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ABSTRACT  

Recent advancements in Matrix Assisted Laser Desorption/Ionisation (MALDI) Mass Spectrometry 

Imaging (MSI) technology have enabled the analysis of formalin-fixed paraffin-embedded (FFPE) 

tissue samples, unlocking a wealth of new proteomic information and facilitating the possibility of 

performing studies with higher statistical power as well as multi-centric collaborations within the 

field of proteomics research. However, current methods used to analyse these specimens are often 

time-consuming and they need to be modified when applied to human tissue of different origin. 

Here we present a reproducible and time-effective method that could address these aforementioned 

issues and widen the applicability of this technology to a number of challenging tissue types. 

Additionally, tissue molecular images show high spatial resolution and a strong correlation with the 

morphological features, enabling the identification of tissue morphology using statistically derived 

visualisation, without any prior knowledge.  

 

Keywords (3-8): PROTEOMICS; MALDI-MSI, IMAGING MASS SPECTROMETRY; FFPE  
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INTRODUCTION 

Matrix Assisted Laser Desorption/Ionisation Mass Spectrometry Imaging (MALDI-MSI) has a high 

potential in providing clinical translational applications for disease-related protein identification, 

especially in histopathology. Indeed, MALDI-MSI is commonly used to visualise the spatial 

distribution of proteins and peptides in pathological tissue sections directly in-situ, matching 

specific morphological criteria with exact localisation. It can also target a number of other analytes 

including lipids, metabolites and xenobiotics. 

This proteomic technique was traditionally developed for the analysis of fresh-frozen tissue 

sections
1,2

 and it has been successfully used in preclinical and clinical investigations showing a 

variety of applications in several fields such as oncology
3
, degenerative disorders

4
 and 

immunological diseases
5,6

. Different types of tissue have been used in these studies, including brain, 

breast, ovarian, prostate, gastrointestinal and kidney. Interestingly, recent pilot studies have also 

applied this methodology to samples different from fresh-frozen tissue, such as cytological 

smears
7,8

, widening the scope of this type of analysis. However, since all these specimens require 

fresh material, MALDI-MSI has been limited to centres containing both MALDI mass 

spectrometers as well as their own pathology department, which are required in order to avoid the 

sample degradation that may occur during shipment unless very stringent and expensive methods 

are followed. Consequently, the recruitment of a number of patients sufficient to increase the 

robustness of the outcome has become a challenging aspect of clinical studies focused on MALDI 

MSI
9
.  

The most promising strategy for overcoming these limitations for proteomic analyses could be 

represented by formalin-fixed paraffin-embedded (FFPE) tissue, allowing access to large 

collections of clinically annotated samples and enabling the tissue preservation of samples when 

stored at room temperature for long periods. Despite these advantages, the application of MALDI-

MSI is much more troublesome than with fresh-frozen tissue. More specifically, the analysis of 

FFPE tissue requires a more complex and time-consuming sample preparation, limiting the 
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widespread use of this methodology in proteomics research, with deparaffinisation, rehydration, 

antigen retrieval and enzymatic digestion representing the most important FFPE-specific issues
10

. 

Although general methods applicable to different tissue types have been suggested
11

, several 

parameters should often be optimised specifically for each different tissue in order to achieve usable 

results
12,13,14

. 

Therefore, we propose a reproducible and easy-to-perform strategy that fulfils the requirement of a 

generic method for the MALDI-MSI analysis for human FFPE specimens and performs optimally 

with tissue of different origin. 

