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Tumors have a complex metabolism that differs from most
metabolic processes in healthy tissues. It is highly dynamic and
driven by the tumor cells themselves, as well as by the non-
transformed stromal infiltrates and immune components. Each
of these cell populations has a distinct metabolism that
depends on both their cellular state and the availability of
nutrients. Consequently, to fully understand the individual
metabolic states of all tumor-forming cells, correlative mass
spectrometric imaging (MSI) up to cellular resolution with
minimal metabolite shift needs to be achieved. By using a
secondary ion mass spectrometer (SIMS) equipped with an
Orbitrap mass analyzer, we present a workflow to image

primary murine tumor tissues up to cellular resolution and
correlate these ion images with post acquisition immunofluor-
escence or histological staining. In a murine breast cancer
model, we could identify metabolic profiles that clearly
distinguish tumor tissue from stromal cells and immune
infiltrates. We demonstrate the robustness of the classification
by applying the same profiles to an independent murine model
of lung cancer, which is accurately segmented by histological
traits. Our pipeline allows metabolic segmentation with simulta-
neous cell identification, which in the future will enable the
design of subpopulation-targeted metabolic interventions for
therapeutic purposes.

Introduction

Altered metabolism has been regarded as a hallmark of cancer
since the inception of molecular oncology, epitomized by Otto
Warburg’s ground-breaking observations linking oncogenic
derailment to aerobic glycolysis, now referred to as the Warburg
effect.[1] While many of the changes seen in tumors reflect the
metabolic adaptations of healthy dividing cells,[1,2] the scale,
synchronicity and persistence of growth in tumors does warrant
its designation as an idiosyncratic metabolism different from
any large scale metabolic program usually found in an adult
organism. This is further compounded by the ephemeral nature

of the tumor and its microenvironment, which is often impaired
by an undersupply of both oxygen and nutrients due to poor
vascularization.

Indeed, metabolic alterations have been the cornerstone of
cancer diagnosis. In positron emission tomography (PET), the
glucose analog fluorodeoxyglucose (FDG) is often used as a
positron emitter.[3–7] The accumulation of FDG in tumors is
based on the high metabolic rate and the dependency on
glucose, which is at least partly due to the Warburg effect.[2,4,5]

Magnetic resonance imaging (MRI) scans have been functional-
ized by the utilization of hyperpolarized stable isotope labeled
metabolites such as pyruvate or glutamine, which allow the
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visualization of the uptake and, to a certain extent, the
utilization of these nutrients in vivo.[8–10]

While these imaging techniques are of the highest clinical
value, they have a relatively low depth of information as they
only highlight single predefined metabolic pathways. In order
to address this problem, cancer tissues have been extensively
studied using modern metabolomics.[11–13] Metabolomics, the
global analysis of small molecule metabolites, can provide
important information and new knowledge about the cancer
state and the interaction of the metabolisms of cancer and non-
cancer cells at cellular and/or systemic level.[11,14,15] With the help
of modern metabolomics, for example, the importance of
glutaminolysis for tumor growth[16–18] and de novo fatty acid
biosynthesis for metastatic spread to certain organs such as the
brain[17,19,20] has been highlighted. Analytical methods such as
nuclear magnetic resonance spectroscopy (NMR) or mass
spectrometry (MS) are primarily used for metabolomic studies
in biological samples.[11,14,21] The advantages of NMR are its high
reproducibility and the possibilities of quantifying metabolites
and in vivo measurements.[11,12,14,21,22] The disadvantage is the
low sensitivity, which is several orders of magnitude lower than
in MS analyses.[11,14] In turn the advantage of MS methods such
as gas chromatography (GC) MS or liquid chromatography (LC)
MS, in addition to the high sensitivity, is the high mass
resolution and mass accuracy.[11,12,14,23]

However, these methods often focus on the averaged
metabolism of the heterogeneous cell populations of the tumor
microenvironment (TME) and thus only provide data on the net
metabolism of the entire cellular ensemble.[12] This inability to
clearly observe metabolic reactions at a precise subcellular
location, e.g., tumor cell area or areas within healthy tissue, is a
major obstacle to understanding cell metabolism and how it
changes in diseases such as cancer.[12] In an effort to disentangle
the contribution of the different constituent cell types of the
TME, analytical methods that simultaneously provide both
chemical and spatial information are needed. Here, the
emerging field of correlative mass spectrometric imaging (MSI)
has proven to be a promising approach, in which MSI is
superimposed and correlated with other imaging techniques
such as light microscopy.[24–26]

