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‘One-Pot’ Targeted Spatial Proteomics & Transcriptomics 
with MSI & Mass-Tagged Affinity Probes

Untargeted Spatial Lipidomics with Mass Spec. Imaging (MSI)

A Multiomic and Highly Multiplex Method of Imaging Metabolites, Targeted Proteins and Targeted Transcripts 

on the Same Lung Cancer Tissue Microarray Using Novel Mass-Tagged Affinity Probes

Introduction
Lung cancer is the second most common cancer and the leading 
cause of cancer-related deaths worldwide. Most lung cancer (80-
85%) is non-small cell (NSCLC), comprising mostly adenocarcinoma 
and squamous cell carcinoma, while roughly 10-15% of lung cancer 
is small cell lung cancer (SCLC). Accurate subtype identification, for 
example, is critical for determining treatment. However, 
conventional analyses such as immunohistochemistry (IHC) are 
limited to small numbers and classes of biomarkers imaged, 
thereby providing a narrow view of the tissue biology. More 
broadly, understanding the full breadth of tumor biology requires a 
spatial multiomic approach which can image all biomolecular 
classes, and on the same sample, for a truly ‘holistic’ view of 
tumor microenvironments and tumor heterogeneity. Towards this 
end, mass spectrometry imaging (MSI) is uniquely capable of 
detecting small molecules in tissues including metabolites (e.g., 
lipids), glycans and even xenobiotics such as drugs/drug 
metabolites. However, macromolecular MSI of proteins and mRNA 
presents several challenges. These include the need for in situ 
proteolytic digestion which generates highly complex biomolecular 
mixtures imaged at each “pixel” in the tissue. This results in signal 
suppression effects, often restricting detection to only the most 
abundant targets. While cross-platform approaches such as 
combining MSI with multiplexed immunofluorescence or spatial 
transcriptomics partially address this problem, image co-
registration is difficult, and these approaches can require serial 
tissue sections comprising different cell populations.

Conclusions
This more complete view of tumor tissue biology is expected to lead to future mechanistic studies and ultimately, improved biomolecular 
signatures for precision medicine. This study demonstrated the following features of the workflow:

• Multiomic Data Collection: MALDI-MSI for untargeted detection of small molecules can be combined with MALDI-IHC and MALDI-ISH for 
targeted detection of intact proteins and transcripts, respectively, for obtaining highly multiomic data across tissue sections and microarrays;

• Data Integration: AI/ML algorithms can be used to seamlessly integrate different datasets from the same sample for subsequent analyses;
• Multiomic Correlative Analyses: Unsupervised AI/ML clustering analyses including all detected biomarkers, or a subset, can identify clusters 

of interest that help to explain the complex biology of these systems and identify differences between samples (e.g., normal and cancer).
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Materials and Methods
We report a unique, fully multiomic and highly multiplexed MSI 
approach on the same tissue section, encompassing label-free 
untargeted small molecules and targeted proteins and mRNAs 
using AmberGen's novel photocleavable mass-tagged antibody 
and oligo probes (MALDI-IHC/ISH). This method was applied to a 
40-patient lung tumor tissue microarray embedded in OCT, 
prepared by BioChain (Catalogue No.: T6235152-5, Lot No: 
C708031). The tissues used in the array are IRB-approved, 
obtained with informed consent, and were flash-frozen 
immediately to maintain the integrity of the biomolecules, making 
them suitable for multiomic studies like MALDI-IHC/ISH.

