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HIGHLIGHTS

e An optimized enzymatic digestion pro-
tocol for MALDI-MSI improved gastric
cancer tissue analysis.

o MALDI-MSI revealed molecular differ-
ences linked to tumor progression and
treatment response.

e Potential biomarkers for gastric cancer
prognosis and stratification were
identified.

e Findings support the need for tissue-
specific digestion protocols in clinical
proteomics.
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ABSTRACT

Background: Gastric cancer has a high incidence worldwide, affecting men more frequently than women.
Treatment options remain limited in their success, primarily due to insufficient knowledge about the disease. The
high degree of heterogeneity in gastric tissue can obscure molecular information, making comprehensive analysis
challenging. Enzymatic digestion, a crucial step in protein analysis, is not yet sufficiently optimized for specific
human tissue samples like gastric tissue, thereby limiting the analytical potential of techniques such as matrix-
assisted laser desorption/ionization - mass spectrometry imaging (MALDI-MSI).

Results: We utilized archived specimens from 103 patient-derived samples across nine tissue types (brain, breast,
kidney, lung, liver, pancreas, stomach, tonsil, and leiomyoma) to test different protocols aiming to improve
tryptic digestion of formalin-fixed, paraffin-embedded tissues for in-situ proteomic analysis. The optimized
digestion protocol improved peptide detection and spectral quality while preserving histological integrity. This
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protocol was employed to characterize a gastric cancer cohort (N = 97). MALDI-MSI data identified molecular
signatures associated with disease progression, microsatellite instability status, treatment response, and spatial

distribution.

Significance: We gained access to molecular information on tumor progression and treatment response by
employing a tailored tryptic digestion protocol for MALDI-MSI detection. By advancing molecular profiling in
gastric cancer, these findings provide valuable insight into disease-related molecular changes and contribute to
developing more precise and personalized diagnostic strategies.

1. Introduction

According to the Global Cancer Organization, in 2022 alone, there
were nearly a million new cases of gastric cancer (GC), and over 660000
deaths were reported worldwide [1]. GC treatment and prognosis are
largely determined by the cancer’s stage, primarily assessed using the
American Joint Committee on Cancer tumor-node-metastasis (TNM)
system. This system evaluates three key aspects: the extent of tumor
invasion into gastric wall layers (T category), the spread to regional
lymph nodes (N category), and the presence of cancer cells in other
organs (M category). The TNM information is combined to assign an
overall stage, ranging from O (carcinoma in situ) to IV, with higher
numbers indicating more advanced cancer and greater extent of spread.
Surgery is the primary treatment approach for all stages, especially
early-stage GC. Chemotherapy or chemoradiation is used either before
surgery to shrink tumors or after surgery to eliminate remaining cancer
cells. For advanced GC patients with unresectable, recurrent, or meta-
static cancer, chemotherapy is typically the first-line treatment to con-
trol cancer progression and may be combined with targeted therapy,
immunotherapy, or radiation therapy [2].

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry
Imaging (MALDI-MSI) has become an important tool in translational
research, enabling detailed molecular-level analysis of biological tissues
[3,4]. This technique combines mass spectrometry with spatial map-
ping, facilitating visualization of biomolecules like proteins or peptides
within tissue sections [5,6].

MALDI-MSI preserves sample structural integrity, making it excep-
tional for exploring complex biological systems and disease pathology
[7]. It offers deeper insights into tissue composition, enhancing differ-
ential diagnoses and aiding in distinguishing cancer subtypes [8,9].

Despite advances in multimodal treatment strategies, GC remains a
highly heterogeneous disease with a poor prognosis, highlighting the
need for improved molecular characterization. Traditional histopatho-
logical methods, such as immunohistochemistry (IHC) and genomic
sequencing, provide valuable insights but may not fully capture the
complexity of GC at the molecular level [10,11].

Patient GC samples for this study stem from a real-world cohort of
patients undergoing treatment with neoadjuvant chemotherapy (CTx)
utilizing platinum/fluoropyrimidine, with or without the addition of a
taxane-containing compound. Microsatellite instability (MI) was pro-
posed as a vital prognostic factor, particularly when analyzed together
with gender and treatment regimens [12]. Given GC’s complexity, a
systematic approach to optimizing MALDI-MSI protocols is essential to
enhance molecular profiling and improve diagnostic accuracy.

Formalin-fixed paraffin-embedded (FFPE) tissue fixation is the gold
standard in histopathology and clinical diagnostics, offering a long-
term, durable, and cost-effective preservation method compared to
frozen tissue [13,14]. Several analytical approaches, such as [HC, RNA,
and DNA sequencing, have FFPE compatible protocols. MALDI-MSI
sample preparation procedures have also been specifically developed
for FFPE tissues [15-18]. Enzymatic digestion is critical for peptide/-
protein analysis, with each tissue type presenting unique biochemical
and morphological challenges that affect digestion efficiency, ioniza-
tion, and molecular detection [13,19-22].

Consequently, optimized protocols are necessary for studies focusing
on tissues of one specific origin.

To address these challenges, this study systematically evaluates
digestion conditions, such as temperature, buffer pH, and incubation
times, across diverse tissue types to establish optimal MALDI-MSI pa-
rameters for GC in situ proteomic analysis. A tissue microarray (TMA)
containing nine tissue types - brain, breast, kidney, lung, liver, pancreas,
gastric, tonsil, and leiomyoma - was analyzed under various preparation
conditions. Based on the outcome, an optimized digestion protocol was
developed specifically for gastric tissue and applied to a GC cohort.
Given GC’s complex histology and high mortality rate, improved mo-
lecular characterization could provide valuable insights into its patho-
physiology and aid in developing more precise diagnostic and
therapeutic strategies [10,23].