MATERIAL AND METHODS 

The study was conducted on left-over material according to the local Ethical Board rules; FFPE 

blocks of different human tissues were taken from the archive of the Department of Pathology, San 

Gerardo Hospital, Monza, Italy. Tissues were fixed according to standard routine methods, with a 

timing of 24 to 48 hours for surgical specimens. For autoptic samples, no rigorous standardisation 

was applied and the fixation time ranged between 24 hours and 5 days. After the fixation phase, 

inclusion was performed using an automatic Tissue Processing Centre (TPC 15 Duo/Trio, Medite, 

MeBurgdorf, German). Different human tissues specimens were chosen to evaluate the analytical 

method. The selection of specimens included human brain, cerebellum and cerebral cortex, from 

autopsy; normal kidney from nephrectomy specimens performed for neoplasia; normal thyroid 

residual from multinodular goiter and normal small bowel from pancreasectomy for ductal 

adenocarcinoma. For each block, 5 micron thick sections were cut and mounted on conductive 

Indium Tin Oxide (ITO)-glasses. The slides were stocked at room temperature until the day of the 

analysis. Each slide was treated using a method (A) derived from published studies
15,16

 and with our 

method (B). 

Method A: slides were washed twice for 5 min with high performance liquid chromatography 

(HPLC) grade xylene; then for 5 min with EtOH (90-70-50-30 %) followed by 10mM ammonium 
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bicarbonate buffer (twice for 3 min); the antigen retrieval was performed in a bath of 20mM Tris-

HCl buffer, pH 9 at 97°C for 30 min. 

Method B: slides were first left in the oven for 1 hour at 65°C then washed three times for 2 min 

with high performance liquid chromatography (HPLC) grade xylene; then with 100% EtOH (twice 

for 3 min); with 70% EtOH (once for 3 min); and with HPLC grade H2O (twice for 2 min); the 

antigen retrieval was performed in a bath of 10mM citric acid buffer at 97°C for 30 min followed 

by 2 min in a histology glass container with HPLC grade H2O. 

Afterwards, trypsin deposition (Sigma-Aldrich, Chemie Gmbh, Steinheim, Germany, 100 ng/µl) 

was performed using the ImagePrep (Bruker Daltonics, Bremen, Germany) automated spraying 

system and then left in a humid chamber for 2 hours at 45°C for method B instead of the 

approximate 3 hours at 37°C used for method A. Finally, matrix deposition for MALDI analysis 

was performed by spraying Cyano-4-hydroxycinnamic acid (7 mg/ml) using the ImagePrep (Bruker 

Daltonics, Bremen, Germany).  

All the mass spectra were acquired in reflectron positive mode in the mass range of 800 to 4000 m/z 

(approximately 9000 spectra per tissue section) with the UltrafleXtreme mass spectrometer (Bruker 

Daltonics, Bremen, Germany). Spectra were collected with a laser diameter of 50 micron and an 80 

micron raster. After MALDI analysis, the matrix was removed with increasing concentrations of 

EtOH (70% and 100%) and the slides stained with Haematoxylin & Eosin. The slides were 

converted to digital format by scanning through the ScanScope CS digital scanner (Aperio, Park 

Center Dr. Vista, CA, USA), thus allowing the direct overlap of images and the integration of 

proteomic and morphologic data. FlexImaging 3.0 (Bruker Daltonics, Bremen, Germany) data, 

containing spectra of each entire measurement region, were imported into SCiLS Lab 2014 software 

(http://scils.de/; Bremen, Germany) after the acquisition. SCiLS was used to perform a series of pre-

processing steps on the loaded spectra: baseline subtraction (TopHat algorithm
17

) and normalisation 

(Total Ion Current algorithm
18

). A series of further steps were performed in order to generate an 

average (avg) spectrum representative of the whole measurement region: peak picking (Orthogonal 
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Matching Pursuit algorithm
19

), peak alignment (to align the detected ions with peak maxima
20,21

) 

and spatial denoising
  

(http://scils.de/; SCiLS Lab; 8.8 Spatial Denoising). Reproducibility of 

methods were evaluated based on number of ions, variance and standard deviation of their intensity. 

Moreover, Principal Component Analysis (PCA) and Hierarchical Clustering (HC), in particular 

using the bisecting K-means algorithm, were also performed. Spectra showing comparable features 

were grouped under the same node and then selected and assigned a specific colour based upon 

their similarity. Each colour was assigned to a group of pixels and used to generate an image 

representative of the tissue sections. 

