by MS!

tion (AP-IR-LA-PPI), with the first proof-of-concept examples of MSI

for FFPE and fresh-frozen tissues, with no post-sectioning sample preparation. We present ion images from FFPE and fresh tissues in
positive and negative ion modes. Molecular annotations (via the Metaspace annotation engine) and on-tissue MS/MS provide
additional confidence that the detected ions arise from a broad range of metabolite and lipid classes from both FFPE and fresh-
frozen tissues.

Archival storage of human tissues is routine practice, that retaining the antigen retrieval step may, in fact, be
typically involving formal fixation and paraffin-embedding beneficial for certain lipid classes.” Analysis of FFPE tissue was
(FFPE) methods. Preservation by FFPE allows room temper- also recently carried out with a novel device (SpiderMass) and
ature storagel, § enabling effective analysis of tissues many glycerol/IPA tissue treatment.” While these reports show great
decades later. *~ Despite these positive characteristics, for mass promise, improvements in both the range of species detected
spectrometry imaging (MSI) analysis, there are concerns and the reduction or removal of additional sample processing
relating to the washing out of soluble molecules during the would be beneficial.

fixation and dehydration steps of the FFPE process. The Matrix-assisted laser desorption ionization (MALDI) MSI
resulting presence of paraffin subsequently prevents the

analysis of FFPE tissues by MSI without further, potentially
deleterious, sample preparation steps. These heating, solvent
wash, and antigen retrieval steps are also likely to delocalize
and remove compounds of interest such as metabolites and
lipids.”

MSI of FFPE tissues has been carried out for protein and

. 4 BT

peptide analyses,” and more recently, the reproducibility of

analysis of FFPE, fresh, or other tissue also requires addition of
a matrix chemical. Introduction of this coating is known to
potentially introduce artifacts such as analyte delocalization by
crystal formation® or solvent”'’ or exposure to vacuum in
sublimation deposition.'' Therefore, development of matrix-
free methods is additionally desirable.

these methods via interlaboratory studies have been evaluated.’ Received: February 10, 2022
Analysis of metabolites in FFPE tissues by MSI was shown for Accepted:  May 23, 2022
the first time by Walch and co-workers.” Antigen retrieval steps Published: July 7, 2022

in these workflows can be omitted when targeting metabolite
and lipid analyses. Despite this, a recent publication on the
analysis of FFPE tissue by MSI for lipid detection has shown
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Postionization for MSI at atmospheric pressure has
developed rapidly in recent years with dielectric barrier
discharge (DBD) devices'” being employed to interact with
ejected plume material and ionize molecules present. Using a
low temperature plasma (LTP) pen device, several groups have
demonstrated the promise of plasma postionization. Moon and
co-workers first introduced AP MSI with plasma postionization
for small molecules.'””> Our own work demonstrated AP
MALDI and LDI plasma postionization MSI for lipid
analysis."*'®> Winkler and co-workers employed matrix-free
AP LDI plasma for analysis of plant tissue.'® Recently, a
commercially available in-line DBD plasma device became
available, with its first demonstration for AP MALDI MSI
plasma postionization'” and subsequent AP LDI MSI in
different configurations.'®'” Infrared lasers have been used for
AP (MA)LDI MSI with electrospray as the postionization
method, termed LAESI or MALDESL*’ These important
studies have shown the promise of IR MALDESI for tissue
imaging, primarily although not exclusively with water ice as
the matrix.”"**

Within the study presented here, a novel ion source,
atmospheric-pressure infrared laser-ablation plasma postioniza-
tion (AP-IR-LA-PPI) MS], is introduced (see Supporting
Information (SI), SI Figure S1). With no post-tissue-sectioning
sample preparation, proof-of-concept MSI data from fresh-
frozen (FF) and formalin-fixed paraffin-embedded (FFPE)
tissues were collected and analyzed. The data sets were
uploaded to Metaspace™ (see SI for web link to view data and
materials and methods information), and these outputs are
used to make preliminary assessments of metabolite and lipid
detection from FFPE and fresh-frozen tissues. The relationship
for inlet capillary temperature and example mean on-tissue
negative ion spectra from FFPE kidney tissue are shown in
Figure 1 with negative ion FF and positive ion spectra shown
in SI Figures S2 and S3. Example plasma background spectra
are shown in SI Figure S4, and example images for background
ions are shown in SI Figure SS.

The inlet capillary temperature was found to influence
detected ion intensity with varying optima observed for
different species in FF and FFPE tissues. Two examples are
shown for glutamine and PE (38:5) assigned ions from FFPE
kidney tissue (Figure 1A and B) showing optimal temperatures
of ~250 and 400 °C, respectively. The background ion signal
increases at higher temperatures for glutamine, although this is
not observed in the equivalent FF tissue data (SI Figure S6).
Subsequent MSI experiments were carried out with capillary
temperatures of 250 and 400 °C for low (80—305 Da) and
high (300—1000 Da) mass range data sets, respectively (Figure
1C and D, SI Figures S2 and S3) to align with these
approximate optimal temperatures. These trends indicate
complex interaction involving analyte physicochemical proper-
ties, plume dynamics and inlet parameters. Therefore,
mechanistic studies will be of great interest in the future.

