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Zusammenfassung:

Der Schwerpunkt der vorgelegten Dissertation liegt in der optimierten Probenpraparation von Rohgewe-
beproben fir die bildgebende matrix-unterstitzte Laser Desorptions/lonisations Massenspektrometrie
(MALDI MSI). Um qualitativ hochwertige MSI-Analysen zu gewéhrleisten, muss die Gewebeintegritét er-
halten bleiben. Mit anderen Worten, die Analyten miissen in den Gewebeproben exakt lokalisiert bleiben,
wahrend die Empfindlichkeit der Messung durch optimierte Einbettung von Molekllen in die MALDI-
Matrixkristalle erhéht wird.

Eine der Haupteinschrédnkungen und -herausforderungen in MALDI MSiI ist die rdumliche Auflésung. Mat-
rixkristalle, die kleiner als der emittierte Laserstrahl sind, stellen einen Schilisselparameter fiir eine Mikro-
meterauflésung in MALDI MSI dar. In der vorgelegten Dissertation wird eine selbstgebaute Sublimations-
apparatur vorgestellt, die eine optimierte Matrixapplikation mit kleinen KristallgroBen fiir verschiedene gan-
gige Matrices ermdglicht. Sublimationsbedingungen flir hochvakuumstabile MALDI-Matrices wurden f(ir
eine quantitative Sublimation etabliert und in Kombination mit einem verbesserten Matrix-Rekristallisati-
onsverfahren konnte eine Standardisierung des Matrixauftrages sowie eine einfache Handhabung erreicht
werden. Eine umfassende, theoriegeleitete Studie zur Reproduzierbarkeit und Homogenitat des Auftrages
sowie zur Matrixkristallisation, die von unterschiedlichen Oberflachen, Kihltemperaturen und Rekristalli-
sation beeinflusst wird, wird vorgestellt.

Die Implementierung des neu entwickelten Matrix-Sublimations- / Rekristallisationsprozesses in MSl fiihrte
zu einer schnellen und robusten Probenvorbereitungsstrategie, geeignet fiir verschiedene Probentypen.
Folgenden Projekte profitierten wesentlich von der entwickelten Methodik: (a) Sekundarmetaboliten, frei-
gesetzt von Rhizoctonia solani und Trichoderma atroviride wahrend Mykoparasit-Wirt-Wechselwirkungen,
wurden direkt auf Kultivierungsmedien untersucht, (b) Immunzellansammlungen wurden in humanem Ko-
longewebe visualisiert und mehrere proteinartige Marker spezifischen Kolonstrukturen zugeordnet, (c) hu-
mane, bdsartige Pleuramesotheliom (MPM) -proben von einem mit Cisplatin als Zytostatikum behandelten
Patienten wurden analysiert. Letzteres Projekt diente dazu, die Methodik an ihre Grenzen zu bringen. In
einem multimodalen Bildgebungsverfahren (MMI), das zwei komplementére MSI-Modalitdten kombiniert,
namlich Laserablation mit einem induktiv gekoppelten Plasma als lonenquelle fir die Massenspektrometrie
(LA-ICP-MS) und MALDI MS, konnte ein Maximum an Information von einem einzelnen Gewebeschnitt
erfasst werden. Die entwickelte Strategie zur Probenvorbereitung erméglichte die Erzeugung von Bildern
durch MALDI MSI, die die Verteilung von Lipidspezies zeigen, die vorzugsweise im positiven oder negati-
ven lonenmodus gemessen werden kénnen. Ein Arbeitsablauf wurde entwickelt, der MALDI MSI und LA-
ICP-MSI Daten mit fortgeschrittener statistischer Analyse kombiniert, um vollstandige Informationen Gber
Lipidverteilungen und Quantifizierung von Elementen mit Fokus auf Phosphor und Platin zu liefern.



Abstract:

The focus of the present thesis lies on optimized sample preparation of raw tissue samples for matrix-
assisted laser desorption/ionization mass spectrometric imaging (MALDI MSI). For high quality MSI anal-
yses tissue integrity has to be preserved. In other words, analytes have to be kept correctly localized within
the tissue samples while increasing the sensitivity of the measurement by optimized embedding of mole-
cules in the MALDI matrix crystals.

One of the major limitations and main challenges in MALDI MSI is spatial resolution. Matrix crystals being
smaller than the emitted laser beam are one key parameter for micrometer-resolution in MALDI MSI. In
the present thesis an in-house built sublimation apparatus is introduced allowing for optimized matrix ap-
plication exhibiting small crystal sizes for various commonly used matrices. Sublimation conditions for high-
vacuum stable MALDI matrices were established for quantitative sublimation and in combination with an
enhanced matrix recrystallization process, standardization of matrix application and ease of handling was
achieved. A comprehensive, theory-driven study on deposition reproducibility and homogeneity as well as
matrix crystallization affected by differing surfaces, cooling temperatures and recrystallization is presented.
Implementation of the newly developed matrix sublimation/recrystallization process in MSI led to a quick
and robust sample preparation strategy suitable for various sample types. The following projects essen-
tially benefited from the developed methodology: (a) secondary metabolites released during mycoparasite-
host interactions of Rhizoctonia solani and Trichoderma atroviride were studied directly from cultivation
media, (b) immune cell accumulations in human colon tissue were visualized and several proteinaceous
markers for specific colon structures could be identified, (c) human malignant pleural mesothelioma (MPM)
samples from a patient treated with cisplatin as cytostatic agent were analyzed. The latter project was key
to test the methodology for its limits. In a multi-modal imaging (MMI) approach that combined two comple-
mentary MSI modalities, namely laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) and MALDI MS, maximum information was gathered from a single tissue section. The developed
sample preparation strategy allowed to generate images by MALDI MSI showing lipid distribution of spe-
cies preferentially measured in positive or negative ion mode. A workflow combining MALDI MSI and LA-
ICP-MSI data in combination with advanced statistical analysis was also developed to provide full infor-
mation on lipid distributions and quantification of elements, with a focus on phosphorus and platinum.
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1 MASS SPECTROMETRIC IMAGING

Mass spectrometric imaging (MSI) is a powerful imaging technique for visualizing the spatial distribu-
tion of chemical components in samples, from inorganic to organic materials. MSl is a label-free tech-
nigue and enables to monitor thousands of compounds in a single experiment -3. Owing to its unique
characteristics, especially the non-targeted detection of analytes, MSI has been rapidly and continu-
ously developed to meet the expectations and needs of various research areas. The most relevant
mass spectrometry techniques for molecular and elemental imaging currently are MALDI MS (matrix-
assisted laser desorption/ionization mass spectrometry), DESI MS (desorption electrospray ionization
mass spectrometry), SIMS (secondary ion mass spectrometry), and LA-ICP-MS (laser ablation in-
ductively coupled plasma mass spectrometry).

Among the several mass spectrometric ionization techniques that can be used to directly analyze
tissues, MALDI has led the way in the development of biological and clinical applications for MSI and
is therein one of the most commonly used techniques #°. By using appropriate sample preparation
for biological samples, distributional information on a wide range of molecules, e.g., metabolites, gly-
cans, lipids, or proteins can be recorded in situ. These biomolecules are essential components that
control both the structural and functional behavior of every cell within every tissue of a living organism,
making MALDI MSI a promising discovery tool.

MALDI is based on the application of a matrix on the top of the sample, facilitating co-crystallization
of matrix and analytes. Herein, the MALDI matrix must be capable of strongly absorbing the photon
energy emitted by the laser pulse to promote efficient desorption and subsequent ionization of ana-
lytes 10 (detailed reviews of the mechanisms of MALDI can be found elsewhere '-4). Commercially
available lasers include pulsed nitrogen (N2, A = 337 nm), frequency tripled neodymium-doped yttrium
aluminum garnet (Nd:YAG, A = 355 nm) and neodymium-doped yttrium lithium fluoride (Nd:YLF, A =
349 nm) lasers for UV radiation.

Figure 1 depicts the MALDI MSI workflow in a simplified manner. In principal, a frozen tissue is cut in
sections, mounted on target plates suitable for MALDI, and homogenously covered with matrix. Next,
a laser beam is rastering spot-by-spot over a defined surface area, thereby desorbing/ionizing ana-
lytes that are subsequently extracted into the mass spectrometer for analysis. Images of single ions
are then generated with the relative abundances displayed as a false colorimage across the analyzed
region of interest (ROI) 3.
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Figure 1: Simplified representation of a MALDI MSI workflow - from tissue section to the visualization of selected ions. Subli-

mation of 1,5-DAN (0.24 mg/cm?), negative ion mode (reflectron geometry), 100 shots/spot, 48354 spots. Data is normalized
to the total ion current.



As with any methodology, one of the most crucial steps for analytical success is proper sample prep-
aration. In MSI experiments, sample preparation aims to generate reliable data directly from tissue
sections. The structural integrity and morphology of the tissue must be maintained from the time of
sample collection and pre-handling until analysis without delocalization and degradation of the ana-
lytes of interest. In other words, the chemical distribution image must resemble the original biological
state in situ as accurate as possible (Figure 2). The sample handling must be consequently optimized
regarding the characteristics of the MSI instrument, the nature of the sample and the analytes of
interest. Herein, one has to keep in mind that “small mistakes can lead to big consequences” 6. Thus,
a considerable number of excellent overview papers have been published that discuss the different
sample preparation approaches and possibly occurring problems 3 17-21,
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Figure 2: Selected ion distributions exhibit no visible analyte delocalization at a spatial resolution of 10 um. Proteins: sublima-
tion of SA (0.25 mg/cm?) and recrystallization with 5% AcOH (3.8 min), positive ion mode (linear geometry). Lipids: sublimation
of 1,5-DAN (0.24 mg/cm?) and recrystallization with 5% AcOH (1 min), negative ion mode (reflectron geometry). For further
information on sublimation and recrystallization refer to chapter 4, p. 54.



Several factors are critical for successful sample preparation in MSI, ranging from sample collection
and storage, sectioning and mounting to the selection and application of the appropriate matrix 6.
MALDI matrix application is one of the main challenges as it directly affects the attainable spatial
resolution. Consequently, in MALDI MSI, most of the focus for sample preparation has been on the
matrix application process. Particularly matrix crystal size and application consistency 162223 prove
difficult to reach subcellular resolution, i.e., imaging at a lateral resolution below 10 um. Thus, matrix
application strategies providing highly reproducible matrix depositions along with crystals being sig-
nificantly smaller in diameter than both the laser spot and the single cell are mandatory for MALDI
MSI below the cellular level. The matrix deposition technique has to be carefully considered with
respect to the investigated molecules and the spatial resolution desired 9. Matrix preparation must
produce a uniform coating of crystals with sufficient amount and density to permit sampling of the
surface without having regions that are absent of signal. Most important, the localization of the ana-
lytes of interest throughout the tissue must be conserved. Furthermore, the best matrix application
method would provide appropriate analyte extraction without any lateral diffusion, small crystal sizes,
as well as homogeneous application. Unfortunately, to date no universal method exists and matrix
deposition must be optimized in function of the objective of the analysis.

MALDI MSI has several limitations, some of which are inherent in the LDI process and others in the
performance of instrumentation. Besides tissue heterogeneity and sample topography, one of the
inherent limitations is the ion suppression effect that hampers direct quantitation from a tissue section,
demanding for sophisticated quantitation strategies. A further limitation is the laser spot size and the
trade-off between image resolution and sensitivity. The smaller the spot size the less material is de-
sorbed/ionized, significantly decreasing signal intensity.

I GENERAL REMARKS AND THESIS OUTLINE

Rodent brain tissue remains the most commonly analyzed tissue type in MSI because of its wide
availability 2#25 and was used as specimen for method development throughout the whole thesis.

All MALDI experiments have been performed using a TOF/RTOF mass spectrometer from Bruker
(ultrafleXtreme™). If not otherwise stated, tissue sections were prepared at a thickness of 10 pm and
imaging data are normalized to the total ion current.

Chapter 1 gives a brief overview of MSI and discusses sample preparation for MALDI MS imaging
with focus on fresh frozen tissue, pretreatment of tissue sections, and MALDI matrix application. Op-
tional chemical and molecular tissue modifications are briefly overviewed but not discussed in detail,
as they were not of special interest for this thesis. Specific issues of mass analyzers and data analysis
in MALDI MSI are also discussed in this chapter. Chapter 2 provides specific methodological consid-
erations for MALDI MSI. Chapter 3 summarizes all manuscripts published and drafted during this
thesis. These manuscripts and articles are provided in Chapter 4, 5, 6, 7, and 8.



A SAMPLE ACQUISITION AND PREHANDLING: RAW TISSUE

Sample collection and treatment procedures need to be sufficiently fast in order to prevent tissue
degradation 26. Subsequent stabilization/fixation steps are necessary to keep the morphology and
analytes preserved 27. So, time is a critical factor to protect samples from potential endogenous en-
zymatic degradation 2831,

The most common and fastest stabilization method is snap-freezing by exposing the tissue to a cry-
ogen such as liquid nitrogen, liquid isopentane or a dry ice-solvent (e.g., ethanol/hexane) 19 3233,
Immediate freezing of tissue samples after dissection minimizes tissue degradation as well as oxida-
tion of biomolecules 3435,

Generally, rapid plunging of the tissue into cryogenic solutions should be avoided as the freezing
process can lead to sample cracking and tattering as different parts of the tissue cool down at different
rates. Instead, depending on the nature of the tissue and the feasibility, the sample should be
wrapped in loose foil (e.g., aluminum) and gently floated or immersed in the cryogenic solution to
prevent tissue damage 26 36. Additional care must be taken to avoid deformation of the tissue by the
freezing container. Another promising approach applied is tissue freezing on a dry-ice chilled steel
plate. However, freezing must be rapid as too long freezing times may induce the formation of sizea-
ble ice crystals within the tissue causing cell disruption and consequently tissue tearing during cryo-
sectioning.

Unfixed, frozen tissue samples can be stored for a minimum of a year (below -80 °C) without any
significant degradation of proteins and lipids but is not advised longer 3+ 37. For long-term storage,
effective deactivation of proteolytic enzymes by microwave irradiation 38 or heat denaturation is rec-
ommended to minimize the sample aging effect. For the latter, a heat fixation device was introduced,
utilizing conductive heating under reduced pressure to rapidly eliminate enzymatic degradation in
tissue samples 3940, Concerning photosensitive samples, exposure to light must be avoided not only
during preparation but also during storage to omit potential molecular degradation.

|  EMBEDDING OF TISSUE

As for histological analysis, also for MSI tissue samples have to be sectioned using a microtome.
While snap-frozen tissue can be cryo-sectioned and analyzed advantageously without any embed-
ding, in most cases morphologically very inhomogeneous tissues or fragile samples demand for sup-
porting media. Thus, prior to sectioning, embedding of such tissues is highly recommended. Work-
flows developed for microscopy and histology are straight forward and have been successfully
adapted also for MSI 7. Yet, there are a few considerations being unique to tissue analysis by MALDI
MSI. Unfortunately, many of the embedding media used in conventional histopathology practice are
polymer-based and thus are incompatible with MALDI MS 3. Common examples include optimal

cutting temperature (OCT TissueTek) media and carboxymethylcellulose (CMC). OCT has been



associated with smearing across the tissue surface during sectioning 3. These polymers are then
easily ionized by the MALDI process and are likely to cause contamination and ion suppression 36 41,
In contrast to OCT, a low percentage of CMC (2 - 4%) in solution produces only little chemical con-
tamination 42 during the MALDI process.

However, as OCT comprises a mixture of water-soluble polyethylene glycols and resins, it is well
suited for MSI analysis of hydrophobic species such as lipids, which are not affected by aqueous
washing procedures such as immersing tissue sections in a 50 mM ammonium acetate solution (pH
6.7, 4 °C) #3 prior to MSI analysis. Besides, OCT can be used to affix the tissue to the sample holder
of the cryotome. By leaving sufficient distance between the polymer and the blade passing through
the tissue, the sample can be sectioned without contamination.

Paraffin is a widely used embedding medium providing morphological stability and analyte preserva-
tion. So, paraffin is the most common used medium in pathology and histology. However, paraffin
shows high background signals in MALDI and so tissue sections must be de-paraffinized after cutting,
e.g., by washing extensively in organic solvents such as xylene and alcohols 4.

The use of gelatin 4546 or sucrose #’ is applied to facilitate precise sectioning of tissue samples without
introducing interferences to the MS analysis. Additionally, ice has been successfully employed as

MSI compatible embedding medium 48 and is often used in sectioning whole animals for MALDI MSI
49-50

Il SECTIONING OF TISSUE

MS imaging requires thin, flat tissue sections (see Surface Morphology & Sample Complexity,
chapter 2B, p.23). In case of MALDI, the aim during tissue sectioning is to cut through the majority of
cells and expose their contents to enable analyte co-crystallization with ionization assisting matrices.
Optimization of the cutting temperature and thickness are required to produce high-quality sections
for MALDI MS imaging. The sample stage temperature is typically maintained between -5 and -25
°C, depending on the tissue type. For tissues comprising high fat content (e.g., rodent brain) lower
temperatures are required to achieve high quality sections ®'. Tissues are generally sliced to the
typical thickness of mammalian cells (10 - 20 um) to obtain representative cuts through the majority
of cells, exposing their intracellular contents for analysis 3. In TOF-based MS analysis, sectioning of
tissues is typically performed between 3 and 20 um. Tissue sections thinner than 3 um may show a
decrease in signal intensities, whereas sections thicker than 30 um may cause surface charge effects
attended by signal decay %2 along with increased background signals. Besides, thicker tissue sections
take longer to dry which can cause cracking of the sections %, and, because they are insulating

samples, can adversely affect the performance of the mass analyzer 5'.



Il MOUNTING OF TISSUE SECTIONS

After sectioning, the sample is transferred to an appropriate substrate. For MSI, tissue sections are
mounted onto stainless steel MALDI plates or indium tin oxide (ITO)-coated glass slides 53%4, ITO-
coated targets are more routinely used to analyze tissue samples since their transparent surface
allows for microscopic analysis and still provides electrical conductivity obligatory for instrument ge-
ometries applying high voltage on the sample holder for proper analysis. Prior to sample attachment,
ITO-coated targets can be lysine coated to improve adhesive properties of the sections. Preferably,
tissue sections are transferred onto the substrate either by thaw-mounting 3¢ or through direct fixation
to adhesive double-sided conductive tapes either with incorporated steel filaments or simply copper
bands allowing efficient electrical field transfer. The latter approach is rather used when dealing with
very fragile tissue or whole-body sections by enhancing stability and reducing section distortion and
dislocation of analytes 55-5. Thaw-mounting, whereby the frozen tissue is picked up by gently bringing
it in contact with a warm surface of a glass slide, is most common in MSI. The glass slide with the
applied tissue section is then dried for = 30 min under reduced pressure mostly at room temperature.
Hereafter, glass slides can be mounted on common stainless steel MALDI target holders carrying up
to 5 slides or can be transferred to 50 mL falcon tubes accepting up to 2 slides which are then stored
at -80°C until further use. For the falcon tubes, one must be aware that the mounted tissue sections
are not facing each other to omit harming of the sample. Glass slides holding tissue samples should
be oxygen free, so an exchange to nitrogen is advised to prevent biomolecules from potential oxida-
tion. Thawing of sectioned tissue after storage is a critical point in order to preserve sample and
analyte stability. During thawing, especially water soluble analytes at the tissue surface are prone to
relocation resulting from water condensation 57. To alleviate this problem, thawing under reduced

pressure or air-drying using a gentle stream of Nz is recommended 1627 58,

IV WASHING OF TISSUE SECTIONS TO REMOVE SALT AND OTHER INTERFERENCES

MS imaging depends on efficient desorption/ionization of the surface molecules where some of the
most abundant species can hamper the analysis of some of the minor abundant ones. Lipids and
salts are the major interfering components for protein and peptide analysis 5 5960 gs they are highly
abundant in many classes of biological tissue.

Salts are usually omnipresent, either derived from interstitial fluids or released from ruptured cells
during sectioning . Even though MALDI is a technique known to be moderately sensitive to salt
residues, large quantities decrease signal quality as they suppress ionization through gas-phase ad-
duct formation as well as negatively affect matrix crystallization 15 6263, Additionally, lipids with
charged headgroups (e.g. phospholipids) are favored in ionization and thus lead to ion suppression
for many analytes. Consequently, washing tissue sections with organic solvents is recommended to

increase ion yields for peptides/proteins.
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Figure 3: Direct comparison of 2 washing procedures applied to visualize peptides/proteins in human colon tissue. m/z values
between 4 and 16 kDa are visualized. Left side, outlined in orange: 70% EtOH (30s), 100% EtOH (30s), Carnoy's fluid (2 min),
100% EtOH (30s), ddH.O (30s), 100% EtOH (30s) . Right side, outlined in green: 2x70% EtOH (30s), 100% EtOH (30s).
Sublimation of SA (0.25 mg/cm?) and recrystallization with 5% AcOH (3.8 min), lat.res. 40 pm, positive ion mode (linear geom-
etry), 100 shots/spot, ~17200 spots each.

Commonly applied tissue procedures employ a brief 70% ethanol wash to remove salts and debris
followed by immersion in increasingly higher percentages of ethanol (90-100%) 36. 6568, Under these
conditions, proteins show no significant delocalization 3¢ but a significant raise of signal to noise ratios
for the mass range above 20 kDa ©°. For tissues exhibiting high lipid content additional washes with
less polar organic solvents such as chloroform and xylene are preferred 7°. An approach that utilizes
Carnoy’s fluid, a mixture comprising ethanol, chloroform and acetic acid (6:3:1, v/v/v), has been re-
ported to yield superior results for imaging proteins 6+ 7. Conversely, on-tissue detection of lipid spe-
cies can be enhanced by washing cycles using aqueous buffer solutions such as 50 mM ammonium
acetate (pH 6.7, 4°C) 43,63, 7273,

Figure 3 shows a comparison of two washing procedures, a standard one (right images), and a more
sophisticated protocol (left images), which removes salts and lipids while increasing sensitivity for
masses in the higher mass range (peptides/proteins). Significantly increased ion intensities can be
observed for protein species between 4 and 16 kDa.

Nevertheless, the washing procedure must be optimized for the analyte and tissue of interest, as
different classes of molecules require different treatments. Most important, washing must retain ana-
lyte localization within the tissue while enhancing detection, either by formation of adducts, or by

removing sample constituents that interfere with the ionization process.



V  SPECIFIC MOLECULAR MODIFICATIONS

Besides all the concerns mentioned above further sample preparation issues have to be considered.
The following sections is giving a brief overview of the most important ones.

Formalin Fixation of Tissue

Formalin fixation is a very important procedure in histology and pathology for preserving tissue sam-
ples, owing to the superior preservation of tissue morphology and subsequent ease of storage. For-
maldehyde induces cross-linking of neutral amino groups using methyl bridging 74. The process pre-
serves the tissues’ cellular organizations and anticipates proteolytic degradation. Fixation is per-
formed by immersing the fresh biological sample in a formaldehyde solution (typically 4% v/v formalin
in water) 7 at room temperature. The process requires several hours for the fixative to fully penetrate
the tissue 75. Thus, potential protein and small molecule degradation can occur 34. Formalin fixation
has been shown to be compatible with MALDI MSI by preserving the distribution of metabolites 76 and
commonly detected polar lipids 77-7°. Prior to MSI experiments, peptides/proteins cross-linked in tissue
must get accessible and denatured to be available for desorption/ionization, similar to antigen-re-
trieval methods established for histological analysis 8. Among the washing procedures being applied
for antigen-retrieval, the use of citric acid buffers and extreme pH values showed good results for at
least partially reversing the cross-linking and thus reversing the effect of formalin fixation in part.
Nevertheless, large proteins remain bound by the remaining formalin cross-linking network and pro-
teolytic digestion becomes thus indispensable in order to thoroughly analyze proteins by MSI &'. In
2010, an alternative, non-crosslinking tissue fixative has been introduced, enabling comprehensive
proteomic analyses by MALDI MS] 8,

Chemical Staining of Tissue Sections

Histological or immunohistochemical staining of the tissue section is an optional step in the MALDI
MSI workflow. However, it may be necessary in order to confidently target regions of interest within
the tissue and it definitely is a must if correlation of histology features with the acquired ion images
has to be made 8. Basically, this step can be performed prior to matrix application (pre-MSI) or after
data acquisition (post-MSl).

Pre-MSI tissue staining will ensure the best quality of optical images along with the best correlation
because the tissue is not impaired by the MALDI MS workflow (i.e., tissue preprocessing, matrix
application, laser irradiation). Besides, a number of stains have been shown to be compatible with
MALDI including methylene blue and cresyl violet, unlike the commonly used combination of Hema-
toxylin and Eosin (H&E) dyes (Figure 4) known to suppress protein signals 8384, However, most stain-
ing protocols require numerous incubation steps in aqueous and organic solvents and thus must be
carefully selected and approached with caution as they may impair the molecular composition and

integrity of the tissue.
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Figure 4: Post-MSI H&E stain of (A) a horizontal mouse brain section and (B) a sagittal rat brain section. Darker regions mark
the presence of cell nuclei (Hematoxylin), the pink areas basic structures (Eosin). Matrix removal: rinsing with 100% ACE
(15s), followed by 70% EtOH (15s). Staining: 100% EtOH (30s), 70% EtOH (30s), Hematoxylin (2 min), tab water (5 min),
Eosin (1 min), 2x 70% EtOH (30s), 100% EtOH (30s), 100% iPrOH (1 min).

Performing post-MSI histology has practically no limitations in the choice of staining. Indeed, due to
the high solubility of most matrices in alcohol-water mixtures, the deposited matrix can be easily
removed by immersion in 70% ethanol for 1-2 min . If performed without excessive laser fluence
laser irradiation does not cause significant loss of histological features within the ablated area 85.The
main drawback of this approach is that the tissue sections are often slightly damaged after both,
MALDI MSI analyses and matrix removal 5. So most often, a consecutive tissue section is stained for
image co-registration (MALDI MSI and histology) and used for data acquisition and subsequent data
analysis. However, slight variations in size and shape of the consecutive tissue section may be prob-

lematic for reliable matching of ion and optical images.
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On-tissue Digestion

Direct analysis and imaging of intact proteins is inhibited by the current practical upper limit of TOF-
mass analyzers of about 30 kDa although the theoretical limit for singly charged species is much
larger. In order to bring these proteins into the MS range in situ tryptic digestion has to be performed.
This requires application of a proteolytic enzyme on the surface of the tissue section. For optimal
proteolytic enzyme activity, the sample needs to remain moist at appropriate temperature and pH
according to the enzyme’s preferences. The incubation period ranges from 1 hour up to overnight
depending on the research target. Yet enzyme application is still critical for on-tissue digestion as
excess liquid applied can lead to analyte diffusion during the incubation process and consequently to
a loss in spatial resolution of the underlying proteins. To prevent analyte dislocation, enzymes are
usually applied similar to the MALDI matrix. In general, two methods were generally optimized for
enzyme application: discrete spotting and homogenous spray coating which will be discussed in more
detail in Solvent-based Matrix Application (chapter Bl, p.13). In 2016, a novel approach was intro-
duced that incorporates the MALDI matrix and the proteolytic enzyme onto the target surface prior to
section mounting, thus minimizing the risk of analyte dislocation and simplifying the sample prepara-
tion process 86,

The approach most frequently used in MSI experiments involves application of trypsin to the tissue
surface. The cleaving sites for trypsin, arginine and lysine are very frequent in every protein. Conse-
quently, accessibility of potential cleavage sites is improved, and digestion is more efficient.
On-tissue digestion generates proteolytic peptides of 400 to 3500 Da, which is a mass range where
instrumental sensitivity is higher than that for intact proteins 8. Protein identification can be performed
using tandem mass spectrometry (MS/MS) by efficient fragmentation of selected peptides (e.g., by
collision induced dissociation). However, MS/MS identification may be complicated due to multiple
fragments originating from isobaric peptide ions. On-tissue protein digestion may necessitate further
washing steps, primarily to avoid peptide ion signal suppression and spectra complexity by the pres-
ence of high concentrations of enzymatic autolytic products. Also salts and other ionic compounds
are typically washed off the tissue section after enzymatic cleavage and prior to MALDI matrix appli-

cation.

11



Chemical Derivatization

Although significant amounts of information can be obtained, several classes of molecules are difficult
to ionize and thus analyzed directly by MS. For instance, the main challenges for the detection and
localization of drugs and metabolites within tissue sections rely on low molecular weight background
signals (e.g., matrix induced), poor ionization efficiency and ion suppression, as well as potential
isobaric interferences of endogenous molecules. MALDI MSI usually leads to the detection of the
most abundant, desorbable and ionizable compounds such as soluble proteins below 30 kDa and,
consequently, does not provide access to the less abundant or higher mass molecules .

Chemical derivatization is therefore a common process to improve analyte detection in MS techniques
89, Herein, the addition of a chemical tagging reagent to a specific functional group of the analytes of
interest changes the physicochemical properties of the molecules, converting them in situ to high
ionization-efficiency derivates. Besides, when referring to small molecules, derivatization may shift
the MW of the target analytes beyond the spectral region of matrix interferences 2. Chemical derivat-
ization has been applied successfully for the on-tissue detection of steroids °'-%3, neurotransmitters %
and fatty acids °° but also for large molecules including N-glycans %, mRNAs °7 as well as high mass
proteins 8, Compared to traditional spraying, electrospray deposition has been successfully applied
for derivatization while achieving a high spatial resolution of 20 um .
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B MALDI MATRIX CHOICE AND APPLICATION

Numerous matrices have been evaluated to date, each of these specifically applied to certain classes
of molecules. Among these, several matrices have found popularity for their universal use in MALDI
MSI in positive ion mode including SA (sinapic acid, 3,5-dimethoxy-4-hydroxycinnamic acid) for the
analysis of large molecules such as proteins ', CHCA (alpha-cyano-4-hydroxycinnamic acid) is well
appropriate for lower molecular weight compounds such as peptides % but also metabolites 19, 2,5-
DHB (2,5-dihydroxybenzoic acid) is also suited for imaging small molecules #° and is particularly used
for lipid analysis. 1,5-DAN (1,5-diaminonaphtalene) and proton stripping matrices such as 9-AA (9-
aminoacridine) are the matrices of choice for analysis of small compounds in the negative ion mode
101-102 1 5-DAN is also commonly used for lipid analysis in both positive and negative ion mode 3.
9-AA is reported to facilitate analyzes of small compounds due to absence of matrix ions in the low
molecular mass range 19,

First described for use in MALDI 1%, ionic liquid matrices have also been investigated for MSI. This
class of matrix comprise a conventional matrix (CHCA, SA) mixed with an equimolar content of a
base (e.g., N,N-dimethylaniline). Its use has been reported for analytes exhibiting critical ion yield 105,
enabling improved ionization properties combined with increased S/N ratios'®. The stable state of
liquid matrices facilitates the removal of so-called “matrix hot spots”, allowing analytes to distribute
homogenously inside the applied droplets. However, volatility of the liquid, especially under high vac-
uum, can be unpredictable 107,

A range of inorganic compounds has been used as novel MALDI matrices '98-'13. Since these com-
pounds are usually in a mass range below 100 Da, interferences of matrix ions in the low mass range

are limited to a minimum 114,

| SOLVENT-BASED MATRIX APPLICATION

In solvent-based matrix application methods, the solvent system and the matrix-to-solvent ratio di-
rectly relate to ionization efficiency and crystal size, parameters that must be optimized to match the
analytes of interest and type of tissue under investigation. Solvent systems are ideally very quickly
evaporating to accelerate matrix crystallization and thus favor small crystal sizes while inducing effi-
cient analyte solvation/extraction and avoiding lateral diffusion of analytes across the tissue surface.
Although it is well established that molar analyte:matrix ratios are important for MALDI, today in gen-
eral saturated matrix concentrations are used 1516, Matrix solutions are commonly prepared in a
mixture of water and organic solvent such as methanol, ethanol, acetonitrile or acetone (i.e., 50 -
70%) with a weak percentage (i.e., 0.1 - 0.2%) of acetic or trifluoroacetic acid 3. The latter has been
shown to significantly increase the ionization yield for peptides and proteins in the positive ion mode
7 However, hydrophobic or transmembrane proteins cannot be solubilized using common sample

preparation conditions. For this purpose, MALDI-compatible detergents can be applied, including low
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percentages (i.e., 2 - 3%) of ionic detergents such as sodium dodecyl sulfate (SDS) '8, or non-ionic
detergents such as triton X-100 '8 and n-octyl glucoside '°.