 

RESULTS 

The main aim of the study was to set up a reproducible and easy-to-perform method useable with 

different human tissues of different origin, procession (autopsy and surgery) and fixation time
17

. 

Firstly, the proposed method (B) was compared to the one derived from literature (method A) using 

human brain and thyroid specimens. Then, the analytical features of the proposed method were 

evaluated in order to ensure the robustness of the method with other human tissue: kidney and small 

bowel. 

Comparison of Methods 

The method derived from published studies (method A) and the modified version (method B) were 

initially compared using human brain sections, one of the most heterogeneous and challenging 

samples, and then using thyroid tissue. The average spectra of the two different areas of human 

brain, cerebellum and cortex, showed a remarkable difference between the two methods, as 

visualised in Figure 1 (left and middle panels).  

The majority of the ions (m/z) had an enhanced intensity when using method B in comparison with 

method A. These differences can be better evaluated in the zoomed spectra (Figure 1; middle 

panels). For most of the signals (m/z), such as those shown in figure 1 (right panels), the low 

intensity in samples prepared with method A could hamper the acquisition of the MS/MS spectra. 
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The number of signals in the average mass spectrum of the whole sections and of the different 

histological areas within the cerebral cortex and cerebellum (inner glia, granular layer, molecular 

layer, white and grey matter and meninges) was always higher with method B than with method A 

(Table 1), independently from the considered mass range (Figure 2).  

Indeed, not only was the signal intensity higher with method B than with method A but also the 

signal-to-noise ratios were better, as shown by using the five most intense signals (Table 1).  

Similarly, in thyroid specimens, we detected more than 500 signals with method B and 

approximately 250 with method A. Additionally, the signals detected with method B also had a 

higher intensity and signal-to-noise ratio (Table 1). 

Spatial distribution 

To investigate whether method B does not promote protein/peptide delocalisation, molecular 

images of the human cerebellum were generated using peptides with different localisation, but 

specific for particular morphological regions, and compared with those derived from method A, as 

shown in figure 3 (MALDI-MS molecular images). The spatial distribution of peptides at m/z 872, 

1051, 1421 and 1744 in the cerebellum and cerebral cortex enables the generation of well-defined 

molecular images that correlate with areas of specific morphology using method B but not with 

method A, as highlighted in figure 3.  

To further investigate the potentiality of  method B, we submitted the entire dataset of mass spectra 

of these two tissues to Hierarchical Cluster Analysis (HCA) in blind mode. The HCA classified 

spectra based upon their similarities, under specific nodes, and generated a colour-coded image 

correlating with these nodes (Figure 3, right column, HCA). The generated clusters of spectra 

successfully classified regions of the external molecular layer of cerebellum cortex, the granular 

layer and the inner glia with a notable improvement in image resolution using data belonging to 

method B compared with method A. These findings were also confirmed in the cerebral cortex. 

Additionally, in specimens analysed with the proposed method, a cluster of spectra that could be 

associated with the meninges were also observed. 
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MALDI-Imaging with different human tissues 

Based on the encouraging results obtained with brain (cerebellum and cortex) and thyroid tissue 

using the modified method (B), we investigated its performance with other tissues with different 

cellular composition: normal kidney and duodenum. For this purpose, three sections of each 

specimen were prepared with method B and analysed. Average spectra obtained from each of the 

different tissue types by the application of this method are shown in figure 4. A high number of 

signals (approximately 300 per each specimen, similar to brain tissue) of high relative intensity 

were also obtained for these tissues (Table 2). Additionally, almost all of the ions present in the 

spectra were within the 800-2500 m/z range with only a few signals above m/z 3000, thus 

suggesting that complete digestion had occurred within the 2-hour incubation period. Finally, 

different proteomic profiles were observed for each tissue type. 

