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Histology by Mass Spectrometry: Label-Free Tissue Characterization
Obtained from High-A ccuracy Bioanalytical Imaging™**
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Wolfgang Kummer, and Bernhard Spengler*

Histological examination of biological and medical specimens
has gained its universality and undisputed significance
through distinct staining techniques and microscopical eval-
uation. Discrimination of tissue types after specific staining or
labeling is an essential prerequisite for histopathological
investigation, for example in accurate diagnosis of cancer.
Histochemical staining techniques can only be used in a
targeted manner for known compounds, and only a limited
number of such targets can be visualized from a given sample
at the same time. Another limitation of classical histology lies
in the fact that a considerable amount of experience is
required and that even well-trained pathologists often
interpret histologically stained sections differently.

Mass spectrometry (MS), on the other hand, offers
complex but objective and reproducible information on
biological material. Imaging of biological samples by MS
gained interest after development of matrix-assisted laser
desorption/ionization (MALDI) as a method to desorb and
ionize biomolecules, such as peptides, proteins, glycans, or
lipids, with a limit of detection in the attomole range. The first
proof-of-principle of imaging by MALDI was presented in
1994, and was followed by numerous applications during the
last decade.*™™ An extensive overview of instrumental devel-
opments and methodological approaches in MS imaging has
been published recently.”! MS imaging allows the distribution
of analytes to be investigated and displayed across a sample in
a semi-quantitative manner and without the need to predefine
or label selected substances prior to analysis. MALDI
imaging is typically used with spatial resolutions of between
50 and 200 um.P! Increasing the resolution into the low-
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micrometer range has been demonstrated, but requires a very
low limit of detection of the employed mass spectrometer, as
the available amount of material per imaged spot is reduced
quadratically with reduction of the spot diameter.[*!%
Identification of molecules during MS imaging experi-
ments is often limited if mass spectrometers with a rather low
mass resolving power and accuracy are used. Additional off-
line bulk analyses of tissue material are typically used to back
up imaging results. Imaging selectivity, that is, mass bin width
for allocation to image signals, is typically set to one mass unit.
Employing MS imaging for obtaining valid histological
information requires a number of improvements:

1. The usable spatial resolution has to be high enough to
resolve cellular features.

2. Analytical sensitivity has to be high enough to visualize
the majority of interesting substances in high-lateral-
resolution experiments.

3. Mass resolving power and mass accuracy have to be as
high as possible when complex biological samples are
under investigation. To unequivocally assign a mass signal
to an image and to identify substances by accurate mass,
signals have to be stable and correct in detected mass
values; that is, mass accuracy should be in the low-ppm
range.

4. Image assignment to mass signals has to be both highly
selective and flexible. To distinguish neighboring mass
signals in biological tissue samples, the coding mass bin
width must typically be smaller than 0.1 mass units.

5. To clearly identify imaged substances in complex samples,
MS" data from fragmentation of precursor ions has to be
obtainable directly from individual imaged sample spots.

6. Ambient pressure conditions are often necessary, rather
than high-vacuum conditions, for example when working
under physiological conditions, imaging volatile substan-
ces such as drug metabolites, or using volatile matrices.

7. Sample handling and preparation have to be fast and
robust.

8. Results have to be achievable in a reasonable timeframe.

Some of these requirements have already been demon-
strated individually. High mass resolution combined with a
high spatial resolution of 7 um was demonstrated using an
ion-trap Fourier-transform ion-cyclotron-resonance mass
spectrometer (IT-FTICR-MS),” but sensitivity was insuffi-
cient. Imaging of biological samples with FTMS was reported
with a spatial resolution of only 100 um.>® A special ion
source developed in our lab was used to demonstrate high
lateral resolution combined with low mass resolution."!! An
alternative approach for fast and highly resolved imaging is
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mass microscopy, which comprises parallel ion-optical imag-
ing of the complete sample area for selected mass windows.
The method appears to have high potential, but is limited to
date by practical constraints.”®! Secondary-ion mass spectrom-
etry (SIMS) offers very high spatial resolution, and impressive
results were reported with this technique.'?! SIMS analyses,
however, are mostly limited in terms of mass accuracy at high
spatial resolution, mass range, and MS/MS capability. Desorp-
tion electrospray ionization (DESI) imaging has great poten-
tial for measurements under ambient conditions, but lacks
spatial resolution at the cellular level."”