In recent years, several MSI technologies have become
established,[11,12,24,27–32] each with their own advantages and
disadvantages. In all MSI technologies, there is usually a trade-
off between spatial resolution, biological information, and tissue
integrity. For example, matrix-assisted laser desorption ioniza-
tion (MALDI) in combination with a time-of-flight (ToF) analyzer
can reach a nominal lateral resolution of 10–20 μm and detect
metabolites ranging from small molecules such as lactate to
very large lipids of over 1000 Da.[27,31,33] By the dedicated
combination of an atmospheric pressure (AP) MALDI setup and
an Orbitrap mass analyzer, subcellular MSI with 1.4 μm lateral
resolution with high mass resolution at the same time was
demonstrated.[34] Nevertheless, the need to apply a matrix to
the sample compromises multiple downstream modalities.[33–35]

Desorption electrospray ionization (DESI) MSI is a somewhat
newer development, which allows imaging of the same range
of metabolites as MALDI-ToF, but with minimal damage to the

tissue, thus readily allowing correlative imaging of the same
tissue in different modalities.[27,28,30,31] Lateral resolution, how-
ever, is only around 20 μm[35] and does not allow imaging of
single cells. To overcome this problem, DESI-MSI was recently
combined with CLEIM-iT (correlative light, electron, and ion
microscopy in tissues), a technology that is based on detection
of a stably labeled tracer molecule and allows subcellular
detection.[36] The reliance on a clearly defined tracer, however,
limits the range of potential applications. Some groups have
instead resorted to indirect measurement of metabolic activity
by quantifying key metabolic enzymes using mass
cytometry.[37–40] While this technology is valuable for historical
clinical samples, it is inherently indirect and therefore prone to
error.

In order to investigate pathogenic tissue and differentiate
their heterogeneous cell populations from another, methods
providing higher spatial resolution in combination with high
mass resolution are required. Secondary ion mass spectrometry
(SIMS) is a surface analysis method that overcomes several
pitfalls seen in other modalities. It is based on secondary ions
(SIs) generated from a primary ion beam, is tracer- and matrix-
free, and can reach a lateral resolution of 50 nm or less.
Therefore, it enables analysis of tissue samples at single-cell
level.[41–45] However, a disadvantage of ToF-SIMS analyses of
tumor tissues is that, for example, the use of the bismuth liquid
metal ion gun (LMIG) as the primary ion source, standardly used
in many studies,[32,41,46–50] can lead to excessive fragmentation of
the analytes during ionization. In addition, the mass resolving
power of the ToF analyzer of SIMS instruments is limited (m/
Δm~30,000).[51,52] These drawbacks make it difficult to accu-
rately identify the original molecule that generated the
corresponding secondary ion, and thus limiting the amount of
detailed information about the metabolic landscape.[52] To
reduce fragmentation of metabolites, an argon gas cluster ion
beam (GCIB) with large Arx

+ clusters as primary ion species can
be used instead of LMIG to release large biomolecules from
samples.[43,52–54] To overcome the disadvantages of mass reso-
lution, SIMS can also be combined with an Orbitrap analyzer
(Orbi-SIMS) instead of a ToF analyzer.[51–61] The use of the
Orbitrap mass analyzer combines the strengths of high mass
resolution (>240000 at m/z 200), high mass accuracy (<1 ppm)
and high-resolution SIMS imaging with spatial resolution down
to 2 μm in Orbi-SIMS analyses.[53,62] This makes Orbi-SIMS ideal
for precise signal identification at single cell level and offers a
new level of metabolite analysis.