Reproducibility 

The analytical variability of method B was evaluated by analysing three consecutive sections of 

each tissue type in three different days and by three different operators. Results showed a 

reproducible number of ions detected for all specimens in the three analytical sections with an 

average number of approximately 300 signals for all specimens, and with a standard deviation of 

the intensity for all ions present in the mass spectra always below 10%. (Table 2). A particularly 

higher number (more than 500 ions) were obtained for the thyroid tissues. 

An example of results obtained in the three consecutive days of analysis for normal human 

cerebellum is shown in figure 5. The average number of signals present in the three spectra was 303 

± 10, with all the standard deviations of their intensity below 7%, underlining a good level of 

reproducibility (Figure 5a). To further strengthen these findings, PCA was performed on the entire 

dataset (~25,000 spectra), with each point on the PCA score chart representing an individual 

spectrum (Figure 5b). The homogeneous and concentric distribution, along with the absence of 

isolated clusters within the dataset emphasises the low variability between the three experiments.  
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DISCUSSION 

Recently, numerous groups have published successful methods for the management of FFPE tissue 

for MALDI-MSI analysis
11-17

 and several reviews have outlined the challenging points of these 

procedures
16,22

. However, these methods are generally evaluated using only one type of tissue 

sample, with no comparison between different biological specimens, and they usually require 

further specific optimisation depending upon the tissue type. The method described here is easy-to-

perform, reproducible and could be useful in the analysis of different FFPE tissue. Moreover, the 

method is more time-effective, taking on average no longer than 4-5 hours to prepare a tissue 

section for MALDI-MSI. The performance of this method was evaluated, using features such as the 

number of signals, the signal-to-noise ratio, the intensity of the five most abundant ions and 

molecular images, and was shown to be enhanced when compared to the method derived from 

previous studies (Table 1).  

Some modifications to the recently published methods
4-6

 seem to be relevant in order to widen its 

application. Three critical steps were addressed in this method: paraffin removal, antigen retrieval 

and on-tissue digestion with trypsin. Firstly, more efficient deparaffinisation and tissue adhesion 

could be achieved by placing the glass slides in an oven at 65
°
C for an hour prior to washing with 

xylene. As a result, the total washing time with xylene is greatly diminished and the efficacy 

enhanced, also preventing tissue distortion due to long-term xylene immersion. The second crucial 

step regards the fixation. Although the reaction of formaldehyde with basic amino acid residues, 

such as arginine or lysine, preserves tissue integrity and cellular constituents, the formation of these 

methylene bridges alters the three-dimensional configuration of the proteins and leads to inefficient 

protein recovery
11

. This protein cross-linking can be overcome through the process of antigen 

retrieval, resulting in the unmasking of epitopes and partial unfolding of proteins. During the 

antigen retrieval phase, the combination of citric acid buffer with a gradual increase and decrease in 

temperature at the start and end of the phase avoids thermal shock and damage to the tissue 

structure. Moreover, we examined tissues of different origin with our method (both autoptic and 
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bioptical specimens). The results obtained with all the investigated specimens highlighted that the 

proposed method is reproducible, irrespective of the origin of the tissue (Table 2). In order to be 

detectable via MALDI-MSI, proteins present in FFPE tissue must be digested, most commonly 

enzymatically using trypsin. Our incubation step during tryptic digestion has been reduced to only 2 

hours and was shown to be sufficient for use with tissue of varying origin and fixation time (Figure 

4). Moreover, one of the major problems attributed to trypsin deposition is the delocalisation of 

peptides, being a strong aqueous based step. Results highlighted that our protocol well preserved the 

spatial distribution of the analytes, enabling the visualisation of different peptides with localisation 

related to different morphological features (Figure 3). This could potentially be a result of the 

reduced incubation time for tryptic digestion, ensuring that the tissue remains in a humid 

atmosphere for the minimum amount of time possible, along with a successful enzymatic process. 