Chemical Printers

Automated spotters are used to prepare samples for MSI by precisely depositing microdroplet arrays
on tissue sections. Two different commercial instruments are the Chemical Inkjet Printer (Chip-1000,
Shimadzu) and the Portrait 630 Spotter (Labcyte). The Chip-1000 utilizes piezoelectric elements em-
bedded in the print heads, while the Portrait 630 uses focused acoustic energy to transfer droplets
from a matrix reservoir to the sample surface. Both instruments exhibit similar specifications, ejecting
matrix droplets with approximately 100 pL in volume, resulting in spots that are less than 150 pum in
cross section dimensions. The sample is placed on a mechanical stage and moved in x-y direction,
to print high crystal density matrix spots in different locations on the tissue section. Contrary to spray
methods, the spatial resolution is in that case limited to the center-to-center spacing between adjacent
microspots. However, the spacing between each spot restricts analyte delocalization to occur within
the given spot size only. Multiple droplet passes favor analyte incorporation and thus result in signif-
icantly improved S/N ratios, particularly for proteins.

Besides tissue profiling, where imaging the whole sample surface is not mandatory, spotting is well
suited for enzyme application prior to matrix deposition on the exact same raster positions 120, By

using this approach, a significant increase in the overall number of proteolytic peptides was reported
87

Manual Spraying

Using an artistic airbrush for liquid matrix deposition is the simplest and least expensive method
available and therefore has been widely used in MALDI MSI 2-123_ Yet it is not fully automated and
thus limited in terms of comparability and reproducibility. Classically, the sprayer is gently moved over
a tissue section mounted on a static sample plate using multiple coating steps. During each spraying
circle the tissue is minimally wetted to avoid molecular diffusion, whilst providing sufficient solvent
amount for analyte extraction to occur. The matrix is permitted to dry on the tissue surface between
passes and coating is repeated until the whole sample is homogenously covered with matrix.

While this can be reproducible between applications by the same trained analyst, person-to-person
variability is high, as there is only limited control of angle adjustment as well as spraying distance and
pressure. Since the focus of the spray is not adjustable and liquid loss during spraying is significantly
high, huge amounts of matrix/solvent volumes are required for airbrush applications. Besides, com-
mercial airbrush devices typically have metal surfaces which can corrode and consequently changing
the performance over time. Besides the disadvantages mentioned above, manual spraying usually

produces low spatial resolution (> 100 um), thus this method is not favored for MSI.
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Automated Spraying

To improve consistency from one analysis to another, the matrix amount deposited on tissue must
be controlled and reproducible, explaining the development of automated devices. Several commer-
cial solutions exist including the SunCollect (SunChrom), ImagePrep (Bruker), and TM Sprayer (HTX
Technologies) 124125, Besides differing in mechanism, these systems allow the matrix to be sprayed
as a fine aerosol to coat the tissue sample, while controlling conditions such as spray pattern, flow
rate, temperature, humidity, drying time or spray focus. Once the methodology is optimized for a
tissue type, parameters may be fixed as a method and recalled, allowing reasonable reproducibility
to be achieved on large sample sets. However, inhomogeneity in crystal size and formation still limits

lateral resolution to = 20 ym 25 and the aerosol-based coating can favor analyte diffusion 126.
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I SOLVENT-FREE MATRIX APPLICATION

Sublimation

Matrix sublimation was first reported by Kim et al. in 1998 27, Since then this method was improved
for several matrices 28 and in recent years it was found that many matrices do not decompose at
elevated temperature under reduced pressure. Sublimation generally yields dry matrix crystals at the
sub-micrometer to 3 um level 64 129-130 gllowing an increased lateral resolution down to 1.4 um 3" and

limited lateral migration of molecules in tissue 17-19. 132,

1,5-DAN 2,5-DHB

SOLVENT-BASED

SOLVENT-FREE

L

Figure 5: Comparison of solvent-based (airbrush) and solvent-free (sublimation) matrix application. 0.25 + 0.02 mg of matrix
per cm?2 glass slide were applied by both methods. Solvent-based: EtOH/ddH.0 (9:1, v/v), 1.5 bar, angle 45°, distance 30 cm.
Solvent-free: sublimation of 25 mg per matrix resulted in a coating of 0.25 + 0.01 mg/cm?. For details on sublimation parameters
refer to chapter 4, p. 54.

Besides significant smaller crystal sizes, sublimation decreases interstitial crystal volume to a mini-
mum when compared to solvent-based deposition (Figure 5). Recent work suggests that narrow size
distribution of crystals enhances reproducibility, resolution, sensitivity and S/N ratios in MALDI MS
133134 Moreover, it has been reasoned that decreased crystal sizes possess higher effective temper-
atures within each of the microcrystals irradiated by a laser pulse, and thus cause entire volatilization
135 In addition, sublimation has the effect of purifying matrix of any involatile compounds during ap-

plication 32, and thus reducing chemical noise resulting from impurities.
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Figure 6: Subsequent recrystallization of sublimed surfaces on human colon tissue sections. Lipids: sublimation of 1,5-DAN
(0.24 mg/cm?2) and recrystallization with 5% AcOH (1 min), lat.res. 25 um, negative ion mode (reflectron geometry), 100
shots/spot, 48354 spots. Peptides: sublimation of CHCA (0.23 mg/cm?) and recrystallization with 5% AcOH (4 min), lat.res. 30
um, positive ion mode (reflectron geometry), 100 shots/spot, 34652 spots. Proteins: sublimation of SA (0.25 mg/cm?) and
recrystallization with 5% AcOH (3.8 min), lat.res. 30 um, positive ion mode (linear geometry), 100 shots/spot, 16487 spots.

However, the solvent-free deposition mechanism results in poor extraction of analytes from the tissue.
Recrystallization of applied matrix layers has been reported to significantly increase the extraction
efficiency and sensitivity of analytes 64 136, Figure 6 shows sublimation and subsequent recrystalliza-
tion of common MALDI matrices on human colon tissue. Visualization of lipids, peptides and proteins
at a spatial resolution of 25 pm proves the robustness of the method. Rehydration of the sublimed
surface is mandatory for peptide and protein analyses but has also shown to significantly increase

ion intensities when applied to lipids (Figure 7).
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Figure 7: Sublimation and influence of recrystallization on ion signals of selected lipids. Left hemisphere with recrystallization
(5% AcOH, 1 min), right hemisphere without recrystallization. 1,5-DAN (sublimation, 0.23 mg/cm?), lat.res. 40 um, positive ion
mode (reflectron geometry), 100 shots/spot, 24500 spots. For details on sublimation and recrystallization parameters please
refer to chapter 4, p. 54.

Sublimation devices used for MALDI matrix coating reported in literature 22 132,137 gre primarily mod-
ified glass devices originally designed for bulk chemicals and therefore provide limited control over
reproducibility, crystallization and number of MALDI targets to be prepared simultaneously. Further-
more, matrix layer thickness and in-plane homogeneity of the matrix are not manageable. Today one
sublimation device is commercialized 138, a system controlling temperature, pressure and a laser light
source which measures the thickness of the deposited matrix layer. But this system is restricted to
one sample holder, three matrix components, a certain thickness of matrix layer and the matrix
amount deposited '3. Furthermore, matrix consumption is exceptionally high (100 - 600 mg/run) 43
102,139 In chapter 4 (p.54), we introduce a home-built sublimation setup requiring minor matrix
amounts, allowing exceptional reproducibility and homogenous matrix deposition on up to three full-
sized microscope slides.
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C MASS ANALYZERS IN MALDI MSI

Once the molecular ions have been generated the mass analyzer measures the physical property of
the introduced ions based on their mass-to-charge ratio (m/z). The most common types of mass
analyzers used for MALDI MSI are time-of-flight (TOF), quadrupole time-of-flight (qTOF), ion trap,
and Fourier transform-based MS including Fourier transform ion cyclotron resonance (FTICR) instru-
ments and FT-orbitraps. The complexity of biological samples (i.e., isobaric ions) analyzed with
MALDI MSI demands high mass accuracy and mass resolution (see

Surface Morphology & Sample Complexity, chapter 2B, p. 23), given by the geometry of the mass
analyzer. In general, it is easier to achieve both performance characteristics when the source of the
mass spectrometer is decoupled from the mass analyzer. In axial TOF instruments, the source forms
part of the flight tube, whereas in most other MALDI mass spectrometer designs, including orthogonal
TOF (oTOF) geometry, the link between ionization source and mass analyzer is indirect making it
easier to achieve high mass resolution and mass accuracy '%0. Because of its simple use, high speed
of analysis and comparable low costs, most laser-based MSI work is performed on TOF instruments.
The TOF mass analyzer in its simplest form comprises an evacuated flight tube with a pulsed ion
source and a detector. Herein, the pulsed ion source is ideally suited to the pulsed nature of TOF
analysis. The m/z of an ion is determined by accelerating it in an electric field towards a field-free drift
region and measuring the time it takes to traverse the distance from the source to the detector 41
Since all ions are accelerated with the same kinetic energy, their m/z ratio can be easily calculated.
Besides being the fastest mass analyzers and thus facilitating larger areas to be ablated, TOF ana-
lyzers provide an exceptional high mass range which makes them well suited for MALDI MSI of large

biomolecules.

However, inherent to MALDI, different starting locations of desorbed ions at the point of acceleration
lead to variations in internal energy and, thus, drift times of given ions, resulting in decreased mass
resolution and mass accuracy in TOF analyzers. Hence, the TOF-based instrumentation demanded
for two technical implementations, the delayed extraction (DE) and the reflector TOF (RTOF). DE,
also referred to pulsed (ion) extraction or time-lag-focusing, is a method widely used for MALDI TOF
141-142.When applying DE, an initial pulse is implemented on the ion plume to compensate internal
energy variations and thus correct for velocity distributions '43. The integration of the RTOF geometry
elongates the ion flight path and further compensates for the internal energy distribution through an
ion mirror, leading to enhanced mass resolution and mass accuracy. Yet, development of TOF-based

imaging systems is still ongoing.

High performance MS methods, such as FTICR and FTorbitrap offer significantly higher mass reso-
lution and mass accuracy than a RTOF analyzer, mainly because the mass determination is inde-

pendent of the initial energy distribution of the ions after laser irradiation '#4. However, the long
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acquisition time due to in-cell ion accumulation hampers the use of FTMS for high throughput imaging
145, restricting its applications in MSI to direct profiling or to limited ablation areas. Yet, today the
benefit of high confidence identification and separation of ions at the same nominal mass is well
recognized so that the number of FTMS instruments is steadily increasing in the field.

D DATA ANALYSIS

The principal of MSl is to qualitatively and quantitatively visualize distributions of selected ion signal
abundances. Thus, prior to data processing, preprocessing should be applied to ensure accurate and
efficient data analysis 146147, Preprocessing includes normalization (see Normalization, chapter 2G,
p. 26), baseline correction, spectra recalibration, smoothing, and unsupervised or supervised data
compression 124148 Normalization of the whole dataset is relevant to compensate for the instrument
performance over time, surface inhomogeneities and ion suppression effects and, thus, reduce pixel-
to-pixel variation. Herein, each spectrum is divided by a normalization factor generated on, e.g., the
total ion current (TIC), the route-mean-square (RMS) or the median of all data points. Following nor-
malization, baseline subtraction and spectral recalibration can be performed to ensure accurate in-
terpretation of the data '24. Smoothing algorithms such as Savitsky Golay or Gaussian Smoothing are

applied to the dataset to increase S/N and remove fluctuations between pixels.

In MSI acquisitions there is a clear trend towards large data files, which complicates data processing
because of limited computational resources and storage capabilities. To alleviate this problem, unsu-
pervised and supervised classification approaches are used to reduce data to the most important m/z

distributions, while retaining relevant information for statistical analysis.

Unsupervised clustering uses spectral similarity to compress data into features prior to statistical
analysis. For instance, principal component analysis (PCA) can be used to reduce the dimensionality
of the data set, allowing to distinguish principal components that cause the greatest variance in the
data 9. Another option would be hierarchical clustering of the data, to bin together similar spectra

into regions of interests and to identify colocalized m/z values 159,

For supervised clustering a specified set of classes should be known in advance. Using this method,
a new data set may be classified into one of those classes. In the field of supervised classification,
machine learning is getting more and more present in making predictions for new data sets. Data are
analyzed using algorithms that look for correlated structures in the data that also correlate with a
target outcome. Models used for classification include supervised neuronal networks, support vector
machine, genetic algorithms and random decision forest 5. Among these, random decision forest
(RDF)-based classifiers are often used statistical models that use training data to predict the classifi-

cation of new data sets (see manuscript, chapter 7, p.136).
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MALDI imaging data can be generated from a variety of instrument platforms, each providing cus-
tomized tools for acquisition built on proprietary data formats controlled by the manufacturers. The
data format is crucial with respect to its portability and the way in which data is stored. To date, no
standards exists for data formats, but numerous formats. In 2011, the data format imzML has been
introduced in order to allow for flexible exchange of MS imaging data between different instrument
vendors and data analysis software 152, The objective is to provide the user with the best suited pro-
cessing software for a specific question or application. MS imaging data from different instruments

can be converted to imzML 53, and open source converter are available (i.e., imzMLConverter 154).
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2 METHODOLOGICAL CONSIDERATIONS

A SPATIAL RESOLUTION

The image resolution (i.e., the spatial resolution) of an MSI experiment decisively influences the ability
to distinguish distributions of components within tissue sections. Herein, the recorded pixel size is

key for whether two adjacent regions are perceived as unique and distinct.

miz772.6/788.8
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Figure 8: Influence of varying lateral resolutions on a horizontal mouse brain tissue section. Sublimation of 1,5-DAN (0.24
mg/cm?), MALDI MSI in positive ion mode (reflectron geometry) and at spatial resolutions of 50, 25 and 10 pm.

Figure 8 demonstrates the impact of spatial resolution on the quality of the resulting ion image -
improving the spatial resolution enables more discrete localization patterns observed throughout the

tissue section. The ion image looks less blurry.

Today, SIMS generally offers the highest spatial resolution among all MSI approaches (<50 nm) 155,
yet is not a soft ionization technique allowing for desorption/ionization of intact molecules like MALDI.
Although significantly increased recently 196159 spatial resolution has its main challenges in (1) sam-
ple preparation, and (2) instrumental parameters. Herein, the laser beam diameter is the limiting fac-
tor, as it determines the ablation area and thus the attainable lateral resolution in an imaging experi-
ment. Several instrumental improvements and other notable advancements in spatial resolution have

been reported recently 131. 160-162 For instance, by adjusting the optics of the ion source along with
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changes in the geometry on an atmospheric pressure MALDI, a lateral resolution of 1.4 um was
reported, allowing for the visualization of lipids, metabolites, and peptides on a sub-cellular level 131,
Besides instrument modifications, oversampling is a commonly used approach to technically increase
spatial resolution in MALDI MSI 163-164. Oversampling means that the raster step size of the sample
stage is set to a value lower than the laser beam dimensions with complete ablation of matrix at every
spot. Recently, a lateral resolution of 5 um was reported by the use of a 20 um laser diameter and
oversampling 5.

However, improving spatial resolution has also its drawbacks, as it decreases the area of ablation,
and thus decreases signal intensity while increasing data acquisition times combined with the amount
of data generated 66, Consequently, spatial resolution should always be adjusted to the aim of the

study.

B SURFACE MORPHOLOGY & SAMPLE COMPLEXITY

In MALDI TOF-based analysis, the complex nature of many biological samples means that instrument
parameters such as mass accuracy and mass resolution become very important to measure as many
analyte species as possible by distinguishing analytes solely on their accurate mass. Except for
MALDI coupled to ion mobility separation (IMS), MSl is per se not separating analytes. Thus, chemical
interferences induced by the MALDI matrix overcomplicate mass spectra interpretation in the lower
mass range (~100 - 600 Da).

Since the source in axial TOF instruments forms a part of the flight tube, mass spectral quality is
significantly influenced by the given surface morphology of the section to be analyzed. Hence, inho-
mogeneity of matrix and crystal sizes, or specimens inherently providing highly irregular surfaces (see
article, chapter 5, p. 77) are all considered challenges in this field as notably different starting loca-
tions of desorbed ions at the time of acceleration lead to a deviation in the drift time, and thus nega-
tively affect mass resolution and accuracy (see Mass Analyzers in MALDI MSI, chapter 1C, p. 19).
For instance, calibration standards applied rather on the blank glass slide than atop of a control tissue
induces height differences and thus variations in the times of given ions consequently leading to
spectral mass shifts during analysis. Recently, a TOF-based “ghosting” effect has been reported orig-
inating from a tissue section comprising uneven surface topography. A significant shift in mass and

intensity from one end of a tissue section to the other was observed 147,
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C ON-TISSUE IDENTIFICATION

Analyte identification in MALDI MS typically relies either on the use of enzymes (see On-tissue Di-
gestion, chapter 1AV, p. 9), high-resolution mass spectrometry (HRMS), or tissue lysis in combina-
tion with liquid chromatography tandem mass spectrometry (LC-MS/MS). One of the most critical
issues in MALDI TOF-based MSI is the fact, that analyte concentrations per pixel are extremely low
usually resulting in fragment ion spectra of poor quality (S/N, mass accuracy). In addition, not only
the most abundant analyte is desorbed and ionized from each measured spot. In the given ion selec-
tion window, numerous low abundant components increase the number of background signals which
ultimately results in MS/MS spectra exhibiting mixed structural information. Using a conventional
TOF/RTOF instrument, identification directly from the tissue is only applicable for compound classes
providing easily insight into their structural nature by tandem mass spectrometry or post-source decay
analysis. Particularly fragmentation of phospholipids, which induces formation of daughter ions being

characteristic for the lipid’s headgroup.

Typically, for detailed structural and fragment information, acquired mass values are compared with
theoretical m/z values according to databases like LIPID MAPS Structure Database (The LIPID MAPS
Lipidomics Gateway, http://www.lipidmaps.org/) and Metabolomics Workbench Metabolite Database

(http://www.metabolomicsworkbench.org/, both University of California, San Diego, USA).
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D THROUGHPUT

Another frequently discussed challenge for MALDI MSI are long analyses times, limiting the practi-
cality for routine applications. Yet, the acquisition time and the resulting data load mainly depend on
the spatial resolution (i.e., point-to-point distance), the mass resolution in case of high-resolution
mass analyzers, and the size of the region of interest (ROI). Besides mass resolution, which is now
routinely reduced via automated feature identification, improvements in signal digitization electronics
and the implementation of frequency-tripled 355 nm Nd:YAG lasers with repetition rates up to 10 kHz
168 and 349 nm Nd:YLF lasers with a repetition rate of 5 kHz % have been made for increased
throughput without sacrificing image quality. A novel MALDI TOF/RTOF instrument equipped with a
solid state laser firing at a 10 kHz repetition rate was recently reported to scan up to 50 pixels per
second 168170 compared to 3 - 7 pixels scanned by conventional lasers at the same time.

Throughput becomes even more of a challenge when molecules in the same tissue ionize differently,
thus require different polarities for acquisition. This is particularly the case for lipid analysis, as lipids
are a diverse analyte class with high structural variability and, thus, being preferentially detected as
either positive or negative ions depending on the headgroup of the different classes. For instance,
phosphatidylcholine (PC) and sphingomyelin (SM) contain positively charged headgroups, whereas
phosphatidylethanolamine (PE) and phosphatidylinositol (Pl) are present in permanently neutral or
negative charge states. As a result, for comprehensive lipid analyses, MALDI MSI studies have to be
performed in both, negative- and positive-ion mode to gain maximum information for phospholipid
distributions within a single tissue section. Classically, the tissue section is first scanned in one of the
ion modes, followed by offsetting the x- and y-raster positions and scanning the tissue in the opposite
polarity mode. However, using this strategy demands twice the time for data acquisition. Recently,
methods have been employed for imaging using both modes of polarity simultaneously while mini-
mizing analysis time using high speed MALDI MSI technology and precise laser control 171,
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E ION SUPPRESSION EFFECTS

When considering the analyte of interest in its biological environment, ion suppression can be under-
stood as a competition for ionization based on secondary reactions 12 115-116.172_The relative concen-
trations of analyte to MALDI matrix as well analytes to each other can adversely affect the resulting
mass spectrum. Hence, if ionization of a certain endogenous compound is thermodynamically favored
and/or this substance is highly abundant in tissue, other ions may be totally masked or ionization may
be depleted to insignificance. For instance, highly abundant phospholipids omnipresent in lipid mem-
branes may lead to intense lipid signaling which may mask other molecules including the targeted
analyte 72, Besides the competition of charges with matrix or other endogenous species , the tissue
itself can have a significant impact on the resulting ionization yield 173. The analyte of interest, being
trapped in a complex biomatrix, undergoes various noncovalent interactions, resulting in extraction
efficiencies varying in function of both, the local position within the tissue as well as the type of tissue.

Thus, the response factor for each targeted analyte is also truly tissue specific.

F NORMALIZATION

Normalization is critically important for the proper interpretation of MALDI imaging datasets. Normal-
ization is the process of multiplying a mass spectrum with an intensity-scaling factor to expand or
reduce the range of the intensity axis. It is used to remove instrumental and systemic artifacts that
impact signal intensities by projecting spectra of varying intensity onto a common intensity scale 24
174176 Artifacts may originate from matrix application, crystal heterogeneity or ion source contamina-
tion that steadily attenuates the total ion count (TIC) as a function of time during which the ion trans-
mission is influenced and therefore can gradually decrease the image brightness (Figure 9).
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Figure 9: TIC normalization compensating for a gradual decrease in ion transmission during 10 hours of image acquisition.
Horizontal mouse brain section (10 um), Sublimation of SA (0.25 mg/cm?) and recrystallization with 5% AcOH (3.8 min), lat.res.
60 um, positive ion mode (linear geometry), 100 shots/spot, 55640 spots.

Among the few different normalization strategies for MSI datasets, TIC normalization is the most
commonly implemented algorithm 77, For this, all mass spectra are divided by their TIC so that all
spectra in a dataset have the same integrated area under the spectrum, based on the assumption
that there is a comparable number of signals in each spectrum 24 146 |imiting signal comparison to
similar types of tissue 7. MALDI data can be further normalized to matrix related peaks to account
for inhomogeneous matrix coating, which mainly depends on the performance of the used matrix
application method 122,

For samples comprising tissue heterogeneity, e.g., whole body sections, normalization to an internal
standard (IS) should be considered (see Incorporation of Internal Standards, chapter Gl, p.28) 8.
Each acquired spectrum is normalized to the intensity of the IS, correcting for compound-dependent
ionization effects. Preferably, the IS is applied to the tissue prior to matrix application, e.g., by auto-
mated spraying % 94 179, to ensure consistent dosing over the entire tissue section. However, this
strategy may lead to inaccurate results when the targeted analyte is compartmentalized in tissue.
Incorporation of isotopically labeled analytes as IS was reported to significantly improve normalization

and pixel-to-pixel precision in tissue sections 180-181,
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G QUANTITATIVE MALDI MSI

Extracting quantitative information from MSI data has proven to be difficult. This is largely due to the
high dependency of the MS signal on both, the type of analyte and the local composition of the sur-
face, the previously discussed ion suppression effects (see lon Suppression Effects, chapter 2E,
p.26) 182,

While appropriate sample preparation is central to any MSI study, the use of a matrix introduces an
additional preparation step for MALDI and has important implications for quantitative analysis '6. The
matrix must be homogenously applied across the entire tissue section while preserving analyte local-
ization (see MALDI Matrix Choice and Application, chapter 1B, p.13). The method of matrix appli-
cation and the matrix itself have also been shown to impact the types of analytes observed 8. Con-
sequently, matrix and application technique require careful optimization prior to quantitative MSI.

| INCORPORATION OF INTERNAL STANDARDS

One help in the effort for correct quantitation is again the application of an IS against which the signal
from the targeted analyte is normalized or calibrated. Incorporation of an IS compensates differences
in ionization efficiencies. Furthermore, by external calibration procedures analyte signals can be re-
lated to absolute surface concentration. The molecular structure of the IS should be similar to that of
the targeted analyte, to ensure similar extraction and ionization efficiencies. IS are ideally labeled
versions of the analyte 8, or a structural analog 8. However, one must be aware that the require-
ment of calibration standards for quantitative MSI demands a targeted analysis that is only applicable
to a small fraction of ions observed in the spectrum.

Il RELATIVE QUANTITATION

Most studies that utilize MSI use relative quantitation to examine molecular differences in tissues.
Ideally, the tissue sections to be compared are measured in a single experiment on the same glass
slide, ensuring identical conditions for sample preparation (e.g., standard and matrix application),
data acquisition as well as data processing (e.g., normalization). For this, ion signals have to be TIC
normalized and the normalized spectral intensities are then compared amongst tissues 8. However,
this approach is not without drawbacks, for instance if different regions within a heterogenous sample
have to be compared 82 or if abundant signals compartmentalize within a tissue section 77 (see lon
Suppression Effects, chapter 2E, p.26). Normalization of the analyte signal can be improved by the
addition of an internal standard %, enabling confident comparisons of the same molecule even when

normalized within different tissue sections 3.
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lIl ABSOLUTE QUANTITATION

The simplest method is direct spotting of a standard solution on the blank target, e.g., next to the
investigated tissue section, prior to matrix application and data acquisition. Although this technique
does not reflect the actual situation for a given analyte being trapped in a complex biomatrix, it allows
to determine a tissue extinction coefficient (TEC). The TEC presents an analyte and tissue-specific
normalization factor and is calculated via comparison between signal intensities of the analyte spotted
on the target versus the same analyte spotted on the tissue section 73 187, Next, a calibration curve
is built on varying standard concentrations (i.e., spotting a dilution series near the dosed tissue) by
taking into account the TEC and the mean intensity values of the standards. The TEC approach
allows for correlation of the amount of analyte per surface unit '8. However, the inherent specificity
of signal suppression in the function of both the tissue type and analyte demands each analyte of
interest to be calibrated in a separate experiment 73,

Tissue spotting techniques have been introduced, aiming for analogous extraction of the IS to the
analyte present within the tissue 184 181189190 Therefore, the standards of interest are applied onto or
under a separate tissue section, usually a consecutive one mimicking similar biological matrix condi-
tions which are mandatory for reliable quantitation 82, Yet, tissue spotting approaches do not consider
droplet dispersions on the glass slide or tissue. As a consequence, the signal recorded at each level
of concentration is plotted against the amount spotted (actual analyte concentration is expressed in
mol or g). However, applying an internal standard on the top of the tissue might not accurately reflect
the analyte being extracted from beneath the tissue sample, as it may reside atop the tissue and thus
provide elevated response for the IS relative to the analyte.

Matrix-matched standards are approaches that incorporate a known amount of IS in a homogenized
matrix comprising similar properties to that of the sample 182 191 |n terms of biomedical studies, this
homogenized matrix is widely generated from cell or tissue homogenates of the same origin as the
sample. Since ion suppression effects and tissue matrix interferences are expected to be similar for
the spiked standard and the endogenous analytes, this method is probably the most reliable for de-
termining absolute quantities in MSI. In addition, this calibration strategy holds the advantage of ex-
pressing the actual concentration of analyte per gram of tissue. However, for whole body sections,
time-consuming sample preparation steps are limiting factors as homogenates must be prepared

from each tissue type of interest.

Yet, to confirm absolute quantitation achieved by MSI, results must be cross-validated with an estab-

lished quantification method, such as traditional LC-MS analysis of tissue extracts 84 181, 190-191,
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H MULTI-MODAL IMAGING

The combination of different modalities offers a comprehensive analytical tool to answer biological
questions that could otherwise not be answered. In the field of laterally resolved chemical analysis
there is a trend towards the combination of two or more technologies, so called multi-modal imaging
(MMI) approaches, to provide more information than offered by a single modality.

While MSI offers high chemical specificity for visualizing and identifying distributions of several mo-
lecular species, it lacks the molecular depth that other methods provide and, thus, is typically com-
bined with modalities that complement these features.MSI is often combined with microscopy %2,
fluorescence microscopy 93, near-field infrared microscopy 94, electron microscopy 19, coherent anti-
Stokes Raman spectroscopy % or Fourier transform infrared (FTIR) spectroscopy 97 to provide high-
resolution morphological and structural information.

Because of the variety of ionization modalities, MSI can be multiplexed with itself to analyze different
groups of compounds. In particular MALDI can be combined with a range of ionization mechanisms
such as SIMS 198199 DES] 200, or LA-ICP-MS 201-202 providing a more comprehensive analysis of the
sample.

However, different imaging platforms often demand for distinct sample preparation protocols, which
can cause interference for different imaging modalities.

In this case, using consecutive tissue sections might seem most straight-forward. Yet, even two con-
secutive tissue sections, cut at some tens of micrometer distance show most likely variations in ana-
lyte distributions. These differences may originate from the sample itself, because different cells may
have different compositions, or from the sample preparation process where tissue sections are not
cut accurately enough and have different thicknesses. Therefore, analyzing the same tissue section
using two different methods is highly desirable to exclude inter-sample variations but also to guaran-
tee appropriate quality after data combination. The latter is an issue, because image co-registration
is challenging especially if data are not acquired at the same spatial resolutions or from the same
sample, demanding for sophisticated data processing methods 2.

Therefore, in multi-modal analysis, it is of the upmost importance to adjust the sample preparation
strategy for the needs of each imaging modality. LA-ICP-MS is a widely-accepted method for ele-
mental analysis of solid samples 204205, Due to its exceptional limits of detection (below the ug g-'-
range for most elements), achievable lateral resolutions down to the single-digit um-scale and a quite
extensive range of available possibilities for quantification, this technique has found its way into many
disciplines of science 206208, Among them, Life Sciences have recently become a wide application
range, with LA-ICP-MS offering the possibility of depicting lateral distribution of trace elements in

various types of biological samples 209211,
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Since LA-ICP-MS and MALDI MS offer complementary analyte information on elements and mole-
cules, excellent insight into the chemical nature of a single tissue section can be gained by combina-
tion of these two techniques in a multi-modal imaging approach.

The challenge for combining these two methods is manifold: (a) MSI requires matrix application and
mostly sample carriers providing conductive surfaces, (b) on the other hand, LA-ICP-MS is usually
completely consuming the sample during analysis. Additionally, MALDI matrices have to be free of
the targeted elements, so highly purified matrices have to be used. As a consequence, background
signals originating from conductive glass slides have to be studied for elemental analysis (see man-
uscript, chapter 7, p.136).