2. Materials and methods
2.1. Patient cohort

A TMA (TMA A) with archival tissues from different organs was
utilized for the protocol optimization. 1 mm diameter cores of lung (N =
10), breast (N = 10), pancreas (N = 12), liver (N = 10), kidney (N = 9),
leiomyoma (N = 14), tonsil (N = 11), brain (N = 10), and stomach (N =
18) were randomly arranged in a paraffin block.

The archive of the Institute of Pathology of the Technical University
of Munich was also searched for GC patients treated with a platinum/
fluoropyrimidine neoadjuvant CTx without or with taxane between
1994 and 2018. In total, 394 patients were included in a previous study
from which our study cohort was derived [12]. For this study, we used
four TMAs (TMAs B-E, N = 97), each containing samples from 24 to 25
patients. For each patient, three replicates were included to increase
tumor representativeness. Of the 20 female patients, ten showed a par-
tial treatment response (one with high microsatellite instability
(MI-high)), while the others did not respond (three MI-high, the others
were microsatellite stable (MSS)). Among 77 male patients, 38 partially
responded (two MI-low, 36 MSS), while non-responders included five
MI-high, one MI-low, and 33 MSS (Fig. 1). Clinical information, such as
tumor localization and pathological T (pT)-status, within the TNM
staging system for cancer was retrieved from the database of the Insti-
tute of Pathology and added as attributes to the mass spectrometry data,
which was conducted according to the recommendations by the Union
for International Cancer Control (UICC), 7th edition (UICC, 2010) [23,
24]. The study was approved by the institutional ethics review board
(Ethics Committee of the Technical University of Munich Faculty of
Medicine, Protocol Number 502/15s).

2.2. Sample preparation

TMA sections (4 pm) were mounted onto indium-tin-oxide slides
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany) coated with 0.1
% Poly-L-lysine (Sigma-Aldrich. Merck KGaA, Darmstadt, Deutschland).
The slides were then dried in an oven at 37 °C for at least 3 h and stored
in a low humidity environment at room temperature (RT) until further
use.

Sample preparation was based on a previously published protocol
[21]. Briefly, the tissue sections were deparaffinized in an oven (VWR
International, Darmstadt, Germany; DRY-Line 53), at 80 °C for 15 min,
followed by two 100 % xylene and one isopropanol washes. Rehydration
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was done by graded ethanol washes (100 %, 95 %, 70 %, 50 %) for 5 min
each. The slides were then rinsed with ultra-pure water (5 s) and dried
under vacuum for 10 min. Antigen retrieval was performed by heating
slides in a decloaking chamber (BioCare Medical, Pacheco, CA, USA)
with ultra-pure water at 110 °C for 20 min. The slides were cooled to RT
and dried in the desiccator. For the digestion, optimization of the indi-
vidual parameters was carried in individual experiments, as summarized
in Table 1.

Different enzyme solutions were compared to sequencing grade
modified trypsin (Promega GmbH, Walldorf, Germany, V5111) pre-
pared in a 20 mM ammonium bicarbonate buffer with 0.01 % glycerol.
Trypsin Platinum (Promega GmbH, VA900A) was resuspended by dis-
solving 100 pg lyophilized enzyme in 2 mL deionized water with 0.0125
% glycerol (Sigma-Aldrich). Aliquots (400 pL) were stored at —20 °C and
diluted in 400 pL of 40 mM ammonium bicarbonate buffer before use.
Trypsin SOLu (Sigma-Aldrich, EMS0004) was prepared by adding 20 pL
of stock solution (100 pg/mL) to 780 pL of 20 mM ammonium bicar-
bonate (Sigma-Aldrich) buffer with 0.01 % glycerol. Trypsin/Lys-C Mix
(Promega GmbH, V507A) was prepared similarly to standard trypsin,
maintaining a final enzyme concentration of 25 pg/mL. For pepsin
(Promega GmbH, V195A), the concentration was changed to 1 mg/mL,
as used in previous studies and recommended by the supplier [25,26]. A
pH 2 buffer containing ultra-pure water with 0.05 % trifluoroacetic acid
(TFA, Sigma-Aldrich) was prepared. The enzyme was resuspended in
ultra-pure water with 0.0125 % glycerol. Aliquots (200 pL) were stored
at 4 °C before use. 600 pL of pH 2 buffer was added at the time of
digestion.

To compare the impact of different pH, ammonium bicarbonate
buffers were adjusted to pH 7.4 and pH 8.9 by adding 96 % acetic acid
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) or 28 % ammonium
hydroxide (Sigma-Aldrich), respectively. Aliquots (200 pL) were stored
at —20 °C.

The enzyme solutions were sprayed, using an automated spraying
device (TM Sprayer, HTX Technologies, Chapel Hill, NC, USA), onto
tissue sections of TMA A in a criss-cross pattern with a track spacing of 2
mm and velocity of 750 mm/min. A total of 16 layers were deposited
under a controlled nitrogen flow (10 psi) at 30 °C.
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Table 1
Experimental parameters with corresponding changes for enzymatic digestion
optimization. *Solely used for pepsin.