Novel Aspects
Untargeted lipid imaging combined with targeted protein and RNA 
imaging was demonstrated on the same lung cancer tissue 
microarray detecting a total of 646 biomarkers (580 lipids, 56 
proteins and 10 mRNAs), which were used in AI/ML-guided 
analysis to help explain the complex biology of these samples.
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(A) FF TMA Slides were processed in 
the following manner: (1) 1 h vacuum 
dry at room temperature (RT); (2) 3x 
Ammonium Formate (50 mM) washes 
to remove OCT residues from tissue 
embedding procedure that could 
interfere with MSI; (3) 1 h vacuum dry
at RT; (4) 1,5-Diaminonaphthalene 
(DAN) sublimation followed by matrix 
recrystallization; (5) MALDI-MSI in
negative mode (m/z 500 -1800); (6)
T-Rex2 algorithms was used for peak
picking and Lipid MAPS database for
tentative assignment. (B) Composite
image of Lung Cancer TMA showing 4
out of 580 detected lipids tentativelly
assigned as PI 38:5 (Gray), CL 70:5
(Red); PI 36:0 (Green), and PS 36:3
(Blue). Pixel size = 20 μm.

(A) After MSI for Lipid scan, DAN matrix is removed and slides undergo 
AmberGen’s ‘One-Pot’ workflow. (B) Composite image of Lung Cancer
TMA showing 3 out of 56 and 1 out of 10 detected proteins and
transcripts, respectivelly. β-Actin protein (Gray), PD-L1 transcript (Red);
CK5 protein (Green), and Napsin A (Blue). Pixel size = 20 μm.

WT AD

Schematic Representation of workflow applied to Fresh-Frozen (FF) Lung Tumor Tissue Microarray (TMA). (A) TMAs underwent MSI 
for untargeted detection of lipids, followed by ‘one-pot’ MALDI-IHC and MALDI-ISH staining and imaging for targeted detection of 
intact proteins and transcripts. (B) Data across different modalities was exported as imzML files, biomarker peaks were picked, data 
was converted to hyperstack image format and integrated using AI/ML algorithms.

AI/ML-Guided Multiomic Data 
Integration
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B.

A. B.
A. Existing MALDI Imaging can Detect Untargeted Small Molecules 

& Drugs but not Easily Intact Proteins/Macromolecules

x n Highly Multiplex (200+ without Cycling)

Expand MALDI Imaging to Intact Proteins
using Photocleavable Mass-Tagged Probes

Dual-Labeled Fluorescent Probes for Multimodal Imaging

Fast Widefield Imaging (Time Independent of Plexity): 
• Fast Whole Tissue Imaging, ~1 cm2/hr @ 40 µm
• Drill Down to ROIs (e.g., 5 µm Resolution)

mAb

Lectin

Binding Agent (e.g, mAb)

Photocleavable-Linker

Peptide Code Peptide Code

Binding Agent (e.g., oligo, mAb)

Photocleavable
Linker

Highly Multiplex (200+ without cycling)

Dual-Labeled Fluorescent Probes for               
Multiomic Imaging

Fast Widefield Imaging (Time Independent of Plexity):
• Fast Whole Tissue Imaging, ~1 cm2/h at 40 μm 
• Drill Down to ROIs (e.g., 5 μm resolution)

Existing MALDI Imaging can Detect Untargeted Small Molecules 
& Drugs but not Easily Intact Proteins/Macromolecules

x n Highly Multiplex (200+ without Cycling)

Expand MALDI Imaging to Intact Proteins
using Photocleavable Mass-Tagged Probes

Dual-Labeled Fluorescent Probes for Multimodal Imaging

Fast Widefield Imaging (Time Independent of Plexity): 
• Fast Whole Tissue Imaging, ~1 cm2/hr @ 40 µm
• Drill Down to ROIs (e.g., 5 µm Resolution)

mAb

Lectin

Binding Agent (e.g, mAb)

Photocleavable-Linker

Peptide Code
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A.

B.

B.A. MALDI-ISH MALDI-IHC 
(‘One-Pot’) Workflow

Target/Antigen 
Retrieval

Photocleave,     
Matrix, Image

Matrix Removal 

PFA Fixation

Dehydration

Gene Probe 
Hybridization

Amplification

Antibody
Stain Final Wash

Wash

Small molecules 
MSI

Gene specific 
Z-probes

Transcript

Amplification probes

PCMT-probes
(MALDI-ISH 

specific)

Multiomic Analysis of Lung Cancer TMA with AI/ML

A

B

C

D

E

1       2      3       4      5       6       7      8
(A) Multiomic images of the same sample are aligned into a single dataset using ML 
algorithms. Multiomic composite image of Lung Cancer TMA showing 4 out of 646 detected
biomarkers: PI 38:5 lipid (Gray), PD-L1 transcript (Red); CK5 protein (Green), and PS 36:3
lipid (Blue). Pixel size = 20 μm. Numbers and letters indicate tissue core position on slide 
(e.g., A1, A2). (B) Tissue donor information table for TMA prepared by BioChain.