As FT-IR imaging provides direct molecular specific information in a non-destructive way, no applica-
tion of a special matrix is needed. Unlike in MALDI MSI, FTIR imaging methods do not instantane-
ously generate molecular information, but by studying the spectral fingerprint region (700 — 3000 cm-
1) particular functional groups in the building blocks of biological tissues can be assigned, i.e., lipids,
proteins, carbohydrates, or nucleic acids. Thus, the use of FTIR spectroscopy is ideally suited to, e.g.,
verify results from MALDI MSI studies. FTIR imaging enables the distinction between healthy and
initial-to-advanced states of disease after applying sophisticated data processing routines 212 and
allows only then the discrimination between, e.g., viable and dead cells 2'3. The complementary use
of MALDI MS and FTIR imaging is assumed to hold a great potential for the examination of health

and disease states in biological tissue samples (see manuscript, chapter 8, p.175).
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3 SUMMARY OF RESULTS

In this section, a brief summary of the manuscripts and articles included in this thesis is presented.

MANUSCRIPT: DETAILS SEE CHAPTER 4, P. 54

| for submission to Angewandte Chemie, International Edition |

SUBLIMATION APPARATUS TO PUSH MALDI MS IMAGING BELOW THE CELLULAR LEVEL.

Matthias Holzlechner, Johannes Frank, Kurt Piplits, Theo Luider, Glinter Allmaier, and Martina Marchetti-Deschmann.

Figure 10: Sublimation Apparatus to Push MALDI MS Imaging Below the Cellular Level, graphical abstract. Inhouse-built

sublimation apparatus.

In MALDI MSI, matrix deposition is a critical issue in terms of reproducibility and crystal size, both
limiting the obtainable spatial resolution. Many different techniques have been published and subli-
mation was successfully applied for lipid analysis and tissue sections, using with the latter one a
subsequent hydration/recrystallization process for peptide/protein analysis. Commercial sublimation
devices are limited in availability and in number of glass slides to be prepared in parallel. In order to
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overcome this limitation, we built a sublimation device allowing reproducible sample preparation on
several ITO slides simultaneously.

Matrix deposition in the home-built sublimation apparatus showed a high reproducibility (RSD < 5%)
on up to 3 ITO slides in parallel due to a vacuum-sealed, pressure-controlled matrix deposition cham-
ber with constant heating for matrix vaporization and controlled cooling of the sample plate. Using
predefined matrix concentrations and volumes give well defined coatings per unit areas. Secondary
electron microscopy (SEM) analysis of the prepared surfaces showed significantly reduced matrix
crystal sizes (< 1 um) compared to aerosol-based application leading ultimately to improved lateral
MALDI MSI resolution, because it is now restricted only to the laser spot diameter. Matrix crystal size
and shape did not differ significantly when sublimed on ITO slides or tissue, not even after hydra-
tion/recrystallization. White light interferometer (WLI) investigations showed homogenous thickness

of matrix coating and deposition across the ITO surface, the latter also confirmed by MALDI MSI.

INNOVATIVE ASPECTS

e high reproducibility of sublimation was obtained by predefining matrix concentrations and
volumes; sublimation of 1 slide (1.2% RSD), 2 slides (2.4% RSD) and 3 slides (4.9% RSD)

e sub-um to nm-scaled matrix crystals for matrices SA, CHCA, 2,5-DHB and 1,5-DAN

¢ significant decrease of sublimation temperatures and time (< 15min)

e minor matrix amount needed (< 25.5 mg per matrix) due to quantitative evaporation

OWN CONTRIBUTION

In this work, |

e was involved in planning the experiment,
e contributed to the design and set up the sublimation device,
e performed MALDI MSI studies, evaluated and interpreted the data,

e drafted and wrote major parts of the manuscript.
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VISUALIZING FUNGAL METABOLITES DURING MYCOPARASITIC INTERACTION BY
MALDI MASS SPECTROMETRY IMAGING.

Matthias Holzlechner, Sonja Reitschmidt, Sabine Gruber, Susanne Zeilinger-Migsich, and Martina Marchetti-Deschmann.

T. atroviride R. solani

-

Figure 11: Visualizing Fungal Metabolites During Mycoparasitic Interaction bay MALDI Mass Spectrometry Imaging, graphical
abstract. Visualization of metabolites during the phase of host-sensing.

The use of antagonistic organisms interfering with plant pathogens is an environmentally friendly and
sustainable alternative in plant disease control. Trichoderma atroviride is a mycoparasite, killing the
pathogen while promoting growth and resistance of the host. The processes leading to mycoparasit-
ism are rather complex, yet sensing of the host, the active release of small molecules and enzymes
and the subsequent penetration of host hyphae are key events in a simplified 2-way model. However,
studying microbial interactions by MALDI MSI directly from growing media is a difficult task if high
sensitivity is demanded. Therefore, we developed a quick and robust sample preparation strategy
suitable for studying mycoparasite-host interactions of Rhizoctonia solaniand Trichoderma atroviride

directly from cultivation.

MALDI MSI revealed several distinct local distributions of metabolites for both, non-interacting and
physically interacting hyphae specifically assignable to either T.atroviride or R.solani. Potential rep-
resentatives of peptaibols with chain lengths of 11, 18 and 20 residues could be detected along with
metabolites being predominantly released by R.solani. Additionally, T.atroviride showed analytes be-
ing produced at an early growth stage to allow for migration towards R.solani. We attribute this
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achievement to an enhanced sample preparation strategy facilitating a miniaturized confrontation as-
say carried out directly on glass slides. Furthermore, MALDI matrix application by sublimation in com-
bination with thorough recrystallization/hydration ensured good analyte extraction from the agar me-

dium and incorporation into the matrix crystals.

INNOVATIVE ASPECTS

e visualization of secondary metabolites during mycoparasitism
e miniaturized potato dextrose agar platform set up for a confrontation assay

¢ visualization of metabolite changes during host-pathogen interaction

OWN CONTRIBUTION

In this work, |

e was involved in planning and designing the MALDI MSI part of the experiment,
e performed the MALDI MS studies and visualized peptaibol distributions,

e drafted and wrote major parts of the manuscript.
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IN SITU CHARACTERIZATION OF TISSUE-RESIDENT IMMUNE CELLS BY
MALDI MASS SPECTROMETRY IMAGING.

Matthias Holzlechner, Katharina Strasser, Elitsa Zareva, Luise Steinhduser, Hanna Birnleitner, Andrea Beer, Michael Berg-
mann, Rudolf Oehler, and Martina Marchetti-Deschmann.

l

Figure 12: In Situ Characterization of Tissue Resident Immune Cells by MALDI Mass Spectrometry Imaging, graphical ab-
stract.

The colon is infiltrated with a high number of immune cells which help to prevent spreading of bacteria
from the gut lumen. The tissue-resident immune cells differ from the corresponding blood cells in
many functional aspects. Although the proteome of blood immune cells is well investigated there are
almost no data on tissue-resident lymphocytes and macrophages. Since these cells are still insuffi-
ciently described in the tissue we evaluated the potential of MSI and intact cell mass spectrometry
(ICMS) to address this challenge.
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Our data demonstrate that MSl is a suitable tool for characterization and in situ localization of immune
cell accumulations without using antibodies, but on the basis of the protein expression of these cells.
We could show that certain m/z values have the same spatial distribution as T lymphocytes in the
lymphoid follicular structures or as macrophages in the lamina propria when compared to classical
immunohistochemical (IHC) staining. In addition, MSI identified several proteinaceous markers that
colocalized with specific structures of the colon, such as mucosa or muscularis mucosae. Statistical
analysis of ICMS data of all 10 donor samples revealed a significant differentiation of monocytes and
lymphocytes, showing certain m/z values to be characteristic for both cell types. Further we observed
m/z values allowing for identification and discrimination of lymphocytes, monocytes, and polarized
macrophages by ICMS. The combination of both MS approaches revealed m/z markers that are con-
served between peripheral and tissue-resident immune cells, while others are only found within the

tissue. We assume the latter to be derived from the adaption of these cells to their microenvironment.

INNOVATIVE ASPECTS

= characterization and in situ visualization of immune cell accumulations

= identification of several proteinaceous markers that colocalize with specific structures of the
colon

» robust sample preparation strategy facilitating reliable MSI data acquisition of multiple con-
secutive tissue section

OWN CONTRIBUTION

In this work, |

e was involved in planning and designing the project and the MALDI MSI parts of the experi-
ment,

e performed the MALDI MSI studies, evaluated, visualized and interpreted the data,

e drafted and wrote the MALDI MSI related parts of the manuscript.
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MULTI-SENSOR IMAGING - FROM SAMPLE PREPARATION TO INTEGRATED MuLTI-MODAL
INTERPRETATION OF LA-ICP-MS AND MALDI MS IMAGING DATA.

Matthias Holzlechner, Maximilian Bonta, Hans Lohninger, Andreas Limbeck, and Martina Marchetti-Deschmann.

-
g
"
<) °
L %
2
o 3
0 \ -
o V]
[ -
@
= 5
& s
b o] =
5 2
©
(V4
|-

Figure 13: Multi-Sensor Imaging — from Sample Preparation to Integrated Multi-Modal Interpretation pf LA-ICP-MS and MALDI
MS Imaging Data, graphical abstract. Workflow of a MMI approach with integrated data evaluation.

Combination of two or more analysis techniques, so-called multi-sensor imaging, provides deeper
information into the biochemical processes within one sample. In this work, a human malignant pleural
mesothelioma (MPM) sample from a patient treated with cisplatin as cytostatic agent has been ana-
lyzed by combining LA-ICP-MS and MALDI MS in a multi-modal imaging (MMI) approach. The sample
preparation strategy has been adjusted to fit the needs of each imaging method, whilst providing full
information on lipid distributions and quantification of elements. An integrated data evaluation strategy
has been developed combining LA-ICP-MS and MALDI MS data (positive and negative). The present
proof-of-principle study demonstrates the benefit of data combination and highlights the value of ad-
vanced chemical imaging in the Life Sciences.

Examination of a blank ITO-coated glass slides and 1,5-DAN as MALDI matrix by LA-ICP-MS re-
vealed an absence of signals for phosphorus and platinum. RDF-based classification exhibited 59
m/z values from MALDI MSI showing a correspondence to either the phosphorus (30 m/z values, all
detected in negative mode) or the platinum distribution pattern (22 detected in the negative and 7 in
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the positive ion mode) within the tissue. HCA of the PCA confirmed the correlation of analytes de-
tected by MALDI MSI with the elemental distributions of phosphorus and platinum. Accordingly, re-
sults of the k-Means Clustering clearly reassembled the phosphorus and platinum pattern. Compari-
son of the average platinum concentration in the tissue used in the MSMMI approach (1.91 pg/g) with
a consecutive section analyzed by LA-ICP-MS alone (1.75 ug/g) revealed a relative deviation of less
than 10%. Thus, it can be stated that neither ablation by MALDI MS nor the washing step with am-
monium acetate (AmAc) significantly interfered platinum quantification.

INNOVATIVE ASPECTS

« advanced statistical analysis allows the correlation of platinum distribution with certain lipids in an
integrated data analysis approach
« MMI approach allows for reliable platinum quantification

OWN CONTRIBUTION

In this work, |

e was involved in planning and designing the project,

e designed the MALDI MSI parts of the experiment,

e performed the MALDI MSI experiments, evaluated and interpreted the data,
e visualized LA-ICP-MS and MALDI MSI data,

e drafted and wrote major parts the manuscript.
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PHOSPHONATE COATING OF S1I02 NANOPARTICLES ABROGATES INFLAMMATORY
EFFECTS AND LocAL CHANGES OF THE LipiD COMPOSITION IN THE RAT LUNG:
A COMPLEMENTARY BIOIMAGING STUDY.

Mandy GroBgarten, Matthias Holzlechner, Antje Vennemann, Anna Balbekova, Karin Wieland, Michael Sperling, Bernhard
Lendl, Martina Marchetti-Deschmann, Uwe Karst, and Martin Wiemann.

Figure 14: Phosphonate Coating of SiO» Nanoparticles Abrogates Inflammatory Effects and Local Changes of the Lipid Com-
position in the Rat Lung: A Complementary Bioimaging Study, graphical abstract. lon images of local changes of lipid con-
centration in the SiO.-FITC laden rat lung.

The well-known inflammatory and fibrogenic changes of the lung upon crystalline silica are accom-
panied by early changes of the phospholipid composition (PLC) as detected in broncho-alveolar lav-
age fluid (BALF). Silica (SiO2) nanoparticles (NPs) evoke transient lung inflammation, but their effect
on PLC is unknown. Here, we compared effects of unmodified and phosphonated SiO2 NP and de-
scribe, for the first time, local changes of the PLC with innovative biocimaging tools.

MALDI MS analysis of rat lung tissue sections revealed a local overexpression of Pls and, to a lesser
extent, PGs. The pattern of changes was largely congruent with the distribution pattern of SiO2-FITC
in the lung tissue. FTIR analyses of a neighboring cryosection combined with a subsequent hierar-
chical cluster analysis revealed regions representing enhanced lipid content, which corresponded
invariably with the PI pattern. Notably, these observations were true only for FITC-coated and pristine
nanoparticles, but not for phosphonated, i.e. TPMP-coated, NPs. This disparity was in excellent
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accordance with in vitro and in vivo toxicity studies confirming a TPMP-mediated abrogation in SiO2
NP induced cytotoxicity and lung inflammation. As the binding of major surfactant lipids to SiO2 and
SiO2-P is virtually equal, we conclude that the locally increased PI/PG ratio is primarily due to early

cytotoxic effects of instilled SiO2 NPs, which are successfully masked in the phosphonated form.

INNOVATIVE ASPECTS

« combination of MALDI and FTIR spectroscopy revealed for the first time spatially resolved tissue

remodeling of nanoparticle-affected tissue.

OWN CONTRIBUTION

In this work, |

e was involved in planning of the experiments and performed the MALDI MSI analyses,
e evaluated and visualized the MSI data,

e wrote parts of the manuscript related to MALDI MSI.
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Sublimation Apparatus to Push MALDI MS Imaging Below the Cellular Level

Matthias Holzlechnert, Johannes Frank#, Kurt Piplitst, Theo Luider:, Glinter Allmaiert and Martina
Marchetti-Deschmann*f

Tinstitute of Chemical Technologies and Analytics, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria

FJoint Workshop Technical Chemistry, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria

‘Department of Neurology, Erasmus University of Rotterdam, P.O. Box 1738, 3000 DR, Rotterdam, The Nether-
lands

Abstract: Sample preparation, especially reliable matrix application is probably the most critical step
in MS imaging. Herein, matrix crystals being smaller than the laser beam are key for micrometer-
resolution MALDI MSI. We report an in-house built sublimation apparatus along with optimized sub-
limation and rehydration conditions for commonly used MALDI matrices. We present a comprehen-
sive study on matrix crystallization affected by differing surfaces, cooling temperatures and rehydra-
tion. Sublimation of the studied matrices enables cohesive layers comprising crystals at the sub-
micrometer scale, exhibiting exceptional reproducibility and deposition uniformity. To showcase these
capabilities, we demonstrate improvement in ion image quality after employing sublimation and HR

image analysis.

MALDI mass spectrometry imaging (MSI) emerges as a powerful tool by providing chemical and dis-
tributional information on a wide range of molecules in biological samples in situ . One of the major
limitations and main challenges in MALDI MSI is spatial resolution. Although significantly increased
recently 36, spatial resolution is currently limited by (1) instrumentation, mostly laser spot diameter,
raster step size of the sample holder and limit of detection, and (2) sample preparation, particularly
matrix crystal size and application consistency 7 prove difficult to reach subcellular resolution (< 10
pUm). Yet, to provide new insights about molecular processes on the cellular level, spatial resolutions
in the low um ideally even nm range are required. Today, SIMS generally offers the highest spatial
resolution among all MSI approaches (<50 nm) 9, yet is not a soft ionization technique allowing for
desorption/ionization of intact molecules like MALDI. Consequently, matrix application strategies
providing highly reproducible matrix depositions along with crystals being significantly smaller in di-
ameter than both the laser spot and the single cell are essential to push MALDI MSI to further limits.
Various matrix deposition methods have been developed including manual and automated systems
such as airbrushing, spraying, inkjet printing, and sublimation -2, Using an airbrush is relatively
simple, widely used 1315 yet not fully automated and thus limited by the skill of the user. Automated

spray systems overcome some limitations by allowing a better control of deposition pattern across
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tissue samples, yet inhomogeneity in crystal size and formation still limits lateral resolution to = 20
um '8 and the aerosol-based coating can favor analyte diffusion 7. Matrix sublimation was first re-
ported by Kim et al. in 1998 '8, Since then this method was improved for several matrices '® and in
recent years it was found that many matrices do not decompose at elevated temperature under re-
duced pressure. Sublimation generally yields dry matrix crystals at the sub-micrometer to 3 um level
3. 20-21 of high purity, limiting lateral migration of molecules in tissue 2224 and chemical noise resulting
from impurities. However, the solvent-free deposition mechanism results in poor extraction of ana-
lytes from the tissue. Rehydration of applied matrix layers has been reported to significantly increase
the extraction efficiency and sensitivity of analytes 3 25. However, sublimation devices used for MALDI
matrix coating reported in literature 423 26 are primarily modified glass devices originally designed
for bulk chemicals and therefore provide limited control over reproducibility, crystallization and num-
ber of MALDI targets to be prepared simultaneously. Furthermore, matrix layer thickness and in-plane
homogeneity of the matrix are not manageable. Today one sublimation device is commercialized %7,
a system controlling temperature, pressure and a laser light source which measures the thickness of
the deposited matrix layer. But this systems is restricted to one sample holder, three matrix compo-
nents, a certain thickness of matrix layer and the matrix amount deposited 28. Furthermore, matrix
consumption is exceptionally high (100 - 600 mg/run) 2830, To date, no systematic study on matrix
layer homogeneity and reproducibility with respect to the physico-chemical process of sublimation is
available. We introduce a home-built sublimation setup requiring minor matrix amounts, allowing ex-
ceptional reproducibility and homogenous MALDI matrix deposition on up to three full-sized micro-
scope slides. We evaluated conditions for common high-vacuum stable MALDI matrices 2,5-DHB,
1,5-DAN, CHCA, and SA toward quantitative sublimation along with a modified matrix rehydration
process facilitating standardization and ease of handling. We present a comprehensive, theory-driven
study on matrix crystallization after sublimation on glass and biological tissue, at varying cooling tem-
peratures and after rehydration. We address the necessity of high spatial resolution in MSI and com-
pare high-resolution (HR) MALDI images achieved after aerosol deposition to samples prepared by

sublimation.

Assembly of the in-house built sublimation apparatus is shown in the Supporting Information (Figure
S1). Based on previous work 3! we focused on reproducible and homogenous sublimation of MALDI
matrices in respect of matrix concentration and crystallization conditions in the matrix well (solvent,
temperature), distance between sample plate and matrix well, the sublimation temperature and the
matrix amount deposited on the MALDI target(s) (max. size 8 x 10 cm, e.g. 3 ITO-coated glass slides).
In general, 25.5 mg of matrix are dissolved in 3.5 mL ACE/ACN solution (7:3, v/v) and pipetted into
the preheated matrix well (70°C). The elevated temperature accelerates evaporation of ACE (without

boiling) leaving a thin film of ACN, overall promoting homogenous micro-crystallization of matrix in
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the matrix well. MALDI targets, i.e. ITO-coated glass slides, are affixed to the sample plate holder.
After reassembling the sublimation apparatus, vacuum is applied and after reaching the target pres-

sure (37 mTorr, ca. 5 min) the sublimation temperature is set for each matrix individually (Table 1).

Table 1: Sublimation conditions for commonly used MALDI matrices.

Sublimation
e Matrix Well = Sublimation Vacuum
MALDI Matrix Solvent rcl Starl;tg;llnt Setpoint ['C] mp [°C] [mbarimtorr]
1.5-DAN 125 145 187-190
2 5-DHB ; 135 155 199.5
s "‘,‘3;“ 68 5x 102/ 37
SA v 145 165 192
CHCA 165 185 245 - 250

All tested matrices are entirely volatilized during the sublimation process lasting less than 15 min.
Sublimation of 25.5 mg matrix resulted in a coverage of 0.24 £ 0.01 mg/cm? (Table S1) when two
targets are prepared at a time (one target serves as quality control). The distance between sample
plate and matrix well had only a minor effect on the matrix amount deposited (decreasing amount
with increasing distance, Table S2) but yielded most homogenous coatings at 3 cm. The respective
melting points described for each matrix are in accordance to the applied sublimation temperatures
under reduced pressure (Table 1). However, setpoint temperatures were fixed 20 °C above the em-
pirically determined sublimation starting points to guarantee immediate and quantitative volatilization
of matrices. Depositing dissolved matrix in the well and evaporating the solvent, instead of using
matrix solids, introduces a further purification step allowing the use of chemicals of lower purity with-
out introducing chemical noise into mass spectra. A direct comparison of profile spectra along with
selected ion distributions from consecutive mouse brain sections acquired after using SA (purity =
98%) and SA recrystallized before sublimation (2-times in ACN/ddH:0, 7:3, v/v) show no significant
difference (Figure S2).

Reproducibility of matrix deposition was determined by sublimation of 25.5 mg of SA on one target,
or simultaneously on two or three targets. Each approach was repeated 5 times. In contrast to other
reports 2729 exceptional reproducibility was achieved; 3.58 + 0.04 mg per single slide (1.2 % RSD),
3.47 £ 0.05 mg (1.4% RSD) for two simultaneously covered slides and 3.11 £ 0.07 mg (2.4% RSD)
for three slides. SA covered slides were further imaged by MALDI MS to check the homogeneity of
the matrix coatings. Non-normalized ion images show constant signal intensities over the measured
areas of 2 x 5 cm for the selected mass of SA (Figure S3). Additionally, the evaluation of matrix

thickness for 18 ablated spots of a SA covered ITO target (2 x 5¢cm) and 9 silicon wafers partially
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covered with SA (8 x 10 cm) (all 0.25 mg/cm?) revealed an average of 1598 + 23 nm (1.4% RSD) and
1604 + 78 nm (4.9% RSD), respectively (Figure S4).

Following the established sublimation protocol in this study allows for (1) matrix purification and ap-
plication in one step, (2) uniform distribution of microcrystalline matrix in the matrix well providing
maximum surface area for sublimation and best thermal conductivity from the heater to the sublima-
tion substrate, therefore giving (3) a significant decrease of sublimation temperatures and time, as
well as (4) homogenous matrix application over large areas in a highly reproducible manner because
of pre-defined matrix amounts in the well.

Whilst small molecule analysis can be performed immediately after solvent-free matrix application by
sublimation (analytes diffuse into matrix layer 32), a rehydration step is mandatory in order to extract
larger molecules from the tissue and incorporate them into matrix crystals. As peptide/protein analysis
is an integral part of MALDI MSI, rehydration conditions were studied comprehensively for 2,5-DHB,
1,5-DAN, CHCA, and SA. Care was taken to avoid condensation on sublimed surfaces and partial
dissolving of the same during incubation. Beside optimization of incubation temperature and time,
introduction of slight modifications to standard protocols 2 resulted in simplified handling and in-
creased reproducibility for all tested matrices (Table S3).

ITO GLASS SLIDE

TISSUE

Figure 1: Condensation/crystallization of MALDI matrices on ITO glass slides and tissue.
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SEM analysis shows matrix morphologies after sublimation on blank ITO glass slides (Figure 1). Ap-
plication of 0.24 + 0.01 mg matrix/cm? exhibits euhedral crystals in homogenous formations for all
studied matrices. 2,5-DHB forms discrete needle-like crystals with up to approx. 2 um in length, in-
ducing perceptible interstitial crystal volume. Sublimation of 1,5-DAN, CHCA and SA generates gran-
ular crystals embedded in more cohesive layers, exhibiting crystals at the 1 um to sub-um level for
1,5-DAN and SA, and even nm-scaled crystals for CHCA (< 500 nm). CHCA data correlate nicely
with literature (granular shape, < 2 um) 2!, and the acquired results for SA and 1,5-DAN are corre-
sponding. However, blank glass substrates present ideal surfaces for crystal growth and formation,
compared to the heterogenous nature of biological tissue. For evaluation we focused on crystalliza-
tion after sublimation on human colon thin cuts (0.24 £ 0.01 mg matrix/cm?) (Figure 1). Beside ho-
mogenous matrix crystal distributions, surface non-uniformities and tissue characteristics (e.g.
cracks, < 5 um) become visual. The average particle size decreases to approx. 1 um for 2,5-DHB,
and to the sub-um range for 1,5-DAN and SA. At the nanoscale, rough parts of the tissue surface
may act as contact angles for nucleation. The reduced nucleation barrier may thus lead to a significant
decrease in crystal size. Beside the sharper-edged appearance of 2,5-DHB crystals on tissue, matrix
layers of 1,5-DAN, CHCA and especially SA exhibit subhedral textures possibly induced by endoge-
nous salts hampering crystallization and thereby reducing the degree of structural perfection.
Subsequent rehydration (5 % aqueous AcOH) notably affects sublimed surfaces neither on glass nor
on tissue preparations (Figure S5). It is assumed that remaining matrix crystals close to the substrate
act as seed layer during rehydration 33, consequently leading to comparable crystal habits, although
now eventually containing analytes of interest. Recently, the authors demonstrated the reliability of
the established sublimation/rehydration protocol in a HR study on peptide/protein distributions using
a large stack of tissue thin cuts 34,
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ITO GLASS SURFACE TISSUE SURFACE
10°C

2,5-DHB

1,5-DAN

- 1pm-

Figure 2: Influence of reduced cooling temperature on matrix crystallization on both glass and tissue
surfaces.

For comprehensiveness, we tried to evaluate whether cooling has a beneficial effect on crystal size
and layer formation of 2,5-DHB, 1,5-DAN, CHCA, and SA (Figure 2). Thus, sample plate temperature
was set to -10°C for all matrices. Preparations were first done on blank ITO glass slides to favor
unimpaired crystallization. Thereby, the appearance of 2,5-DHB changes from needle-like to more
granular structures along with crystals by approx. half the length (sub-um scale). Crystal sizes of 1,5-
DAN and SA behave similarly at -10°C, forming crystallites at the sub-um and 500 nm level, respec-
tively. The average particle size of CHCA shows only a minor decrease on glass (sub-500 nm level).
Tissue preparations at -10°C exhibit comparable crystal habits for 2,5-DHB and 1,5-DAN but formed
crystals decrease to the sub-pm range. Beside CHCA forming anhedral to subhedral crystals on
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tissue at -10°C, crystallization of SA does not differ significantly from preparations at plus 10°C. Ap-
plying reduced cooling temperature during sublimation did not influence the matrix amount deposited
neither on glass nor on tissue (e.g. DHB: 0.23 + 0.01 mg/cm?). However, interstitial crystal volume
decreases to a minimum for all studied matrices. Besides, recent work suggests that narrow size
distribution of crystals enhances reproducibility, resolution, sensitivity and S/N ratios in MALDI MS 35
36, Moreover, it has been reasoned that decreased crystal sizes possess higher effective tempera-
tures within each of the microcrystals irradiated by a laser pulse, and thus cause entire volatilization
33, Considering appropriate cooling temperatures, sublimation of all studied matrices yields crystals
being significantly smaller than the smallest laser diameter reported today (1.4 um 37) and thus elim-
inating crystal size as limiting factor for spatial resolution in MALDI MSI.

mz 772.6+02Da m/iz 788.8 +0.2Da m/z 885.8 +02Da
negative polanty

specimen

Figure 3: Effect of spatial resolution on spatial information of MS images.

In MS imaging, the spatial resolution (pixel size) of an experiment decisively influences the ability to
distinguish distributions of components within tissue sections. Herein, the recorded pixel size is key
for whether two adjacent regions are perceived as unique and distinct and thus should be adjusted
according to the structure of interest. In Figure 3, we address the influence of varying spatial resolu-
tion in acquired MALDI images of a 1,5-DAN -coated mouse brain thin cut (0.24 mg/cm?). Increasing
lateral resolution from 50 to 5 um reveals step by step the detailed molecular organization in situ.

For comprehensiveness, the established sublimation method was compared to aerosol-based matrix

application for lipid analysis on human colon tissue (Figure 4).
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A 0.24 mg 1,5-DAN /cm?

aerosol-based J sublimation
B C D E

m/z861.3 £ 0.1 Da m/z 885.3 £ 0.1 Da m/z 861.3 / 885.3
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Figure 4: Comparison of sublimation and aerosol-based matrix application. 1,5-DAN applied on tis-

500 pm

sue (A), light micrograph of human colon section (B), ion distributions in crypts (C) and submucosa
(D), ion distribution overlay (E).

Same amount of matrix was applied with both methods and MALDI MSI was performed under similar
conditions at a lateral resolution of 10 um. TIC normalized ion images acquired after sublimation
reveal remarkable definition of anatomical regions of the colon tissue, as outlined by analyte distribu-
tions characteristic for submucosa (m/z 885.3) and crypt membranes (m/z 861.3), the latter being as
thin as 5-10 um. MSI data generated from aerosol-based matrix application appear to be blurred
indicating analyte migration during sample preparation or missing data points as a consequence of
matrix-free areas, i.e. interstitial volume. The individual profile spectra show similar peak patterns but
with differing abundances (Figure S6). The significant increase in ion intensities achieved by using
only 100 laser shots/pixel may arise from homogenous analyte ablation of the microcrystalline matrix
layer after sublimation. Samples prepared by aerosol-based matrix application (crystal size up to 20
um, Figure S7) showed comparable intensities only after the accumulation of 1000 shots/pixel, inev-
itably resulting in higher abundances of matrix cluster in the lower mass range.
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Figure 5: Effect of normalization on image quality.

Figure 5 shows the dramatic effect of homogenous, efficient analyte ionization from microcrystalline
matrix layers when compared to aerosol-based application especially when data are not TIC normal-
ized. Conventional normalization only enhances acquired imaging data, outlining the spatial localiza-
tion of the thin crypt membranes and thus improving image quality.

In summary, the results of the current study outline the superior sublimation performance of the in-
house built device, representing a vital link to high-quality HR MALDI ion images. Employing subli-
mation yields nm-scaled matrix crystals embedded in dense crystal layers, both being prerequisites

for MS imaging below the sub-cellular level.

Experimental Section: please refer to Supporting Information.

Acknowledgments: The authors thank Elisabeth Eitenberger (TU Wien) for the support with SEM

measurements.
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Materials. All reagents had a purity of at least 99%, if not otherwise stated. Fresh frozen human colon
and mouse brain tissue was provided by the Department of Surgery and Comprehensive Cancer
Center, Medical University of Vienna, and sectioned at a thickness of 10 um using a Leica CM3050
cryostat (Leica Microsystems GmbH, Wetzlar, DE). Glacial acetic acid (AcOH), acetonitrile (ACN),
methanol (MeOH), ethanol (EtOH), acetone (ACE), chloroform (CHCI3), a-cyano-4-hydroxycinnamic
acid (CHCA) (purity 2 98%), 2,5- dihydroxybenzoic acid (2,5-DHB) (98%), sinapinic acid (SA) (= 98%),
1,5- diaminonaphthalene (1,5-DAN) (97%), and Whatman filter paper were purchased from Sigma-
Aldrich (St. Louis, MO, US). Water (ddH20) was obtained from a Simplicity system (Millipore, Billerica,
MA, US), resistivity <18.2 MQxcm @ 25°C. Indium tin oxide (ITO) -coated microscope glass slides
were from Delta Technologies (Loveland, CO, US) and washed before use (sonicated in ACE, MeOH
and ddHz0, 15 min each, dried under vacuum). Gold-coated silicon wafer were supplied from Infineon
Technologies Austria AG (Villach, AT). Double-sided copper tape was obtained from Advance Tapes
(Leicester, GB), thermally conductive adhesive was purchased from Arctic silver (Visalia, CA, US),

and conductive tape from Shimadzu Austria (Korneuburg, AT).