Here, we present a workflow to perform correlative imaging
of both murine breast and lung tumors utilizing an Orbi-SIMS
imaging set-up with a nominal resolution inferior to the size of
single cells. By performing downstream microscopy analysis
including fluorescent microscopy and histological staining, we
can benchmark our tissue segmentation and prove that Orbi-
SIMS analysis allows an unsupervised segmentation of different
TME components such as the tumor cells, immune cells and
stromal areas.
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Results and Discussion

Orbi-SIMS Imaging of Murine Breast Tumors

In order to benchmark the Orbi-SIMS to image tumor tissues
and their TME, we chose a reductionist approach (Figure 1). We
used a variation of a previously established murine breast
cancer model.[63,64] Here, tumors are driven by the mammary
specific oncogene MMTV-Wnt1,[65] but are concomitantly
marked with red fluorescence by the inclusion of an mTmG-
cassette, which expresses tdTomato under the constitutive
Rosa26 promoter (Cre mediated recombination leads to
expression of eGFP, but no recombination was carried out in
this manuscript).[66] As the tumors were generated by serial
transplant, the resulting animals present with tdTomato positive
tumor cells, while all remaining cells of the TME have no
fluorescence. For tumor analysis, one part of the tissue was
analyzed by LC–MS after methanol/chloroform-based lipid
extraction as previously described,[64] while the other part was
sectioned for imaging analysis with Orbi-SIMS and fluorescence
microscopy and histological staining (workflow in Figure 1). For
correlative imaging, previous tissue sections of the breast tumor
were fluorescently stained with CD45, a pan-immune cell
marker, and analyzed by fluorescence microscopy. This enabled
the selection of suitable ROIs, which included distinct morpho-

logical features of tumor cells, the immune compartment, and
stromal tissue, for the subsequent tissue section to be analyzed
by MSI.

The Orbi-SIMS mass spectra were compared with the LC–MS
data (Figure 1e), while the MS images were correlated with the
fluorescence images (Figure 1f). In contrast to the breast tumor
sections, lung tumor sections were not stained with
fluorescence but rather immunohistochemically in first test
measurements. Orbi-SIMS imaging of tumor sections were
performed in both positive and negative ion mode, with
measurements in negative ion mode resulting in spectra that
were far richer in significant peaks. In particular, cancerous
tissue was poorly detected in the positive ion mode. Therefore,
all Orbi-SIMS results presented here are based on measure-
ments in negative ion mode.

Comparing an RGB overlay of single ion images (Figure 1f)
with the fluorescence image of the consecutive tissue section,
we noticed very clear regional differences, with certain ions
almost perfectly tracking the tumor margins (red color in
fluorescence image and Orbi-SIMS overlay), while others were
accumulated in stromal areas (black color in fluorescence
microscopy, blue color in Orbi-SIMS overlay). A third class of
mass signals more closely tracked the immune cell signal
(yellow color in both fluorescence and Orbi-SIMS image), albeit
with some overlap with tumor tissue. We therefore conclude

Figure 1. General workflow to perform correlative imaging of a) murine breast and lung tumors. (b) LC–MS and c) Orbi-SIMS analysis are performed for e)
mass peak analysis. f) Correlative imaging analysis is done by c) Orbi-SIMS imaging and d) microscopy of fluorescence and immunohistochemical staining of
the tumor tissue sections. In the fluorescence image, tumor tissue is shown in red, immune cells in yellow and stromal tissue in black. In the Orbi-SIMS overlay
image, tumor tissue is depicted in red by adenine (C5H4N5

� at m/z 134.0473), immune cells in yellow by FA(20 :4) (C20H31O2
� at m/z 303.2328), and stromal

tissue in blue by C4H4NO2
� (m/z 98.0240). All individual secondary ion images were normalized to total ion image prior to overlay. Orbi-SIMS images were

taken in negative ion mode with 20 keV Ar3000
+ clusters as primary ion species.
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that the regional prevalence of certain metabolites is closely
linked to the underlying tissue type. The morphology of the MSI
data clearly fits to the one of the consecutive fluorescence
images even though the fluorescence images belong to the
consecutive sections.

A R-based code was used to compare the Orbi-SIMS data
with the LC–MS data. Peaks with a deviation of 15 ppm were
considered a match, excluding duplicate hits. The peak
comparison showed that 182 peaks could be found with both
LC–MS and Orbi-SIMS (Figure 2a). In total, there are more mass
signals in LC–MS spectra (1087 peaks) than in Orbi-SIMS spectra
(749 peaks), which might be due to the fact that LC–MS shows
a better sensitivity due to the analysis of digested tissue. In
addition, the analyte is preconcentrated in LC–MS.

