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Why   metabolomics?

   

Metabolites:
• fill & fuel cells,

• active players of cellular programs,

• biomarkers & influence therapy.

Emerging use of metabolomics in pharmacology:
• metabolic mechanism of action,

• biomarker discovery,

• target discovery,

• drug toxicity,

• metabolic optimization of therapy.



Why   spatial   sinGle-cell   metabolomics?

Lyssiotis, Kimmelman, Trends Cell Biology 2017 Buck et al, Cell  2017

Tumor microenvironment Immuno-oncology

Heterogeneity

Metabolic
gradients

Metabolic
microenvironment

Exhaustion

Metabolic
reprogramming

Metabolic
competition

Metabolic
requirements

Metabolic priming
of CAR-Ts



http://ateam.ucsd.edu



Single-cell   metabolomics



SINGLE-cell   metabolomics   is   an   emerging   field,

is   where   sc-rnaseq   was   10   years   ago

PubMed # of publications

2014

200
2024 Int.   Single-cell   Mass   spec   Conference

• 2023: Provo, USA

• 2024: Copenhagen, Denmark

• 2025: September-October, to be announced



• How to detect metabolites in single cells?

– Bulk metabolomics requires 1 million cells / sample

• Which metabolites can be detected?

– Metabolites are structurally diverse & ionize differently

• How to analyze the data?

• Metabolism is so dynamic. Is it even possible to preserve 

metabolic phenotypes for cells while culturing?

We   started   d oing   single-cell   metabolomics   in   2017

Open   questions   back   then



Metabolite   detection



Enabling   technology:   Maldi -imaging   mass   spectrometry

• sadf

Matrix Assisted Laser Desorption Ionization



Maldi -imaging   mass   spectrometry

• 5-10 μm pixel size
• 100+ molecules
• Metabolites, lipids, drugs
• 1-100 GB / section

Laser

Alexandrov, Annu Rev Biomed Data Sci  2020

Major technology 
for
spatial & single-
cell 
metabolomics



Which   metabolites   are   detectable   by

MALDI-imaging?

Veronika
Saharuka

Måns
Ekelöf

Lucas
Vieira

Lachlan
Stuart Saharuka et al, BioRxiv 2024



Standard   samples   with   biologically-relevant   metabolites

172 metabolites
covering various classes & pathways



Large-scale   evaluation   of   protocols   &   technologies

24 protocols in our lab

Complementing with

an inter-lab validation 

by 10 labs using 12 protocols



User-friendly   webapp

http://metaspace2020.eu/detectability

Showing which metabolites are detectable by which protocols or technologies



Summary   #1

• Addressed a long-standing problem

– Which metabolites are detectable? 

• Most metabolites were detectable

– Yet, require specific protocols

• Web-app metaspace2020.eu/detectability

– To find best protocol for metabolites of interest



Metabolite   identification 

in   spatial   &   single-cell   metabolomics



Metabolite images

Finds molecules

Knowledge base of
spatial metabolomes

Palmer et al, Nat Methods 2017

Upload
HR imaging MS

METASPACE2020.eu

METASPACE:   Cloud   software   for   spatial   metabolomics



METASPACE

Big data
– 50,000+ datasets

– 3,000+ users

– 50+ TB of data

Scientific impact
– 550+ publications

Collaborative
– Free, open source, open data

– NIH atlases (KPMP, LungMAP2)

– Metabolite ID

– Data QC, visualization, analysis, sharing

– Knowledge base of spatial metabolomes

Lucas Vieira Bishoy Wadie





How   can   public   data   be   used?

Submissions to METASPACE  →  Public data  →  ?

10,000+ datasets

1,000+ submitters

50+ TB



metaspace-ml

Bishoy Wadie Lachlan Stuart

Problem

– Current method has a number of deficiencies

Solution

– Train an ML-model on public data from 
METASPACE

Enablers

– Old idea (Silva et al, Anal Chem 2018)

– Big, representative, heterogeneous public 
data 



Metaspace-ml



Evaluation

– Annotating +100 metabolites 

– Annotating metabolites of low intensity

On 920 public METASPACE 

datasets:



The   power   of   public   data

Submissions to METASPACE → Public data → Training ML model → Detecting 

more metabolites

Cycle of improvement for METASPACE & the field



Summary   #2

• MALDI imaging mass spectrometry

– Foundational tech for spatial (and now single-cell) metabolomics

• METASPACE: a cloud platform for spatial metabolomics

– For metabolite ID, and beyond

• METASPACE-ML: ML-based metabolite identification

– Trained on big public data

– Finds +100 metabolites, low-intensity



High-throughput   single-cell   metabolomics



SpaceM:   Spatial   single-cell   metabolomics

Cells Microscopy MALDI-imaging Image analysis

Single-cell
metabolite images

Cell image, morphology,
spatial relationships

Rappez et al, Nat Methods 2021
Patented

100+ metabolites

500+ lipids



Single-cell   metabolomics   of   nafld/nash

27.000+ cells

700+ metabolites & lipids / cell

Homeostatic state

“NAFLD” 

hepatocytes

Steatotic 

state

NF-κB stimulation

Metabolic 

mechanism of actionTreated 

hepatocytes

Intermediate 

state

“NASH” 

hepatocytes

Hepatocytes

Rappez et al, Nat Methods 2021
Patented



High-throughput   SpaceM

High-throughput SpaceM
– 40+ samples on a slide

– Protocol for small-molecule metabolites

– Custom glass slides

– Batch processing software

Jeany Delafiori Shahraz
Mohammad

BioRxiv 2024



Cells
• HeLa, NIH3T3

• 3 slide-replicates, 72 well-replicates
20-70 metabolite ions / 

cell

Biologically relevant
• 56% metabolites differ between HeLa vs NIH3T3

 

Metabolite   coverage

135 metabolite ions



Case   study:   9   Cancer   lines   from   NCI-60   +   HeLa

42K cells
202 metabolite ions
39-147 ions/cell

Unsupervised 

characterization

Cell-type specific markers

Markers of cell subpopulations



Metabolite   co-regulation:   cell-type   specific

Co-abundance

Single-cell co-abundance metabolite networks

Reconstructing such networks benefits
from single-cell heterogeneity

Metabolic hubs

Can be used for target discovery



Summary   #3

• HT SpaceM: high-throughput single-cell metabolomics

– High-throughput, reproducible, of high-coverage

– Fast (1 cell/sec), affordable (x10-x100 cheaper cf. scRNAseq)

• Reveals

– Markers of cell types, subpopulations

– Cell-type-specific metabolite regulation – can be used for target discovery



Single-cell    lipidomics   FOR   PDAC

Jeany Delafiori Shahraz
Mohammad

Marija
Trajkovic-Arsic

Jens
Siveke



Pancreatic   ductal   adenocarcinoma (PDAC) 

10th most common cancer among men and women

11%
Localized

52%
Metastasis

41.6%

5-year 
survival

3.0%

Stage at 
diagnosis

EPITHELIAL

MESENCHYMAL ↑ resistance to drug therapy

Cancer cells 
phenotype
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ex vivo      models

ATCC CELL LINES

PATIENT-DERIVED XENOGRAFTS (PDX)

PRIMARY TUMOR CELLS

PATIENT-DERIVED ORGANOIDS (PDO)

PRIMARY MALIGNANT ASCITES
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Epithelial   vs   mesenchymal   ATCC   cell   lines

alterations   in   sphingolipids   metabolism

ATCC cell line

Phenotype

*subjected to 
isomers

EPITHELIAL MESENCHYMAL⇩ Ceramides

EPITHELIAL

MESENCHYMAL

⇧ Membrane fluidity Altered sphingolipids 
composition

↓ ‘C16:0’ Cer and SM
Edmond et al. Oncogene 34, 996–1005 (2015).

Mathow et al. EMBO reports, 16(3), 321-331 
(2015).

EMT

Single-cell lipidomics analysis
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Considering   all   cell   lines   &   ex vivo     models   together

EPITHELIAL INTERMEDIATE MESENCHYMAL

Metabolic memory of epithelial vs mesenchymal cell phenotypes
preserved through the process of ex vivo culturing

8 ATCC cell lines
10 patient-derived samples

• 5 PDXs
• 2 PDOs
• 1 primary tumor
• 2 ascites samples

Phenotypes
• Epithelial 
• Mesenchymal (aggressive)
• Intermediate

146K cells 
1400 lipid ions



Summary   #4

• Single-cell lipidomics discerns epithelial vs mesenchymal 

phenotypes

– Markers are in line with literature & lipid functions

• Metabolic patterns are consistent for all considered ex vivo 

models

– Justifies using ex vivo models for metabolomics-based phenotyping



• How to detect metabolites in single cells?

– Using MALDI-imaging mass spectrometry, we developed the SpaceM method

• Which metabolites can be detected?

– Most of metabolites, yet requires knowledge of protocols & software

• How to analyze the data?

– METASPACE is a cloud software developed by our team

• Do ex vivo models preserve metabolic phenotypes?

– Yes, at least in some cases (epithelial vs mesenchymal)

Summary:   Answered   questions



future

• Adding detection of proteins & 

genes

• Single-cell atlases of metabolic 

states & drug toxicity profiles

• AI/ML for data interpretation

• Drug toxicity

• Cell therapies

• Target discovery

• Therapy response & monitoring

• Patient diagnosis, prognosis, phenotyping

technology APPLICATION   areas

commercialization

• Deep-tech platform for 

drug & therapy development
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http://ateam.ucsd.edu→
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