Figure S15: Setup of the in-house built sublimation apparatus for MALDI matrix application.

i B
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The in-house built sublimation device is composed of a (1) forevacuum pump connected to a (2)
vacuum sealed stainless steel sublimation chamber equipped with a (3) pressure transducer, and a
(4) modified fluid-cooled condenser defining the sample plate which is located in the sublimation
chamber. A (5) recirculating fluid, controlled by a cooling unit, tempers the sample holder. A (6) hot-
plate provides constant temperature to the (7) matrix well and a vacuum control system, consisting
of a (8) solenoid operated in-line valve and an (9) air admittance valve monitored by a (10) vacuum
controller, allows constant pressure levels and automated venting. A (11) granite slab is used as a
heatsink, accelerating heat dissipation between experiments.

A (12) removable stainless steel hollow cylinder is implemented on top of the matrix well to prevent
matrix condensation on the inner walls of the sublimation chamber ensuring long-term stability of the
system and thus simplifies cleaning between runs. An additional (13) exhaust hose is installed to
facilitate sublimation of toxic matrices (like 1,5-DAN) in the absence of a fume.

An aluminum plate (8 cm x 10 cm) is affixed to a fluid-cooled condenser using a thermally conductive
adhesive (layer thickness approx. 35 um) in combination with screw connections. This modification
ensures a stable and uniform temperature distribution across the fluid-cooled sample plate. Addition-
ally, the enlarged condensation area enables simultaneous matrix application to 3 full-sized MALDI
slides (e.g. ITO slides) or any sample holder of max. 8 cm x 10 cm. For better control of sublimation
results, the sample plate is adjustable in height allowing optimization of ITO target/matrix well dis-
tance.

The matrix well is sufficiently dimensioned (8 cm x 10 cm) to perfectly fit the sample plate and to take
up a minimum of 3.5 mL of matrix solution for crystallization prior to sublimation. The vacuum control
system allows operation of the sublimation process with preset pressure and time settings.

This setup in combination with conventional timers for the hotplate and the forevacuum pump enables
semi-automated sample treatment and thus a user-friendly handling.

Tissue preparation. Tissue sections (10 um) were thaw-mounted on ITO-coated slides, transferred
into a vacuum desiccator for = 2 h (complete dryness). Mouse brain tissue sections were washed in
ascending ethanol concentrations (70% and 100% EtOH, followed by Carnoy’s fluid (60 % EtOH, 30
% CHCIs, 10 % AcOH), 100% EtOH, ddH20, and 100% EtOH; 30 s each step, except for Carnoy’s
solution (2 min).! Human colon tissue sections were submerged 3-times in chilled ammonium acetate
(4°C, 50mM, pH 6.7) for 5s each.? Tissue sections were dried under a gentle stream of N2 and stored

in a desiccator until matrix application (= 20 min).

Matrix application by sublimation. Sublimation conditions are listed in the main manuscript in Table
1 (see manuscript). All ITO-coated glass slides were weighed before use. 25.5 mg of matrix were
dissolved in 3.5 mL ACE/ACN (7:3, v/v). After pipetting the solution into the preheated matrix well (70

°C) the solvent was allowed to evaporate, inducing crystals formation over the entire well. Sample
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slides were mounted onto the sample plate using double-sided copper tape (width 1 cm). The adjust-
able distance between matrix well and sample plate was set to 3 cm. The sample plate was main-
tained at 10°C (unless otherwise stated) by a recirculating fluid cooler using dH20/glycol/isopropanol
(4:2:0.5, v/v/v). The sublimation apparatus was reassembled, and vacuum was adjusted to 37 mTorr
(5x 102 mbar). System temperature was adjusted to matrix choice. Sublimation was proceeded until
matrix crystals in the well volatilized entirely. Upon completion of sublimation, the heating was turned
off and the device was vented to atmospheric pressure. After sublimation, the prepared ITO-slides
were weighed again to determine average amount of matrix per cm?2. Matrix coverage was assessed

by secondary electron microscopy (SEM).

Matrix application by airbrush. A high-end airbrush device (Grafo T3, Harder & Steenbeck, DE)
with a 0.15 mm needle and connection to an oil-piston-compressor (Aero-pro HTC) providing constant
air pressure levels (1.5 bar) was used for aerosol deposition of matrix. A saturated matrix solution of
1,5-DAN was prepared in ACE/ddH20 (9:1, v/v) and manually applied on ITO glass slides by main-
taining a distance of 30 cm and an angel of approx. 45° between nozzle and sample surface. Matrix
coverage was again assessed by weight and SEM.

Matrix rehydration. After matrix sublimation was complete, subsequent recrystallization and hydra-
tion was performed according to J. Yang and R.M. Caprioli' with slight modifications. Briefly, the
matrix covered ITO slide was attached to a stainless-steel target (Shimadzu Austria, Korneuburg, AT)
on the bottom side of a Petri dish cover (100 mm x 15 mm depth; VWR, Darmstadt, DE). After placing
a filter paper wetted with 5 % AcOH in the Petri dish the hydration chamber was reassembled and
incubated with parameters adjusted for each matrix (Table S3). Besides, we introduced modifications
to simplify handling and increase reproducibility. The stainless-steel target was attached to the un-
derside of the Petri dish lid using conductive tape in combination with a thermally conductive adhesive
to ensure a uniform heat sink across the entire steel target. The filter paper was cut to rectangular
pieces (80 mm x 30 mm) to stick out the dimensions of the ITO-coated glass slide (75 x 25 mm) and
placed in the Petri dish. 570 pL of 5% aqueous AcOH were pipetted evenly onto the filter paper to
generate acidic, humidified atmosphere. The slide with the sublimed matrix was then attached to the
steel target using 2 magnets. After reassembling, two additional magnets were placed on the top part
of the Petri dish lid to prevent detachment of the steel target during longer incubation times. Conven-
tional isolating tape (15 mm in width) used for sealing the reassembled Petri dish guaranteed constant

humidity during recrystallization/hydration.

Purification of matrix prior to sublimation. Stock matrix material of SA (purity = 98%) was purified
by recrystallization prior to sublimation using either 2-times ACN/ddH20 (7:3, v/v) or the same solution

as used in the sublimation process developed in this manuscript, i.e. ACE/ACN (7:3, v/v).
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Light and secondary electron microscopy. Optical images of human colon and mouse brain tissue
were taken prior to MSI using a Leica DM 2500M light microscope (Leica Microsystems AG, Heer-
brugg, CH) with a 2.5x objective lens. Matrix crystal morphologies of the sublimed surfaces were
characterized by SEM, after sputtering-coating matrix-covered ITO glass slides with a thin gold film
for 40 s (Agar Scientific Ltd., Stansted, Essex CM24 8GF, GB). SEM images were recorded at an
acceleration voltage of 10 kV and a magnification between 2000 and 30000 on an XL 30 scanning
electron microscope (FEI Philips, Hillsboro, OR, US).

Matrix coating homogeneity and thickness evaluation. For homogeneity testing, ITO glass slides
were sublimed with SA (0.25 mg/cm?) prior to MSI measurements. Nine gold-coated silicon wafers (1
cm x 1 cm; 750 um depth) were mounted on the aluminum sample plate (8 cm x 10 cm) using con-
ductive tape. The wafers were partially covered with another wafer and SA was sublimed to obtain
coatings at 0.25 mg/cm? (assessed by weight). After removing the covering wafer, the thickness of
the matrix coating was measured across the coated and non-coated area using the profile line func-
tion of the DektakXT (Bruker Daltonics, Bremen, DE).

Mass spectrometry imaging and data analysis. MSI| spectra were acquired on a MALDI-
TOF/RTOF instrument (ultrafleXtreme™), equipped with a 2 kHz Smartbeam™ laser (355 nm) using
flexControl v3.4 (all Bruker Daltonics). MSI measurements of mouse brain tissue: 4 — 18 kDa, positive
linear ion mode, lateral resolution of 60 um. High spatial resolution MSI data of human colon tissue:
450 — 950 Da, negative reflectron mode, lateral resolution of 10 um. Matrix homogeneity testing by
MSI: 100 — 300 Da, positive reflectron ion mode, lateral resolution of 1200 um. In general, MS data
acquisition parameters were kept identical for the individual tissue sections and regions of interest
(ROI) of approximately the same area. One hundred shots per pixel were acquired at a laser repetition
rate of 1 kHz without intraspot rastering, an array of approx. 5600 points for mouse brain and 15000
points for human colon tissue were covered. Imaging data for matrix homogeneity evaluation was
acquired within an area of 2 x 5 cm of the sublimed ITO glass slides. Variations in spatial resolution
were performed in order to limit the data size of the collected images. Mass spectra were calibrated
externally using the cubic enhanced algorithm. Data acquisition and image representation were car-
ried out using flexImaging software v3.0 and SCiLS Lab software v2015b (SCiLS GmbH, Bremen,

DE). Acquired imaging data were normalized to the Total lon Current (TIC) unless otherwise stated.
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Figure S2: Comparison of applied non-purified and purified SA by MALDI MSI. Acquired profile spectra (A) and ion

images of horizontal mouse brain (B).
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Figure S3: Testing the homogeneity of matrix coatings by the use of MALDI MSI.

Figure S4: Matrix thickness measurements of SA covered ITO target (A) and sample plate (B).
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Figure S5: Effect of rehydration on sublimed ITO and tissue surfaces.
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Figure S7: SEM micrographs of 1,5-DAN application by airbrush and sublimation.
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Table S1: Determined matrix coverage after sublimation of the same amount for each matrix used*.

. . Target 1
MALDI Mat Mat
atrix atrix [mg] [mg]
1,5-DAN 3.3
2,5-DHB 3.1
25.5

SA 3.5
CHCA 3.1

Target 2
[mg]

3.3

3.1

35

3.1

Matrix Coating
[mg/cm?]

0.24
0.23
0.25

0.23

* sublimation conditions see Table 1 (manuscript).
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Table S2: Matrix sublimation with varying distances between sample plate and matrix well*.

Di?(:ra:]ce SA [mg] Ta[rr'gg; 1 Ta[rr'gg; 2 Ma;:'ril); /((::?nazt]ing
2 3.9 3.9 0.28
8 255 3.5 8i5 0.25
4 3.0 3.0 0.22

* sublimation conditions see Table 1 (manuscript).

Table S3: Rehydration conditions for commonly used MALDI matrices*.

. Incubation Incubation Time
MALDI Matrix Temperature [°C] [min]
1,5-DAN 15
2,5-DHB 1.5
85
SA 3.8
CHCA 4.0

*determined for a matrix coverage at 0.24 + 0.01 mg/cm? and the use of
5% aqueous AcOH as solvent.
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Visualizing fungal metabolites during mycoparasitic
interaction by MALDI mass spectrometry imaging
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Studying microbial interactions by MALDI mass spectrometry imaging (MSI) directly from
growing media is a difficult task if high sensitivity is demanded. We present a quick and robust
sample preparation strategy for growing fungi (Trichoderma atroviride, Rhizoctonia solani) on
glass slides to establish a miniaturized confrontation assay. By this we were able to visualize
metabolite distributions by MALDI MSI after matrix deposition with a home-built sublimation
device and thorough recrystallization. We present for the first time MALDI MSI data for
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Technical brief

We present that mass spectrometry imaging (MSI) is capable
of visualizing the release of secondary metabolites upon host
sensing and fungal interaction directly from a miniaturized
potato-dextrose agar (PDA) platform set up for a confrontation
assay.

Fungi are globally distributed and numerously occurring
microorganisms exceeding an estimated total number of 1.0
to 1.5 million [1]. Besides their use as producers and agents
for pharmaceuticals, enzymes, organic acids and foods [2] the
fungal kingdom plays an essential role in natural ecosystems
and also comprises pathogenic and parasitic species. Fungal
phytopathogens like Rhizoctonia spp. account for 80% of plant
diseases [3] and demand for sustainable, ecofriendly strate-
gies to prevent crop loss. Several fungal species are special-
ized to attack and antagonize plant pathogens by impeding
their growth or directly killing the pathogens. Such bene-
ficial microorganisms are already commercially applied as
biological control agents (BCAs) [4]. The fungus T. atroviride
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can establish itself in the plant rhizosphere, thereby increas-
ing plant growth and productivity [5, 6]. In addition to that,
Trichoderma is able to directly parasitize a range of pathogens
(e.g. Rhizoctonia solani) by a process called mycoparasitism,
allowing for the effective use of Trichoderma as BCA [7]. The
processes leading to mycoparasitism are rather complex, yet
sensing of the host and growth towards it, the active release
of small molecules and enzymes and the subsequent penetra-
tion and killing of the host are key events. It is already known
that Trichoderma produces secondary metabolites contribut-
ing to the antagonistic potential towards plant pathogens
[8-10], and peptaibiotics are one important group of signifi-
cant concentration [11, 12]. Within peptaibiotics, peptaibols
represent a subgroup of non-ribosomal, membrane-active
linear chained polypeptides characterized by a C-terminal
alcohol residue, an acylated N-terminus and a high level
of unusual amino acids, like a-aminoisobutyric acid (Aib),
2-isovaline (Iva), and hydroxyproline (Hyp) [13,14]. Up to now
peptaibols were detected either from fungal spores by intact
cell mass spectrometry (ICMS) [15] or by well-established
HPLC-MS/MS methods after isolation from cell cultures
[14,16,17]. Based on work using MSI in the field of microbi-
ology [18], our objective was to develop a sample preparation

Colour Online: See the article online to view Figs. 1 and 2 in colour.
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method suitable for studying Trichoderma-Rhizoctonia inter-
actions directly from cultivation to visualize metabolite dis-
tributions induced by mycoparasite-host interaction to build
a solid basis for future work in the field of fungal communi-
cation.

For our experiments we used chemicals of highest grade
(supporting information). For the mycoparasitic T. atroviride-
R. solani interaction, a miniaturized confrontation assay had
to be established on conductive indium tin oxide (ITO) slides.
T. atroviride and R. solani were first grown separately in petri
dishes on PDA at 28°C. Then, an ITO slide was covered with
a thin layer of PDA (approx. 400 wm) and mycelia plugs
of each fungus were deposited on the glass slide approx.
1-2 cm apart and incubated at 28°C until (i) hyphae nearly
reached each other (approx. 2-4 mm apart) or (ii) were clearly
interacting which was monitored with a light microscope.
After approx. 1-2 days, when fungal hyphae were grown
towards each other, the sample was removed from the in-
cubator and immediately stored at —70°C. For MALDI MSI
the glass slides were removed from the freezer and thawed
in a vacuum desiccator for 2 h. Matrix for MALDI MSI
was deposited with a home-built sublimation apparatus in a
vacuum-sealed, pressure-stabilized deposition chamber with
constant heating for matrix vaporization and controlled sam-
ple plate cooling for deposition. 2,5-dihydroxy benzoic acid
(2,5-DHB) dissolved in acetone was sublimed at 120°C and
35 mTorr to gain a matrix layer of 0.3 mg/cm?. Recrystalliza-
tion and hydration was done according to Yang et al. [19].

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Finally, slides were dried for 2 min at 85°C and immediately
used for analysis. Imaging measurements were performed on
a MALDI TOF/RTOF mass spectrometer (ultraflextreme™,
Bruker Daltonics, Bremen, Germany) in a mass range from
100 to 2600 Da with ion suppression for ions below 50 Da.
Images were normalized to the total ion current (TIC) (for full
details on matrix deposition and MS analysis see Supporting
Information).

MALDI MSI for PDA grown fungi is not straightforward.
First metabolism has to be stopped, which was facilitated by
immediate storing the sample at —70°C. Furthermore, the
water content of the PDA layer had to be removed to prevent
the vacuum system of the mass spectrometer from crashing.
For this, samples were removed from the freezer and thawed
while drying in a vacuum desiccator for 2 h. Then the glass
slides were introduced into the fine vacuum of the sublima-
tion unit guaranteeing completely dry samples for analysis.

Additionally, the hyphae-covered PDA layer does not pro-
vide an even surface. Most critical is the point of inoculation
where height differences can be up to 1 mm. Because the
points of inoculation were of lesser interest, only areas of
similar height were investigated (rectangular shaped regions
ofinterest (ROIs) in Figs. 1 and 2) to reduce signal broadening
to a minimum due to differences in flight times.

By this we were for the first time able to visualize ana-
lyte distributions characteristic for both fungi directly from
agar-covered ITO slides with good signal-to-noise (S/N) ratios
(Fig. 1).

www.proteomics-journal.com
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Figure 2. MALDI MSI of physically interacting T. atroviride (T) and R. solani (R) hyphae. (A) Light microscopic image showing points of
inoculation (green tetragons), the outer rim of hyphal growth for both species (white lines) and borders for features detected by MSI
(blue lines). (B) Molecular distributions of selected secondary metabolites localized by MALDI MSI. (C) T. atroviride specific metabolites
(Supporting Information S3). (D) R. solani specific metabolites (Supporting Information S4). (E) Profile mass spectrum exhibiting signals
assigned to R. solani (marked in green) and T. atroviride (marked in blue).

Figure 1A clearly shows that the fungal hyphae were not
interacting (2-4 mm distance), yet already at this state char-
acteristic analyte distributions could be determined (Fig. 1B).
The exemplarily depicted distributions of m/z 525.5, 1949.4
and 2006.3 show that ions can specifically be assigned to ei-
ther fungus. Interestingly, m/z 1949.4 and 2006.3 are present
at apparent higher concentrations (higher signal intensities)
in regions closer to the point of T. atroviride inoculation and
almost not detected in the outer rim of the colony, while
R. solani specific analytes were visible for the whole radi-
ally grown fungus. Yet m/z 1949.4 and 2006.3 seem to be
released at an early growth stage to allow for migration to-
wards R. solani. At this point we hypothesize that we have for
the first time visualized metabolites released by Trichoderma
during the phase of host sensing (details on single ion images
see Supporting Information S1).

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Compared with previous publications presenting antibi-
otic [20] or other chemical output [18] of fungi/bacteria grown
on agar, this study presents signals with a very good S/N ra-
tio (Fig. 1C), although background signals from PDA were
not completely diminished (Supporting Information S2). We
attribute this enhancement of detection to the fact that we
established a miniaturized confrontation assay directly on
glass slides, exhibiting therefore only a very thin layer of
PDA providing nutrients. Even more important, matrix sub-
limation added the benefit of thorough sample drying and
the rehydration step incorporated the analytes of interest
very efficiently. At the current state of research we sus-
pect the signals between m/z 1900 and 2000 to be repre-
sentatives of above mentioned peptaibols because cultiva-
tion on solid media favors their production [21] and the
observed m/z values correlate with data available in the

www.proteomics-journal.com
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peptaibiotics database (https://peptaibiotics-database.boku.
ac.at/ [22]).

To strengthen our findings, MALDI MSI data were addi-
tionally collected from samples showing interacting hyphae
(Fig. 2A). As can be seen in Fig. 2E metabolites were re-
leased to a high extent, suppressing the background signals
from PDA. Figure 2B shows that the observed distributions
correlate nicely with hyphal density. Again m/z 1949.4 and
2006.3 were observed, analytes considered to represent pep-
taibols containing 20 amino acid residues (details on single
ion images see Supplemental S3). These m/z values are of
high abundance also in an area far away from inoculation.
This is caused by contamination coming from the inocula-
tion procedure but not MALDI MSI sample preparation (Fig.
2B). This assumption is corroborated by light microscopy
(Fig. 2A).

m/z 1024.8 and 1687.1 can be considered as peptaibols
with chain lengths of 11 and 18 residues (Fig. 2C), from
which 1024.8 was partially co-localized with 2006.3, while
1687.1 showed high prevalence in areas of T. atroviride hy-
phae of lesser density. Taking a closer look at the distribu-
tion of m/z 1024.8 one may hypothesize that this particular
metabolite is released simultaneously with or even earlier
than m/z 2006.3. Especially its distribution in the area of con-
tamination is corroborating this assumption. For m/z 1024.8
first MS/MS spectra exhibited mass differences supporting
the presence of Aib, therefore confirming the hypothesis that
some compounds are indeed peptaibols (data not shown).
Metabolites with m/z values of 1360.9, 1429.8 and 1801.1
(Fig. 2D) are predominantly present at the borders of fungal
interaction and are most likely released by R. solani, especially
when considering their presence near the point of inocula-
tion (details on single ion images see Supporting Information
S4).

With this technical brief we show for the first time that
MALDI MSI can be used to visualize metabolites released
during T.atroviride-R. solani interaction directly from PDA.
First experiments show several distinct local distributions
of metabolites for both, non-interacting and interacting hy-
phae. Characteristic masses correlating to known peptaibols
with chain lengths of 11, 18 and 20 residues were detected.
We attribute this achievement to an enhanced sample prepa-
ration strategy facilitating a miniaturized confrontation as-
say carried out directly on glass slides. Furthermore, MALDI
matrix application by sublimation in combination with thor-
ough recrystallization/hydration allows good analyte extrac-
tion from the agar medium and incorporation into the matrix
crystals.

Based on these basic technical improvements, future
work will focus on (i) biological aspects to obtain a bet-
ter understanding of fungal sensing mechanisms and com-
munication, and (ii) technical aspects to increase mass
spectral quality by decreasing height differences of grow-
ing hyphae and preserving conductivity for the agar-coated
targets.

© 2016 The Authors. Proteomics Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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VISUALIZING FUNGAL METABOLITES DURING MYCOPARASITIC INTERACTION BY MALDI
MASS SPECTROMETRY IMAGING
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Supporting Information on Chemicals and MALDI MSI Sample Preparation:

Chemicals

Glacial acetic acid and 2,5-dihydroxy benzoic (2,5-DHB) acid were obtained from Sigma Aldrich (St.
Louis, MO, USA). Conductive indium tin oxide (ITO) glass targets were purchased from Delta Tech-
nologies (Loveland, CO, USA). MALDI MS calibrants, Angiotensin I, Neurotensin and the fragments
Bradykinin 1-5 and ACTH 18-39, were obtained from LaserBio Labs (Sophia-Antipolis Cedox, F).

MALDI matrix deposition

Matrix was deposited with a home-built sublimation apparatus in a vacuum sealed, pressure con-
trolled deposition chamber with constant heating for matrix vaporization and controlled sample plate
cooling for deposition. 40.6 mg of 2,5-DHB per 7 mL acetone were placed in a preheated well (63 °C)
forming a homogenous micro crystalline matrix layer after solvent evaporation. ITO slides with the
dried fungi were mounted on the cooling plate and matrix was completely sublimed (120 °C, 35
mTorr). Amount of matrix coating per unit area was assessed with a balance and gave 0.3 mg/cm?2.
Subsequent recrystallization and hydration according to Yang et al. [1] allowed analyte incorporation.
Briefly, a filter paper soaked in 5 % aqueous acetic acid was placed in a glass petri dish. After attach-
ing the matrix covered slide to a stainless steel plate and mounting it on the inner side of the cover,
the petri dish was reassembled to form a hydration chamber and incubated in a constant temperature
oven at 85 °C for 3 min. The slide was removed, dried at 85 °C for two minutes and immediately used

for analysis.
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Imaging MALDI Mass Spectrometry

Imaging measurements were performed on a MALDI TOF/RTOF mass spectrometer (UltrafleX-
treme™, Bruker Daltonics, Bremen, Germany) using flexControl software v3.4. The Nd:YAG/355 nm
smartbeam-1I™ laser attenuator offset was adjusted to 65 % and laser fluency was operated at 55 %.
Mass range was set from 100 — 2600 Da and ion suppression for ions below 50 Da. Data was col-
lected at 0.50 Gs sampling rate. Pulsed ion extraction was adjusted to 120 ns. For reflectron positive
ion mode, the source was set to an accelerating voltage of 20.00 kV with an extraction voltage of
17.95 kV, and a lens voltage of 7.50 kV. Imaging data were acquired with a spatial resolution of 120
pum by summing up 100 shots per array position without intraspot rastering using a laser repetition
rate of 1 kHz. Mass spectra were calibrated externally using the cubic enhanced algorithm on the
singly charged ions of 2,5-DHB (m/z 155.1), Angiotensin Il (m/z 1046.5), Neurotensin (m/z 1673.9),
Bradykinin fragment 1-5 (m/z 573.3) and ACTH 18-39 (m/z 2465.2).

Image and Data Processing

Image acquisition and imaging data processing were carried out using fleximaging software v3.0
(Bruker Daltonics). Top Hat algorithm was used to subtract the baseline of the average spectra. Im-
ages were normalized to the total ion current. Intensity bars in figures represent ion intensity scalings
from 0 to 100%. In supplemental figures, single color and rainbow color codes were displayed for

highlighting the spatial and intensity distributions of ions, respectively.

[1] Yang, J., Caprioli, R. M., Matrix Sublimation/Recrystallization for Imaging Proteins by Mass Spec-
trometry at High Spatial Resolution. Anal. Chem. (Washington, DC, U. S.) 2011, 83, 5728-5734.
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SUPPLEMENTARY FIGURES

Supplemental Figure 1
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m/z 19494 T ) m'z 2006.3

S1: MALDI MSI of physically non-interacting T.atroviride and R.solani hyphae. (A) Light microscopic
image showing non-interacting hyphae. Blue and green lines mark the outer rim of hyphae growth.
(B) Distribution of selected m/z values representing characteristics for T.atroviride (m/z 1949.4 and
2006.3) and R.solani (m/z 525.5). (C) and (D) visualize spatial distributed ions of m/z 1949.4 and m/z
2006.3. (E) and (F) show the respective ion intensity distributions.
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Supplemental Figure 2
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S2: Mass profile spectrum of potato dextrose agar exhibiting periodically occurring signals with Am/z

162 in grey and 2,5-DHB derived matrix signals in blue (mass range 100-2300 Da).
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Supplemental Figure 3
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S3: Single ion images of T.atroviride (T) specific metabolites derived during interaction with R.solani
(R). (A) Light microscopic image showing points of inoculation (green tetragons), the outer rim of
hyphal growth for both species (white lines) and borders for features detected by MSI (blue lines).
Spatial distributions of metabolites with (B) m/z 1024.8, (C) m/z 1687.1, (D) m/z 1949.4 and (E) m/z
2006.3 are visualized. Images (F), (G), (H) and (I) highlight the respective ion intensity distributions.
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Supplemental Figure 4
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S4: Single ion images of R.solani (R) specific metabolites derived during interaction with T.atroviride

(T). (A) Light microscopic image showing points of inoculation (green tetragons), the outer rim of

dense hyphal growth for both species (white lines) and borders for features detected by MSI (blue
lines). Spatial distributions of metabolites with (B) m/z 525.5, (C) m/z 1360.9, (D) m/z 1429.8 and (E)
m/z 1801.1 are visualized. Images (F), (G), (H) and (I) highlight the respective ion intensity distribu-

tions.
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Supplemental Figure 5 and 6

As suppression of ionization represents a significant issue in MALDI MSI, intensity distributions of
ions in the hyphae free zone (non-interacting assay, S5) and in a particular area free of detected

metabolites (interacting assay, S6) are shown.

m'z 19494

1’ atroviride R. solani

m/z 20063

2 mm
m/z 689.2

S5: MALDI MSI of physically non-interacting T.atroviride and R.solani hyphae. (A) Light microscopic
image showing non-interacting hyphae of T.atroviride and R. solani. White lines mark the outer rim of
hyphal growth. (B) Distribution of selected m/z values representing characteristics for T. atroviride
(m/z 1949.4 and 2006.3) and R. solani (m/z 525.5). (C) Intensity distribution of a background ion (m/z
689.2) from the growth medium in the hyphae free zone indicating no potential ion suppression in the

particular area.
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S6: Disproval of ion suppression during MALDI MSI of interacting T.atroviride and R.solani hyphae.
(A) Light microscopic image of interacting T.atroviride (T) and R.solani (R) hyphae. White lines mark
the outer rim of hyphal growth for both species. Green tetragons show the points of inoculation. (B)
Molecular distributions of selected secondary metabolites characteristic for T.atroviride and R.solani
localized by MALDI MSI. Intensity distributions of (C) a minor abundant metabolite with m/z 505.8.
and (D) a background ion derived from PDA with m/z 1175.7 disproving potential suppression of

ionization in the particular area.
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Supplemental Figure 7

Profile mass spectra of separately grown R.solani and T.atroviride were measured to exclude the
detected secondary metabolites from being produced by non-interacting fungi but rather being stress-

released during the mycoparasite-host interaction.
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S7: Individual mass profiles of separately grown (A) R.solani and (B) T.atroviride (ROl 400-2600 Da).
These mass spectra exhibit absence of characteristic signals of metabolites being released by (A)
R.solani (1360.9/1429.8/1801.1; in green) and (B) T.atroviride (1024.8/1687.1/1949.4/2006.3; in blue)

during mycoparasite-host interaction.
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IN SITU CHARACTERIZATION OF TISSUE-RESIDENT IMMUNE
CELLS BY MALDI MASS SPECTROMETRY IMAGING

|article published in Journal of Proteome Research (2017), 16(1), 65-76 |

92



Journal of

proteome

eresearch

pubs.acs.org/jpr

In Situ Characterization of Tissue-Resident Immune Cells by MALDI

Mass Spectrometry Imaging

Matthias Holzlechner, " Katharina Strasser,”"""

Elitsa Zareva,” Luise Steinhiuser,” Hanna Birnleitner,

"

Andrea Beer,” Michael Bergmann,;t Rudolf Oehler,i and Martina Marchetti-Deschmann*"

"Institute of Chemical Technologies and Analytics (CTA), TU Wien, 1060 Vienna, Austria
J:Department of Surgery and Comprehensive Cancer Center, IClinical Institute for Pathology, Medical University of Vienna, 1090

Vienna, Austria

SCBmed GmbH—Center for Biomarker Research in Medicine, 8020 Graz, Austria

© Supporting Information

ABSTRACT: Tissue-resident immune cells differ from their corresponding
blood cells in many functional aspects. Although the proteome of blood
immune cells has been well-investigated, there are almost no data on tissue-
resident immune cells. Here, we explored the potential of using MALDI-
TOF-MS imaging (MSI) to investigate these cells in colon tissue, which
exhibits a strong infiltration of immune cells. MSI identified several
proteinaceous markers that colocalized with specific structures of the colon,
such as mucosa or muscularis mucosae, in six patients. In addition, we
showed that certain m/z values have the same spatial distribution as CD3* T
lymphocytes in the lymphoid follicular structures or as CD206" macrophages
in the lamina propria. For further corroboration, blood lymphocytes and
monocytes from 10 healthy volunteers were analyzed by intact cell mass
spectrometry (ICMS). Furthermore, we analyzed monocyte-derived macro-
phages that had been polarized in vitro into proinflammatory M, and anti-
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inflammatory M, phenotypes. The mass spectra differed clearly among all immune cell types. Additionally, it was found that
distinct signals from ICMS analysis were identical to the m/z values found in the MSI experiment in lymphoid follicular
structures. These data show for the first time that MSI is well-suited to visualize the spatial distribution of immune cells in human
colon tissue. We consider MALDI mass spectrometry imaging to be a technique with high potential for use in rapid investigations

of tissue-specific features of cells.