Rich spectra were observed across all examined tissues with
candidates from a variety of molecular classes readily observed.
No clear tissue endogenous species were observed without
plasma postionization. Prominent peaks are labeled with
Metaspace annotations in Figure 1C and D and SI Figures
S2 and S3, providing examples of the spectral information
obtained from each of these samples and polarities, although
multiple assigned identities are possible for many ions, as is
typical. The number of assigned identities are similar to other
data sets in Metaspace collected by more established methods
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Figure 1. Ion intensity vs inlet capillary temperature for (A)
glutamine and (B) PE (38:5) in FFPE tissue and mean negative
ion mode on-tissue spectra from low (C) and high (D) m/z FFPE
kidney tissue MSI data sets. Ions denoted with m/z and an asterisk are
example background ions.

such as MALDI and DESI MSI and compare favorably to
many (SI Table S1). The number and range of the assigned
species show the promise of this tissue sampling and ionization
configuration for sample preparation-free analysis of FFPE and
FF tissues. The FFPE and FF kidney tissues are not matched
tissues, shown from the mean spectra in Figure 1 and SI
Figures S2 and S3), so quantitative comparisons should not be
made between them. However, these data will still function
well as a guide for detection of predominant ions in these
tissues and as a general indication of the performance of this
ion source. Example ion images from negative and positive
FFPE and FF tissue data are shown in Figure 2. Qualitatively,
all data sets collected show a large number and variety of ion
images corresponding to kidney histology, comparable to
similar pixel size MS images from fresh-frozen kidney analyzed
by more common modalities such as MALDI or DESL**~*¢
These images show a range of distributions corresponding to
aspects of kidney anatomy. The displayed negative ion FFPE
data show some relatively homogeneous distributions in, for
example, succinate (m/z 117.0192) and adenine (m/z
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Figure 2. Example images from FFPE and FF, negative and positive
ions identified by Metaspace. Numerous endogenous ions are
detected with good signal intensities and a variety of spatial
distributions for FFPE and FF tissues.

134.0470) as well as ions more prominently localized in the
cortex (lysoPE (22:6)) (m/z 524.2788). Within the FF data,
glucose (m/z 179.0560) shows highest intensity in the
medulla, and the distribution of Cer (44:1) (m/z 676.6612)
is localized exclusively within the approximate renal pelvis
region, a little observed distribution within these data.
Additionally, the assignment of kynuramine (Figure 2, FFPE
positive ion, m/z 165.1022) and niacinamide indicate the
potential strength of this ion source as an alternative to, for
example, MALDI or DES], as these molecules are assigned in
very few data sets in Metaspace. On-tissue MS/MS data were
also acquired for both FFPE and FF samples with 18 ions
showing matched fragments, supporting their identities by
MyCompoundID*” including succinate, kynuramine, glucose,
niacinamide, vitamin D, HODE, FA (20:4), and PS (38:4) (SI
Table 2).

When reviewing these data sets in Metaspace, assignments
are present which are more associated with the background
signal rather than tissue endogenous ions, potentially
indicating that their assignments are erroneous. These ions
may derive from paraffin in the case of FFPE tissue, from
plasma-ionized laboratory air, from capillary carry-over
phenomena, and fragmentation products. We include addi-
tional discussion on the background signal for these data in the
SI (page S11). Erroneous assignments of background ions are
common when automating assignment in MSI generally and
indicate that caution is still necessary when interpreting
putative assignments.

Further to spectral summaries and example images, an
evaluation of the common chemical annotations provided by
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Metaspace is presented. Example images for the unique and
shared annotations across the tissues and polarities are shown
in Figure 3. Molecular assignments for FF and FFPE kidney
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Figure 3. Summary of unique molecular identities with example ion
images for positive and negative ion modes and FFPE and FF mouse
kidney tissue MSI data. (Top) Euler plot showing set intersection for
all Metaspace coannotated chemical formulas for each tissue and
polarity. (A—P, bottom) Example ion images corresponding to the
same letter- and color-labeled regions of the Euler plot, giving
examples of uniquely or codetected ions across polarities or tissues.

tissues MSI data sets show both common and unique
identities. The Euler plot (Figure 3, top) shows the set
intersections for coannotated chemical formulas.

As expected from the spectral overviews (Figure 1, SI
Figures S2 and S3), there is overlap of assignments between
the FF and FFPE tissues for a given polarity, but additionally,
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there is overlap between positive and negative ion mode data
sets as well, although to a lesser extent. Example ion images are
also shown in the lower portion of Figure 2, with all
Metaspace-derived putative IDs shown corresponding to either
[M + H]* or [M — H] ™ ions. Ion images A—P (Figure 3) are
displayed as examples of the primary regions in the Euler plot,
with letter-matched labels. Here, images of uniquely matched
ions are shown across A—D. Images of assigned ions common
to two data sets are shown from E to L and across all four data
sets from M to P. As discussed, a portion of these ions may be
incorrectly assigned, but we still consider this evaluation of
coannotation to be informative. Encouragingly, given the very
different sample processing steps applied to FFPE tissue
compared to FF, those ions with shared matched identities also
show similar spatial distributions, either between FFPE and FF
(G/H, 1/]), positive and negative ion (E/F, K/L), or across all
four (M—P). Several interesting spatial distributions are also
observed here including image D, where a distribution in the
pelvic region (or local adipose tissue) and parts of the capsule
are seen, in common with a similar recently published TG
distribution in MALDI MSL.*®

The study presented here goes beyond previous approaches
for the analysis of FFPE tissue removing the need for all
sample pretreatment when analyzing FFPE tissues. This
approach enables the detection and imaging of a broad range
of low mass metabolite and lipid species to complement more
common approaches such as UV-MALDI and DESI MSL
Removing the need for additional sample preparation is
potentially of great benefit for FFPE tissue due to the likely
deleterious influence of wax removal on metabolites and lipids
that have survived the initial FFPE process. Further, the need
to add a matrix for MALDI analysis can be avoided, removing
another sample preparation step that can bias ionization and
cause analyte migration prior to analysis. The ability to analyze
material without sample preparation may also prove powerful
for native MSI of biological samples. This promising new ion
source can allow FFPE and other “incompatible” sample forms
to be analyzed more readily by MSI and, in the future,
potentially bring great added value to the suite of MSI
techniques available to the community.
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