Standard Enzymatic Digestion Parameters [21]

Enzyme Buffer Incubation Incubation
pH time temperature

Trypsin Sequencing pH 8.4 2h 50 °C

grade
Adjusted Parameters for Optimization
Trypsin Platinum pH7.4 1h RT
Trypsin/Lys-C pH 8.9 4h 37°C
Trypsin SOLu Overnight
Pepsin pH 2.0*

Following enzyme application, the slides were incubated in a
digestion chamber with saturated K2SO4 (Carl Roth GmbH & Co. KG)
aqueous solution to ensure a controlled humidity environment. Teach-
ing marks were drawn on the slides and scanned at 1200 dpi for posi-
tional teaching in flexControl (v.4.2) and flexImaging. o-cyano-4-
hydroxycinnamic acid (HCCA, Sigma-Aldrich) matrix (10 mg/mL in 70
% acetonitrile with 1 % TFA) was sprayed in four layers in a heel-to-heel
pattern at 1200 mm/min at a flow of 120 pL/min at 75 °C and 3 mm
track spacing under 10 psi nitrogen flow onto the slides using a liquid
chromatography pump and TM sprayer > 99.9 % reagent grade or HPLC
grade unless otherwise specified. In each experiment, a slide was pre-
pared according to the standard protocol to allow for direct comparison.
To ensure reproducibility and rule out accidental findings, all experi-
ments were repeated at least twice.

Following the initial set of experiments, the most promising condi-
tions, based on the peak count, top 50 peak list, and S/N, were selected
for optimizing the digestion of gastric tissue. Changes to the protocol
were implemented and are summarized in Table 2.

For GC tissue typing, the TMAs B-E were prepared based on the pa-
rameters of optimization 3, as it resulted in the best peak count, S/N, and
peak intensities.

X4 X5 X6 X7 X8 X9 X10 X11

X12 X13 X14 X15

X9 X10 X11

X12 X13

Y5 | 21 21 21 |22 22 22| 23 23

TMAD X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 Cores beloning to one patient
M il d il = g = 4 £ 2 Missing patient information
y2| 6 6 6|7 7 7 10 10 10 .
v3 [11 11 11|12 12 12 |13 13 13| 14 14 14| 15 15 15 PRI, OIS ARNGE I6apana, ik
va [16 16 16 | 17 17 17 [ 18 18 18 | 19 19 19 | 20 20 20 Female, partial treatment response, Mi-high
Y5 | 21 21 21 | 22 22 22 | 23 23 23 |24 24 24|25 25 25 Female, partial treatment response, MSS
Female, no treatment response, MSS
TMAE X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 | X13 X14 X15 Male, no treatment response, MSS
Y1 | 1 1 1 2 2 2 3 3 4 4 4 5 .
v2e & el 7 7 = s 9 -Male, partial treatment response, MSS
va 11 11 11| 12 12 12| 13 13 Male, no treatment response, Ml-low
Y4 17 17 17 | 18 18

Male, partial treatment response, Ml-low
Male, no treatment response, MI-high

Fig. 1. Layout of the GC TMAs B to E with corresponding information about the patient regarding gender, treatment response, and microsatellite instability.
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Table 2
Experimental setups for the individual optimization experiments 1 to 3, with
corresponding parameter adaptation, and the standard protocol [21].

Optimization Experiments

Optimization Optimization Optimization 3 Standard

1 2

Trypsin SOLu Trypsin SOLu Trypsin Sequencing Trypsin Sequencing
Grade Grade

pH 8.9 pH 8.9 pH 8.9 pH 8.4

37 °C 37°C 37 °C 50 °C

1h 2h 2h 2h

2.3. MALDI-TOF acquisition

MALDI-MSI data was acquired on a rapifleX MALDI Tissue-typer
mass spectrometer (Bruker Daltonics GmbH & Co. KG) in positive-ion
reflector mode across a mass range of m/z 599-3201.

Mass calibration was performed using the peptide calibration stan-
dard II (Bruker Daltonics).

For acquisition, 500 laser shots at 10 kHz, with smartbeam M5 small
laser settings, were used with an effective field size of 50x50 pm. Laser
power was set to approximately 75 %, and adjusted to achieve compa-
rable signal intensity for all samples. The sample rate was set at 1.25 GS/
s, and realtime smoothing was disabled to maintain data integrity. The
global offset attenuator was set to 5 %.

MALDI-TOF parameters remained consistent across experiments to
ensure comparability. For pepsin digestion (200 pg/mL), the measure-
ment range was adjusted to m/z 499-3201 due to smaller protein frag-
ments and cleavage at hydrophobic and aromatic residues [27].
Following data acquisition, the matrix was removed by washing the
slides with methanol (99.5 %, Carl Roth GmbH & Co. KG) for 30 s and
ethanol for 30 s. Hematoxylin and eosin (H&E) staining was performed
once per experimental setup to assess tissue morphology and quality.

Microscopic images were acquired using an Aperio AT2 DX System
slide scanner (Leica Biosystems, Wetzlar, Germany) and analyzed by a
pathologist (J.S.). Digestion damage to the tissue was graded as follows:
0 = no visible damage, 1 = slight damage with no physiological impact,
2 = damage with recognizable components, and 3 = severely damaged.
Cumulative scores for each tissue type were calculated by summing in-
dividual core ranks independent of core count (equations (1)-(3)). For
gastric tissue optimization and GC typing, only equations (1) and (2)
were utilized.

score 0o [

Damage score per core (%] =

>~ damage per core
total nr. of cores of tissue

%damage by tissue = (2]
>~ damage score

= °2 — _x1
total cores TMA x 100 3]