KEYWORDS: MALDI mass spectrometry imaging, immunohistochemistry, immune cells, monocytes, lymphocytes, macrophages,

colon tissue

B INTRODUCTION

The intestine contains the highest number of immune cells of
any tissue in the body, which reflects the massive antigen load
that these cells are exposed to in this environment. A
functional immune system is therefore essential for the
homeostasis of the gastrointestinal (GI) tract. There are two
major compartments of immune cells within the intestine,
mucosa-associated lymphoid tissue (MALT) and diffuse
mucosal lymphoid and myeloid cells.” MALT is a system of
small follicular aggregates of lymphocytes. These follicles are
scattered throughout the intestine, showing an increased
frequency in the colon, which is linked to the abundant and
diverse microbial flora in this part of the intestine. Diffuse
mucosal immune cells are located in the mucosa and consist of
various cells, such as lymphocytes, plasma cells, macrophages,
and granulocytes. Intraepithelial lymphocytes are mainly CD8*
T cells, important for cytotoxicity and cytokine secretion,
whereas CD4" T cells and B cells are predominantly found in
follicles.” Together with the innate branch of the gut immune

-4 ACS Publications  © 2016 American Chemical Society
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system, these effector lymphocytes form the first line of defense
against invading pathogens and play a crucial role in
maintaining barrier integrity.

Tissue-resident lymphocytes originate from the same
precursor cells as their counterparts in the circulation; however,
they differentiate into specialized cells depending on the stimuli
they receive and the location into which they migrate.” These
cells differ in various parts of the body and provide regional
immunity. Thus, the presence of T lymphocytes in the GI tract
provides tissue-restricted priming to intestinal antigens.
Lymphocytes also provide immunoglobulins for the direct
quenching of bacterial virulence factors within the mucus.’

Blood monocytes originate from myeloid progenitor cells of
the bone marrow. If blood monocytes migrate from the
bloodstream into a tissue, they differentiate into macrophages
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that are polarized in a manner that depends on the stimuli
received from the microenvironment. Reports have shown that
macrophages of the lung, liver, central nervous system, and
peritoneal cavity derive from embryonic precursors that can
proliferate in situ. In contrast, intestinal macrophages are
replenished by blood monocytes.” When monocytes leave the
blood and migrate into the GI tract, they lose CD14 expression
and adopt an anti-inflammatory phenotype manifested by the
expression of various cell surface markers, such as CD206, also
called mannose receptor C type 1 (MRC1).*” Macrophages in
the entire GI are mostly located in the lamina propria of the
mucosa in close proximity to the epithelial cells of the crypts.”
They are also found in the smooth muscle layers, where they
are important for the motility of the intestine.”'® GI
macrophages play also an essential role in the homeostasis of
the intestine by interacting with other cells, producing
cytokines and other soluble factors, scavenging dead cells and
debris, and encapsulating and destroying material that enters
the epithelial barrier such as bacteria.”’

Classically, immune cells are characterized by their
expression of proteins mainly on their cell surface, such as
cluster of differentiation (CD) molecules. These molecules can
be identified using monoclonal antibodies against the
appropriate marker and analyzed with flow cytometry. More
than one marker is typically necessary to clearly identify a
certain cell population or the activation and polarization status
of these cells. With multicolor flow cytometers and
sophisticated gating strategies, it is feasible to identify
subpopulations of immune cells with differently labeled
antibodies against several cell markers. The identification of
immune cells in tissue sections also requires multicolor
immunohistochemical staining.l Still, it is a challenge to
reliably identify single immune cells and their activation or
polarization status within one tissue section. Additionally, the
differences between blood immune cells and tissue-resident
immune cells include modifications of the epigenetic profile
and transcriptome of these cells.'' However, very little is
known about the proteome of tissue-resident immune cells.
Thus, mass spectrometry (MS) is a promising tool that can
detect cell characteristics without being restricted to the use of
specific antibodies. Intact cell mass spectrometry (ICMS),
introduced in 2001 for bacterial differentiation, has made a
significant impact not only in environmental but also in
biotechnological and clinical research.'” Despite this growing
importance, to date only a few applications have been described
for the analysis of mammalian cells and immune cells in
particular.

Munteanu and co-workers showed that MALDI-MS can
differentiate between different cell types and interindividual
variations of cells in suspension.'> They also stated that this
method is suitable for global analysis of differences in mass
spectral signatures of intact polymorphonuclear neutrophils and
monocytes obtained from blood samples.'* The research group
of Textoris was able to asses a set of peaks that represent the
MS signature of immune cells,'"> and they also characterized
different polarization levels of human macrophages.lé They
differentiated monocyte-derived macrophages in vitro either
into M; or M, type macrophages and identified specific protein
patterns by ICMS. At the level of CD markers, in contrast, a
differentiation between these two polarization types is nearly
impossible. A very recent study used the same technique to
distinguish human monocyte subpopulations.'”
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Mass spectrometric imaging (MSI) is a rapidly developing
application. In MS], both the intensities of m/z values and their
respective x/y positions within a sample are recorded, allowing
for the generation of images representing ion intensities at
certain tissue localizations. This information is of special
interest when analytes are not evenly distributed but
compartmentalized, such as in a tissue. Consequently, this
method provides a potential tool for the investigation of tissue-
resident immune cells. A recently introduced technology, mass
cytometry, combines MSI with metal-chelated antibodies as an
alternative method to classical immunohistochemistry (IHC).
IHC uses enzyme-linked antibodies to detect antigens on tissue
slides. The enzyme catalyzes the reaction of a substrate to a
colored product, which can be seen in a microscope. The new
technology uses metal-chelated antibodies where images of
metal distributions within the tissue are generated from
respective isotopes measured by MS."*'? This method is
more sensitive than IHC, yet it is still a knowledge-driven
approach. To date, no study has been published focusing on an
unbiased approach to distinguish the proteomic profiles of
immune cells in a tissue.

In the present study, we investigated whether MSI can be
used to study immune cells in tissue samples without using
antibodies. First, we analyzed human colon tissues sections and
compared the results to classical IHC stainings of immune cells.
Then, we used ICMS to characterize isolated peripheral blood
lymphocytes and monocytes. We showed that MSI provides
additional information on immune cells within the tissue, which
allows the cross-talk between lymphocytes and their micro-
environment to be visualized.

B EXPERIMENTAL SECTION

Materials

All reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) with a purity of at least 99%, if not otherwise stated.
Calibrants for mass spectrometry, insulin (bovine), cytochrome
C (horse heart), and myoglobin (horse heart), were obtained
from LaserBio Laboratories (Sophia-Antipolis, Cedox, FR).
Ultra-high-quality water (ddH,0) with a resistivity <18.2
MQ:cm @ 25 °C was obtained from a Simplicity system
(Millipore, Billerica, MA, USA). Conductive indium tin oxide
(ITO)-coated microscope glass slides were purchased from
Delta Technologies (Loveland, MN, USA). Buffy coats were
bought from the Red Cross (Vienna, AT). CD14" isolation was
performed with MACS technology, and all reagents and
equipment were bought from Miltenyi Biotec (Bergisch
Gladbach, DE). Ethanol (96%, technical grade) was purchased
from the pharmacy of the general hospital of Vienna (AT). All
reagents used for immunohistochemical staining were pur-
chased from Vector Laboratories (Burlingame, CA, USA), if
not stated otherwise.

Collection and Processing of Human Colon Tissue

Pieces of normal colon tissue were taken from surgical
specimens that were resected in the course of colon cancer
surgery. The patients gave informed consent, and sample
collection was approved by the ethical committee of the
Medical University of Vienna. Tissues of seven patients were
investigated. One of the samples did not show follicular
lymphoid structures and was considered a control for our
findings (markers in lymphoid structures). Fresh colon tissues
were snap frozen and stored at —80 °C. The tissues were
transferred on dry ice to a Leica CM30S0 cryostat (Leica
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Microsystems GmbH, Wetzlar, DE) and cryosectioned at a
nominal thickness of 10 ym. Frozen tissue sections were thaw-
mounted on ITO slides, vacuum-dried in a desiccator for >1 h
at room temperature, and stored in a sealed slide holder at —80
°C until needed. Consecutive sections were collected for MSI
and histological analyses.

Immunohistochemistry (IHC)

Every other section was immunostained to assess the
histological accuracy of ion images. For IHC staining,
cryosectioned tissues were fixed for 10 min in 96% ethanol
and stained according to standard protocols with the Vectastain
Universal ABC kit. Briefly, endogenous peroxidases were
blocked with Bloxall for 10 min in the dark. After S min of
washing in 0.1% Tween 20 in DPBS, nonspecific binding sides
were blocked with horse serum for 20 min. The sections were
incubated with primary anti-human CD3e (clone SP7, 1:150;
Thermo-Fisher Scientific) or CD206 (clone 19.2, 1:500;
Becton-Dickinson, Franklin Lakes, NJ, USA) antibody at
room temperature for 1 h. Slides were then washed and
incubated for 30 min with an anti-mouse/rabbit horse
secondary antibody. After three washing steps, the ABC
reagent was applied for 30 min followed by another washing
step. The tissues were incubated briefly with 3,3-diaminobenzi-
dine (DAB) substrate, and the nuclei were counterstained with
hematoxylin (Merck, Darmstadt, Germany). Slides were
scanned with a TissueFAXS (Zeiss Axio Imager.Ml,
TissueFAXS 4.2, TissueGnostics GmbH, Vienna, AT) slide
scanning system.

MALDI MSI of Human Colon Tissue

All seven patient samples were analyzed at least in duplicate.
Frozen tissue sections were allowed to equilibrate to room
temperature in a desiccator prior to six washing steps.”’ Briefly,
mounted tissue sections were consecutively submerged in 70%
ethanol, 100% ethanol, Carnoy’s solution (60% ethanol, 30%
chloroform, 10% acetic acid), 100% ethanol, ddH,O, and 100%
ethanol for 30 s each, with the exception of the Carnoy’s
solution (2 min). Special care was taken not to agitate the
mounted sample during incubation. Human colon tissue
sections were then dried in a desiccator (>15 min) prior to
matrix application. Matrix deposition was performed using a
home-built sublimation apparatus (TU Wien). In a vacuum-
sealed and pressure-controlled deposition chamber, 25.5 mg of
SA was vaporized and sublimed on the tissue at 165 °C and 35
mTorr. Subsequent recrystallization and hydration were
performed according to Yang et al’’ Briefly, the matrix-
covered ITO slide was attached to a stainless steel plate on the
bottom side of a Petri dish lid. After placing a filter paper
soaked in 5% aqueous acetic acid in the Petri dish, the
hydration chamber was reassembled and incubated at 85 °C for
4 min.

MSI data were acquired on a MALDI TOF/RTOF mass
spectrometer (ultrafleXtreme) using a linear geometry and
flexControl software v3.4 (Bruker Daltonics, Bremen, DE). The
laser attenuator offset was adjusted to 65%, and the laser
fluency was set to 60%. The mass range between 4 and 20 kDa
was selected with ion suppression for analytes below 3.9 kDa.
Pulsed ion extraction and the sampling rate were adjusted to
250 ns and 0.25 GS/s, respectively. The accelerating voltage
was set to 20.0 kV, the extraction voltage, to 18.6 kV, and the
lens voltage, to 6.5 kV. MSI data were acquired at a lateral
resolution of 30 ym by summing 100 shots per array position
(without intraspot rastering) within an array of 22 210 points
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using a laser repetition rate of 1 kHz. Mass spectra were
calibrated externally using the cubic enhanced algorithm. Data
acquisition and image representation were carried out using
flexImaging software v3.0 (Bruker Daltonics) and SCiLS Lab
software v2015b (SCiLS, Bremen, DE). Acquired imaging data
were normalized to the total ion current (TIC).

After data acquisition, the remaining matrix was removed
from the sample by sonification in 96% ethanol for 10 s. The
tissue section was fixed in 96% ethanol for 10 min and further
used for hematoxylin staining,

Collection and Processing of Blood Samples for ICMS

Blood from 10 healthy volunteers was used. Peripheral blood
mononuclear cells (PBMCs) were isolated from buffy coats by
Ficoll-Paque Plus (GE Healthcare, Little Chalfont, GB)
gradient centrifugation according to the manufacturer’s
instructions. In short, 10 mL of Ficoll-Paque Plus was layered
underneath 5 mL of bufly coat mixed with 30 mL of Dubecco’s
phosphate-buffered saline (DPBS; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). Tubes were centrifuged for
20 min at 400g at room temperature with deceleration set to
off. PBMCs were further transferred from the interphase into
new tubes and washed with 30 mL of DPBS. For further cell
separation, CD14" cells were isolated by magnetic cell sorting
(MACS technology) according to the company’s protocol.
Briefly, cells were resuspended in MACS buffer and CDI14
microbeads and incubated on ice for 15 min. After washing
with MACS buffer, cells were resuspended in 4 mL of degassed
MACS buffer and applied to LS columns on a MidiSeparator.
CD14 negative cells were collected, and after two washing
steps, the tube was replaced with a new one. Bound CD14
positive cells were flushed out of the column with MACS
buffer. Isolated cells were aliquoted to 1 X 10° cells per tube
and washed two times with 20 mL of sterile magnesium and
calcium free DPBS. The suspension was centrifuged at 400g for
S min at 4 °C. DPBS was discarded, and the cell pellets were
snap frozen in liquid nitrogen and stored at —80 °C until
further use.

For differentiation, fresh monocytes were cultivated in
RPMI-1640 (Gibco) supplemented with 10% fetal calf serum
(FCS; Linaris, Dossenheim, DE) at 37 °C and 5% CO,. They
were differentiated with 100 ng/mL macrophage colony-
stimulating factor (M-CSF; eBioscience, San Diego, USA) for
S days and further polarized for 2 days with 20 ng/mL
interferon gamma (IFNy; Imukin injection solution; Boeh-
ringer Ingelheim, Vienna, A) and 100 ng/mL lipopolysacchar-
ide (LPS; M, or Mgy, ips) or with 20 ng/mL IL-4 (M, or
My ,; Miltenyi Biotec). The cells were aliquoted at 1 x 10°
cells per tube, washed two times with sterile DPBS (as
described above), snap frozen as a pellet, and stored at —80 °C
until further analysis.

ICMS of Primary Human Peripheral Blood Cells and
Differentiated Monocytes

Samples were analyzed at least in triplicate. Trifluoroacetic acid
(TFA; 100 pL of 0.1%) in ddH,O was added to a cell pellet,
and cells were further disintegrated by sheering (multiple
rounds of aspirating the solution into a pipet tip and quickly
emptying the tip). One microliter of the cell lysate was applied
on a stainless steel target and dried for 10 min at underambient
conditions. One microliter of matrix solution (10 mg sinapic
acid (SA)/mL in acetonitrile/0.1% aqueous TFA, 1/1 (v/v))
was carefully pipetted onto the dried cell layer and allowed to
dry again for 10 min under ambient conditions followed by S
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min in vacuum. ICMS measurements were performed on the
instrument described for the MSI experiment, using the same
parameters as above, except for the sampling rate, which was set
to 0.50 GS/s. Eighty spectra were accumulated for each sample
spot (random walk; 100 shots per spot, 8000 laser shots per
sample).

Statistical Analysis of ICMS

MS data were analyzed using ClinProTools v3.0 (Bruker
Daltonics). The analysis included postprocessing, calculating
peak statistics, unsupervised hierarchical cluster analysis
(HCA), receiver operating characteristic (ROC) curves, and
principal component analysis (PCA). Mass spectra were
baseline subtracted (Top Hat; 10% minimal baseline width)
and smoothed using the Savitzky—Golay algorithm (width: 3
Da; cycles: 1). Thereafter, spectra were recalibrated within a
mass accuracy of 1000 ppm and a 30% match to calibrant
peaks. Automatic peak picking was performed on total average
spectra using a signal-to-noise (S/N) threshold of 7. A peak
statistics report was generated including average peak
intensities along with standard deviations derived from
monocytes and lymphocytes. For further validation of the
measurements, we included all spectra acquired from
monocytes, lymphocytes, and polarized cells in the HCA (10
mass spectra per cell type from independent experiments;
scaling method: unit variance; dimension reduction: 95%
explained sum variance; distance method: Euclidean; linkage
algorithm: Ward). The area-under-the-curve (AUC) value of a
ROC analysis was used to assess the discriminative power of
m/z values within the mass spectra acquired from these two
immune cell populations. Additionally, the statistical signifi-
cance of their differential expression was calculated using
Student’s t test. MS data were evaluated by PCA using the same
data processing parameters to show the mass spectra and m/z
values with the highest variance between the data sets.

B RESULTS AND DISCUSSION

MALDI MSI of Tissue-Specific Structures in Human Colon

To investigate the potential of MALDI MSI for in-tissue cell
detection in support of immunohistology, we analyzed human
colon tissue samples and compared MSI data to classical
hematoxylin and immunohistochemical stainings. Human colon
tissues of seven patients were cryosectioned, mounted on ITO-
covered glass slides, and washed. After covering the tissue
section with MALDI matrix by sublimation, the matrix layer
was recrystallized and the tissue section was hydrated to
enhance analyte extraction. Figure 1A shows the hematoxylin
staining of a colon tissue section after MSI analysis. The
investigated region of interest (ROI) is indicated by the dotted
line. The microscopic image and the color coding in the inset
depict the different structures of the colon: (i) the mucosa
consisting of epithelial crypts and lamina propria, (ii) the
lamina muscularis mucosae, (iii) the submucosa, and (iv) the
muscularis externa. In addition, the human colon sample was
interspersed with nodular lymphoid structures. Figure 1B
shows morphological details of selected tissue regions
investigated by MSI: B1—B3 show nodular lymphoid structures
and B4 and BS display enlargements of the epithelial crypts
(longitudinal and transversal, respectively). MSI at a lateral
resolution of 30 um allowed for the visualization of peptide and
protein distributions according to the colon’s morphology
(Figure 1C—E and Supporting Information Figure S1). By
comparing ion images of different m/z values with the

68

A - Hematoxylin ¢ . m"n.lc:lm.l

ity T e = g |

y PR By —— |
.-"'- {

m
L

a1

[£1° '
84 BS

B3

==

Bl

2 mm

O

P

o

g+
O

m

-

Figure 1. Correlation of IHC and MALDI MSI analyses to visualize
colon structures. (A) Hematoxylin staining of a 10 um colon tissue
section after MALDI MSI with details of the morphological structures
indicated. (B) Location and magnifications of distinct ROIs studied by
MSL (C—E) Distribution of selected m/z values visualized by MALDI
MSI: (C) m/z 6572 + 4, resembling the cryptic organization of the
epithelial cells (longitudinal and transversal), (D) m/z 6754 + 3,
showing the arrangement of the lamina muscularis mucosae, and (E)
m/z 4962 + 4, visualizing nodular lymphoid structures. (Relative
intensities are in accordance with the color scale.)

morphology after hematoxylin staining, several signals were
observed to be unambiguously distributed in distinct colon
tissue structures. As indicated in Table 1, some m/z values were
uniquely located in the mucosa, resembling the cryptic
organization of epithelial cells (longitudinal and transversal).
As an example, the ion distribution of m/z 6572 + 4 in human
colon tissue is shown in Figure 1C. Distributions of other mass
values such as m/z 6754 + 3 form a small band and border the
mucosa, revealing the arrangement of the lamina muscularis
mucosae (Figure 1D). Additionally, some analyte distributions
such as m/z 4962 + 4 were restricted to nodular lymphoid
structures (Figure 1E). Yet, various m/z values were found to
be distributed in more than one tissue structure, indicating
commonly expressed markers (see Table 1). These allocations
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Table 1. Mass Values Characteristic of Specific Regions in
Colon Tissue”

commonly
muscularis  follicular lymphoid expressed
n mucosa mucosae structures markers
6/6 6239 + 3 6754 + 3 4744 + 3 4609 + S
6572 + 4 4962 + 4 4729 + 3
6690 + 4 5169 + 4 5657 + 3
7081 + 4 6774 + S
7763 + 4 8560 + S
8089 + S
8955 + §
9069 + S
10092 + §
5/6 7430 + 4 5622 + 4 5737 £3
9742 + S 6970 = S
11961 + S
4/6 7823 £ S
2/6 6171 + 3

“Supporting Information provides MALDI MSI images of all listed
values for all patient samples (n, frequency of occurrence in the patient
samples; x, m/z values + peak width). One patient sample did not
show follicular lymphoid structures and was therefore considered a
control sample.

were observed in all colon samples from seven donors (see
Table 1; ion images for all tissue samples can be found in
Supporting Information Figures S4—S7).

Next, we looked for potential immune cell-specific m/z
values in colon tissue. Therefore, we compared the acquired
MALDI ion images with consecutive tissue sections that were
immunohistochemically stained for the expression of either the
T lymphocyte marker CD3 or the macrophage marker CD206
using specific antibodies. Figure 2 shows a colon section that
was hematoxylin stained after MALDI MSI (Figure 2A) and the
same area of a consecutive section stained for CD3 (Figure 2B;
all other samples, see Supporting Information Figure S3). The
two enlargements show regions containing a nodular lymphoid
structure (region 1) and the mucosa (region 2). CD3* cells
were detected at a very high concentration in nodular lymphoid
aggregates (Figure 2B1) and as dispersed single cells within the
lamina propria (Figure 2B2). Figure 2C shows the spatial
distribution of m/z 4744 + 3, which colocalized nicely with
CD3" cells in the nodular lymphoid structures, as indicated by
the high ion intensities (Figure 2C1). The two other ions that
were found to be specific for these lymphoid structures (m/z
4962 + 4 and 5169 + 4) showed a similar colocalization (Table
1 and Supporting Information Figure S2). This was confirmed
in colon tissues from all other donors (Supporting Information
Figure S4). However, the interspersed single lymphocytes
within the mucosa (Figure 2B2) were not detected (Figure
2C2).

Figure 2D,E shows IHC staining for the macrophage
mannose receptor 1 (MRC1 or CD206) and the corresponding
ion distribution of m/z 9069 + S. CD206" macrophages were
localized as single cells in all parts of the colon, but they were
highly concentrated in the lamina propria, especially beneath
the epithelial cell layer of the crypts, and were only sporadically
found in nodular lymphoid aggregates. It was observed that the
m/z values of 9742 + S and 9069 + S exhibited similar ion
distributions, where the latter showed high intensities in
structures beneath the epithelium but not in lymphoid
structures (Figure 2E).
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Figure 2. Tissue-resident lymphocytes and macrophages visualized by
MALDI MSIL (A) Hematoxylin staining after MALDI MSI, (B)
immunohistochemical stainings for lymphocytes (CD3) and (D)
macrophages (CD206) of consecutive colon tissue sections (10 ym
each). Regions of structural interest are highlighted. (C) m/z 4744 + 3
distributions correlate to nodular lymphoid structures. (E) m/z 9069
+ 5 distributions represent macrophage presence underneath the
epithelial layer of the mucosa. (Relative intensities are in accordance
with the color scale.)

These MALDI MSI measurements of human colon tissue
revealed a variety of m/z values that allowed specific structures
in the tissue to be visualized. Epithelial cells of the crypts,
muscle cells of the muscularis mucosae, and follicular immune
cell structures were depicted clearly by m/z 6572 + 4, 6754 +
3, 4962 =+ 4, respectively (Figure 1C—E). This might hint at a
certain protein or peptide that is highly abundant in these cell
types. Several studies confirmed that MALDI MSI is well-suited
to visualize the spatial distribution of specific molecules in
animal or human tissues (for review, see, ref 21). However, the
number of reports on colon tissue is very limited. The group of
Fernandez used MSI to investigate lipid distribution in human
colon with a resolution of 10 #m.”* They found a similar tissue
cell-specific pattern as observed here. The authors identified

DOI: 10.1021/acs.jproteome.6b00610
J. Proteome Res. 2017, 16, 65-76


http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00610/suppl_file/pr6b00610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00610/suppl_file/pr6b00610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00610/suppl_file/pr6b00610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00610/suppl_file/pr6b00610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.6b00610/suppl_file/pr6b00610_si_001.pdf
http://dx.doi.org/10.1021/acs.jproteome.6b00610

Journal of Proteome Research

A

N & W R

240

Inders. [au.]

7 143

rir 10090
wir 11044
vir 10613
vz 13148
rir S415
rir E5TS
i AT MRS wr 15835
L1 wie 1517
i BT - TR . vir 16DEE

Figure 3. Statistical results for acquired ICMS data from isolated peripheral blood lymphocytes and monocytes. (A) Heatmap visualizing
interindividual peak variations for mass spectra obtained from monocytes and lymphocytes isolated from 10 different blood donors. (B)
Unsupervised HCA clearly differentiating cell types, and PCA showing a significant variance between the mass spectra of both groups, monocytes
(green) and lymphocytes (red). (C) Scores plot showing that PC1 and PC2 successfully separate the different cell clusters, and loadings plot

showing m/z values of characteristics for the cell types.

lipid molecules that were present only in the epithelial crypts or
specific for the lamina propria. Unfortunately, the authors did
not include follicular lymphoid structures in their analysis. The
present study is, to our knowledge, the first that investigates the
distribution of peptides and proteins in human colon. It
provides proof that this experimental setting is able to identify
specific cell layers in this tissue. Furthermore, it represents the
first MALDI MSI study that focuses on tissue-infiltrating
immune cells in situ. There are a few reports on the use of MSI
for the analysis of immune cells. The group of Setou used
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MALDI MSI for lipid analysis in plasma cells of patients
suffering from multiple myeloma.”> However, they isolated the
plasma cells by fluorescence-activated cell sorting before
analysis. Similarly, MSI was applied by the group of Schaller
to study protein expression profiles of isolated granulocytes of
the spider Cupiennius salei”* One study by Mas et al.
investigated inflammatory mediators in situ in frozen carotid
atheroma plaques using time-of-flight secondary ion mass
spectrometry.”> They found that the spatial distribution of
nonesterified fatty acids correlates with the distribution of
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Table 2. HCA and PCA Analyses of ICMS Spectra Identify Mass Values Characteristic of Lymphocytes and Monocytes Isolated

from Blood”

mass values (m/z + peak width) lymphocytes (mean intensity + SD)

5415 £ 7 172 + 0.79
6575 + 8 1.53 + 0.82
9370 £ 8 0.61 + 0.15
9746 + 11 045 £ 0.19
10090 + 11 2.54 + 1.38
10833 + 10 14.69 + 11.12
11041 + 11 1.62 + 0.99
11639 + 13 327 £ 147
13149 + 15 7.28 £ 6.19
14622 + 13 0.29 + 0.12
14683 + 13 0.39 + 0.12
7562 + 10 44 + 6.83
15117 £ 12 23.76 + 44.25
7932 £ 10 3.89 + 6.43
15855 + 18 19.19 + 3745
16 06S + 14 2.5+ 4S5
16018 + 18 1.53 £ 2.65

monocytes (mean intensity + SD) AUC Student’s ¢ test (p-value)
6.79 + 2.64 1 0.00113
4.51 + 1.09 1 0.000069
1.28 + 0.36 1 0.00113
1.58 + 0.7 1 0.00328
13.62 + 5.04 1 0.000702
100.69 + 49.6 1 0.00237
82 + 223 1 0.0000584
9.92 + 2.15 1 0.0000398
33.03 + 1041 1 0.00015
2.31 + 1.39 1 0.00719
224 + 246 1 0.0969
0.64 + 0.27 0.93 0.173
0.82 + 1.1 0.9 0.196
0.63 + 0.3 0.8 0.205
1.1 +£ 0.74 0.79 0.213
029 + 0.2 0.71 0.212
0.24 + 0.19 0.67 0.212

“Mass values most contributing to the differentiation observed in PCA analysis are listed with their respective intensities in isolated immune cells.
HCA reveals that 13 m/z values are excellent predictors for monocytes (AUC 0.9—1). Three m/z values are of less significance (AUC < 0.8), yet
they show a significant contribution in forming clusters in PCA (AUC, area under the receiver operating characteristic curve).

monocyte chemotactic protein 1 (MCP-1/CCI2), lipoprotein
lipase (LPL), and activated nuclear factor (NF)-kappa B. The
localization of these inflammatory mediators was assessed by
IHC on consecutive tissue slices. We used a similar approach to
address the question of whether immune cells can be detected
by MSI We performed IHC stainings for T lymphocytes
(CD3) and macrophages (CD206) and compared them to MSI
images, an approach well-accepted for MSI confirmation.
Follicular structures revealed intense CD3 staining. These
structures also had intense expression of several mass values
listed in Table 1. However, interspersed CD3" cells in the
mucosa between the crypts were hardly visible in MSL
Although it has been shown that rare cells can be differentiated
from large cell populations by MSL>® it is very unlikely that a
single cell can be deciphered from its biological surroundings at
a lateral resolution of 30 ym, which is larger than the cells
themselves. Therefore, a measured signal comprises informa-
tion on a single CD3" cell, but to a greater extent from
neighboring cells. Additionally, one has to consider the
possibility that sparsely scattered lymphocytes might not be
hit by the laser beam. As CD14 was only weakly expressed in
scattered cells within the mucosa, no matching MSI pictures
were expected (data not shown). In this regard, we choose a
macrophage marker, CD206 or MRCI, to stain anti-
inflammatory macrophages that are known to be present at a
high density within the mucosa close to the epithelial cell
layer.”” Our CD206 THC staining confirmed the presence of
anti-inflammatory macrophages within the mucosa. They are
abundantly dispersed throughout the lamina propria. In this
case, scattered macrophages within the submucosa were again
not detected with MSI, which might be caused by the
limitations of lateral resolution mentioned above. IHC was
confirmed by MSI, which moreover revealed several more mass
values fitting the immunohistochemical staining, showing the
benefit of an untargeted imaging approach.
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Comparison of MALDI MSI with Intact-Cell MALDI MS of
Blood Immune Cells

The comparison of MALDI MSI with IHC alone provided
insufficient evidence that the colocalizing spectra are of
immune cell origin. As the number of immune cells in the
colon tissue was too low to be purified for confirmational
experiments, we were restricted to using blood samples as a
source of immune cells, which were analyzed by ICMS. Blood
was taken from 10 healthy volunteers and subjected to density
gradient centrifugation to separate peripheral blood mono-
nuclear cells (PBMCs) from red blood cells, platelets, and
granulocytes. PBMCs were further sorted by immunoaffinity
chromatography for CD14" cells (monocytes) and CD14™ cells
(lymphocytes). Monocytes represent a homogeneous cell
population, whereas lymphocytes consist of various subgroups
such as CD3* T cells (approximately 65%), B cells
(approximately 25%), and NK cells (approximately 7%).
After pelleting and freezing, cells were further lysed, applied
to ITO-covered glass slides, covered with matrix solution, and
analyzed by ICMS. This particular approach was chosen to
mimic conditions of tissue sections on glass slides in MSI
experiments. Cutting a tissue means that some cells are no
longer intact, this was simulated by the cell lysis that was
performed. Applying lysed cells directly on the slide imitates
the situation of placing tissue sections on glass. Covering the
cells with the matrix reproduces the situation of tissue covered
with matrix (including the recrystallization and hydration step).
The m/z values measured in isolated blood lymphocytes and
monocytes by ICMS were compared with the m/z values
measured in situ by MSI using two different approaches: (i)
characterization of cell type-specific ions within the ICMS data
set and comparing the results to the MSI data set and (ii)
searching the ICMS data set for m/z values found in the MSI
experiment to be tissue-specific.

