
© 2026 Bruker Innovation with Integrity

Methods

L I F E  S C I E N C E S  M A S S  S P E C T R O M E T R Y

Mapping Metabolic Diversity in Lung Cancer Cell Lines via High
Resolution MALDI Mass Spectrometry Imaging
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Fig. 1 Workflow for ThP1 and human PBMC-derived macrophage isolation, MALDI Imaging and data 
analysis

The experimental and data analysis workflow is summarized in Fig. 1. Human PBMCs
were differentiated into macrophages using M-CSF or human serum, while THP1
monocytes were differentiated using PMA. Macrophages were polarized into naïve (M0),
pro-inflammatory (M1; LPS/IFN-γ), or anti-inflammatory (M2; IL-4) phenotypes and
cultured directly on ITO-coated IntelliSlides®. To investigate macrophage-tumor
interactions, macrophage populations were co-cultured with A549 lung cancer cells.
Immunofluorescence staining employing cancer cell and macrophage markers together
with DAPI nuclear staining was performed to support cell-type discrimination and spatial
annotation. Following vacuum drying, NEDC matrix was applied by sublimation and
recrystallization using the Bruker superlimator , enabling homogeneous matrix coverage
and high spatial fidelity for metabolite imaging. High-resolution MALDI Imaging was
acquired on a timsTOF fleX platform at 5 µm spatial resolution. Spectral data were
processed in SCiLS Lab via feature finding, cell segmentation, and component analysis
workflows. Single-cell annotation was guided by adenine as a nuclear marker in
combination with lipid-derived cytoplasmic markers. Metabolite annotation was
subsequently performed using the MetaboScape®-guided annotation workflow
integrated into SCiLS Lab, enabling the characterization of metabolic heterogeneity and
macrophage-tumor metabolic crosstalk at single-cell resolution.

Introduction
Lung cancer exhibits pronounced metabolic heterogeneity that is shaped by interactions between tumor cells and macrophages within the tumor microenvironment. Macrophages
contribute to immunosuppression and metabolic reprogramming, thereby influencing tumor progression and metabolic diversity. MALDI Mass Spectrometry Imaging enables spatial
metabolomics at single-cell resolution and provides a powerful approach to investigate macrophage-tumor metabolic crosstalk in defined co-culture systems.

Results
Single-Cell Segmentation and Annotation

Metabolic Diversity and Tumor Crosstalk

Fig. 3 Metabolic profile of PBMC-derived macrophages in naïve, anti-inflammatory, pro-inflammatory 
and after co-culture with A549 lung cancer cells (in vitro TAMs)

Distinct metabolic signatures differentiated naïve, pro-inflammatory, and anti-
inflammatory macrophage phenotypes. Pro-inflammatory macrophages displayed
elevated ATP and succinate levels, whereas anti-inflammatory macrophages were
characterized by increased glutamine-related metabolites. Co-culture with A549 cells
induced pronounced metabolic reprogramming, affecting mitochondrial metabolism and
reducing TCA cycle intermediates. Furthermore, omega-6 polyunsaturated fatty acids
accumulated in co-culture and anti-inflammatory conditions, highlighting lipid remodeling
as a key feature of macrophage-tumor metabolic crosstalk.

High-resolution MALDI Imaging revealed distinct metabolic signatures across
macrophage phenotypes and demonstrated tumor-induced metabolic reprogramming in
A549 co-cultures. Alterations in mitochondrial metabolism and omega-6 lipid pathways
highlight key mechanisms of macrophage-tumor crosstalk that can be resolved at single-
cell resolution.

Matrix application by sublimation using the Bruker superlimator enabled artifact-free,
high-resolution MALDI Imaging without analyte delocalization or cellular leakage.
Optimized conditions produced excellent spectra quality with high signal intensity for
both lipids and metabolites, enabling robust discrimination of individual cell types within
co-culture systems. Adenine was used as a nuclear marker for single-cell segmentation,
while linoleic, oleic, and stearic acid were employed as cytoplasmic markers to improve
cell annotation (Figure 2A). Using this approach, nucleotides (ATP), amino acids
(oxoproline), lipids (arachidonic acid), and TCA cycle metabolites (succinate) were
detected at single-cell resolution in PBMC-derived macrophages (Figure 2B).

Fig. 2 Human-PBMC derived
metabolic segmentation and
metabolic profile. (A) cellular
segmentation of human
PBMC-derived macrophages
based on metabolic profile
guiding by adenine and lipids.
(B) Metabolic profile of naïve
PBMC-derived macrophages
covering nucleotide, amino
acid, lipid and TCA cycle
metabolites
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②Macrophage Phenotypes
Distinct Metabolic Phenotypes

Naïve, pro-inflammatory, and anti-inflammatory 
macrophages display characteristic metabolic signatures.

① Spatial Resolution
Single-Cell Spatial Metabolomics

5 µm MALDI Imaging enables spatially resolved metabolic
profiling at single-cell resolution.

③ Tumor-Induced Reprogramming
Cancer-Driven Metabolic Rewiring

Co-culture with A549 cells alters macrophage metabolism 
and induces phenotype-associated metabolic shifts.

④ Lipid Remodeling 
Omega-6 Lipid-Mediated Crosstalk

Accumulation of omega-6 fatty acids highlights metabolic 
communication between macrophages and tumor cells.
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