For the first time we present herein a combination of high
mass resolution and accuracy, high spatial resolution, and high
analytical sensitivity to characterize and discriminate biolog-
ical tissue with cellular resolution. Our atmospheric-pressure
scanning microprobe matrix-assisted laser desorption/ioniza-
tion mass spectrometry (AP-SMALDI-MS) setup provides a
new level of information depth and quality for histological
examination at the cellular level. Compounds were identified
by accurate mass and product-ion analysis directly from
analytical image data. Mass accuracy was typically better than
1 ppm (see also the Supporting Information).

The ion signals corresponding to phospholipid species
were used to distinguish tissue types. Phospholipids are the
essential building blocks of cell walls, but they also play an
important role in signal transduction and are thus of
biological relevance for numerous diseases. Analysis of their
enzymatic degradation products, lysophosphocholins (LPCs),
is demonstrated in the Supporting Information. 20 um-thick
sections of mouse urinary bladder were scanned by MS with
10 pm spatial resolution and sets of tissue-specific compounds
were selected from the acquired data for imaging (Fig-
ure 1 A,B). Excellent agreement with toluidine-blue staining
(Figure 1C) was found in assigning tissue types. The outer
region of the urinary bladder was characterized by the
sphingomyelin compound SM(34:1) (m/z 741.5307; Fig-
ure 1A, blue). This histological region could be further
subdivided into the adventitial layer, the outermost thin
layer indicated by increased signal intensities of SM(34:1),
and the detrusor muscle mainly consisting of smooth muscle
tissue.

Inside the muscle layer, the loose connective tissue of the
lamina propria is located, and is characterized by intense
signals of m/z 743.5482 (Figure 1A, red, collocated with
SM(34:1) signal in blue). Towards the bladder lumen, a thin
layer of subepithelial myofibroblasts was found to be
characterized again by high signal intensities from SM(34:1)
(Figure 1 A, blue). The smooth muscle tissue of the detrusor
muscle and the myofibroblasts showed very similar phospho-
lipid profiles, in accordance with their similar physiological
properties. The high cell densities of both layers were
expressed in the stained image (Figure 1 C). The innermost
layer of the mucosa is composed of the bladder epithelium
(urothelium), indicated by a mass signal at m/z 798.5410 of the
phosphatidylcholine species PC(34:1) (Figure 1 A, green).

At closer inspection the urothelium could be differ-
entiated even further by AP-SMALDI imaging. From the
basement membrane to the lumen, the urothelium is known
to consist of basal cells, intermediate cells, and, facing the
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Figure 1. Mouse urinary bladder: A) 10 um step size, overlay of ion
images for m/z 741.5307 (blue, muscle tissue, SM(34:1)), m/z
798.5410 (green, urothelium, PC(34:1)), and m/z 743.5482 (red,
lamina propria). B) Overlay of ion images for m/z 798.5410 (blue,
urothelium, PC(34:1)), m/z=2812.5566 (green, umbrella cells, PE-
(38:1)), and m/z 616.1767 (red, blood vessels, heme b, M*). C) Opti-
cal image of the same tissue section after staining with toluidine blue.
D) 5 um step size, overlay of ion images for m/z 114.9039 (In*
substrate, blue), m/z 798.5410 (PC(34:1), red), and m/z 741.5307
(green). E) Optical image of the same tissue section after staining with
toluidine blue. All of the ions are of type [M+K]* except for heme.

lumen, umbrella cells. The latter are the largest cells and
cover several of the underlying cells. The reduced density of
cell nuclei in this sublayer of the urothelium resulted in lighter
areas in the stained image. In the AP-SMALDI image
(Figure 1B), these areas were represented by higher inten-
sities at m/z 812.5566 corresponding to phosphatidylethanol-
amine PE(38:1) coded in green, resulting in cyan pixels by
colocalization with PC(34:1) coded in blue. Blood vessels
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were detected, based on imaging of the heme signal at
m/z 616.1767 from residual blood (Figure 1B, red). Again,
these features correlate exactly with information from
toluidine-blue staining. The various tissue types are identifi-
able after histological staining by a trained pathologist. By MS
imaging, even those regions that are hardly expressed by
classical histological examination are clearly discriminated
(Figure 1A,B).