Different statistical analyses were chosen to characterize
lymphocyte- and monocyte-specific ICMS m/z values. The heat
map in Figure 3A shows ion intensities of all detected m/z
values in all measured samples already pointing out character-
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Figure 4. ICMS analysis of monocytes, unpolarized macrophages, and polarized macrophages. The upper panel shows a typical ICMS spectrum of
monocytes before differentiation into macrophages. The ICMS spectrum of unpolarized macrophages shows significant differences when compared
with spectra derived from IFNy/LPS (Macrophages M,) or IL-4 (Macrophages M,) stimulated macrophages.

istic peaks for both cell types. Also, biological variations
observed in the mass spectra of the different blood donors
become visible. Despite interindividual variation, an unsuper-
vised HCA with ICMS data of all 10 donor samples revealed
that the two immune cell populations, monocytes and
lymphocytes, can be perfectly differentiated (Figure 3B). The
monocyte cluster exhibits a lower Euclidian distance (approx-
imately 17) than the lymphocytes cluster (approximately 23),
indicating a higher degree of similarity among this cell type.
This is in agreement with the significantly lower number of
monocyte subtypes (classical, intermediate, and nonclassical)'’
compared to the numerous lymphocyte subtypes.”” To classify
m/z values responsible for this separation, we calculated the
AUC of the ROC and determined the statistical significance of
the differential expression. The most important m/z values are
reported in Table 2, summarizing cell types, AUCs, and p-
values. ROC analysis revealed 11 highly characteristic peaks for
monocytes (AUC = 1) and no discriminant signal for
lymphocytes. However, visual inspection of the ICMS spectra
showed two signals with higher signal intensities in the case of
lymphocytes. Their m/z values of 7562 + 10 and 15117 + 12
have AUCs of 0.93 and 0.9, respectively. No further peaks for
lymphocytes with AUC > 0.9 could be identified. These two
ions were therefore regarded as candidate markers for
lymphocytes in the MSI experiments. However, neither m/z
value could be found in the MSI data set. All other ions shown
in Table 2 were more intensive in monocytes. The monocyte-
specific m/z values of 5415, 6575, and 10 833 were also found
by Ouedraogo et al,'® corroborating the data in the present
study. Figure 3B shows that the clear differentiation of the
subgroups is also observed by PCA, an analysis identifying the
patterns encoding the highest variance in the data set (Figure
3B). PCl and PC2 mainly contribute to this successful
separation of cell clusters (Figure 3C). Moreover, the loadings
plot in Figure 3C shows that 9 out of 11 m/z values responsible
for subgroup differentiation in the HCA (AUC = 1) contribute
to PC2, whereas two mainly contribute to PC1. The additional
ICMS features that give a distinction between monocytes and
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lymphocytes are m/z 7932 + 10, 15855 + 18, 16 065 + 14,
and 16 018 + 18, showing AUCs of lower significance (<0.8).
Here again, none of the monocyte markers listed in Table 2
were found in MSI experiments.

Monocytes differentiate into macrophages when they migrate
into a tissue. To take this into account, we simulated this step in
vitro and analyzed the differentiated cells by ICMS. Therefore,
we cultivated CD14" monocytes in the presence of M-CSF,
resulting in monocyte-derived macrophages (MDM), which
were then polarized either into proinflammatory M; macro-
phages or into anti-inflammatory M, macrophages by adding
IFNy/LPS or IL-4, respectively. Our preliminary results show
significant spectral differences for these cell types (Figure 4).
Without further statistical analysis, characteristic m/z values for
monocytes can be observed (m/z 6572 + 15 and 12 689 + 21),
and one such value was observed only in macrophages (m/z
9067 + 18). Some m/z values exhibited significant intensity
differences, e.g.,, monocytes show 10-fold higher intensities for
m/z 10833 + 30 and 13 153 + 26; both signals correlate to
features identified in the previously discussed ICMS experiment
as being highly monocyte specific (Table 2, AUC = 1). We
found characteristic signals for Mygy,ips (My; m/z 6083 + 14)
and My, (M,; m/z 7571 + 11) polarized macrophages, which
were not found for undifferentiated and unpolarized mono-
cytes. Although we herewith present data lacking a significant
number of repeats for reliable statistical analysis, HCA revealed
higher similarity for all macrophage subtypes compared to
monocytes (data not shown). Work published by Ouedraogo et
al.'® confirms our first findings for M, and M, polarized
macrophages, yet varying experimental conditions make a direct
comparison of m/z values difficult because the authors showed
that the polarization of macrophages with different stimuli does
not necessarily result in the same peak pattern.

A reverse comparison of the MSI data with the ICMS data
set also identified overlapping results. Three m/z values (m/z
4744 + 3, 4962 + 4, and 5169 + 4) showed a clear
differentiation of nodular lymphoid structures in colon tissue
(Figure S). m/z 4744 + 3 was detected solely by MALDI MSI
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Figure 5. MALDI MSI images of m/z values also detected by ICMS of isolated immune cells. (A—C) m/z 4744 + 3, 4962 + 4, and 5169 + 4 are
expressed in the lymphoid structures of the colon tissue, but they are also detected in lymphocytes and monocytes by ICMS. (D) m/z 5657 + 3 was
found to be distributed in the nodular lymphoid structures and in the epithelial cells of the crypts, but it was also detected in blood-isolated
lymphocytes and monocytes. (E) m/z 9069 + S is located underneath the epithelial cells of the crypts and is not detected in isolated monocytes and
lymphocytes, whereas ICMS analysis of macrophages polarized with IL-4 showed the expression of this marker. (Relative intensities are in

accordance with the color scale.)

(Figure SA), but m/z 4962 + 4 and 5169 + 4 (Figure SB,C)
were found not only by MSI but also in the majority of ICMS
spectra of isolated lymphocytes (in 10 of 10 and 7 of 10,
respectively) and monocytes (in 10 of 10 and S of 10,
respectively). This confirms our findings from the experiments
described above; these m/z values are specific for immune cells.
However, they are not specific for one of the two immune cell
populations. From our findings, we conclude that the presence
of these molecular markers is limited to nodular lymphoid
structures where no monocytic immunohistochemical staining
was detectable. Therefore, we can assume that the detected
mass values are of lymphocytic origin.

Additionally, MALDI MSI revealed seven m/z values (4609
+5,4729 £ 3, 5657 £ 3, 5737 £ 3, 6774 £ 5, 6970 £ §, and
8560 + S; Table 1) that are simultaneously distributed in
nodular lymphoid structures and the mucosa of the colon tissue
(Supporting Information Figure S1B). Of these, only m/z 5657
+ 3 (Figure SD) was also present in isolated lymphocytes (in
10 of 10) and monocytes (in 9 of 10), thus not allowing them
to be differentiated. These discrepancies between the ICMS
and MSI results may be explained by ion suppression effects, a
method-inherent problem in untargeted MALDI approaches. In
the early days of MALDI, it was already recognized that
molecular ions have different detection responses under certain
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conditions (presence or absence of coanalytes).”*™>' Yet, by
taking a closer look at the ion image of m/z 9069 + S (Figure
SE), we observed that the distribution correlates nicely with
CD206" cells in the tissue (Figure 2D,E). A corresponding m/z
value was found in macrophages, irrespective of their
polarization status (see Figure 4), suggesting that the MSI
image is related to tissue-resident macrophages. By this, the first
link between ICMS analysis and MSI is given, indicating that
MSI is able to detect proteome rearrangements of blood
monocytes that migrate into a tissue and thereby differentiate
into macrophages. Interestingly, only a limited number of mass
values were identical when comparing isolated peripheral
lymphocytes and tissue-resident lymphocytes (4 m/z values)
or in vitro polarized macrophages and tissue macrophages (M;:
15 m/z values, M,: 12 m/z values). This divergence might be
due to the microenvironment of tissue immune cells. The
microenvironment offers cell—cell contact and various soluble
factors that can influence protein expression in the cells. The
impact of the microenvironment on immune cells in diseases is
getting more and more attention in research. Many reviews
have been published about the tumor microenvironment and
the influence on or of immune cells.””~>*

Although our scope was not the identification of certain mass
values, we found that m/z 4962 + 4, highly expressed in
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lymphoid aggregates (Supporting Information Figure S2A) and
present in all ICMS spectra of isolated cells, matched perfectly

with thymosin beta 4,""*

a protein broadly expressed in
lymphoid cells.*® Moreover, the thymosin beta 4 gene is highly
conserved in mammals and widely expressed in various tissues.
Although there is no link between the expression of this gene
and the differentiation of T cells, the protein is involved in
various biological processes and was even described as playing a
role in colon carcinogenesis®” and breast cancer.”® Today, the
identification of peptides and proteins directly from a tissue is
challenging. First, unambiguous sequencing of molecular
structures by MALDI-TOF/TOF instrumentation is possible
only for isolated substances, which allows for good detection of
fragment ions in the MS/MS experiment. In any other case,
background ions with similar m/z are fragmented together with
the ion of interest, and MS/MS spectra with mixed sequence
information are generated. Thus, sequence identification is
extremely difficult. Additionally, top-down sequencing of
molecules beyond 3 kDa in a MALDI-TOF/TOF approach is
successful only for reasonable analyte concentrations (pmol)
because only then are the intensities and accuracies of the
generated fragment ions good enough for sequence tag
annotations. In the case of MALDI MSI experiments, both
challenges are met. The most critical issue is the fact that
analyte concentrations per MALDI MSI pixel are extremely
low. The analyzed tissue volume is only ~4 mm’ (laser
diameter: 25 pm; tissue: 10 ym), giving fragment ion spectra of
low quality (S/N, mass accuracy). In addition, from each
measured spot, not only is the most abundant signal desorbed
and ionized but also a number of isobaric components of low
abundance increase the number of background signals, which
ultimately results in MS/MS spectra with mixed information.
Although we have strong indications that m/z 4962 is thymosin
beta 4, future work will focus on efforts to unequivocally
identify thymosin in follicular lymphoid structures, e.g, by a
peptidomics approach after laser microdissection, and to verify
its presence and distribution in cancerous colon tissue.

B CONCLUSIONS

Immune cells maintain the homeostasis of the intestinal tract,
and lymphocytes and macrophages are of special interest as
they have been shown to be involved in various diseases of the
colon such as cancer. Since these cells are still insufficiently
described in this tissue, we evaluated the potential of MS to
address this challenge. Our data demonstrate that MSI is a
suitable tool for the characterization and in situ localization of
immune cell accumulations without using antibodies, which is
based on protein expression in these cells. MSI also offers a
method to detect m/z values specific for tissue structures.
Furthermore, we provide mass values allowing for identification
and discrimination of lymphocytes, monocytes, and polarized
macrophages by ICMS. Finally, we showed that a combination
of both MS approaches reveals mass values that are conserved
between peripheral and tissue-resident immune cells, whereas
others are found only within the tissue. We assume the latter to
be derived from the adaption of these cells to their
microenvironment.
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Figure S-1 MALDI MS images of m/z values characteristic for specific regions in colon tissue.
(A) m/z values specific for follicular lymphoid structures and (B) m/z values that occur in more than
one region. (C) Mucosa, (D) muscularis mucosae specific mass values. (Relative intensities accord-

ing to color scale).
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Figure S-2 MALDI MS images of m/z 4962 + 4 and 5169 * 4 revealing high signal intensities in

nodular lymphoid aggregates.
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Figure S-3 Light microscopy images and CD3 IHC staining of consecutive colon tissue sec-
tions of seven patients. Patient sample 1 is discussed in detail in the main manuscript. Patient
sample 2-6 were measured at least in duplicates to confirm all findings discussed for sample 1. One

sample did not show follicular structures and was used as negative control.
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Figure S-4 MALDI MS images of m/z values characteristic for follicular lymphoid structures in

colon tissue of seven patients.
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Figure S-5 MALDI MS images of m/z values characteristic for muscularis mucosae in colon
tissue of seven patients (sample outliers are indicated in red).
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Figure S-6 MALDI MS images of m/z values characteristic for mucosa in colon tissue of seven

patients (sample outliers are indicated in red).
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Figure S-7 MALDI MS images of m/z values commonly expressed in colon tissue of seven

patients (sample outliers are indicated in red).
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Multi-sensor Imaging— from sample preparation to inte-
grated multi-modal interpretation of LA-ICP-MS and
MALDI MS imaging data

Matthias Holzlechnert:, Maximilian Bonta®*, Hans Lohningert, Andreas Limbeck®, Martina Marchetti-

Deschmannt*

TInstitute of Chemical Technologies and Analytics, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria.

ABSTRACT: Laterally resolved chemical analysis (chemical imaging) has increasingly attracted at-
tention in the Life Sciences during the past years. While some developments have provided improve-
ments in lateral resolution and speed of analysis, there is a trend towards the combination of two or
more analysis techniques, so-called multi-sensor imaging, for providing deeper information into the
biochemical processes within one sample. In this work, a human malignant pleural mesothelioma
sample from a patient treated with cisplatin as cytostatic agent has been analyzed using LA-ICP-MS
and MALDI MS. Whilst LA-ICP-MS was able to provide quantitative information on the platinum dis-
tribution along with the distribution of other elemental analytes in the tissue sample, MALDI MS could
reveal full information on lipid distributions as both modes of polarity, negative and positive, were
used for measurements. Tandem MS experiments verified the occurrence of distinct lipid classes. All
imaging analyses were performed using a lateral resolution of 40 um, providing information with ex-
cellent depth of details. By analyzing the very same tissue section, it was possible to perfectly corre-
late the obtained analyte distribution information in an evaluation approach comprising LA-ICP-MS
and MALDI MS data. Correlations between platinum, phosphorus and lipid distributions were found
by the use of advanced statistics. The present proof-of-principle study demonstrates the benefit of
data combination for outcomes beyond one method imaging modality and highlights the value of
advanced chemical imaging in the Life Sciences.

Modern clinical studies often rely on chemical analysis for in-depth investigation. Abundances of pro-
teins, lipids, metabolites, or trace elements may for example be excellent indicators for the success
of a therapy. Besides the knowledge of average analyte contents in tissue, gaining insight into the
lateral distribution within a sample has attracted increased interest during the past years. Using solid
sampling techniques, it is possible to analyze tissue sections generally with only minor sample prep-

aration whilst maintaining the spatial integrity of the analytes of interest. Subsequently, obtained
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lateral distribution information can be compared with results from classical histological or immuno-
histochemical staining techniques.

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a widely-accepted
method for elemental analysis of solid samples 1 2. Due to its exceptional limits of detection (below
the pg g'-range for most elements), achievable lateral resolutions down to the single-digit um-scale
and a quite extensive range of available possibilities for quantification, this technique has found its
way into many disciplines of science. [References Among them, Life Sciences have become a wide
application range, with LA-ICP-MS offering the possibility of depicting lateral distribution of trace ele-
ments in various types of biological samples.

But also matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) is a potent ana-
lytical technique for investigating larger intact molecules, such as proteins, peptides, lipids and me-
tabolites, features which are especially appealing for biological samples 24. As being a solid sampling
technique as well, the direct analysis of tissue samples is feasible, providing lateral distribution infor-
mation of analytes. Thereby, matrix application to enable the analyte desorption and ionization pro-
cess is a crucial step. If lateral resolution information is desired, special care has to be taken as not
to corrupt the natural analyte distribution in the sample. In the past years, methods such as matrix
sublimation have been developed for this purpose 8¢ 7,

Since LA-ICP-MS and MALDI MS offer complementary analyte information, excellent insight into the
chemical nature of a sample can be gained by combination of these two techniques in a multi-sensor
(different MS instrumentation), multi-modal (different ionization modes) imaging (MSMMI) approach.
Of course, using consecutive tissue thin-cuts might seem most straight-forward for this purpose, es-
pecially when the methods’ requirements for sample preparation are different. However, even two
consecutive tissue sections, cut at only some tens of pm distance can show variation in analyte dis-
tributions. These may originate from the sample itself (cell size and shape) or from the sample prep-
aration process (cutting accuracy). Therefore, analyzing the same sample using two different meth-
ods would be highly desirable to exclude the possibility of inter-sample variations but also to guaran-
tee appropriate data quality for MSMMI approaches.

Multi-sensor imaging combining LA-ICP-MS and MALDI MS on a single tissue sample has already
been demonstrated in literature 82 and some issues are also outlined in these publications like sample
preparation. MALDI MSI requires matrix application which can delocalize elements targeted by LA-
ICP-MS. But performing LA-ICP-MS before MALDI MSI is not possible because the sample is usually
completely consumed.

To our knowledge, until today no publication is available providing information on an integrated data
evaluation strategy taking every gathered information into account. We present data from different

instruments (LA-ICP-MS and MALDI MS), different types of analyte (elements and molecules) and
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different modes of ionization (ICP, MALDI in negative and positive ion mode), all measured from the
same tissue section, and combine this information for a more comprehensive analysis.

So, the main goal of the study is to present a universal MSMMI approach for LA-ICP-MS and MALDI
MS imaging from one single tissue section. A human malignant pleural mesothelioma (MPM) sample
from an individual being treated with cisplatin as cytostatic drug has been used. The sample prepa-
ration strategy has been adjusted to fit the needs of each imaging method, LA-ICP-MS and MALDI
MSI, whilst providing the possibility of species identification by MALDI MS and quantification of ele-
ments, especially platinum, by LA-ICP-MS. Ultimately, an integrated data evaluation strategy has
been developed combining LA-ICP-MS and negative and positive ion mode MALDI MS data. Ad-
vanced statistical analysis finally allowed the correlation of platinum distribution with certain lipids.
Results of the study prove the surplus of combining multiple instruments and measurement modes

and underpins the importance of an integrated data analysis approach for valid findings.

MATERIALS AND METHODS

Materials. All reagents were purchased from Sigma-Aldrich (St. Louis, MO, US) with a purity of at
least 99%, if not otherwise stated. Sections of a human MPM tissue were provided by the Department
of Surgery and Comprehensive Cancer Center (Medical University of Vienna, AT). The tissue sec-
tions were sliced at a 10um thickness using a CM3050 cryostat from Leica Microsystems GmbH
(Wetzlar, DE) and stored at -70°C until further analysis. Ultra-high quality water (ddH20) with a re-
sistivity < 18.2 MQxcm @ 25°C was obtained from a Simplicity system (Millipore, Billerica, MA, US).
Conductive indium tin oxide (ITO) coated microscope glass slides were purchased from Delta Tech-
nologies (Loveland, MN, US). Ar used as collision gas in MALDI tandem MS (MS?) experiments as
well as He and Ar used for LA-ICP-MS measurements were purchased from Messer Austria GmbH
(Gumpoldskirchen, AT) and were of grade 5.0 purity.

Tissue Preparation. Prior to MALDI mass spectrometry-based imaging (MSI), the frozen tissue sec-
tions were allowed to equilibrate to room temperature in a desiccator for 22 h and subsequently
washed by submerging the slides in 50 mM ammonium acetate (pH 6.7, 4 °C) 4 times, 5 s each. After
each incubation step the tissue was dried in a gentle stream of N2 and finally stored in a desiccator for

min. 15 min before analyses.

Matrix Application for MALDI MS. Matrix deposition was performed using a home-built sublimation
apparatus 19, In a vacuum-sealed and pressure-controlled deposition chamber 25.5 mg of 1,5-dia-
minonapthalene (1,5-DAN) were quantitatively vaporized and sublimed onto the tissue sections at

145 °C and 4.7 Pa forming a homogenous layer (0.23 mg cm) of crystals.
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Molecular Imaging by MALDI MS. MSI data were acquired on a MALDI TOF/RTOF mass spectrom-
eter (ultrafleXtreme™) using reflectron geometry and flexControl software v3.4 (Bruker Daltonics,
Bremen, DE). The attenuator offset of the laser (smartbeam-Il, wavelength 355 nm) was adjusted to
65% and the laser fluence was set to 45%. The mass range between 440 to 1700 Da was selected
with ion suppression for analytes smaller than 340 Da. Imaging data was collected by analyzing at
40 um lateral resolution in the negative mode, followed by positive ion mode after offsetting x and y
positions by 20 um. By using a laser repetition rate of 1kHz, 100 shots per array position were
summed up (no intra-spot rastering). Mass spectra were calibrated externally using the cubic en-
hanced algorithm on singly charged ions of 1,5-DAN, bovine cardiolipin disodium salt and castor oil.
Data acquisition and image representation were carried out using fleximaging software v3.0 (Bruker
Daltonics) and ImageLab software (Epina GmbH, Retz, Austria). Acquired imaging data were normal-
ized to the total ion current (TIC). MS/MS experiments in LIFT mode were performed for selected
mass values for analyte identification, which was based on fragment information and comparison of
parent ion information with theoretical m/z values according to LIPID MAPS Structure Database (The
LIPID MAPS Lipidomics Gateway, http://www.lipidmaps.org/) and Metabolomics Workbench Metab-

olite Database (http://www.metabolomicsworkbench.org/, both University of California, San Diego,
USA).

Elemental Imaging by LA-ICP-MS. ICP-MS data were obtained using a NWR213 laser ablation
system (ESI, Fremont, CA, US) equipped with a frequency quintupled Nd:YAG laser (213 nm) in
connection with a Thermo iCAP Qc (ThermoFisher Scientific, Bremen, DE). Experimental parameters
were optimized in preliminary experiments to obtain the best possible tradeoff between low analysis
time and high data quality. All imaging analyses were performed using consecutive line scans at 40
um laser beam diameter, 120 um s' stage scan speed, 7.56 J cm2 laser fluence and 20 Hz repetition
rate. Helium gas at a flow rate of 1 L min-' was used as carrier gas. Using the ICP-MS, signals of 3'P,
345, and '95Pt were monitored at a quadrupole dwell time of 10 ms per isotope and a mass resolution
of 300 m/Am.

Prior to LA-ICP-MS analysis, samples were coated with a thin layer of gold using a sputter coater
(Agar B7340, Agar Scientific Ltd, Essex, UK). The gold layer is ablated simultaneously with the sam-
ple and serves as a pseudo-internal standard. Such use has been reported earlier elsewhere 1. The
pseudo-internal standard can be employed to mitigate matrix effects and allows the quantification of
platinum after external calibration using printed patterns on paper 12.

The combined workflow of the MSMMI experiment is shown in Figure 1.
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Data Fusion, Spectral Descriptors and Multivariate Analysis. MALDI MS and LA-ICP-MS imaging
datasets were combined into a MSMMI dataset using the software package ImageLab (Epina GmbH,
Retz, Austria) as previously described 13. The multivariate analysis of the hyperspectral datacube is
based on spectral descriptors (SPDCs) as earlier introduced in the context of mass spectrometry 14,
Thereby, each SPDC corresponds to a feature in the obtained mass spectra. For the MALDI MS data
cubes with negative and positive polarities, SPDCs were created algorithmically using the Spectral
Descriptor Generator (peak width: 1 Da). SPDCs for the individual elements from the LA-ICP-MS data
cube were simply defined by applying single intensity descriptors of the signals.

Random Decision Forest (RDF)-based classifiers are often used models for classification. Besides
SPDCs, a set of training data must be defined to create a classifier. Therefore, 20 individual image
pixels were selected and assigned to the elemental distributions of both 3'"P and 9Pt within tissue
using the Dataset Editor. The set of SPDCs along with the training data were loaded in the Decision
Forest Training Engine for classification (R: 0.5, no. of trees: 75).

SPDC-based principal component analysis (PCA), hierarchical cluster analysis (HCA) and k-Means
cluster analysis were applied to verify the RDF-based results. Further details on the definition of
SPDCs, standardization and application of multivariate statistics to the MSMMI datasets, as well as
introductions to the different statistical methods can be found elsewhere 18 15,

Random Decision Forest
Multivariate Statistics

Figure 1: Scheme of a MSMMI workflow.
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RESULTS AND DISCUSSION

Evaluation of Sample Carrier and MALDI Matrix. For MSI, tissue thin-cuts are usually mounted on
sample carriers providing conductive surfaces essential for sufficient analyte ionization. Thus, in the
present case, ITO - coated glass slides were sought to be employed having the desired surface re-
sistivity obligatory for MALDI. However, due to the high sensitivity of LA-ICP-MS, background signals
originating from these specific glass slides for the analytes of interest (i.e., phosphorus and platinum)
had to be investigated to ensure suitability for elemental analysis. In contrast, usually employed sam-
ple carriers for LA-ICP-MS are ordinary microscope glass slides or high-purity silicon wafers, which
do not have the desired electric conductivity or transparency. Additionally, the absence of elements
of interest in the MALDI matrix (usually polar substances with conjugated n systems required for
effective UV light absorption) had to be proven to avoid contamination of the sample from this route.
For the purpose of this study, a blank ITO - coated glass slide underwent the matrix sublimation
protocol described in the experimental section. Single linescans with the same experimental condi-
tions as used for the following LA-ICP-MS imaging experiments were applied and the resulting analyte
signals for 3'P, 34S, and 95Pt were collected. None of the isotopes showed signals which were signif-
icantly different for the gas blank of the respective measurement series (data not shown). Therefore,
it could be concluded that neither ITO - coated target surfaces nor 1,5-DAN as the MALDI matrix of
choice influence the analyte signals detected during LA-ICP MS imaging.

Elemental Bioimaging. Platinum is the active moiety of the administered drug cisplatin and thus, its
distribution within the malignant pleural mesothelioma (MPM) samples needed to be determined to
obtain insights into the uptake mechanism of the drug. Applying a lateral resolution of 40 um provided
a good tradeoff between minimal measurement time and good information content for medical inter-
pretation. Only three elements of interest were investigated using this technique, namely sulphur
(34S), phosphorus (3'P), and platinum ('95Pt). While platinum served as the drug marker, sulphur and
phosphorus were used as indicators for the presence of biological material. Derived elemental distri-
bution images are shown in Figure 2.

For the sake of simplicity of the illustration, only qualitative elemental distribution images are shown
in the figures; quantification of the respective elements would not essentially influence the visual ap-
pearance of the distribution images. In the used color scale, black color represents the lowest relative
values while yellow/white color represents the highest relative values. In between, colors blue (me-
dium-low), red/purple (medium) and orange (medium-high) along with linear mixtures of these colors
are used.

While the distribution of sulphur (Figure 2b) is rather homogeneous, phosphorus (Figure 2¢) and
platinum (Figure 2d) show distinct distribution patterns indicating different histological sub-structures
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of the tissue sample. This assumption is confirmed when comparing the elemental distributions with
the hematoxylin stain of a consecutive thin-cut (Figure 2e).

Figure 2: Microscopic image of the investigated sample (a), elemental distributions of sulphur (b), phosphorus (c), and platinum
(d), and a consecutive tissue section of the same tumor after hematoxylin staining (e). Scale bar is Tmm.

Blue areas indicate viable tumor areas within the tissue while unstained regions assumingly corre-
spond to already recovered tissue. Distributions of phosphorus and platinum correlate well with this
staining, where phosphorus is enriched in the viable tumor areas and platinum shows higher concen-
trations in the remaining areas of the sample. While the origin of the platinum signal is clear, no further
information on the nature of phosphorus can be obtained using elemental bioimaging. Thus, molec-
ular bioimaging capable of detecting larger intact molecules was required to answer this open ques-

tion.

Molecular Bioimaging. Phospholipids are preferentially detected as either positive or negative ions
depending on the headgroup of the different classes. Phosphatidylcholine (PC) and sphingomyelin
(SM) lipids contain positively charged headgroups, whereas phosphatidylethanolamine (PE) and
phosphatidylinositol (PI) are present in permanently neutral or negative charge states. Thus, for com-
prehensive analyses, MALDI MSI studies have to be performed in both, negative- and positive-ion
mode to gain maximum information depth of phospholipid distributions within a single tissue section.
For accurate analyte correlation ablation from the same tissue section is highly favorable, therefore
the tissue section was ablated by LA-ICP-MS after MALDI MS analyses. The overall workflow is de-

picted in Figure 1 and examples of acquired analyte ion distributions are shown in Figure 3.
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Figure 3: Microscopic image of a consecutive thin-cut showing rectangular and polygonal regions of interest (ROI) for LA-ICP-
MS and MALDI MS imaging experiments, respectively (a), negative ion intensity distributions of m/z 772.7 and 863.8 (b),
positively charged ions of m/z 838.7 and 1520.3 (c) as well as elemental distributions of phosphorus and platinum (d), all data
collected from one tissue sample. Overlays of ion distributions are represented at an intensity threshold level of 50%, scale

baris 1 mm.
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As two different samples have been used for obtaining the elemental distribution images shown in
Figs. 2 and 3, the respective distribution images differ slightly. Even though thin-cuts from the very
same tumor sample have been used, variations may occur due to the cryo-cutting process, which
lead to negligible differences even between two consecutive samples.

Interestingly, many of the detected molecular ions quite well resemble phosphorus and platinum dis-
tributions already revealed by LA-ICP-MS imaging and hematoxylin staining. This holds true for both
negative and positive MALDI MSI (see Supporting Information Figure S1 and S2 for profile spectra).
Especially masses acquired with negative polarity correlate well with distributions of phosphorus and
platinum. Contrarily, in the positive ion mode, ion distributions correlating with the elemental distribu-
tion of phosphorus are exclusively found in the higher mass range (1400 — 1650 Da). Due to the
nature of their ionization it can be certainly assumed that these m/z values represent phospholipid
dimers which are usually formed at higher concentrations of the species in the sample during the

MALDI process. Also, the corresponding monomers can be identified in the respective mass spectra.

MALDI Tandem MS (MS?) Analysis. Analyte identification in the viable tumor area is of special in-
terest to confirm the supposed presence of phospholipids. One of the most critical issues in MALDI
TOF-based MSI is the fact, that analyte concentrations per pixel are extremely low usually resulting
in fragment ion spectra of poor quality (S/N, mass accuracy). In addition, not only the most abundant
analyte is desorbed and ionized from each measured spot but numerous components of low abun-
dance in the given ion selection window (£ 2 Da) increase the number of background signals which
ultimately results in MS?2 spectra exhibiting mixed structural information. A workaround is high-reso-
lution mass spectrometry (HRMS) or tissue lysis in combination with LC-MS2 to isolate and identify
analytes. Yet, HRMS was not available and LC-MS is an inadequate approach if lateral distribution
information is needed. Therefore, MALDI MS? was performed directly from tissue for selected mass
values with high abundances giving insight into the structural nature of the detected lipids. Examples
are shown in Figure S3, where MS?2 spectra of m/z 861.8 and 863.8 (negative ion mode) exhibit
fragments corresponding to phosphatidylinositols (Pls). An exemplary MS? spectrum of m/z 1520.3

in Figure S4 proofs the presence of lipid dimers in the higher mass range (m/z > 1000).
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Multi-Sensor Multi-Modal Imaging (MSMMI) of MPM tissue. Imaging by LA-ICP-MS and MALDI
MS delivered valuable insights in the morphological nature of the present tumor sample and the re-
spective platinum interaction. To further increase information depth, an integrated data evaluation
approach was prospected. For this task, the very same tissue sample already analyzed by MALDI
MSI was also measured using LA-ICP-MS.

As some tissue material is assumed to be ablated during the MALDI MS analysis, quantification of
the platinum content in this sample seemed to be doubtful. Additionally, the washing step of the sam-
ple prior to MALDI-MSI analysis might lead a wash-out of metals which are only loosely bound to the
biological matrix. Such effect has already been reported in an earlier study and was observed espe-
cially for alkaline metals 18,

Validity of the used quantification approach for platinum in tissue thin-cuts has already been demon-
strated earlier by a comparison of values obtained by this approach with bulk platinum concentrations
determined by liquid ICP-MS after acid digestion of samples 12.

To obtain an estimate for the validity of the quantification, the average platinum content found in this
sample was compared to the one found in the sample which had only been analyzed using LA-ICP-
MS.