The modest overlap of LC–MS and Orbi-SIMS data is
probably due to the higher fragmentation in the Orbi-SIMS,
while the fragmentation is minimal during LC–MS. This would
be confirmed by the fact that the average m/z in the LC–MS
data is significantly higher than in the Orbi-SIMS data (m/z 574
vs m/z 262). A comparison of the 182 metabolites found both
with LC–MS and Orbi-SIMS (Figure 2b) shows that 76 of them
are lipid fragments, 31 peaks could be assigned to nucleotide
fragments, 46 peaks originate from organic components and 29
peaks are species such as phosphates or sulphur species. In
conclusion, most major metabolite classes can be found in our
Orbi-SIMS analysis. Due to fragmentation, Orbi-SIMS will in

many cases be able to identify the compound class, rather than
the specific compound, which is important to keep in mind in
downstream analysis, but does not hamper biological conclu-
sions on the basis of compound-class distributions.

Since the data evaluation of Orbi-SIMS mass spectra, which
contain the masses of all molecular and elemental SIs detected
during a measurement, is very complex, we applied multivariate
statistical analysis (MVSA) in the form of multivariate curve
resolution (MCR) in the next step of data evaluation. This
method reduces the complexity of the data set and can reveal
correlation or dependency structures between variables.[51] MCR
uses a non-negativity constraint that forces all components to
be positive. Thus, MCR analysis provides component spectra
that look like conventional mass spectra and are therefore
easier to interpret.[67–69] Since the number of components to be
calculated must be determined in advance and thus some kind
of initial estimate of the components must be made, MCR is
considered a guided method. Here, our initial estimate was
based on the PCA results of the datasets.[67–69] The complete
Orbi-SIMS mass list used for all MCR analyses can be found in
Table S1.

Figure 3 shows an example of the MCR analysis of an Orbi-
SIMS measurement of a murine breast tumor. As a result of the
PCA analyzes carried out previously, the MCR analyzes were
carried out with 5–7 factors, with ultimately three factors being
able to clearly distinguish different areas of the TME. The
respective mass spectra of these three factors show the
metabolic profiles of different areas of the examined tissue
(Figure 3a). Projection of the MCR factors (Figure 3b) onto the
tissue section reveals a clear correlation between the
fluorescence and MSI data, which allowed us to assign the
spatial distribution of MCR factor 1 to tumor tissue (Fig. 3c),
MCR factor 2 to stromal cells, and MCR factor 5 to immune cells.

The identified MCR factors were then used as starting point
to manually create the metabolic profiles for tumor, immune,
and stromal cells. For that, it was examined in which factors
individual peaks have the highest loading intensity. For
example, the mass peak at m/z 303.2328 appears to be
significant for several factors (Figure 3, Figure S2). However, if
one compares the intensity of this peak within the various
factors (Figure S2) as well as the secondary ion image with the
mass image of the factor for immune cells, it is clear that this
peak can be assigned to the factor for immune cells. In this
way, all MCR factors were checked and the mass peaks were
assigned to the different areas of the tumor. The final mass list
of the metabolites responsible for the tumor factor can be
found in table S2, for the stroma factor in table S3, and for the
immune cell factor in table S4.

We applied the three metabolic profiles to additional
murine breast tumors (Figure 4). For this purpose, the peaks
from the mass lists of Tables S2–4, which represent the
metabolic profiles of the tumor, immune and stromal tissue,
were summed up in each case. The resulting ion images are
displayed in overlays (Figure 4c, d, f, g, j, k) and compared with
the fluorescence images of the consecutive tumor section
(Figure 4a, b, e, h, i). Again, the Orbi-SIMS images of these
metabolic profiles agree very well with the fluorescence

Figure 2. a) Venn diagram comparing the number of mass peaks found by
Orbi-SIMS and LC–MS analysis, illustrating that 182 compounds were
common to both analysis methods, while 567 were unique to Orbi-SIMS and
905 were unique to LC–MS. b) Classes of metabolites common in Orbi-SIMS
and LC–MS.
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staining, with slight deviations since the fluorescence images
show the consecutive sections. A detailed similarity analysis of
the images based on mean squared error (MSE) and structural
similarity index (SSIM) values is given in the SI, Figure S6. In
total, 19 Orbi-SIMS measurements were performed on five
different tumor tissue sections of murine breast tumors. In all
these measurements, tumor tissue could be distinguished from
immune cells and stromal cells by using the metabolic profiles.
This demonstrates the robustness of our correlative imaging
approach. We thus conclude that Orbi-SIMS imaging with
20 keV Ar3000

+ clusters as primary ion species in negative ion
mode enables the segmentation of different cell populations in
tumor sections.