Y%tissue specific damage =

2.4. Feature identification

Peptides resulting from area under the curve-receiver operating
characteristic (AUC-ROC) analysis (below 0.3 or above 0.7) were
determined as differentiating features. To identify the differentiating
features, we attempted on tissue MS/MS detection utilizing one whole
mount section of a patient included in the GC cohort. MS/MS was per-
formed using a trapped ion mobility (tims)-TOF/TOF spectrometer
(Bruker Daltonics GmbH & Co. KG) in positive ion mode. Sample
preparation was carried out as described before, with the exception of
red phosphorus (Bruker Daltonics GmbH & Co. KG) being used as mass
calibrant. Laser power for fragmentation was set at 80 % and a beam
scan of 20 pm?2. 1000 laser shots at a frequency of 10 kHz were acquired
per spectrum, adjusting the transfer time, pre-pulse storage, collision
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energy, and RF depending on the peptide precursor ion. MS/MS spectra
were deconvoluted using MASCOT [28] for protein identification. Pep-
tide mass tolerance was defined as +1 %, and fragment mass tolerance
was set at 0.8 Da, with a maximum of one missed cleavage allowed.
Taxonomy was set to homo sapiens and the database searched was
SwissProt. For the fragments that could not be isolated directly from the
tissue, tentative identification was done based on previously reported
peptide fragments (Table A. 3).

2.5. Data analysis

MALDI-MSI data was loaded in SCiLS Lab Pro (version 2024b, Bruker
Daltonics GmbH & Co. KG) for data analysis. Pre-processing included
baseline correction, mass alignment, and normalization of total ion
count (TIC) [29].

Non-tissue regions were included in all measurements to account for
potential error during matrix spraying or signal loss during data acqui-
sition. K-means clustering was used to assess robustness of the acquire
data with consistent clustering patterns visible across the different
measurements. To assess potential batch effects and data comparability,
principal component analysis (PCA) and clustering were performed
(Figure A. 1 and A. 2). PCA used Pareto scaling, which was conducted on
all individual spectra from tissue regions with weak denoising. Clus-
tering was based on bisecting k-means with a correlation distance
approach.

Three comparisons were made between experiments: average top 50
peak intensity, peak count, and S/N. Additionally, the autodigestion
peaks of trypsin were compared. Distribution of the data was assessed
using the Anderson-Darling test. Due to non-normal distribution of the
data, statistical significance between groups was determined using the
non-parametric Wilcoxon rank-sum test (Mann-Whitney U test).

Peak count indicated the number of detectable analytes in tissue,
with peaks counted in the m/z 800-1100 mass range. Peaks in higher
mass ranges were excluded to avoid automatic detection of background
peaks by SCiLS. The “feature finding” tool in SCiLS Lab Pro was applied
to TIC-normalized data, selecting 100 peaks per every 16th spectrum
from every dataset. The peak list was exported, and peaks in the
800-1100 m/z range were counted in Excel.

The S/N was compared for the m/z 1105.59 peak, since it was
consistently present and easily distinguishable from background noise.
The background noise intensity was estimated from adjacent peaks. The
50 most intense monoisotopic peaks from the standard measurements
were compared to evaluate digestion and detection efficiency. A
comprehensive peak list, including all detected peaks, was generated
using SCILS Lab Pro and divided into six mass ranges. The number of
features selected from each mass range was determined based on their
distribution in the overall average spectrum, ensuring a balanced and
representative selection across the mass ranges. The highest mono-
isotopic peaks from each section (m/z 600-1000; 1000-1400;
1400-1650; 1650-1900; 1900-2500; 2500-3200) were selected for the
top 50 peak list (Table A. 1). Differences in average intensities
throughout all experiments were statistically compared, e.g., using
boxplots to show the average and median intensity of all 50 peaks as
well as their distribution. The peaks m/z 842.51 and 2211.51, corre-
sponding to trypsin autodigestion products, were used to assess enzy-
matic activity under the different experimental conditions [30]. For
each peak, the S/N was calculated based on its relative intensity.

For the GC cohort, clinical information was added to the attributes
table in SCiLS Lab Pro. PCA and segmentation were used to identify
outliers and potential peptide expression differences across subgroups,
including gender, MI status, treatment response, lymph node involve-
ment, metastases, tumor localization, taxane-based CTx, and pathologial
tumor stages (pT). Pairwise tumor stage comparisons were conducted.
AUC-ROC from 200 mass features across all TMAs were calculated, with
values < 0.3 or > 0.7 indicating significant differences. Background/
matrix-related peaks, as well as trypsin autodigestion peaks, were
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excluded, ensuring the analysis focused on biologically relevant peaks.
3. Results and discussion

Current diagnostic workflows for GC face several key limitations,
including challenges in early detection due to nonspecific symptoms,
variable pathologist performance in sensitivity and specificity, and
reliance on time-consuming histopathological analysis that can miss
molecular heterogeneity [31-33]. Conventional methods often struggle
to identify subtle metabolic or proteomic changes in precancerous or
early-stage lesions, while false negatives in biopsies remain a critical
concern due to sampling bias and morphological ambiguity. Addition-
ally, traditional immunohistochemistry and molecular assays are limited
by their targeted nature, which restricts the simultaneous analysis of
multiple biomarkers and fails to capture spatial molecular distributions
within tissues [34].

MSI offers potential solutions by enabling untargeted, high-
resolution mapping of analytes, such as proteins, directly in tissue sec-
tions, preserving spatial context [35].