In another experiment, spatial resolution was further
increased to closer investigate regions of interest. Figure 1 D
shows an AP-SMALDI image of an area of the urinary
bladder with two different, adjacent tissue types; the image
was acquired with a step size and ablation spot size of 5 um.
Ion distributions again correlated well with histological
features indicated in the stained-tissue image (Figure 1E).
The AP-SMALDI image provides pixel-sharp separation
between the muscular layer (m/z 741.5307, green) and the
urothelium (m/z 798.5410, red) with no blur or signal overlap
(yellow pixels), which demonstrates that the effective ana-
lytical resolution is indeed in the range of 5 um.

High mass accuracy is of great advantage for immediate
identification of compounds in tissue. The instrument pro-
vides a mass accuracy of 2 ppm after external calibration.
Furthermore, each spectrum was individually calibrated using
so-called lock masses to fine-tune spectra according to
detected mass values of known peaks."! Mass accuracy
achieved with this method was better than 1 ppm for all
identified compounds.

A spectrum from the urinary bladder imaging experi-
ments is shown in Figure 2 A. Accurate mass values can be
used to directly assign mass signals to certain compound
classes such as lipids, peptides or matrix compounds.™
Discrimination of matrix-related signals and analyte signals
was possible based on mass-defect evaluation. In Figure 2 A,
all phospholipid signals have m/z values with decimal places
around 0.5. Matrix-related signals on the other hand are
found at 716.1246 and at 852.1407. Mass-based classification is
especially useful when identifying unknown compounds in a
mass range in which matrix-related signals are abundant. In
complex samples, such as tissue sections, high mass accuracy is
advantageously employed to directly identify individual
analytes from a single imaging spot.

Substance identification and characterization can be
further improved by MS/MS fragment-ion analysis (see the
Supporting Information). Fragment ions provide information
on phospholipid head groups. A PC structure was identified
from product ion m/z 713.4518 after loss of N(CHj;); from the
choline headgroup. It must be noted that structural isomers of
the acyl chains cannot always be differentiated even by
combining MS/MS analysis and accurate mass.

Using dedicated imaging software, high mass accuracy
and resolution was preserved when selecting mass spectral
images. All images were generated using a highly discrim-
inatory m/z bin width, Am/z=0.01, for image assignment,
which was necessary to distinguish compounds which were
significant for structural contrast but were close in m/z. In
Figure 2B, spatial distributions of two compounds that differ
in mass by only 0.05 are shown. The signal at m/z 770.5097
(green) corresponds to the K* adduct of PC(32:1), predom-
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Figure 2. A) Orbitrap full-scan spectrum, Averaged, after recalibration.
B) Overlay of ion images: m/z 770.5097 (red) and m/z 770.5580
(green). C) Averaged orbitrap spectrum showing both separated peaks.

inately present in the epithelium of the urinary bladder. The
neighboring signal at m/z 770.5698 (isotopologue of the K*
adduct of SM(36:1)) shows a complementary spatial distri-
bution with high intensities in the muscle and connective
tissue. Selectivities of reported MALDI images were typically
limited to Am/z 1 (MALDI-TOF) or Am/z 0.1 (FTICRF)) to
date. These settings are insufficient to detect fine differences,
such as those described above, that are typical for real
biological problems.

A biomedical application of our new technique is
illustrated by analyzing human tissue sections of infiltrating
ductal carcinoma, the most abundant and also most danger-
ous type of breast cancer.'¥! As the malignant proliferation
usually infiltrates surrounding adipose tissues, the histological
investigation of intraoperatively collected fresh frozen sam-
ples is not straightforward owing to undesirable character-
istics of adipose tissue. Whilst classic histology provides
ambiguous results, AP-SMALDI imaging of these tumors
resulted in distinction of tumor and surrounding healthy
tissues. Ductal carcinoma samples were found to contain
characteristic lipid constituents such as various ganglio-
sides.'”! Specific lipid profiles could provide unequivocal
identification of cancer cells by MS imaging. In Figure 3, a
thin section of infiltrating ductal carcinoma is shown with
clear distinction of cancerous (red) and healthy (green) tissue
at 10 um spatial resolution.