Next, we took a closer look at the metabolic profiles in a
compound class analysis (Figure 5).

Tumor tissue: We found 119 mass peaks that determine the
metabolic profile of the tumor cells. 25 of these peaks were also
detected with LC–MS, and a further five peaks represent
isotopes of the jointly detected mass peaks, which were only
measured with Orbi-SIMS (Table S2, Figure 5a, b–e). The most
intense peaks to characterize the cancerous tissue were found

to be nucleotide fragments such as C4N3
� (m/z 90.0096),

C4H2N3
� (m/z 92.0253), C4H2N4

� (m/z 106.0285), C4H3N4
� (m/z

107.0363), C5HN4
� (m/z 117.0200), C5HN4O

� (m/z 133.0150), and
C5H4N5

� (m/z 134.0473). Especially fragments of purines adenine
and guanine characterize tumor cells the most. Purines are
essential components of nucleotides as well as energy carriers
and necessary for cell proliferation, which, when drastically
increased, is a hallmark of cancer. Increased purine levels in
tumor tissue in connection with increased nucleic acid levels
has been reported for cancer tissue since the 1930s.[70,71]

Moreover, the purine metabolism has been the target of
potential cancer therapy approaches for several decades and is
still a promising field of research.[72–76] Using Orbi-SIMS imaging,
we can demonstrate that tumor cells can be detected and
distinguished from other cell populations primarily through
increased signal intensities of nucleotide fragments.

Immune cells: Overall, in areas of immune cells, we were
able to determine 200 peaks with Orbi-SIMS measurements in
negative polarity, 56 of which we also found in LC–MS
measurements, and further 10 peaks represent isotopes of
those peaks (Table S4, Figure 5a, f–i). The most dominant

Figure 3. MCR analysis of Orbi-SIMS data of murine breast tumor. (a) Mass peaks for MCR factors 1, 2, and 5 show the metabolic profiles of different areas of
tumor tissue. (b) Orbi-SIMS images show the spatial distribution of the metabolite profiles of MCR factors 1, 2, and 5. Here, MCR factor 1 is shown in red, MCR
factor 2 in blue, and MCR factor 5 in yellow. (c) In fluorescence images, tumor tissue is shown in red, immune cells in yellow and stromal tissue in blue (no
color (black) in the overlay image). The comparison of the Orbi-SIMS images with the corresponding fluorescence images shows that tumor tissue can be
visualized with MCR factor 1, stroma cells with MCR factor 2 and immune cells with MCR factor 5. Orbi-SIMS images were taken in negative ion mode with
20 keV Ar3000

+ clusters as primary ion species (pixel size: 10 μm, spot size: 2 μm). All secondary ion images were normalized to total ion image.
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compounds to characterize the immune cells were fragments of
fatty acids and lipids, originating from lipid species including
lysophosphatidic acids (LPA), lysophosphatidylcholines (LPC),
lysophosphatidylethanolamines (LPE), phosphatidic acids (PA),
phosphatidylcholines (PC), phosphoethanolamines (PE), phos-
phatidylglyceroles (PG), phosphatidylinositoles (PI), phosphati-
dylserines (PS), as well as phosphosphingolipids (SM). Lipid
compounds found in our samples have also been observed in
immune cells in various studies using Orbi-SIMS analysis,
supporting our observations.[53,59,61] Lipids are important compo-
nents of the cell membrane and key molecules for improving
our understanding of metabolic pathways.[77,78] The main
components of the lipid bilayer of cells are phospholipids, i. e.
the lipid species that we have mainly detected in immune cells,
e.g., PC (C4H11NPO4

� at m/z 168.0428), LPE (C23H47O6NP� at m/z
464.3144), and PI (PI(38 :4) C47H82O13P

� at m/z 885.5489, loss of
arachidonic acid at m/z 581.3093, inositol head group C6H10PO8