Position Age (Years) Sex Diagnosis TNM
A1 66 M Adenocarcinoma Tumor Size Unknown N0M0
A2 54 M Adenocarcinoma Tumor Size Unknown N0M0
A3 70 M Adenocarcinoma Tumor Size Unknown N0M0
A4 55 M Adenocarcinoma Tumor Size Unknown N0M0
A5 58 M Adenocarcinoma Tumor Size Unknown N0M0
A6 55 M Adenocarcinoma Tumor Size Unknown N0M0
A7 65 M Adenocarcinoma Tumor Size Unknown N0M0
A8 73 M Adenocarcinoma T2N1M0
B1 62 M Adenocarcinoma Tumor Size Unknown N0M0
B2 57 M Adenocarcinoma Tumor Size Unknown N0M0
B3 39 F Adenocarcinoma Tumor Size Unknown N0M0
B4 53 M Adenocarcinoma T3N0M0
B5 63 F Adenocarcinoma T1N0M0
B6 50 M Adenocarcinoma Tumor Size Unknown N0M0
B7 75 M Adenocarcinoma T2N0M0
B8 42 M Adenocarcinoma T3N1M0
C1 70 M Adenocarcinoma T1N0M0
C2 72 F Adenocarcinoma Tumor Size Unknown N0M0
C3 54 F Adenocarcinoma T1N1M0
C4 39 F Adenocarcinoma T2N1M0
C5 50 M Adenocarcinoma T3NOMO
C6 72 M Adenocarcinoma T1N0M0
C7 63 M Squamous Cell Carcinoma T3N0M0
C8 47 M Squamous Cell Carcinoma T1N0M0
D1 66 M Squamous Cell Carcinoma T3N1M0
D2 67 M Squamous Cell Carcinoma T2N0M0
D3 57 F Squamous Cell Carcinoma T2N0M0
D4 70 M Squamous Cell Carcinoma T1N0M0
D5 73 M Squamous Cell Carcinoma T2N1M0
D6 59 M Squamous Cell Carcinoma Tumor Size Unknown N0M0
D7 66 F Squamous Cell Carcinoma Tumor Size Unknown N0M0
D8 46 M Squamous Cell Carcinoma T2N1M0
E1 64 M Squamous Cell Carcinoma T2N1M0
E2 62 M Squamous Cell Carcinoma T2N0M0
E3 53 M Squamous Cell Carcinoma T2N0M0
E4 52 M Squamous Cell Carcinoma Tumor Size Unknown N0M0
E5 69 M Squamous Cell Carcinoma T2N1M0
E6 26 M Normal Normal
E7 66 F Normal Normal
E8 83 F Normal Normal