This spatially resolved technology has proven its value for the
identification of tumor-specific biomarkers through differential proteo-
mic signatures across tissue subtypes, detecting prognostic protein pat-
terns associated with survival outcomes, and mapping intratumoral
heterogeneity (Figure A. 9) at near-cellular resolution [34,36,37].

By providing simultaneous visualization of hundreds of molecules
without prior labeling, MSI overcomes the multiplexing limitations of
conventional techniques while revealing molecular gradients at tumor
margins and stromal interfaces. A landmark study by Balluff et al.
analyzed 63 GC patients, identifying three proteins (cysteine-rich in-
testinal protein 1, human neutrophil peptide-1 (HNP-1), and S100 cal-
cium binding protein A6) with prognostic significance and a seven-
protein signature which was associated with an unfavorable overall
survival (OS) independent of major clinical covariates all in the m/z of
3000-11000 [36]. The overexpression of HNP-1 (m/z 3445) in GC tumor
tissue was confirmed in two other MALDI-MSI studies [38,39]. The tis-
sue morphology was preserved while cancer-specific molecular hetero-
geneity could be determined, including subpopulations invisible to
conventional histology. Another recent study identified metabolites
within GC sections by integrating MALDI-MSI with multiplex IHC and
utilizing the Spatial Correlation Image Analysis (SPACIiAL) workflow to
distinguish tumor and stroma regions within the tissues. Subsequent
k-means clustering analysis of the metabolite profiles led to the identi-
fication of three tumor-specific subtypes and three stroma-specific
subtypes, each characterized by distinct molecular features and clin-
ical outcomes. In this study, high HER2, MIB1, and CD3 expression were
associated with a better prognosis and a higher response rate to trastu-
zumab therapy [40].

These studies underline the impact of carrying out spatial analysis for
the characterization of heterogeneous tissues. However, these studies
focused on intact proteins or metabolites in fresh-frozen tissue samples,
and no digestion was applied in these cases. Bottom-up detection of
proteins in situ provides higher sensitivity and ease of identification,
potentially unveiling a higher number of molecules in the tissue being
preferred for large-scale proteomic profiling [41]. The success of the
bottom-up approach relies heavily on robust sample preparation pro-
cedures and the efficiency of enzymatic digestion, which we have
addressed in our study.

3.1. In-situ enzymatic digestion optimization

Lower digestion temperatures (37 °C or RT for 2 h) enhanced trypsin
activity, yielding higher S/N (RT = 32.01, 37 °C = 23.08, 50 °C (stan-
dard) = 21.87), increased average peak intensity, and higher peak
counts (RT = 336, 37 °C = 371 (p = 0.05), standard = 312). These re-
sults align with trypsin’s optimal enzymatic activity at 37 °C, supporting
its use for multi-tissue TMA analyses [42,43]. However, an unequal
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representation of tissue types in TMA A (e.g., a higher number of gastric
(N = 18) compared to kidney cores (N = 9)) may have had an impact on
the interpretation of tissue independent trends. Based on the PCA of the
experimental replicates, RT experiments lacked robustness (Figure A. 3).
Since RT incubation provides insights into on tissue digestion mecha-
nisms, RT experiments are herein briefly discussed based on the two
technical replicates with less spectral variability. Lower temperatures
also reduced trypsin autodigestion, as indicated by decreased peak in-
tensity of m/z 842.51 and m/z 2211.10 (p = 0.05). A pH 8.9 buffer, at the
upper limit of trypsin’s activity range, increased peak count (352) and
intensity but slightly reduced the S/N (19.11), leading to noisier spectra.
No significant autodigestion differences were observed across pH con-
ditions [43]. A buffer pH of 8.4 (standard) or 8.9 is recommended for
studies considering the digestion of different types of tissues (Figures A.
5 — A. 7). Extended digestion (4 h and overnight) impaired spectral
quality, and all experimental durations reduced S/N (1 h = 14.01, 4 h:
13.98, and overnight = 9.16) and peak intensities. Peak counts
increased (1 h = 342, overnight = 358), likely due to incomplete
digestion (1 h) or peptide degradation (overnight). Autodigestion peaks
(m/z 842.51 and 2211.10, p = 0.05) were more intense in the overnight
digestion. Based on our results, a 2 h digestion remains optimal for
studies including tissues of varied origin [6]. Among alternative en-
zymes, Trypsin/Lys-C, Trypsin Platinum, and pepsin produced the
lowest S/N (11.11, 7.72, and 1.84, respectively) and lower spectral
quality than sequence grade trypsin (standard). Trypsin/Lys-C increased
peak count, complementing trypsin’s cleavage preferences, but did not
improve spectrum quality [44]. Trypsin Platinum, optimized for LC-MS,
was suboptimal for MALDI-MSI [45]. Pepsin generated high-mass-range
peaks (Figure A. 4) but was used at approximately seven-fold higher
concentration than trypsin and at pH 2, compromising tissue integrity
and matrix crystallization [26,46,47]. Thus, conditions for pepsin need
further optimization since it may provide complementary information
regarding the proteomic composition in specific applications. Despite
not being optimized for MALDI-MSI, trypsin SOLu outperformed other
alternatives, with a slightly lower peak count and S/N than standard
trypsin but higher peak intensities and reduced autodigestion
(Figures A. 5 — A. 7). This makes SOLu a viable option for MALDI-MSI
studies prioritizing intensity over sequence coverage, particularly in
high-throughput proteomics. Employing different enzymes may require
further protocol optimization to enhance performance for MALDI-MSI,
particularly regarding signal quality.