�

at m/z 241.0119). Furthermore, fatty acid fragments, such as
C12H23O2

� (m/z 199.1702), FA(16:0) (C16H31O2
� at m/z 255.2329),

FA(18 :1) (C18H33O2
� at m/z 281.2486), and FA(18:0) (C18H35O2

� at
m/z 283.2642), showed high intensity in regions of immune
cells. While there are multiple possible metabolites in the case
of unsaturated fatty acids and the possibility of the detected
ions resulting from phospholipid fragmentation,[61] it is likely
that FA(20 :5) (C20H29O2

� at m/z 301.2173), FA(20 :4) (C20H31O2
�

at m/z 303.2328) and FA(20 :3) (C20H33O2
� at m/z 305.2486) can

be labeled as arachidonic acid which is required for prostaglan-
din biosynthesis. Prostaglandins are known to be part of the
immune system’s inflammatory response and elevated immune
cell derived prostaglandin levels have been associated with
cancer in previous studies.[79,80]

Stromal cells. For non-cancerous stromal cells, we found 71
mass peaks with Orbi-SIMS, 26 of which we were also able to
detect with LC–MS (Table S3, Figure 5a, j–m). Most of the peaks
responsible for the metabolic profile of stromal cells can be
assigned to amino acids (e.g., C3H3O3

� at m/z 87.0080, C3H6NO2
�

at m/z 88.0396, C4H4NO2
� at m/z 98.0240, or Taurine fragment

C2H6SNO3
� at m/z 124.0068). Stromal cells are an important cell

Figure 4. Orbi-SIMS images of different murine breast tumors correlated to fluorescence images. a) Fluorescence images of a murine breast tumor section.
b, e) Detailed fluorescence images with c, d) and f, g) corresponding Orbi-SIMS overlay images of the consecutive tissue section (pixel sizes: 6 μm). h)
Fluorescence image of a tumor tissue section of a different murine breast tumor with h) a detailed image and j, k) the corresponding Orbi-SIMS overlay
images of the consecutive tumor section (pixel size: 10 μm). For the Orbi-SIMS images, the summed peak lists (Tables S2–4) of the respective metabolic
profiles of tumor cells, immune cells, and stromal cells were used. In the Orbi-SIMS overlay images, tumor tissue is depicted in red, immune cells in yellow,
and non-cancerous stromal tissue in blue. In fluorescence images, tumor tissue is shown in red, immune cells in yellow and stromal tissue in black. Orbi-SIMS
images were taken in negative ion mode with 20 keV Ar3000

+ clusters as primary ion species (spot size for all: 2 μm). All secondary ion images were normalized
to total ion image prior to overlay.
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population in the TME. They can be recruited by cancer cells
and play a fundamental role in the metabolism, development,
growth, and spread of tumors as well as resistance to
therapy.[81–85] Recruited stromal cells, also called tumor-associ-
ated stromal cells (TASCs), include mesenchymal stem cells
(MSCs), tumor-associated adipocytes (TAAs), cancer-associated
fibroblasts (CAFs) or tumor endothelial cells (TECs).[82,83,85] Unlike
normal stromal cells, which undergo a reversible activation
process upon acute injury or inflammatory processes, TASCs are
chronically activated by tumor cell activity and show lower
contractility, higher survival potential, and higher
proliferation.[84,85] They are able to maintain tumor growth by
expressing a higher number of proteins and mobilizing free
amino acids, which they make available to the tumor cells to
cover their increased metabolic needs and thus support tumor
development.[82,84,85] Since we detected mainly amino acid mass
signals at high intensity in the area of the stromal cells, this
may be an indication that these are activated stromal cells,
which can actively contribute to the metabolism and growth of

tumors. However, we were not able to distinguish different
TASCs from one another, for example by detecting cell-specific
Orbi-SIMS mass signals. Furthermore, CAFs are known to
remodel the ECM, for example by secreting proteinases,[86] thus
we currently cannot exclude that some free amino acids might
be the result of enzymatic digestion.