Generally, the proposed method is both time (4 hours for a complete experiment) and cost-effective 

as well as being able to provide mass spectra of high quality with different specimens prepared with 

different fixation time (Figure 4). In particular, we chose tissue types that are particularly 

challenging for proteomic analysis, such as lipid-rich nervous tissue of cerebellum and cerebral 

cortex, highly hemoglobin-rich kidney sections, colloid-embedded thyroid follicles and visceral 

organs with a succession of overlapping layers such as mucosa, submucosa, muscularis and 

peritoneum.  

In each of these cases, the mass spectra were of the same high quality (high number of ions with a 

higher relative intensity) and displayed significantly different proteomic profiles which could 

potentially be used to classify sub-areas of tissue of pathological interest. Additionally, we have 

also highlighted that our protocol is highly reproducible, even when performed by different 

operators (Figure 5). More interestingly, by submitting the raw data of the entire dataset in blind to 

HCA, it was possible to successfully distinguish regions of tissue based upon their spectral 

differences, even in instances where these regions are very small but also potentially significant 

(Figure 4, yellow spots on the meninx vessels). Additionally, great benefits could be derived from 
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the application of our method to other proteomic strategies such as on-tissue MS/MS, due to the 

higher ion intensity (Figure 1, right panel), and nanoLC-ESI-MS/MS with a micro-extraction 

strategy
23

 due to the peptide localisation within the tissue being preserved. These techniques could 

enable the attainment of information regarding the identity of proteins detected in FFPE tissue 

which can act as biological markers of disease, providing diagnostic, prognostic and potentially 

therapeutic significance.  
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Figure 1: Comparison of Method A (blue) and Method B (red) using average spectra obtained from brain 
cortex (top) and cerebellum (bottom). The differences are highlighted using the overview spectra (left 

panel), the zoomed spectra (central panel) and ions with a particular spatial localisation in Cerebral cortex 
(m/z 1516, m/z 1744) and Cerebellum (m/z 872, m/z 1421), respectively (right panel).  

23x11mm (600 x 600 DPI)  
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Figure 2: Distribution of the number of ions detected in different mass ranges across the average mass 
spectra obtained from cerebral cortex and cerebellum, comparing Method A with Method B.  

26x15mm (600 x 600 DPI)  
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Figure 3. MALDI-MSI analysis of human brain FFPE tissue. Hematoxylin & Eosin stained images of tissue 
sections taken from human cerebellum and cerebral cortex (left). Examples of MALDI-MS images of peptides 
localised to distinct morphological regions of the brain, shown as an overlay, and used to visualise the entire 

section (centre). Visualisation of the hierarchical clustering analysis, indicating the spectral similarities 
(represented as colour-coded pixels) are correlated with morphological regions of the brain (right): 

molecular layer, cortex (blue), the granular layer (green) and the inner glia (red) for the cerebellum and 
grey matter (blue) and white matter (green) for the cerebral cortex. In the cerebral cortex specimens a 

cluster of spectra are associated with the meninges (yellow).  

28x16mm (600 x 600 DPI)  
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Figure 4. Comparison of the average spectra of human brain, duodenum, kidney and thyroid. On the left, 
Hematoxylin & Eosin staining of the aforementioned tissue sections derived from FFPE blocks. On the right, 
average spectra obtained from each tissue type, shown in the mass range of 800 to 3500 m/z. The intensity 

of the signals is expressed in arbitrary units (a.u.).  
39x44mm (600 x 600 DPI)  
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Figure 5. Average mass spectra obtained by analysing three consecutive sections of human cerebellum 
independently. a) Zoomed regions of spectra in the mass range of 800 to 1800 m/z (top) and 1800 to 3500 
m/z (bottom). b) Variability present within the data as represented by a three-dimensional PCA score chart 
incorporating the entire dataset, with each pixel representing an individual spectrum (green: experiment 1; 

orange experiment 2, blue: experiment 3).  
25x14mm (600 x 600 DPI)  
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TAB1 

 