3.2. Tissue-specific results

The analysis compared peak count, S/N, and intensities of the top 50
peaks for each tissue type and for each protocol, against the standard.
The three best-performing experiments for each comparison are pre-
sented herein, considering both average performance and standard de-
viations to ensure robustness and consistency. For brain, kidney,
leiomyoma, liver, lung, pancreas, and tonsil tissues, the 37 °C experi-
ments consistently had the highest number of peaks with a significant
difference compared to the standard (p = 0.05). RT experiments resulted
in the highest peak count for breast and gastric tissues. This result aligns
with the outcome of the TMA A analysis (Figure A. 6), where the 37 °C
condition demonstrated a significantly higher peak count overall (p =
0.05), showcasing the improved performance and stability of trypsin at
this temperature.

Despite being outside the optimal temperature range for trypsin, RT
digestion performed well, possibly due to enzyme stability and substrate
accessibility [42,48]. However, digestion reproducibility at RT was low
(Figure A. 3). Digestion at 50 °C resulted in lower peak counts. Reduced
enzyme stability and protein aggregation may interfere with cleavage
efficiency, as evidenced by the RT experiment having lower autodiges-
tion peaks compared to the standard [49,50].

pH 8.9 resulted in higher peak counts in the brain, breast, kidney,
liver, and gastric tissues. Tonsil tissue showed higher peak counts after
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overnight digestion, while trypsin/Lys-C and pepsin were effective for
lung, pancreas, and leiomyoma (Fig. 2). However, lower spectral quality
of trypsin/Lys-C and pepsin raises concerns about peak misidentifica-
tion, warranting further optimization.

Regarding tissue-specific S/N variations (Fig. 3), breast, pancreas,
and leiomyoma tissues exhibited higher S/N than other tissue types. The
37 °C digestion performed well for breast (p = 0.05), pancreas, and
tonsil tissues, though with higher standard error. RT digestion was
effective for leiomyoma (p = 0.05) and tonsil (p = 0.05), showing sig-
nificant S/N improvements. The 4 h digestion protocol yielded the best
results for brain, kidney, and liver tissues, indicating the potential
benefits of extended digestion for softer, less fibrous tissues.

Gastric tissue displayed higher S/N at both pH 7.4 and 8.9, while
brain, kidney, and liver tissues benefited from lower pH, albeit at the
cost of reduced peak counts across all tissues. This may result from
protonation changes at trypsin’s active site, affecting enzymatic cleav-
age efficiency [51].

The standard protocol performed reasonably well for various tissues,
such as the brain, breast, lung, pancreas, and tonsil tissue. In addition to
sequencing grade modified trypsin, Trypsin SOLu performed well for
liver, lung, and pancreas tissues. The strong S/N observed with the 37 °C
and RT protocols further supports the stability of trypsin at lower tem-
peratures [42].

For seven out of nine tissues (brain, kidney, liver, lung, pancreas, and
gastric), trypsin SOLu exhibited the highest average intensity for the 50
selected peaks (Fig. 4). RT digestion achieved the highest intensity for
the top 50 peaks for breast and leiomyoma. These findings are also in
line with the tissue-agnostic analysis, where SOLu consistently yielded
high intensities. Furthermore, peak intensity strongly correlates with S/
N, suggesting that conditions such as pH 7.4, RT, and 37 °C, which
enhanced peak intensities, also improved sensitivity.

Table 3 summarizes the individual recommended conditions for in-
situ enzymatic digestion for MALDI-MSI characterization of specific
tissue types based on spectral analysis (Figure A. 8). For all tissues except
leiomyoma, trypsin SOLu yielded the best results. Digestion was most
effective at pH 8.4 or 8.9, while pH 7.4 showed no benefit. The standard
2 h duration provided the highest peak count, S/N, and top 50 peak
intensity. Digestion at 37 °C improved outcomes for most tissue types,
while the standard temperature remained optimal for brain and liver
tissues. Additional modifications in tissue preparation, such as antigen
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retrieval, could also improve digestion efficiency. For example,
substituting water with Tris buffer, as applied in other protocols, may
enhance analyte accessibility and recovery in tissues like brain, liver,
and lung, where digestion adjustments had minimal impact [52-54].
Furthermore, combining conditions, such as overnight digestion at RT,
could further improve reproducibility, particularly as digestion at RT for
at least 2 h has been shown to enhance peak count, S/N, and peak in-
tensities while minimizing autodigestion.

3.3. In-situ gastric tissue proteomic characterization

Based on the performance of the individual conditions, three opti-
mization protocols were developed to achieve our goal of maximizing
peak count while maintaining a high S/N and good spatial analyte res-
olution (Figure A. 9) for proteomic profiling of gastric tissue. These
protocols were designed to assess the effect of combined parameter
adjustments on tissue digestion efficiency (summarized in Table 2): (1)
Trypsin SOLu at pH 8.9, 37 °C for 1 h, (2) Trypsin SOLu at pH 8.9, 37 °C
for 2 h and (3) Sequencing grade trypsin at pH 8.9, 37 °C for 2 h. The
experiments were performed using TMA A.

Optimization 3 was identified as the most effective digestion proto-
col for gastric tissue, prioritizing peak count (Fig. 5). Sequencing grade
modified trypsin consistently resulted in higher peak count and in-
tensities when compared to SOLu trypsin, particularly under optimized
pH and temperature conditions.