Besides amino acid signals, mass fragments such as C3H5O3
�

at m/z 89.0237, which may originate from lactic acid, for
example, and sulphur species such as SO3H

� (m/z 80.9644) or
SO4H

� (m/z 96.9594), were also detected in stromal cell areas.
Lactic acid is important for the energy requirements of stromal
cells, but can also act as a signaling molecule.[82,87] Lactic acid
can shuttle between different cell populations within the TME
and enables interaction between tumor and stromal cells, which
can induce metabolic reprogramming of stromal cells to
TASCs.[82,87] The high mass intensity of a lactic acid fragment in
areas of the stromal cells is another indicator that we were able
to detect TASCs using Orbi-SIMS measurements. The detected
sulphur species may originate both from amino acids such as
taurine and from proteoglycans (PGls).[88–90] PGls are structural
molecules located primarily in the extracellular matrix (ECM).
They are necessary for the correct ECM conformation and
provide the tissue with structural integrity.[88–90] PGs regulate
cell-cell and cell-ECM interactions as well as the activity of
signaling pathways and critical interactions in the TME.[88–90]

Both tumor cells and TASCs are involved in the reorganization
of the ECM and thus the PGls, favouring tumor growth,
migration and invasion.[88–90]

Orbi-SIMS Imaging of Murine Lung Tumors

To further evaluate the general applicability of our Orbi-SIMS
based classification method, we opted to apply the same
metabolic profiles to an independent murine model of small
cell lung cancer (SCLC) (Figure 6, Figures S3–4). SCLC was
induced by administration of an adenovirus that carried the Cre
recombinase (Ad-Cre) to eight week old RP mice, thus
inactivating both p53 and Rb.[91] Orbi-SIMS imaging of the lung
tissue sections was carried out with 20 keV Ar3000

+ clusters as
primary ion species in negative ion mode under cryogenic
conditions, i. e. the same experimental approach as the Orbi-
SIMS measurements of the murine breast tumors. In total, five
Orbi-SIMS measurements of two different lung tumor sections
were performed. As the lung tumor sections lack endogenous
fluorescence, we opted to stain the lungs via IHC to reveal the
CD45-positive immune cells, whilst gaining insights into tissue
histology.

The spatial representation of the metabolic profiles, which
we determined using the Orbi-SIMS analyzes of the breast
tumors (Tables S2–S4), also lead to a clear distinction between
tumor cells, immune cells, and stromal cells in murine lung
tumors (Figure 6b–e, g–j). The metabolic profiles evaluated in
this study can therefore also be applied to other types of
tumors and enable segmentation into different cell subpopula-
tions of the TME. Interestingly however, not all structures could
be correctly assigned. The most prominent was the so-called

Figure 5. Compound class analysis of Orbi-SIMS spectra and imaging
analysis. (a) Plots of the crosswise correlated factors 1–3 are shown, with the
ions with the highest values for each axis being displayed. Factor 1 shows
the metabolic profile of immune cells (summed peaks of Table S4), factor 2
of tumor cells (summed peaks of Table S2), and factor 3 of stromal cells
(summed peaks of Table S3). (b)–(e) Spatial distribution of tumor cells which
are mostly characterized by nucleotide fragments (e.g., C5HN4

� at m/z
117.0200, C5HN4O

� at m/z 133.0150, C5H4N5
� at m/z 134.0473). (f)–(i) Immune

cells are mostly characterized by fatty acid or lipid fragments (e.g., C16H31O2
�

at m/z 255.2329, C18H35O2
� at m/z 283.2642, C20H31O2

� at m/z 303.2328). (j)–
(m) Stroma cells are mostly characterized by mass fragments of amino acids
(e.g., C3H3O3

� at m/z 87.0080, C4H4NO2
� at m/z 98.0240, C2H6SNO3

� at m/z
124.0068). Orbi-SIMS images were taken in negative ion mode with 20 keV
Ar3000

+ clusters as primary ion species (pixel size: 10 μm, spot size: 2 μm). All
secondary ion images were normalized to total ion image.
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bronchus-associated lymphoid tissue (BALT), which typically
surrounds the pulmonary bronchioles (Figure 6f–j, Figures S3–
4). BALTs are almost entirely constituted by immune cells, such
as T cells, B cells or dendritic cells, and consequently stain
positive for the pan-immune cell marker CD45 (Figure 6f,
Figures S3–4). The Orbi-SIMS derived metabolic profile, how-
ever, is indistinguishable from that of tumor tissue (Figure 6g–j,
Figures S3–4). No mass fragments could be found that could
specifically represent only the lymphatic tissue, which means
that the BALT region cannot be segmented by our MSI method.
This highlights how crucial the correlative aspect of our analysis
is, in order to avoid misannotation of tissues.