1 2 3 4 5

Adeno A1 to C6 30% 60% 83% 51% 13%

Squamous C7 to E5 70% 34% 17% 48% 16%

Normal E6 to E7 0% 6% 0% 0% 71%

Summed Cluster Area (%)
Diagnosis

Core 

Position

1 2 3 4 5

1 PS 44:6 LPG 22:0 PI 36:4 PE 40:4 PG 36:2

2 PI 38:2 LPC 22:6 PS 42:8 PI O-32:0 PG 34:2

3 PI 38:1 LPC 22:5 PG 20:0 PA 38:4 PG 32:0

4 PI 36:1 LPG 20:0 LPI 16:0 PA 40:5 PG 36:1

5 PS 42:5 LPS 20:1 PIP 60:9;O PE O-36:4 PG 34:1

6 CL 68:4 LPS O-28:1;O[2x] PS 40:6 PI 38:4 PG 36:3

7 CL 70:4 PS O-30:0 MIPC 54:3;O6 PS 44:8 PG 32:1

8 PI 40:2 LPS O-18:1 PI 36:3 PE 38:4[2x] LPG 18:1

9 PI 36:0 ST 24:1;O3;GlcA SHexCer 42:1;O2 PE O-38:4 LPG 18:0

10 PA 38:2 PA 28:0 [P]Napsin A  PE 40:5 PE O-40:7

11 PS 44:5 PG O-42:2 PE O-36:5 PA 40:4 PA 32:0

12 CL 68:3 PS 30:4;O3 PI O-38:4 PI O-30:0 LPI 22:1

13 PE 38:2 PA 28:3;O2 SHexCer 42:2;O2 PA 38:5 PE 34:0

14 CL 70:5 PS 28:0 [P]CK7 PA 40:6 DG 44:8

15 PE 40:2 CerPE 34:3;O3 CL 72:7 PS 40:4 PE O-40:8

16 CL 70:3 PE 28:2;O3 PS 42:7 MIPC 54:3;O5 PG 40:1

17 CL 72:4 CerPE 36:2;O3 MIPC 54:4;O6 IPC 32:1;O2 PG 36:4

18 PE O-36:2 PA 24:3;O2 PE 36:4[2x] PS 38:3 PG 34:0

19 [P]CD98  PA 28:1 PIP 60:8;O PE O-40:5 PI 30:2

20 PA 24:2;O3 PA 26:0 LPS 22:4 MIPC 46:3;O5 PA 32:5

21 [P]GLUT1 (SLC2A1) PIP 56:8;O PIP 62:6 PE 40:6[2x] DG 40:9

22 PA 36:2 PE 28:1 PIP 62:7 [P]Collagen-1A1  [P]CD36 

23 [P]CK5 PA 28:3;O3 SHexCer 42:2;O3 PA 38:3 PG 34:3

24 PI 32:1 TG 62:15 PI O-40:1 CL 74:8 PE O-40:6

25 PG 44:7 Cer 34:1;O2 SHexCer 42:1;O3 MIPC 54:4;O5 CerP 42:2;O2

26 CL 72:5 PG O-36:4 PI O-40:0 PE 42:6 HexCer 38:2;O2

27 PS 42:4 CerPE 36:0;O3 PIP 58:9;O [P]Vimentin Hex2Cer 32:1;O2

28 PE 38:1 PS 26:0 PE 38:5[2x] PE 40:3 DG 44:4

29 PI 28:0 PA O-38:0 PI O-28:0 MIPC 52:3;O5 PG 30:0

30 PG 42:6 PA 44:1 CL 72:8 LPI 20:4 [P]Caveolin-1 

31 PS 42:6 CerPE 34:2;O3 SHexCer 34:1;O2 LPE 22:4 PG 38:4

Top Contributing Biomarkers to each Clusters
Rank

A.
Multiomic K-Means Clustering of Lung Cancer TMA (k=5)

B.

C. (A) Multiomic k-means clustering 
analysis of lung cancer TMA using 
all 646 detected biomarkers. 
Clusters are color-coded according 
to right side bar. (B) Quantification 
of the area assigned to each 
cluster for each diagnosis. Note 
how cluster 1 (Yellow) is prevalent 
for Squamous, cluster 3 (Blue) for 
Adenocarcinoma and cluster 5 
(Purple) for Normal. (C) Table of 
top 30 biomarkers contributing to 
each cluster. Note how the protein 
biomarker CK5, traditionally linked 
to Squamous diagnosis, is a major 
contributor to cluster 1, which is 
prevalent in the squamous 
samples. Meanwhile, protein 
biomarkers Napsin A and CK7, 
traditionally linked to 
Adenocarcinoma diagnosis, are 
major contributors to cluster 3, 
which is prevalent in the 
Adenocarcinoma samples.
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