Utilizing the conditions from optimization 3, we have carried out in-
situ tryptic digestion of the GC cohort (TMAs B-E). The overlaid ion
images in Fig. 6, show a clear correlation with the histological features
observed in the corresponding H&E-stained sections of the gastric tissue
cores. Distinct spatial distributions of the analytes align well with
morphological structures, indicating preservation of tissue architecture
in both the standard protocol (a) and optimization 3 (b). Notably, the
use of optimization 3 parameters did not compromise spatial resolution
or morphological fidelity compared to the standard protocol. This
demonstrates that optimization 3 effectively maintains spatial
information.

The acquired MSI data was used to evaluate correlations with the
clinical subgroups. PCA of the molecular features clustered by their MI
status showed that the MI-low group exhibited greater variance and a
distinct cluster from the MI-high group. ROC analysis, summarized in
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Fig. 2. Average peak count from m/z 800-1100 of the top three conditions for each tissue type. Significance was determined with the Wilcoxon rank sum test in
comparison to the respective results of the standard experiment. Significance is indicated by asterisks: p < 0.1 (*), p < 0.05 (**), and p < 0.001(***).
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Fig. 4. Average intensity of the 50 highest peaks based on the average intensity of the peak maximum for each tissue type.

Table A. 2, identified 20 discriminant features (0.3 < AUC-ROC >0.7),
with the highest values being m/z 664.38 (AUC = 0.88), 653.36 (AUC =
0.82), and 816.46 (AUC = 0.81). These features, with higher intensity in
the MI-high subgroup, were also determined as discriminant features
between tumor stage (pT2 vs. pT4), presenting higher average intensity
for lower staging. These findings are in line with previous studies,

including Hiltner et al., which suggest that MI status influences survival
by affecting tumor behavior and prognosis [55]. Specifically, MI-high
tumors are associated with better survival outcomes, potentially due
to heightened immune response from higher neoantigen load and
distinct molecular profiles [56]. These molecular differences may reflect
underlying biological variations detectable by MALDI-MSI. However, to
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Table 3

Optimal parameters based on peak count, S/N, and top 50 peaks intensity
comparison for the enzyme, pH of enzyme buffer, digestion duration, and
digestion temperature for each tissue type. *Standard protocol.

Tissue type Enzyme Buffer Incubation Incubation
pH time temperature
Brain Trypsin SOLu PH 8.4* 2 h* 50 °C*
Breast Trypsin SOLu pH 8.9 2 h* 37°C
Kidney Trypsin SOLu pH8.4*  2h* 37 °C
Leiomyoma  Sequencing Grade pH 8.9 2 h* 37°C
Trypsin*

Liver Trypsin SOLu pH8.4*  2h* 50 °C*
Lung Trypsin SOLu pH8.4*  2h* 37°C
Pancreas Trypsin SOLu pH 8.4* 2 h* 37°C
Gastric Trypsin SOLu pH 8.9 2 h* 37 °C
Tonsil Trypsin SOLu pH8.4*  2h* 37°C

understand the significance of these results further, a larger cohort needs
to be considered.

PCA of tumor stages pT1 through pT4 revealed distinct clustering
patterns, suggesting stage-specific variations (Figure A. 12). AUC-ROC
analysis identified several molecular features associated with tumor
staging. Notably, for the m/z 868.50, an AUC-ROC of 0.8 was observed,
with significant intensity differences observed between early (pT1/pT2)
and late (pT3/pT4) stages (Fig. 7). This finding may reflect tumor pro-
gression and its associated biological processes, which are also linked to
poorer prognosis [57-60]. m/z 868.50 was identified as a peptide
fragment of collagen a-2(I)chain (COL1A2) (Table A. 3), which has been
previously associated with GC progression and extracellular matrix
remodeling. Li et al. used real-time quantitative PCR to measure
COL1A2 mRNA expression in malignant, premalignant, and normal
gastric tissues, reporting a significant upregulation in malignant sam-
ples. This increased expression correlated with larger tumor size and
greater invasion depth, suggesting COL1A2 as a potential prognostic
biomarker for gastric cancer [61]. Similarly, Zhao et al. identified
COL1A2 as a hub gene in gastric cancer through bioinformatics analyses
and validation studies. Their findings highlighted its role in extracellular
matrix remodeling during tumor progression, further supporting its
involvement in disease development [62].
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Collagen o-1(III) chain (COL3Al1l) and collagen «-1(I) chain
(COL1Al), also herein identified as differentiating features of tumor
progression (Table A. 3), have also been shown to play significant roles
in GC progression [63]. COL3A1 is strongly linked to poor prognosis,
with studies showing elevated expression in advanced tumors and as-
sociation with chemoresistance pathways (e.g., via YY1-mediated
signaling) [64]. COL1Al dominates the tumor stroma, driving cancer
cell proliferation and metastasis through integrin p1-FAK interactions,
particularly in late-stage disease [65]. This highlights the potential role
of extracellular matrix proteins as potential treatment targets. While
COL1A1 itself lacks direct survival correlation in TCGA data,
collagen-rich tumor subtypes (high COL1A1/COL3A1) exhibit worse
outcomes and distinct drug sensitivities [65,66].

These findings might have a limited value when directly translated
into conventional histological workflows, particularly due to the lack of
quantification or sensitivity inherent to traditional approaches, such as
immunohistochemistry. However, when combined with machine
learning techniques, the analysis of differently expressed proteins,
derived from tryptic digestion of archival samples, enables a more
thorough tissue characterization without compromising on tissue pro-
cessing time or losing histomorphological context, crucial to the pa-
thology evaluation. MALDI-MSI uniquely captures these biochemical
variations in situ, revealing molecular features associated with tumor
progression and stromal remodeling that are otherwise challenging to
investigate.