Another important application of high-resolution MS
imaging is the detection of neuropeptides, which can act as
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Figure 3. Human ductal carcinoma. A) Optical image of a tissue
section. Darker areas indicate tumor tissue. B) 10 pm step size, overlay
of ion images for m/z 529.3998 (healthy, green), m/z 896.6006 (tumor,
red, PC(34:1), [M+K+DHB—H,O[").

marker compounds for a large number of diseases and
physiological processes.'®! Mouse pituitary gland was imaged
at 10 um spatial resolution (Figure 4 A). The posterior and the
anterior lobe are clearly distinguished based on phospholipid
signals at m/z 826.5723 (PC(36:1), green) and m/z 848.5566
(PC(38:4), blue). These features again correlate exactly with
the staining experiment (Figure 4 B). The neuropeptide vaso-
pressin at m/z 1084.4451 is coded in red (Figure 4 A). Tt is

osteriorlobe
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Anteriorlobe
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534 2653
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Figure 4. Neuropeptide in mouse pituitary gland: A) 10 um step size,
overlay of ion images: [M+H]" of vasopressin (m/z 1084.4451, red),
PC(36:1) (m/z 826.5723, green, [M+K]"), and PC(38:4) (m/z 848.5566,
blue, [M+K]"). B) Optical image after toluidine-blue staining. C) Full-
scan spectrum of an individual 10 um pixel.
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located in the central part of the posterior lobe, corresponding
to its biological function. A full-scan mass spectrum from an
individual 10 um pixel is shown in Figure 4 C.

The current setup includes a few principle limitations that
have to be overcome in the future. MALDI-based mass
spectrometric imaging requires application of a suitable
matrix layer, introducing the risk of artifact formation and a
crystal-size-related resolution limit. The mass range of m/z <
4000 is another limit of the current instrumentation, making
direct protein detection impossible. Accurate mass and MS/
MS are very helpful for identification of imaged compounds,
but do not always provide a complete structural character-
ization (namely in terms of fatty acid isomer analysis). Our
results, however, show that biologically relevant and highly
specific information can be derived from AP-SMALDI
images with um spatial resolution. They are a distinct
methodological improvement for biological applications, for
the first time combining high spatial resolution, high mass
accuracy, and high sensitivity. For histological investigation,
the method provides an unprecedented quality and reliability
of information on chemical content. With that, it has the
potential to supplement classical histological protocols and
support histopathology by adding another dimension of
diagnostic information on the molecular level.

It is important to note that pathologically relevant
information in MS imaging is obtained from untargeted
experiments, meaning that structure-specific substances do
not have to be selected or identified beforehand but can be
discovered as specific markers during image analysis. Patho-
logically alerting structures may thus be found even if marker
biochemistry, for example of a carcinoma type, is not yet
identified, which is a major advantage over histochemical
staining. Another advantage of AP-SMALDI imaging-based
histology is that interpretation of results can become oper-
ator-independent and impartial once a standard measurement
procedure has been established, because structure-defining
signal patterns can be automatically identified and quantified.

Experimental Section

All the experiments were performed with a AP-SMALDI imaging
source built by us.”! The laser was focused by a centrally bored
objective lens to a diameter of 5 to 10 pum. Controller software and
hardware for the scanning procedure were developed in-house. The
imaging source was attached to a linear ion trap/Fourier transform
orbital trapping MS (LTQ Orbitrap Discovery, Thermo Scientific
GmbH, Bremen, Germany) with a mass resolving power of 30000 at
m/z 400 in positive-ion mode. This setup offers atmospheric pressure
compatibility, MS" capability, and sub-ppm mass accuracy. A UV laser
with a repetition rate of 60 Hz (LTB MNL-106, LTB, Berlin,
Germany) was used for desorption/ionization. Cycle times of the
ion trap/orbitrap system were 1.3 seconds (including stage move-
ment). The mass range was m/z 100-1000 for measurements of
phospholipids and m/z 100-1200 for the detection of peptides.
Samples were coated with DHB (2,5-dihydroxybenzoic acid) matrix
using a pneumatic sprayer. Assignments of lipids were confirmed by
MS/MS analysis directly from tissue (isolation window Am/z 3). All
images were generated with a bin width of Am/z 0.01. More details
are given in the Supporting Information.
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