Tissue n° of peaks in the 

Avg. Spectrum 

S/N  range of the five 

most intense peaks 

Intensity range of the 

five most intense peaks 

 A B A B A B 

Cerebellum 155 292  

23-33 

 

32-60 

 

1.8-4.9 

 

4.2-8.6 Inner Glia 128 286 

Granular layer 136 291 

Molecular layer 129 282 

Brain Cortex  160 289  

15-29 

 

45-62 

  

2.7-3.9 

 

4.9-7.5 White matter 185 316 

Gray matter 171 301 

Meninges 0 310 

Thyroid 256 570 20-26 30-69 3.7-5.1 7.4-9.2 

 

 

 

TAB2 

 

Tissue Experiment 1 

n° of Peaks 

Experiment 2  

n° of Peaks 

Experiment 3  

n° of Peaks 

Avg.  

n° of peaks 

StDev 

(% peaks intensity) 

Cerebellum 314 299 295 303 < 7 % 

Cerebral Cortex 315 282 296 298 < 10 % 

Thyroid 577 552 596 575 < 8 % 

Kidney 283 264 268 272 < 3 % 

Cortex 344 360 317 340 < 9 % 

Medulla 328 349 356 344 < 3% 

Duodenum 320 296 286 301 < 4 % 
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Figure 1: Comparison of Method A (blue) and Method B (red) using average spectra obtained from 

brain cortex (top) and cerebellum (bottom). The differences are highlighted using the overview 

spectra (left panel), the zoomed spectra (central panel) and ions with a particular spatial localisation in 

Cerebral cortex (m/z 1516, m/z 1744) and Cerebellum (m/z 872, m/z 1421), respectively (right panel). 

 

Table 1: Overview of the number of ions (peaks; m/z) detected in the average spectrum of 

cerebellum, brain cortex  and their sub-regions and thyroid using Method A (A) and Method B (B) 

along with the signal-to-noise ratio and intensity (expressed as arbitrary intensity, a.i.) ranges of the 

five most intense ions detected in the average spectrum of cerebellum, brain cortex and thyroid. 

 

Figure 2: Distribution of the number of ions detected in different mass ranges across the average 

mass spectra obtained from cerebral cortex and cerebellum, comparing Method A with Method B.  

 

Figure 3. MALDI-MSI analysis of human brain FFPE tissue. Hematoxylin & Eosin stained images of 

tissue sections taken from human cerebellum and cerebral cortex (left). Examples of MALDI-MS 

images of peptides localised to distinct morphological regions of the brain, shown as an overlay, and 

used to visualise the entire section (centre). Visualisation of the hierarchical clustering analysis, 

indicating the spectral similarities (represented as colour-coded pixels) are correlated with 

morphological regions of the brain (right): molecular layer, cortex (blue), the granular layer (green) 

and the inner glia (red) for the cerebellum and grey matter (blue) and white matter (green) for the 

cerebral cortex. In the cerebral cortex specimens a cluster of spectra are associated with the meninges 

(yellow).  

 

Figure 4. Comparison of the average spectra of human brain, duodenum, kidney and thyroid. On the 

left, Hematoxylin & Eosin staining of the aforementioned tissue sections derived from FFPE blocks. 

On the right, average spectra obtained from each tissue type, shown in the mass range of 800 to 3500 

m/z. The intensity of the signals is expressed in arbitrary units (a.u.).  

 

Table 2: Number of ions (peaks; m/z) detected, the average number and the standard deviation of their 

intensity in different sections of human FFPE tissue obtained from the three different analytical 

assays. 

 

Figure 5. Average mass spectra obtained by analysing three consecutive sections of human 

cerebellum independently. a) Zoomed regions of spectra in the mass range of 800 to 1800 m/z (top) 

and 1800 to 3500 m/z (bottom). b) Variability present within the data as represented by a three-

dimensional PCA score chart incorporating the entire dataset, with each pixel representing an 

individual spectrum (green: experiment 1; orange experiment 2, blue: experiment 3). 
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