For this, all pixels from the respective sample area were averaged to obtain a mean value for the
platinum concentration. While the MPM section analyzed by LA-ICP-MS alone only yielded 1.75 ug
platinum/g tissue, the MPM section analyzed by MALDI MS prior to LA-ICP-MS showed an average
of 1.91 ug/g. Given the fact that consecutive sections potentially differ in cell content, tumor morphol-
ogy and section thickness due to cryo-sectioning, the relative deviation of less than 10% between the
two averages can be considered to be negligible. Thus, it can be stated that MALDI MSI analysis
does not ablate significant amounts of platinum from the tissue sample allowing to obtain reliable
quantitative distribution maps of elements even from a sample already analyzed by MALDI MSI. Fur-
thermore, the results indicate that the washing step prior to MALDI-MS analysis does not lead to a

significant decrease of the average platinum concentration in the tissue.

Data Evaluation of Multi-Modal Distribution Images. In total, 94 SPDCs have been created based
on the MSMMI data set comprising LA-ICP-MS data and MALDI MS data from both polarities. Of
these, RDF-based classification exhibited 59 m/z values from MALDI MSI showing a correspondence
to either the phosphorus or the platinum distribution pattern within the tissue. The list of SPDCs with
their spectrometric background information is given in Figure S5 along with their ion distributions
within the MPM tissue section (Figure S6). The list comprises 61 SPDCs, 2 of elemental and 59 of

molecular origin.
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Figure 4: Cluster analysis of the loadings of the first 2 principal components reveals two sub-clusters (right side), elemental
and molecular ion overlays are shown representing an intensity threshold level of 50% (cyan: phosphorus related m/z, orange:
platinum related m/z, grey: '®*Pt and 3'P), scale bar length corresponds to Tmm
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Of the 59 used m/z values derived from MALDI MSI, 30 corresponded to the phosphorus distribution
pattern (all detected in the negative ion mode) and 29 corresponded to the platinum distribution pat-
tern (22 detected in the negative and 7 in the positive ion mode). It has to be pointed out here, that in
order not to bias the information content of the data set by duplication of information, signals of lipid
dimers were excluded from analysis.

To verify the RDF-based classification approach, further chemometric analysis was applied to the
MSMMI dataset. Results of the PCA are shown in Figure S7. The plotted loadings of PCs 1 and 2
clearly distinguish the analyte distributions related to phosphorus and platinum (encircled in cyan and
orange, respectively).

After defining the most significant contributors to the variance of the combined dataset, hierarchical
cluster analysis (HCA) of the loadings of the PCA could be performed. In Figure 4, the two resulting
sub-clusters of the HCA show a distinction between the viable tumor region (phosphorus related,
cyan sub-cluster) and the assumingly recovered tissue (platinum related, orange sub-cluster).

Thus, HCA was able to confirm the correlation of analytes detected by MALDI MSI with the elemental
distributions of phosphorus and platinum. In Figure 4, those m/z values directly clustering with the
two elements are shown as overlays with the respective elemental distribution of phosphorus and
platinum. Complete information is given in Figure S8 of the Supporting Information.

When performing k-Means Clustering, a number of clusters has to be assumed prior to the calcula-
tions. Here, 4 clusters were selected as the target number. This number is based on visual examina-
tion of the Score-Plots shown in Figure S9, which suggests the occurrence of 4 major clusters. Re-
sults of k-Means Clustering are shown in Figure S10. Accordingly, results from the k-Means cluster
analysis could be combined with the results from PCA and HCA of the PCA, as shown in Figure 5.
Clusters 2 and 4 from the k-Means Clustering are shown in Figure 5c. They clearly resemble the
elemental distributions of phosphorus and platinum as shown in Figure 5a in cyan and orange, re-
spectively. Further comparability is given with the sub-cluster of the HCA of the PCA loadings (Figure
5b). k-Means Clustering also allowed extracting component spectra of the viable tumor areas and the
assumingly recovered tissue. The corresponding results are shown in Figure 5 (lower part). Notably,
areas with viable tumor tissue (cyan) show higher abundances of phospholipid dimers in positive ion
mode (Figure 5f), a finding that correlates well with the higher phosphorus signals detected in the
same areas (Figure 5d). This finding supports the assumption that the higher amounts of phosphorus

detected in the viable tumor areas indeed correspond to the presence of phospholipids.
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Figure 5: Superpositions of a light-microscopic image of the MPM sample and elemental distribution of 3'P/'*°Pt (a), results
from the HCA of the PCA loadings (b), and clusters 2 and 4 from k-Means Clustering; extracted cluster spectra from k-Means
Clustering of the MSMMI dataset (d-f).

In contrast, the negative ion spectra (Figure 5e) do not exhibit any obvious structural differences
between the two clusters. It is assumed that high phospholipid abundance in the viable tumor areas
corresponds to the higher metabolic activity in these regions. However, we present a proof-of-princi-
ple study and biologically valid hypotheses can only be proposed after further studies.
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CONCLUSION AND OUTLOOK

Results from this study show that the combination of multiple analysis techniques is able to enhance
the information depth obtained from one sample to a great extent. Especially the combination of ele-
mental and molecular analysis techniques offers advantages as the results are truly complementary,
more accurate because biological variations from different tissue sections are eliminated and the
obtained information is not overlapping.

We showed for the first time that it is possible to use one tissue section for both, negative and positive
mode MALDI MS and subsequently measure quantitatively elemental distributions by LA-ICP-MS.
This approach allowed maximum correlation of data sets in contrast to the usually performed analysis
of consecutive thin cuts.

Furthermore, we present for the first time that RDF-based calculations identify numerous lipid distri-
butions in the MALDI dataset correlating either to the phosphorus or the platinum distribution pattern.
In future studies we aim at the application of our innovative methodology in medical studies providing
larger sample stocks to obtain biologically relevant information. Using the presented approach, it will
be possible to correlate elemental features not only with lipids but any other type of analyte, i.e. pro-
teins, peptides, metabolites, drugs, leading to an enhanced understanding of biological processes

such as tumor genesis or the mechanism of action of anti-tumor drugs.

AUTHOR INFORMATION

Corresponding Author

* Martina Marchetti-Deschmann. Address: TU Wien, Institute of Chemical Technologies and Analyt-
ics, Getreidemarkt 9/164, A-1060 Vienna. Tel.: +43-1-58801- 15162. Fax: +43-1-58801-915162.
E-mail: martina.marchetti-deschmann@tuwien.ac.at

Author Contributions

*These authors contributed equally. All authors have given approval to the final version of the manu-
script.

ACKNOWLEDGMENT

The authors acknowledge COST Action 1104 and the PhD program MEIBio (supported by TU Wien)
for scientific exchange, personnel funding and valuable discussions. The authors further
acknowledge B. Hegedus (University of Duisburg-Essen) for providing MPM sections, and highly ap-

preciate the support of G. Allmaier (TU Wien) for granting access to instrumentation.

150



REFERENCE

1. J. S. Becker, M. Zoriy, A. Matusch, B. Wu, D. Salber, C. Palm, J. S. Becker, Mass Spectrom.
Rev. 2009, 29. 156-175, DOI: 10.1002/mas.20239.

2. D. Drescher, C. Giesen, H. Traub, U. Panne, J. Kneipp, N. Jakubowski, Anal. Chem.
(Washington, DC, U. S.) 2012, 84. 9684-9688, DOI: 10.1021/ac302639c.

3. K. Dreisewerd, Anal. Bioanal. Chem. 2014, 406. 2261-2278, DOI: 10.1007/s00216-014-
7646-6.

4. B. Spengler, Anal. Chem. (Washington, DC, U. S.) 2015, 87. 64-82, DOI:
10.1021/ac504543v.

5. J. A. Hankin, R. M. Barkley, R. C. Murphy, J. Am. Soc. Mass Spectrom. 2007, 18. 1646-1652,
DOI: 10.1016/j.jasms.2007.06.010.

6. W. Bouschen, O. Schulz, D. Eikel, B. Spengler, Rapid Commun. Mass Spectrom. 2010, 24.
355-364, DOI: 10.1002/rcm.4401.

7. J. Yang, R. M. Caprioli, Anal. Chem. (Washington, DC, U. S.) 2011, 83. 5728-5734, DOI:
10.1021/ac200998a.

8. A.-C. Niehoff, J. Schulz, J. Soltwisch, S. Meyer, H. Kettling, M. Sperling, A. Jeibmann, K.

Dreisewerd, K. A. Francesconi, T. Schwerdtle, U. Karst, Anal. Chem. (Washington, DC, U. S.) 2016,
88. 5258-5263, DOI: 10.1021/acs.analchem.6b00333.

9. R. Gonzalez de Vega, M. L. F. Sanchez, N. Eiro, F. J. Vizoso, M. Sperling, U. Karst, A. S.
Medel, Anal. Bioanal. Chem. 2017. Ahead of Print, DOI: 10.1007/s00216-017-0537-x.
10. M. Holzlechner, in Mass Spec Forum Vienna, 2016.

11. M. Bonta, H. Lohninger, M. Marchetti-Deschmann, A. Limbeck, Analyst (Cambridge, U. K.)
2014, 139. 1521-1531, DOI: 10.1039/c3an01511d.

12. M. Bonta, H. Lohninger, V. Laszlo, B. Hegedus, A. Limbeck, J. Anal. At. Spectrom. 2014, 29.
2159-2167, DOI: 10.1039/C4JA00245H.

13. H. Lohninger, J. Ofner, Spectrosc. Eur. 2014, 26. 6-10.

14. H. Lohninger, K. Varmuza, Anal. Chem. 1987, 59. 236-44, DOI: 10.1021/ac00129a005.

15. J. Ofner, K. A. Kamilli, E. Eitenberger, G. Friedbacher, B. Lendl, A. Held, H. Lohninger, Anal.
Chem. (Washington, DC, U. S.) 2015, 87. 9413-9420, DOI: 10.1021/acs.analchem.5b02272.

16. M. Bonta, S. Toeroek, B. Hegedus, B. Doeme, A. Limbeck, Anal. Bioanal. Chem. 2017, 409.
1805-1814, DOI: 10.1007/s00216-016-0124-6.

151



Supporting Information

Multi-sensor Imaging— from sample preparation to inte-
grated multi-modal interpretation of LA-ICP-MS and
MALDI MS imaging data

Matthias Holzlechnert:, Maximilian Bontaf*, Hans Lohninger®, Andreas Limbeck?, Martina Marchetti-

Deschmannt*

TInstitute of Chemical Technologies and Analytics, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria.

152



MALDI MSI profile spectra

Figure S1 »  MALDI negative profile spectrum
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Figure S3 MALDI MS? of Lipid Monomers m/z 861.8, 863.8
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Figure S4  MALDI MS? of Lipid Dimer m/z 1520.3
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Figure S5
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Figure S6 LA-ICP-MS single ions
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SPDC 13 m/z784.7+0.3Da
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SPDC 17 m/z 802.8 + 0.3Da
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SPDC 25 m/z 835.7+0.3Da
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SPDC 53 m/z 1096.7 +0.3Da
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SPDC 61 m/z 838.7+0.3Da

172



PCA of 61 SPDCs (mean centered)

Figure S7
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Figure S9 PCA (61 SPDCs)
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ABSTRACT

Background: The well-known inflammatory and fibrogenic changes of the lung upon crystalline silica
are accompanied by early changes of the phospholipid composition (PLC) as detected in broncho-
alveolar lavage fluid (BALF). Silica (SiO2) nanoparticles (NPs) evoke transient lung inflammation, but
their effect on PLC is unknown. Here, we compared effects of unmodified and phosphonated SiO2
NP and describe, for the first time, local changes of the PLC with innovative bio-imaging tools.
Methods: Unmodified (SiO2), phosphonated (SiO2-P), and fluorescent surrogate NP (SiO2-FITC) (all
sized 15 nm) were used in this study. In vitro toxicity was tested with NR8383 alveolar macrophages.
Rats were intratracheally instilled with either NP and effects on lungs were analysed after 3 days.
BALF from the right lung was analysed for inflammatory markers. Cryo-sections of the left lung were
subjected to fluorescence microscopy and PLC analyses by matrix-assisted laser desorption/ioniza-
tion mass spectrometry imaging (MALDI-MS), Fourier transform infrared microspectroscopy (FT-IR),
and MS/MS experiments.

Results: Unmodified SiO2 NPs were more cytotoxic to macrophages in vitro and more inflammatory
in the rat lung, as reflected by increased concentration of neutrophils and protein in BALF. Fluores-
cence microscopy revealed a typical patchy distribution of SiO2-FITC located within the lung paren-
chyma and alveolar macrophages. Superimposable to this pattern SiO2 and SiO2-FITC, but not by
SiO2-P, elicited local increases of phosphatidylglycerol (PG) and phosphatidylinositol (PI), both of
which are important lipids of the lung surfactant. In contrast, phosphatidylserine (PS) and signals from
triacylgyceride (TAG) were decreased in the same areas.

Conclusions: Phosphonate coating mitigates effects of SiO2 NP in the lung and abolishes their locally
induced changes in PLC pattern. Bioimaging methods based on MALDI-MS may become a useful
tool to investigate the mode of action of NPs in tissues.

Keywords: Lung surfactant, Silica nanoparticles, in vitro and in vivo lung toxicity, MALDI-MS Imaging,
Phospholipids, Phosphonate coating, PI/PG ratio, Fourier transform infrared microspectroscopy im-

aging.
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BACKGROUND

Nanoparticles (NP) consisting of SiO2 are among the most common materials of everyday life. Be-
sides other applications, SiO2 NP acts as bulking agent in car wheels, as drug delivery system in
cancer therapy or as food additive (E551) to prevent pulverulent foodstuffs from agglutinating. More-
over, SiOz particles are highly abundant in the environment. Respirable airborne SiO2 particles may
enter the lungs and it is known for crystalline silica particles (quartz, cristobalite) that they elicit strong
adverse health effects such as neoplastic transformation, progressive fibrosis or even cancer [1].
Amorphous nanosized SiO:2 particles are of less concern. They are produced by different production
processes such that precipitated, fumed, or colloidal silica qualities are to be distinguished. From a
toxicological point of view, most amorphous nanosized SiO: particles, at least above a certain dose,
have been shown to cause acute pulmonary inflammation but no progressive lung fibrosis [2—4]. Also
genotoxic or mutagenic effects, which had been described for cells in vitro mostly at high concentra-
tions, have not been identified in the lung or secondary target organs [5]. This holds true also for
comparatively high dose rates and even under conditions which increase the population of neutro-
philic granulocytes inside the lung to extreme values [3].

The mechanisms underlying the cytotoxic, membrane disrupting or haemolytic potential of amor-
phous SiO2 seem to involve silanol groups which are present at the particles' surface and may interact
with biological molecules such as proteins [6—9]. Accordingly, the biologic activity of amorphous SiO2
NPs correlates largely with the overall size of the SiO2 surface [10,11] and modification of the chem-
ical surface structures of SiO2 NPs alters their bioactivity. Effects of the colloidal SiO2, SiO2-FITC and
SiO2-P used in this study have been investigated previously: In the lung, the coating of SiO2 (diameter:
15 nm, BET surface: 200 m#g-') with 3-(trihydroxysilyl)propyl methylphosphonate (TPMP) largely ab-
rogated the typical signs of inflammation elicited by the unmodified SiO2 NPs [12][13]. The effect was
not attributable to altered particle properties in general, as the TPMP coating had no or only minor
effects on particle properties or agglomeration of SiO2-P in biological media [12]. Interestingly, the in
vitro binding of phospholipids from lung surfactant to SiO2 and SiO2-P (both negatively charged) was
similarly low, but increased in the presence of surfactant proteins A and D [14]. However, the binding
of lung surfactant components to SiO2 and SiO2 under in vivo conditions remains an unsolved issue.
Lung surfactant is produced by alveolar type Il cells and released in the form of lamellar bodies which
consist of 90% phospholipids and 10% surfactant proteins [15]. The unfolded lipid layer covers the
inner surface of the lung and decreases the surface tension of the air-liquid interface [16]. The sur-
factant proteins A and D (so called collectins) are immunologically relevant as they can bind to mi-
croorganisms or foreign material such as (hano)particles, thus; augmenting their uptake by alveolar
macrophages [17—19]. For micron-sized crystalline silica and also for other particles it is known that

they change the phospholipid composition (PLC) in the bronchoalveolar lavage fluid (BALF) is a time-
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and dose-dependent manner [20-22]. Thereby, the overall concentration of the major constituent
phosphatidylcholine increases, and fractions of phosphatidylglycerol (PG) and phosphatidylinositol
(P1) de- and increase, respectively [20]. Accordingly, the ratio PI/PG has been used as a sensitive
tool to describe an impaired lung function, as observed during bleomycin- or quartz-induced lung
fibrosis [20,23]. Importantly, the ratio PI/PG is also subject to change in humans suffering from the
acute respiratory distress syndrome or other lung diseases such as cystic fibrosis [24,25]. As outlined
above an impact of SiO2 NP on the lung surfactant or PLC of the lung is unknown.

In contrast to previous studies on the composition of phospholipids in BALF, here we apply bioimaging
methods to cryo-sections of the rat lung to demonstrate local lipid changes upon intratracheal instil-
lation caused by SiO2 NPs in a laterally resolved manner. It is to be expected that allocation of
changes in Pl and PG to the presence of particles in the lung will improve our understanding of bio-
logical processes elicited by nanoparticles. To this aim, matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MS) and Fourier transform infrared (FT-IR) microspectroscopy
imaging were applied to cryo-conserved lung sections to localize changes in the phospholipid com-
position secondary to the application of SiO2 NPs and TPMP-coated, i.e. phosphonated SiO2 nano-
particles (SiO2-P). With these methods, we found typical changes of distinct phospholipids to be co-
localized with the distribution pattern of SiO2 but not with SiO2-P nanoparticles.

RESULTS

In vitro and in vivo toxicity study

To demonstrate the differential toxicity of three SiO2 nanoparticle varieties, in vitro testing with a rat
alveolar macrophage cell line was carried out with increasing concentrations of the particles (22.5,
45, 90, and 180 pg-mL"). Exposure to the pristine material for 16 h (Figure 1a-d) led to dose-depend-
ent increases in the cell culture supernatant of lactate dehydrogenase (LDH, a), glucuronidase (Glu,
b), and TNF-a (d), mostly beginning at 22.5 ug-mL-'. These cytotoxic and inflammatory effects were
reduced upon SiO2-P, while the release of H202 from NR8383 cells, as measured during a 90 min
incubation period, was augmented (c).

In vivo tests were carried out with SiO2, and SiO2-P. The fluorescence surrogate SiO2-FITC was used
to demonstrate particle distribution in the left lung lobe secondary to intratracheal instillation which
was carried out with a micro-sprayer device. In all tests, a concentration of 0.36 mg per rat lung was
used to match the lung burden achieved in a previous inhalation study [13]. BALF analysis was con-
ducted 3 days after intratracheal instillation of the NPs in order to examine their effect on cell counts
and total protein content. SiO2 and SiO2-FITC both increased the numbers of alveolar macrophages
(AM) and polymorphonuclear leukocytes (PMN) as well as the concentration of total protein in BALF

compared to the vehicle control (Figure 1e-f). Based on these biological effects, no difference was
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Figure 1. Differential effects of SiO2, SiO2-FITC, and SiO2-P NPs in vitro and in vivo. (a-d). Dose dependent in
vitro effects of SiO2 and SiO2-P NPs (22.5, 45, 90, and 180 pg-mL-1) on NR8383 cells, showing cytotoxicity by
increased release into medium of (a) LDH, (b) Glu, (c) H202 and (d) TNF-a (in vitro data taken from [54]). LDH
and Glu activities were measured relative to positive control (Triton X-100) after 16 h. The H202 concentration
was measured in pmol-L-1 after 90 min, and bioactive TNF-a was measured after 16 h as lysis of TNF-a
responsive L-929 cells. Data are depicted as mean values * standard deviation of 3 independent experiments.
Untreated cells served as controls (n=3, dashed lines indicate mean values). (e-i) In vivo effects of SiO2, SiO2-
P and SiO2-FITC NPs (0.36 mg) intratracheally instilled into rat lungs (n=5) and compared to vehicle control
(CTR). e-f) Analysis of bronchoalveolar lavage fluid for differential cell counts (e) and total protein (f) 3 d post
instillation. AM: Alveolar macrophages. PMN: polymorphonuclear leukocytes. (g-h) Fluorescence micrographs
of transversal cryosections of the left lung 30 min (g) and 3 d (h) after intratracheal instillation of SiO2-FITC NPs.
Dashed lines demarcate the outer rim of each section. Scale bars represent 200 um. Large bronchi (br) appear
as strongly autofluorescent structures. (i) Detail of the section shown in (h); the fluorescent signal is confined to
phagocytic cells (arrows) which were identified as alveolar macrophages in preceding studies. Nuclei of lung
cells are stained with 4',6-diamidin-2-phenylindol (DAPI).

found between SiO2-FITC and the pristine SiO2 NPs. Spray application of particles resulted in a
patchy distribution pattern of particles inside the lung typically found upon intratracheal instillation
(Figure 1g-i) [26]. Higher magnification revealed many condensed fluorescent NP agglomerates
alongside the alveolar septa after 30 min. After 3 d, the majority of this material had disappeared from
alveolar walls but occurred within alveolar macrophages (Figure 1i), whose overall distribution was
still detectable by fluorescent microscopy and reflected the original sites of particle deposition. On

hematoxylin-eosin stained lung cryo-sections either type of SiO2 nanoparticles or agglomerates were
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not detectable with bright field optics. However, SiO2- or SiO2-FITC-treated lungs showed regions
with increased macrophage numbers, slightly deteriorated structure and beginning hypercellularity.

These changes were absent in lung treated with vehicle control or SiO2-P (Figure S1).

Pl (34:1)
miz 835.410.5

Pl (34:1)
miz 835.9+0.5

Pl (34:1)
miz 835.940.5 | Relative
] intensity
100 %

miz 835.90.5 |

Figure 2. Local increases of Pl concentration in the rat lung upon SiO2 NP treatment are abrogated by
phosphonate coating. Distribution of phosphatidylinositol PI (34:1) 3 d after instillation of SiO2 NPs (0.36 mg/lung)
with different surface modification: Microscopic images of the investigated cryosections (left) and corresponding
MALDI-MS ion images of m/z 835.9 (right, detected as [M-H] in negative ion mode) of rat lung treated with (a-
b) SiO2-P NPs, (c-d), SiO2 NPs (e-f), or SiO2-FITC NPs (g-h). Note the patchy occurrence of Pl upon SiO2 and
SiO2-FITC but not upon SiO2-P. The seemingly high signal of the control section results from automated scaling

of the relative signal intensity.
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Identification of phospholipid species with MALDI-MS

To get information about particle-related changes of PLC we analyzed cryo-sections of the lung for
phospholipid distribution by MALDI-MS in control animals, and secondary to the application of inflam-
matory SiO2 or SiO2-FITC, as well as non-inflammatory SiO2-P NPs. Figure n2 shows low power
micrographs of the sections and respective MALDI-MS ion images for mass-to-charge ratio (m/z) of
835.9 assigned to Pl (34:1). This molecule gave a sufficient contrast in the negative ion mode and
was therefore selected as a starting point to highlight the distributional disparities between the three
surveyed nanoparticle species. The lateral resolution (50 um) of the method allowed to visualize ma-
jor tissue components such as large and medium-sized bronchi.

Vehicle-treated rat lung sections (Figure 2a, b) showed a largely homogeneous distribution of Pl
(34:1) and all other detected m/z. Signal inhomogeneity in this case was artificial and attributable to
compression (lower right margin) or loss of the tissue (left hand side), as was evident from the low-
power micrograph (Figure 2a). Of note, as the pseudocolor scale reflects relative intensity values and
spreads the complete set of data from 0 to 100 %, a comparison of absolute values cannot be made
for different treatments, i.e., between different tissue sections. Yet, absolute intensity values within

one tissue section can be compared.

Relative
intensity
100 %

Pl (34:1)
miz8359+05 LI0%

Figure 3. Correlation of nanoparticle distribution and local Pl overexpression 3 d post instillation of SiO2-FITC
NPs. (a) Fluorescence overview image visualizing the principal distribution of NPs mainly located in alveolar
macrophages. (b) MALDI-MS ion image of PI (34:1) ([M-H]) in a parallel tissue section (bordered by a dashed
line). The fine dotted lines demarcate seven areas of Pl overexpression. These areas were transferred to the
fluorescence image in (a) to show the co-localization with FITC fluorescence. Large blood vessels and bronchioli
show strong autofluorescence but no Pl signal.

However, particle treatment changed the homogeneous lipid distribution pattern in a striking manner:
While SiO2-P had no influence on the lipid distribution (Figure 2 d), SiO2-FITC NPs induced round-
shaped patchy regions within which PI (34:1) signal was strongly increased (Figure 1h). Similarly, but

with larger heterogeneity, SiO2 induced several regions with increased PI (34:1) (Figure 2 f).
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To analyze whether there is a congruency of particle distribution and the pattern of increased PI (34:1)
intensity, we compared serial sections of the same lung for their distribution patterns of FITC fluores-
cence and Pl (34:1). Figure 3 shows the overview distribution of FITC fluorescence and the Pl (34:1)
signal: Hand-drawn regions demarcating Pl (34:1)-enriched regions were transferred from Figure 3b
to the fluorescent image of Figure 3a. Although connective tissue around bronchiolar structures and
blood vessels stands out clearly due to considerable autofluorescence, fluorescent dots in Pl (34:1)-
enriched regions are far more numerous. At higher magnification these fluorescent signals represent

SiO2-FITC-laden cells (compare Figure 1i) which have the fluorescent material.
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Figure 4. MALDI-MS ion images of local changes of lipid concentration in the SiO2-FITC laden rat lung. Cryo-
section from an animal 3 d after intratracheal instillation of 0.36 mg SiO2-FITC NPs. (a) Microscopic image of
investigated cryosection. (b-c) lon images indicating a minor local overexpression of PGs. (d-f) lon images
pronounced local overexpression of Pls. (g-h) lon images of m/z788.0+0.5 and 966.1+0.5 revealing an inversely
correlating distribution of PS and TAG compared to the Pls shown in d, e and f. (i) Overlay of MS ion images
shown in d and g; m/z are assigned to ion [M-H]~.
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Figure 4 displays further MALDI-MS ion images of distinct m/zrepresenting a variety of phospholipids
detected in negative ion mode in the lung section originating from a rat instilled with SiO2-FITC NPs.
Detected m/z were classified as phosphatidylglycerol (Figures 4b,e), phosphatidylinositol (Figures
4d-f) and phosphatidylserine (PS) (Figure 4i) , each featuring two fatty acyl residues. The assignment
of m/z966.1 (Figure 4h) will be discussed below. Shorthand designations, which will be used in the
next section, represent the length of the carbon chains summarizing all fatty acyl residues and the
degree of unsaturation, i.e. the number of double bonds within fatty acid chains. Most striking, the
round-shaped regional overexpression of the previously mentioned Pl (34:1) with a m/z of 835.9 (Fig-
ure 4d) was largely colocalized with m/z which can be assigned to [M-H]- ions of Pl (36:2) (m/z 861.9)
and Pl (38:4) (m/z 885.9, Figure 4e-f). Interestingly, highest concentration of Pl (38:4) apparently
lined the larger bronchi. The pattern of round-shaped regional increases was found, to a lesser extent,
also for m/z corresponding to phospholipids of the phosphatidylglycerol (PG) class (b-c), such that

overexpression of both Pls and PGs were highly co-located.

d Relatlye
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Figure 5. MALDI-MS ion images showing the local distribution of TAG and DAG-like molecules in a SiO2-FITC
laden rat lung. Cryo-section from an animal 3 d after intratracheal instillation of 0.36 mg SiO2-FITC NPs. lon
images of (a) m/z 605.7 from DAG-like fragment (36:1) as [M-H20+H]* detected in the positive ion mode, (c)

m/z 964.0 assumed to be TAG (60:5), d) m/z (968.0) assumingly from TAG (60:3). (b) Relevant section of the
average MALDI-MS spectrum (negative ion mode) of the analysis of the rat lung tissue shown in ¢ and d.
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Compared to Pls and PGs, a mild inversely correlating distribution was found for m/z788.9 assigned
to PS (36:1) (Figure 4g), and in a more pronounced manner as for m/z 966.1 (Figure 4h). This con-
trastive distribution of different phospholipids is further shown in an overlay image of m/z 788.9 and
835.9 in Figure 4i.

For verification purposes, two exemplary m/z, namely, m/z 721.4 assigned to PG (32:0) and m/z
861.5 assumed to be Pl (36:2) were selected as precursor ions for MS/MS experiments. Mass spectra
of their characteristic fragments (Figures S2 and S3) confirm the abundance of Pls and PGs as the
major phospholipid classes detected in the negative ion mode. They further indicate that PG (32:0)
consists of two (16:0) chains (Figure S2), while for Pl (36:2) both fatty acyl compositions, PI
(18:1]18:1) and PI (18:0]18:2), are deduced (Figure S3).

Since especially the ratio PI/PG is a long-known marker of lung affection in BALF, we calculated a
local PI/PG on the basis of absolute intensity data. Regions of interest (ROls) were defined on sec-
tions of SiO2-FITC-treated and vehicle-treated lungs, within which the signal intensities of PI (34:1)
(m/z835.9) and PG (34:1) (m/z747.6) were integrated from 600 spectra. On an untreated lung tissue
section, where phospholipids appeared evenly distributed, a control ROl was chosen randomly. Its
absolute intensity values were 0.67 a.u. (arbitrary units) for Pl (34:1) and 0.36 a.u. for PG (34:1),
resulting in a PI/PG of 1.9. On a lung section from a SiO2-FITC NP instilled animal, a ROl with an
apparent local Pl overexpression was chosen. The absolute intensities therein were calculated as to
be 2.15 a.u. for Pl (34:1) and 0.38 a.u. for PG (34:1) resulting in a high local PI/PG ratio of 5.7.
Together with the localization of SiO2-FITC the result shows that PI/PG was locally increased in SiO2
NP laden regions.

In contrast to Pl and PG, we found m/z 966.1 and other closely related masses to be lowered in
particle-laden regions (Figures 4h). Results obtained by MALDI-MS suggest that m/z 966.1 repre-
sents a triacylglyceride TAG (60:4). Interestingly, the signal was co-distributed with closely related
molecules whose peaks showed mass differences of two mass units (m/z 964.0, 966.0 and 968.0,
see Figure 5) and, therefore, might correspond to related TAGs whose number of double bonds
ranged from 3 to 5. Further evidence for the correct detection of TAG comes from the co-distribution
of a DAG-like derivative m/z 605.7 (Figure 5a) because this fragment is derived from TAG in tissue

by cleavage of a fatty acyl residue [27].
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Figure 6. FT-IR microspectroscopy of a SiO2-FITC laden rat lung cryo-section. Average spectra and standard
deviation from hierarchical cluster analysis. Red curve: cluster 1; blue curve: cluster 2 (an offset was added to
cluster 2 for better visualization); black curve: difference spectrum (cluster 2 - cluster 1). Dashed lines mark

wavenumbers identifying lipids. Protein bands are indicated by grey background.