Conclusions

In this study, we present a workflow to perform correlative
imaging of different kinds of murine tumors utilizing an Orbi-
SIMS imaging set-up down to nominal subcellular resolution in
combination with downstream microscopy analysis including
fluorescent microscopy and histological staining. Overall, with
our proof-of-concept study we were able to show that the use
of Orbi-SIMS for image analysis of tumor tissue represents a
new possibility for untargeted metabolomics of pathogenic

tissue. Our analysis strategy enabled the characterization of the
tumor microenvironment and histopathological features with
minimal sample preparation, high sensitivity, as well as high
spatial and mass resolution, which are difficult to simultane-
ously achieve with other analysis platforms. We have shown
that TME cell subpopulations have distinct metabolite profiles
and that the metabolite profiles highlighted in breast tumors
are also transferable to lung tumor samples. This suggests that
metabolic characterization of tumor tissue using cryogenic
Orbi-SIMS analysis should be considered as a valuable analytical
method in future studies.

In this work, MSI carried out with an Orbi-SIMS provided not
only clear distinction between tumor and immune cells but also
stromal cells in both small and large area imaging. With Orbi-
SIMS imaging, we found that specifically nucleotide peaks allow
a neat differentiation between cancer and other cancer
associated cell types. This ability to assess nucleotide metabo-
lism in tumor cells could lead to the identification of metabolic
pathways that can be used to develop effective cancer
therapeutics. Furthermore, we were able to determine that
amino acid signals were primarily detected (upregulated) in
stromal cells. The explanation for this could be that the stromal
cells measured here are tumor-associated stromal cells, which
support tumor development in the TME by providing free

Figure 6. Microscopy images of IHC staining of two different murine SCLC tissue sections compared to the corresponding Orbi-SIMS images. (a), (f) In IHC
staining, immune cells are depicted as reddish-brown dots, stromal tissue is shown in white-brownish color, and tumor cells are shown in light-purple color.
(b)–(d) and (g)–(i) Orbi-SIMS images of SCLC tissue sections show the spatial distribution of the metabolic profiles of tumor cells, immune cells and stromal
tissue. (e), (j) In the Orbi-SIMS overlay images, tumor tissue is depicted in red, immune cells in yellow, and stromal tissue in blue. (f) Besides areas of tumor,
immune, and stromal cells, bronchus associated lymphoid tissue is also visible with IHC staining (encircled area). (g) In the Orbi-SIMS image, the same mass
fragments (metabolic profile) depict tumor cells and lymphoid tissue, which are therefore not distinguishable (encircled area shows lymphoid tissue). Orbi-
SIMS images were taken in negative ion mode with 20 keV Ar3000

+ clusters as primary ion species (spot size: 2 μm). b–e) Pixel size: 2 μm. g–j) Pixel size: 4 μm.
All secondary ion images were normalized to total ion image.
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amino acids. However, we were unable to distinguish different
TASCs from each other, but only distinguished stromal cells
from tumor cells and immune cells. Finally, we were able to
determine lipid and fatty acid peaks as metabolites that can be
used to represent immune cells and distinguish them from
other tissue types. Here, especially fatty acid signals from
arachidonic acid as well as mass fragments from phospholipids
such as PIs, LPEs and PC showed high mass signal intensity.

Overall, high-resolution mass spectrometric metabolite
imaging by Orbi-SIMS showed that it is able to largely
distinguish pathological proliferation from normal cell growth.
Importantly, our pipeline allows metabolic segmentation with
correlative cell identification, a prerequisite for the develop-
ment of subpopulation-targeted metabolic interventions for
therapeutic purposes. However, it should also be mentioned
that a limiting step of Orbi-SIMS image analysis is the analysis
speed. For example, it takes about 18 hours to record a
(1.5×1.5) mm2 image with a pixel size of 4 μm and would
therefore result in a low sample throughput.

Several challenges remain, and will need to be addressed,
as we refine the method. For example MS/MS analysis of
selected mass fragments will need to be done, e.g., to
investigate whether arachidonic acid signals originate from free
arachidonic acid or from phospholipid fragmentation. In order
to reduce overall fragmentation, different Arx

+ cluster sizes and
their influence on fragmentation can also be examined in future
experiments. Lastly, integration with multiplex antibody-based
methods such as mass cytometry can be added correlatively
post-MSI for precise single cell identification of immune cells
and CAF subtypes.
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