While this molecular information cannot replace the histological and
pathology assessments, it can be incorporated to provide complemen-
tary insights for a more comprehensive characterization of the disease.
These molecular differences are an important addition to the current
knowledge of gastric tumors and could support an improved stratifica-
tion method of patients, and help to identify novel high-risk subtypes,
particularly in collagen-rich tumors. Nevertheless, further validation in
larger and more diverse patient cohorts is necessary to refine these
markers and fully establish their clinical utility. These studies highlight
the critical role of collagen-driven microenvironmental changes in
gastric cancer behavior, offering avenues for both prognostic stratifi-
cation and the development of tailored therapies targeting collagen-rich
niches.
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a. Standard protocol
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Fig. 6. Overlaid ion images of m/z 666.3 (pink) and m/z 868.5 (green) compared with the H&E staining of two gastric tissue cores, acquired after (a) standard and
(b) optimization 3 digestion protocols. The distinct spatial distribution of the analytes highlights the preservation of morphological features across different tissue
regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. a) The boxplot shows the distribution of the intensity of m/z 868.50 for all four pathological tumor stages (pT1 - pT4), exported from SCiLS Lab Pro. The red
dots indicate the outliers. b) Examples of cores of the different pT stages, H&E staining on the left and corresponding intensity distribution as obtained from MALDI-
TOF-MS acquisition for the selected ion, m/z 868.397, on the right. All cores presented were part of the same TMA, therefore prepared and acquired under the same

conditions. Color gradient remained fixed for all density maps here presented. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Analysis of partial responders versus non-responders identified five
distinguishing molecular features, including m/z 701.45 (AUC = 0.72)
and 816.46 (AUC = 0.71), which show higher expression in patients
with partial treatment response. Interestingly, the expression of these
features was also higher in the linitis plastica when compared to other
locations, suggesting a potential link between treatment response and a
more diffuse type of gastric adenocarcinoma. We emphasize the limited
sample size, which restricts the strength of our conclusions. Overall, m/z
701.45 and m/z 816.46 were more highly expressed in the partial-
responder group and the antrum. No significant differences were
observed within the PCA or ROC-AUC analyses for gender, gender spe-
cific MlI-status, metastasis, lymph node status, anatomical localization
(except those compared with linitis plastica), and TP53 expression [67].
Lack of TP53-related differences may be from low protein abundance,
nuclear localization, or undetectable peptide masses [68]. Similarly,
subtle molecular changes in metastasizing cells may not be captured by
in-situ proteomics [58,69,70].

Comparing these results with the findings of Hiltner et al. is chal-
lenging due to small subgroup sizes, particularly taxane-treated MI-high
patients (N = 2) [55]. Small sample sizes can increase the risk of over-
fitting in ROC analysis, leading to greater variability and potentially
misleading estimates of classification performance. Although stratifica-
tion based on survival outcomes was anticipated, no clear molecular
differences were observed between the taxane response subgroups.
Gender comparisons also lacked significant variation, suggesting no
clear molecular basis for the gender-related OS differences as reported
by Hiltner et al. [55].

Tissue damage from the digestion process was assessed by histo-
morphological analysis of H&E stained sections after MALDI-MSI. This
revealed consistent patterns of the same tissue cores being damaged
across all experiments, particularly those with higher connective tissue
content (Figure A. 10). In the optimization experiments, where TMA A
was utilized, gastric tissue was most frequently affected, with at least six
of the 18 cores displaying varying degrees of damage. Breast and leio-
myoma tissue also presented varying degrees of damage. In contrast,
brain, lung, and kidney tissue cores showed no visible damage.

Experiments utilizing SOLu trypsin, pH 8.9, and incubation at 37 °C
received the highest overall damage scores (Figure A. 11) and were also
associated with higher peak intensities, peak count, and S/N.

Overall, the proposed optimization protocol resulted in slightly less
tissue damage (Fig. 8).

4. Conclusion

In-situ optimization of digestion conditions involves balancing the
unique characteristics of each tissue, the ideal enzymatic activity con-
ditions, the enzyme’s modifications, and the impact of these factors on
both the matrix and the ionization of peptides. Systematic evaluation of
digestion parameters — temperature, buffer pH, enzyme selection, and
incubation time — revealed that tissue-specific adjustments can increase
the information derived from mass spectrometry imaging.

For gastric tissue in particular, an optimized tryptic digestion pro-
tocol increased peak count, S/N, and peak intensity, emphasizing the
necessity of tissue-specific optimization for research-driven studies uti-
lizing MALDI-MSI. The optimized protocol used for GC tissue typing
confirmed its technical reliability and identified molecular differences in
specific subgroups. While gender, taxane treatment, pathologic nodal
stage, pathologic metastasis stage, and TP53 expression showed no
significant differences, molecular distinctions emerged for treatment
response, tumor localization, and tumor stage. Transition from early
(pT1/pT2) to advanced (pT3/pT4) tumor stage highlighted m/z 868.50,
a fragment of COL1A2, as a candidate for further investigation. This is in
line with previous studies that emphasize the importance of under-
standing the extracellular matrix molecular interplay between different
tumor stages to enhance GC treatment strategies. Additionally, m/z
701.45, m/z 886.46, and m/z 816.46 have been identified as potential
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Fig. 8. Overall damage scores showing different levels of damage inflicted by
the different optimization and standard conditions.

biomarkers for treatment response. MI-high and MI-low tumors
exhibited modest molecular differences, with a more favorable prog-
nosis being associated with MI-high cases.
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