Fourier transform infrared microspectroscopy and hierarchical cluster analysis

Unlike MALDI-MS Fourier transform infrared (FT-IR) microspectroscopy generates molecular infor-
mation through the determination of spectral fingerprints, which can be assigned to particular func-
tional groups in the building blocks of biological tissues, such as lipids, proteins, carbohydrates, and
nucleic acids. To test whether lipid-enriched areas seen with MALDI-MS could be verified with another
independent technique, FT-IR microspectroscopy was carried out on parallel sections of the SiOo-
FITC laden rat lung tissue, i.e. adjacent to the sections investigated with MALDI-MS. The pre-pro-
cessed spectral data generated by means of FT-IR imaging were subjected to a hierarchical cluster
analysis (HCA), which is a powerful tool to statistically validate the spectral disparities between the
pixels within an image. Average spectra of two ascertained clusters (cluster 1: red line; cluster 2: blue
line) along with their difference spectrum (cluster 2 - cluster 1: black line) are shown in Figure 6.
Three positive deviations at defined position of this difference spectrum (arrows in Figure 6) indicate
that the blue cluster pixels have more intense vibrations resulting from lipids (CH2 asymmetric stretch-
ing vibration at 2918 cm-! and CHz2 symmetric stretching vibration at 2850 cm') and esters of free
fatty acids (C=0 stretching vibration at 1734 cm-). In contrast, the red cluster pixels show increased
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signal intensities for bands in the spectral ranges of 1695-1620 cm-!, 1580-1480 cm-', and 3290 cm!
(grey areas in Figure 6) which can be assigned to peptide groups termed Amide I, Amide Il and Amide
A, respectively. Thus, while the red cluster 1 contains more protein, the blue cluster 2 contains more

lipids.

Figure 7. Comparison of MALDI-MS imaging with FT-IR spectroscopy followed by add-on hierarchical cluster
analysis. (a) Optical image of lung cryosection. Region inside the white box was analyzed by means of FT-IR
imaging. (b) Overlay of optical image with MALDI-MS ion image of Pl 34:1 of the marked area. (c) Overlay of (b)
with cluster 1 (red) and cluster 2 pixels (blue), as derived from HCA of FT-IR analysis data (Figure 6). (d) Overlay
of (b) with cluster 2 pixels (blue), indicating that their positions are largely co-located with regions of PI

overexpression.
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Figures 7a-d show the superposition of the spatially resolved images of clusters 1 and 2 to the MALDI-
MS image of Pl (34:1, m/z 835.9), and the optical image of the SiO2-FITC laden lung tissue section
from Figure 7b. Comparing the color-coded regions it can be seen that the lipid-enriched cluster 2
pixels (blue) were largely co-localized with Pl (34:1) (Figure 7d), whereas protein-enriched cluster 2
pixels (red) were evenly distributed throughout the lung parenchyma but were lowered in Pl (34:1)
enriched region (Figure 7c). Thus, the detection of lipid enrichment by FT-IR microspectroscopy con-
firms results from MALDI-MS studies on adjacent sections.

DISCUSSION

This study has shown that the cytotoxicity and acute inflammation typically induced by SiO2 NP is
strongly diminished by phosphonate residues using TPMP as a coating agent. The primary distribu-
tion of SiO2-FITC administered to the lung was mirrored by local changes of PI, PG, PS and TAG as
measured for the first time by MALDI-MS and confirmed by FT-IR spectroscopy. Importantly, phos-
phonate coated SiO2-P evoked no such changes in local PLC pattern. Together the findings suggest

that changes in the (phospho)lipid composition were secondary to local inflammatory processes.

Effects of phosphonate coating on bioactivity of SiO:

The cytotoxic, membrane disrupting and/or haemolytic potential of amorphous SiO2 has been at-
tributed to silanol groups at the particle surface [7-9,28]. Pandurangi et al. observed a correlation
between the concentration of surface silanol groups determined by means of FT-IR spectroscopy and
the hemolytic activity of silica particles expressed as enhanced cell lysis of sheep blood erythrocytes
[8]. Adverse effects of SiO2 may therefore be reduced by modifying surface silanol groups, as shown
for cristobalite, which lost its cytotoxicity upon heating to 1300 C, a treatment which condenses si-
lanol groups to siloxane bridges [9]. Cytotoxic and inflammatory effects of silica may also be sup-
pressed by coating with hydrophobic substances [29], poly(vinylpyridine N-oxide) [30], or amino
groups [12]. As TPMP coating largely reduced cytotoxic and inflammatory properties, phosphonate
residues appear well suited to protect cell and tissue components against effects of silanol groups or
other types of surface reactivity. Interestingly, a reduction of particle reactivity in vitro and in vivo has
also been achieved for NP composed of rare earth elements [32] or of partially soluble metals such
as Ni, Co, and Cu [31] using ethylenediamine tetra(methylene phosphonic acid) (EDTMP) as a coat-
ing agent. However, EDTMP can chelate metal ions released from NP surface [31] and this mode of
action may underlie the beneficiary effect of EDTMP, which therefore differs from that of TPMP. Nev-
ertheless, the outwardly directed phosphonate residues of both, EDTMP and TPMP, seem to confer

a high degree of biocompatibility to NPs.
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In contrast to the lowering of cytotoxicity of SiO2 NP upon phosphonate coating, SiO2-P increased the
H20: release from alveolar macrophages if compared to unmodified SiO2. This finding may be inter-
preted as an augmentation of hazardous bioactivity and a non-specific stimulation of H2O2 generating
processes in alveolar macrophages upon exposure to phosphonate residues cannot be excluded
(e.g. via NADPH oxidase). However, the effect may rather be due to the lower cytotoxicity of SiO2-P

which permits an undisturbed metabolism and ongoing H202 production upon SiO2 NP treatment.

Methodological considerations of MALDI-MS

MALDI-MS is most commonly used for the spatially resolved determination of biomolecules such as
lipids and proteins as well as drugs and their metabolites [32—-34]. Due to fast laser scan speed and
high sensitivity, while covering a broad mass range, MALDI-MS provides high potential for the deter-
mination of lipids and has successfully been applied to study the composition of bronchoalveolar
lavage fluid [35,36]. In the lung a fairly even distribution of phospholipids has been shown for the lung
parenchyma by MALDI-MS, whereas there was a differential overexpression of arachidonate/do-
cosahexaenoate phospholipids and sphingomyelin molecular species lining the profiles of larger
bronchioli and blood vessels, respectively [34].

Surprisingly, no information is available on the influence of nanoparticles on the spatial distribution of
phospholipids in lung tissue [34]. By weight, ~90% of the lung surfactant consists of lipids, from which
phosphatidylcholine (PC) is the major component (70-80%). In addition, variable amounts of phos-
phatidylglycerols (7—18%), phosphatidylinositols (2—4%), and phosphatidylethanolamines (2—3%) are
contained [37]. As the MALDI-MS analyses presented here were conducted in the negative ion mode,
acidic phospholipids such as the low abundance Pls and PGs are preferably detected and this is in
contrast to PCs, which are rather ionized in positive mode. To properly assign the detected m/z to
corresponding (phospho)lipid species we first analyzed published MALDI-MS analyses of rat BALF
for respective phospholipid classes [34,38,39]. Next, we compared experimental and theoretical m/z
values from the Metabolomics Workbench Metabolite Database and the LIPID MAPS Structure Da-
tabase to assign the m/z detected during MALDI-MS to distinct phospholipid species. To finally con-
firm the assignments and deduce the composition of the individual fatty acyl residues, MS/MS exper-
iments were conducted regarding distinct m/z. Phospholipid species were identified via characteristic
fragment ions. With this strategy phosphatidylglycerols PG (32:0) and PG (34:1) as well as the phos-
phatidylinositols PI (34:1), Pl (36:2), and PI (38:4) were confirmed in the rat lung. It could also be
shown by MS/MS experiments (Figure S2) that PG (32:0) is composed of PG (16:0]16:0). This finding
is in accord with a previous study on the composition of BALF phospholipids [39], which also suggests
that PG (34:1) is composed of a 16:0 and an 18:1 fatty acyl residue. With respect to Pl species the
same study on BALF composition showed that Pl (34:1) is Pl (16:0/18:1), and Pl (38:4) is PI
(18:0|20:4). For PI (36:2) it was found [39] that it is build up from two 18:1 chains. This finding was
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also confirmed by MS/MS experiments (Figure S3), which furthermore identified Pl as to be com-
posed of (18:0]|18:2). In general, Pl species with highly unsaturated acyl residues are highly abundant

in BALF and, therefore, seem to be characteristic components of the rodent lung surfactant [39].

Although MALDI-MS is a highly reliable technique one should keep in mind that the detection of dis-
tinct phospholipid species is not only concentration-dependent, but also a matter of accessibility to
ionization. Intensity differences observed for specific ions likely show differences in amounts of lipids
within the sample, however, the final estimation is subject to some limitations [40]. More specifically,
experimental and theoretical m/z ratios showed a systematic bias (A= -0.3 Da) possibly caused by
the topographical structure of the cryosection and/or the small height difference of the calibration
standard, which had to be pipetted onto the sample target as a small droplet. Notably different starting
locations of desorbed ions at the time of acceleration lead to a deviation in the drift time, thus nega-
tively affecting mass resolution. We are aware that all these restrictions make MALDI-MS a semi-
quantitative method. Nevertheless, the changes of Pl and PG in SiO2 NP laden areas, which were
imaged with MALDI-MS and confirmed by MALDI MS/MS for the first time, are highly plausible and
especially the locally observed increases in PI/PG ratio are in accordance with previous particle-
elicited changes of Pl and PG in BALF of animals treated with crystalline silica [20].

Specific changes of phospholipids in the lung

As outlined above, many amorphous SiO2 particles and especially crystalline quartz elicit strong in-
flammation which, in case of quartz, progressively develops into lung fibrosis, accompanied or pro-
ceeded by an increased PI/PG ratio [20-22,41]. However, the mechanism underlying these changes
in lipid composition are not yet clear. It may be assumed that a switchover in the biosynthesis of both
phospholipids may occur in alveolar type 2 cells in response to silica which enhances Pl synthesis,
but suppresses PG synthesis [21]. Further mechanisms may involve an ATP stimulated secretion by
type 2 epithelial cells [42] and/or changes of the activity of specific cleaving enzymes such as phos-
pholipase A2 or phospholipase C [25]. Furthermore, phospholipids are differentially taken up by al-
veolar type 2 cells and/or macrophages with Pl being ingested to a lesser extent both in vitro and in
vivo [43,44]. The biological significance of a PI/PG increase for particle-affected lung tissue is still
incompletely understood. An increased PI/PG increases the rigidity and lowers the surface activity of
the surfactant [24] which might be beneficial e.g. for the repair of local tissue damage. Concerning a
possible dampening impact on local inflammation, in vitro experiments suggest that elevated concen-
trations of Pl attenuate the non-specific inflammatory reaction via a reduced production of nitric oxide
and tumour necrosis factor alpha (TNF-a) from alveolar macrophages [45]. Considering these find-
ings and the fact that SiO2-FITC NPs were localized in alveolar macrophages but not within alveolar
type-2 cells led us to suggest that the locally increased ratio PI/PG originates, at least in part, origi-

nates from the population of NP-affected alveolar macrophages. These cells, when sufficiently loaded
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with particles, have been shown to release mediators or signalling molecules, which might act on
alveolar type-2 cells via specific pathways. This interpretation appears in line with the striking reduc-
tion of cytotoxic SiO2-NP effects on NR8383 macrophages in vitro and the abrogation of inflammation
in vivo upon phosphonate coating (see Figure1). On the other hand, a local accumulation, e.g. by a
binding of lipids and/or surfactant proteins to the large surface of SiO2 NPs (BET: 200 m#/g) hardly
contributes to this effect, because phosphonate coating had neither a major effect on polarity or sur-
face charge of SiO2 NP, nor had it an influence on the binding of native surfactant, at least under in
vitro conditions [14]. A role of macrophages or other inflammatory cells such as neutrophilic granulo-
cytes may also be suspected from a work describing dose-dependent changes of PI/PG in BALF from
rat lung upon quartz DQ12: In that study PI/PG developed along with the numbers of cells in BALF,
the majority of which were macrophages [20,46]. In the present study we found that SiO2 and SiO2-
FITC but not SiO2-P led to focal assemblies of macrophages in the lung parenchyma, intermingled
with regions of beginning hypercellularity and some structural loss of alveolar septa, as far as this
can be stated from hematoxylin-eosin stained cryo-sections (Figure S1). Although the accumulation
of SiO2 NP at these sites cannot clearly be stated and demands further study, it appears likely that
these regions are structural correlates of the patchy areas with increased PI/PG ratio in SiO2 and
SiO2-FITC treated lungs. Irrespective of the mechanism, it appears clearly from the present study that
increases in PI/PG are local events at the site of particle deposition and that they are related to cyto-
toxic and/or activating effects of NP on alveolar macrophages. The detection of changes in PI/PG
with imaging methods is therefore highly useful to detect early changes of lung tissue caused by NP.
Apart from the changes in phospholipids there was a decrease in TAG in regions where SiO2-FITC
was accumulated. Although the final identification of these TAG species awaits further experiments
(e.g. tandem MS and high-energy collision induced dissociation and/or high-resolution mass analy-
sis), their presence is highly likely due to the congruent distribution of the DAG-like derivative m/z
605.7 (Figure 5) which are derived from TAG in tissue by cleavage of a fatty acyl residue [27]. The
local diminution of TAG concentration may involve its consumption for phospholipid production: TAG
is utilized for the formation of dipalmitoyl lecithin, which is the principal lipid in the lung surfactant [47]
and which dose-dependently increases in BALF e.g. upon application of quartz to the lung [46]. A
lowering of TAG might, therefore, mirror e.g. the new formation of lung surfactant. A decrease of TAG
was also found for homogenates of quartz-treated silicotic rat lungs, if values were normalized to the
treatment-increased lung weights [47]. As MALDI-MS reports on the concentration of a metabolite in

tissue, local decreases of TAG in SiO2-FITC laden regions are in line with these findings.

Unlike MALDI-MS, with FT-IR imaging methods molecular information is not generated instantane-
ously, but through the determination of spectral fingerprints, which can be assigned to particular func-
tional groups in the building blocks of biological tissues, such as lipids, proteins, carbohydrates, and

nucleic acids. Besides these building blocks, characteristic biochemical markers of disease are
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detected and identified. Thus, although FT-IR imaging enables the distinction between healthy and
initial-to-advanced states of disease [48], the method has not yet been applied for the examination of
nanoparticle-affected lung tissues. Results obtained here appear, however, highly plausible as they
showed accumulated lipids, which were confirmed by MALDI-MS as to be mainly related to Pl and
PG. Furthermore FT-IR spectroscopy revealed a local decrease in protein. Other infrared spectro-
scopic studies similarly demonstrated an increase in the overall lipid concentration accompanied by
a decrease in protein concentration and suggested these changes as suitable markers for cytotoxic
[49] or apoptotic changes in cells [50,51]. With respect to the whole lung, an increase in total phos-
pholipid lung content was observed several days after administration of SiOz [52], and this effect may
involve a transport of de novo formed lipids from liver to lung [47]. As a whole, the locally enhanced
lung lipid content in SiO2-NP laden areas observed here by means of FT-IR analysis appears to be
in line with older results. Application of FT-IR spectroscopy therefore may become important in the

field of lung toxicology and histology [53].

CONCLUSIONS

In this study, laterally resolved information on changes in phospholipid and distribution upon SiO2
nanoparticles instilled into the rat lung were demonstrated for the first time by utilizing two powerful
bioimaging techniques. MALDI-MS analysis of rat lung tissue sections revealed a local overexpres-
sion of Pls and, to a lesser extent, PGs. The pattern of changes was largely congruent with the dis-
tribution pattern of SiO2-FITC in the lung tissue. FT-IR analyses of a neighboring cryosections com-
bined with a subsequent hierarchical cluster analysis revealed regions representing enhanced lipid
content, which corresponded invariably with the Pl pattern. Notably, these observations were true
only for FITC-coated and pristine nanoparticles, but not for phosphonated, i.e. TPMP-coated, NPs.
This disparity was in excellent accordance with in vitro and in vivo toxicity studies confirming a TPMP-
mediated abrogation in SiO2 NP induced cytotoxicity and lung inflammation. As the binding of major
surfactant lipids to SiO2 and SiO2-P is virtually equal [14,54], we conclude that the locally increased
PI/PG ratio is primarily due to early cytotoxic effects of instilled SiO2 NPs, which are successfully
masked in the phosphonated form.

In sum, bioimaging revealed spatially resolved tissue remodeling of nanoparticle-affected tissue. The
results show that changes in phospholipid composition depend on particle surface coating and are
related to the particle distribution in the tissue. Therefore, the complementary use of MALDI-MS and
FT-IR imaging is assumed to hold a great potential for the examination of health and disease states

in biological tissue samples.
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MATERIALS AND METHODS

Nanoparticle characterization

Colloidal SiO2NPs, the TPMP-treated modification thereof, and fluorescein isothiocyanate-labeled
SiO2 NPs were provided by project partners of the NanoGEM project and have been extensively

characterized before [13,54]. Additionally, particle suspensions were investigated with a NanoSight

instrument (LM-10, Malvern Instruments Ltd, Worcestershire, UK), equipped with a LM14 laser device

(535 nm) and NTA software 2.1 to 2.3. All data are summarized in Table 1. The particles showed a

similar size under conditions of in vitro (serum-free F-12K medium and KRPG buffer) and in vivo

testing.

Table 1. Particle characterization and properties under study conditions.

SiO; SiO.-FITC SiO2-P
Primary particle size (TEM) 5-50 nm 23-30 nm 5-50 nm
Average size (AUC) 19 nm 25 nm 19 nm
Zeta potential, pH 7.4 -39 mV -39 mV —-42.9 mV
BET surface 200 m2.g1 178 m2.g 200 m2.g"
Crystallinity (XRD) amorphous amorphous amorphous

Morphology mostly spherical mostly spherical mostly spherical
) o 0: 66 at.%
©: 66 at.% 0:63 at.% Si: 29 at.%
Si: 29 at.% . o ) o
Surface chemistry in XPS C:4at% Si: 29 at.% C:5at.%
Na;' 1 ai o C:8at% Na: 0.5 at.%
T POz, POs: 0.5 at.%
pH of stock suspension 10.2 8.7 10.8
dso in H20 (NTA) 47.5+0.7 nm n.m. 64.5£10.6 nm
dso in KRPG buffer (NTA) 65.317.5 nm n.m. 60.7+7.8 nm
dso in F-12K medium (NTA) 73.3t14 nm n.m. 59.3£8.1 nm
dso in instillation fluid (NTA) 61.5£7.8 nm 51.0£4.2 nm 50.0£17.0 nm

TEM: Transmission electron microscopy; AUC: analytical ultracentrifugation; XRD: X-ray diffraction, XPS: X-ray

photoelectron spectroscopy; NTA: NanoSight tracking analysis, KRPG= Krebs-Ringer phosphate glucose, dso:

median diameter, n.m.: not measured
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In vitro toxicity study

The rat alveolar macrophage cell line NR8383 was cultured in 175 cm? culture flasks in F-12K medium
(Biochrom GmbH, Berlin, Germany) supplemented with 15% heat inactivated standardized fetal calf
serum at 37°C and 5% COz. Cell culture testing of SiO2 NPs was carried out as described by Wie-
mann et al.[55]. In brief, NR8383 alveolar macrophages were incubated with ascending concentra-
tions of particles in F-12K medium under serum-free conditions. Assays were run in triplicates in 96-
well plates (with 3x10° cells per well) and 3 independent experiments were conducted. Untreated
cells were used as negative controls. Macrophage supernatants were analysed for typical signs of
inflammation indicated by the release of lactate dehydrogenase, glucuronidase, and TNF-a 16 h after
addition of the particles. LDH and Glu activities were expressed as % of the positive control value,
which was obtained by adding 0.1% Triton X-100. The concentration of TNF-a was measured using
50 uL of the supernatant from each well for inducing apoptosis in L-929 fibroblasts in the presence of
actinomycin D and expressed as % killing activity. To measure the release of H202, cells and particles
were prepared in Krebs-Ringer phosphate glucose (KRPG) buffer. Quantitative measurements were
carried out in the presence of horseradish peroxidase using resorufin as a detection reagent, which
was added for 90 min during application of the particles. In all assays cell-free controls were run in
parallel to test for particle interferences with the assays.

Animal study

Female rats (Wistar strain WU, 200-250 g, Charles River Laboratories, Sulzfeld, Germany) were
maintained with a 12 h lights-on lights-off cycle with food and water being provided ad libitum. Animals
were housed at least 14 d before the experiments were commenced. All animal experiments were
ethically approved by local authorities (LANUV, Dortmund, Germany) and were carried out in the
animal facility at the University Clinics of Essen, Germany.

Instillation fluid was prepared using a sterile mixture of 0.9% NaCl (9 parts by volume) and sodium
buffered phosphate buffer, pH 7.3 (one part by volume). Phosphate concentration was 1 mmol-L-!
and maintained a pH of the instillation fluid in the physiologic range. SiO2, SiO2-P and SiO2-FITC
particles were diluted from respective stock solutions to a final concentration of 0.72 mg-mL-'. Parti-
cle-free instillation fluid was used as a vehicle control. For intratracheal instillation, rats were briefly
anaesthetized with isoflurane. A total amount of 0.36 mg in 500 pL instillation fluid was intratracheally
instilled per animal using a Penn Century Microsprayer inserted into the trachea under visual control.
This mass of particles was considered equivalent to the lung burden obtained for SiO2 upon short
term inhalation conditions[13]. After 3 d rats were deeply anaesthetized with a mixture of ketamine
and xylazine and sacrificed by bleeding from the Aorta descendens. A cannula was inserted into the
trachea and, while the left bronchus was transiently closed with a Diefenbach clamp, the right lung

was lavaged five times with 3 mL, yielding a total of approx. 14 mL BALF per animal for further
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analyses. Then the right bronchus was clamped and the left lung was inflated with 3 mL Cryomatrix
(Thermo Shandon Ltd., Runcorn, UK). The left lung was then resected, snap frozen in liquid nitrogen,

and stored at —80°C until further processing.

BALF analysis

Cells from pooled BALF preparations were collected at the bottom of a centrifuge vial (200 x g, 4 C,
10 min). The supernatant was centrifuged again and the final supernatant was used for protein de-
termination according to the Lowry method[56]. Final numbers of cells were determined with a coulter
counter (model Z2, Beckman Coulter GmbH, Krefeld, Germany) and the proportion of dead cells was
determined by trypan blue testing. Differential cell counting was carried out with cytospin preparations
stained with May-Griinewald or Giemsa dyes. At least 400 cells per animal were evaluated under the

light microscope.

Preparation of lung tissue for fluorescence microscopy

Transverse sections were cut from the hilar region of the left lung with a cryomicrotome (Microtome
Cryostsat HM 500, MICROM International GmbH, Walldorf, Germany). 7 um thick sections were dried
onto glass slides and stored under a nitrogen atmosphere at —20 C until further processing. To visu-
alize the distribution of fluorescent SiO2-FITC NPs, sections were taken from the freezer, fixed with
4% buffered formaldehyde, rinsed thoroughly in phosphate buffered saline (PBS), and covered with
a coverslip using Roti-Mount FluorCare (Carl Roth, Karlsruhe, Germany) to stain cell nuclei with the
contained 4',6-diamidin-2-phenylindol (DAPI). Sections were viewed with an inverted fluorescence
microscope (Olympus IX51, Olympus Deutschland GmbH, Hamburg, Germany), equipped with a 20x
objective and conventional filter sets for DAPI and FITC. In some cases, an antibody labeling of
CDe68-positive alveolar macrophages was performed as described by Silge et al.[57]. Images were
taken with a charge-coupled device camera connected to a Nikon Lucia system.

Sample preparation for bioimaging

Cryosections (8 and 10 um thick) were prepared as described above. The sections were thaw-
mounted on indium tin oxide coated glass slides (for MALDI-MSI) and calcium fluoride targets (for
FT-IR imaging), respectively. Prior to MALDI-MSI analysis, frozen tissue sections were allowed to
equilibrate to room temperature in a desiccator for 22 h. Samples were subsequently washed by
submerging the glass slides in 50 mM ammonium acetate buffer (pH 6.7, 4 C) 4 times, 5 s each,
without agitation, to remove the cryo-compound. After each washing step, tissues were dried in a
gentle stream of N2. After drying the tissues for 215 min under vacuum, matrix deposition was per-
formed using a home-built sublimation apparatus. In a vacuum-sealed and pressure-controlled dep-
osition chamber, 25.5 mg of 2,5-dihydroxybenzoic acid (2,5-DHB, Sigmal-Aldrich, St. Louis, MO,

USA) were quantitatively vaporized and sublimed onto the tissue at 155°C and 4.7 Pa forming a

195



homogenous layer (0.23 mg-cm-2) of crystals. Before FT-IR imaging the cryosections were thawed in
a darkened desiccator for 1 h and subsequently washed three times, 5 s each, in aqua dest., followed
by a second drying step in a desiccator. As FT-IR imaging provides direct molecular specific infor-

mation in a non-destructive way, no application of a special matrix is needed.

MALDI-MS

MALDI-MS measurements were performed using a MALDI-TOF/TOF mass spectrometer (ultrafleX-
treme, Bruker Daltonics, Bremen, Germany) operated in reflectron mode. MSI data were acquired
using flexControl software v3.4 (Bruker Daltonics). The attenuator offset of the laser (smartbeam-ll,
wavelength 355 nm) was adjusted to 65% and the laser fluence was set to 45%. For lipid analysis,
the mass range was set from 440 to 1700 Da with ion suppression for analytes below 340 Da. Imaging
data were acquired in the negative ion mode with a lateral resolution of 50 um by summing up 100
shots per array position (without intra-spot rastering) using a laser repetition rate of 1 kHz. The sample
originating from the rat instilled with SiO2-FITC NPs was subsequently rastered in the positive ion
mode. Extraction voltage was set to 17.95 kV and lens voltage to 7.50 kV. Mass spectra were cali-
brated externally using the cubic enhanced algorithm on singly charged ions of bovine cardiolipin
disodium salt (Sigma-Aldrich, St. Louis, MO, USA). Data acquisition and image representation were
carried out with fleximaging software v3.0 (Bruker Daltonics). Acquired imaging data were normalized
to the total ion current (TIC). Lipid identification was based on the comparison of the experimental
with the theoretical m/z values according to the Metabolomics Workbench Metabolite Database and
the LIPID MAPS Structure Database (www.metabolomicsworkbench.org and http://www.lipid-
maps.org, both provided by the University of California, USA).

MS/MS experiments in LIFT mode were performed for selected mass values to confirm structural
assignments.

FT-IR imaging and hierarchical cluster analysis

An infrared hyperspectral image of the lung tissue sample after intratracheal instillation of SiO2-FITC
NPs was acquired using a Bruker Hyperion 3000 FT-IR microscope system equipped with a liquid
nitrogen cooled single point mercury cadmium telluride (MCT) detector. Spectra were collected in
transmission mode using 15x Cassegrain objectives. The sample was analyzed by automated raster
scanning as a tile mosaic image with a spatial resolution of 100 um, defined by the aperture and the
step size. At every measurement position (area of 100 x 100 um?), an infrared spectrum consisting
of 4 accumulations (scans) was collected. The total measured area was 7.1 x 6.6 mm?2. All spectra
were recorded in the range of 400 to 4000 cm-' with 4 cm-* spectral resolution. A background spectrum
was measured on the CaF: slide outside the tissue sample. Collected spectra were divided over

background and automatically converted into absorbance by OPUS 7.0 software. Further spectral

196



pre-processing (baseline correction, scaling, and standardization) and multivariate data analysis were
performed with ImageLab software (v.1.94, Epina GmbH, Pressbaum, Austria). Baseline correction
applied to spectra was based on the Lieber algorithm in 30 iterations through a 3 order polynom.
Spectral data was scaled between 0 and 1 and standardized (mean=0.0, standard deviation=1.0).
Prior to hierarchical cluster analysis, spectra with poor signal-to-noise ratio (areas outside the sample)
or those which were expected to exhibit properties significantly differing from the lung tissue under
investigation (bronchus, bronchioles and blood vessels) were eliminated. These so-called “bad pixels”
were excluded from further statistical evaluation. HCA was performed using Ward’'s method, Euclid-
ean distance measure and 13 spectral descriptors consisting of important spectral features (proteins,
lipids) for identifying tissue remodeling due to nanopatrticle instillation.
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Figure S1. Effect of different SiO2 NP on lung histology. Typical aspects from lung parenchyma 3 days after
intratracheal instillation of 0.5 mL vehicle control fluid (A, B), 0.36 mg SiO2-P (C, D), 0.36 mg SiO2-FITC (E, F),
or 0.36 mg SiOz2 (G, H). Hematoxylin-eosin stained cryo-sections. Note that SiO2-FITC (F) and SiO2 (H) leads to
confined regions with increase macrophage numbers, slightly deteriorated septal structures and focal
hypercellularity (Arrows in F and H). These changes were largely absent in lungs treated with vehicle control (B)
or SiO2-P (D).
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Figure S2. MALDI-MS/MS spectrum resulting from the fragmentation of precursor m/z 721.4. Fragment ions

confirm the assignment of the respective MS ion image to PG (32:0) and indicate a fatty acyl composition of two
(16:0) chains.
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Figure S3. MALDI-MS/MS spectrum resulting from the fragmentation of precursor m/z 861.5. Fragment ions
confirm the assignment of the respective MS ion image to Pl (36:2), whereby both fatty acyl compositions, Pl
(18:1|18:1) and PI (18:0]18:2) are deduced.
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ABBREVIATIONS

1,5-DAN
2,5-DHB
9-AA
ACE
ACN
AcOH
AmAc
BALF
CHCA
CMC

DE

DESI MS
EtOH
FTICR
FTIR
HCA
HRMS
iPrOH

IS

ITO
LA-ICP-MS
LC-MS/MS
LDI

m/z
MALDI MS
MMI
MPM
MS/MS
MSI
Nd:YAG
Nd:YLF
NP

OCT
oTOF

1,5-diaminonaphtalene

2,5-dihydroxybenzoic acid

9-aminoacridine

acetone

acetonitrile

acetic acid

ammonium acetate

broncho-alveolar lavage fluid
alpha-cyano-4-hydroxycinnamic acid
carboxymethylcellulose

delayed extraction

desorption electrospray ionization mass spectrometry
ethanol

Fourier transform ion cyclotron resonance

Fourier transform infrared

hierarchical cluster analysis

high-resolution mass spectrometry

isopropanol

internal standard

indium tin oxide

laser ablation inductively coupled plasma mass spectrometry
liquid chromatography tandem mass spectrometry
laser desorption/ionization

mass to charge

matrix-assisted laser desorption/ionization mass spectrometry
multi-modal imaging

malignant pleural mesothelioma

tandem mass spectrometry

mass spectrometric imaging

neodymium-doped yttrium aluminum garnet
neodymium-doped yttrium lithium fluoride
nanopatrticle

optimal cutting temperature

orthogonal time-of-flight
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PC
PCA
PE

Pl
PLC
gTOF
RDF
RMS
ROI
RSD
RTOF
S/N
SA
SIMS
SiO2
SM
TEC
TIC
TOF
TPMP

phosphatidylcholine

principal component analysis
phosphatidylethanolamine
phosphatidylinositol

phospholipid composition

quadrupole time-of-flight

random decision forest

route-mean-square

region of interest

relative standard deviation

reflectron time-of-flight

signal to noise

sinapic acid, 3,5-dimethoxy-4-hydroxycinnamic acid
secondary ion mass spectrometry

silica

sphingomyelin

tissue extinction coefficient

total ion current

time-of-flight

3-(tri-hydroxysilyl)propyl methyl phosphonate
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