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Modern pathology is an amalgam of many disciplines, such as microbiology, biochemistry and
immunology, which historically have been intermingled with the practice of clinical medicine.
For centuries, the pre-eminent pathological tool, at least in the context of patients, was a post-
mortem examination. With the advent of optical microscopes, morphology became a
predominant means of developing tissue classification. A further paradigm shift occurred in
the attempt to understand the nature and origin of disease; the recognition that, ultimately, it
is the derangement in the structure and function of genes and proteins that causes human
disease. More recent progress in pathology has led to the use of genomics and molecular
technologies, including DNA sequencing, microarray analysis, PCR, in situ hybridization and
proteomics. Today, the newest frontier appears to be histopathology proteomics, which adds
the mass spectrometer to the arsenal of tools for the direct analysis of tissue biopsies and
molecular diagnosis. Typically called MALDI imaging, this technique takes mass spectral
snapshots of intact tissue slices, revealing how proteins and peptides are spatially distributed
within a given sample. In this review, MALDI imaging technology is presented as well as
applications of such technology in cancer or neurodegenerative diseases. 
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From as early as the ancient Egyptians and
their use of the Papyrus Eber and the four kan-
ope jars, we have evidence that inflammatory
tumors, cysts and solid tumors were known. In
ancient Greece, with the Hippocratic School of
medicine, physiopathology was based on mood
theory, without the need of brain lesions.
Persians practiced anatomical dissection and
Avicenna used corpses from the battlefield for
scientific research. The emergence of pathol-
ogy as a discipline came just before Claude
Bernard, as the first stage of the development
of modern medicine. This emergence spread
between the 17th and 19th centuries.
Hermann Boerhave (1668–1738), a medical
doctor at Leyde, was the first to study the car-
cass of a dead medical doctor in order to estab-
lish the cause of death. Giovanni-Batista
Morgagni (1682–1771), a medical professor at
Padoue and anatomist, can be considered the
first modern anatomopathologist. He tried to
establish a relationship between a lesion found
in a carcass and the clinical semiology in 1761,

Morgagni published the first book of anatomo-
pathology: De sedibus et causis morborum per
anatomen indagati. However, he only gave a
macroscopic analysis of lesions without using a
microscope, which had been developed a cen-
tury before by Leeuwenhoeck. Clinical anat-
omy methods were known from their use in
Paris at the beginning of the 19th century.
Xavier Bichat (1771–1802), surgeon at the
Hotel-Dieu hospital, developed the concept of
tissue analysis. After Bichat, the clinical anat-
omy methods allowed the French school of
medicine to evolve into the modern medical
era. The optical microscope allowed the analy-
sis of tissues and cells, and subsequently
formed the basis of the cellular theory devel-
oped in 1839 by Theodor Schwann and
Matthias Jakob Schleiden at Berlin. The cellu-
lar theory developed by Rudolf Virchow in
Germany (Berlin) is the origin of pathology
and marks the beginning of the classification
of the histopathology of tumors. This
approach, which is still used today, was
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improved in the 1950s, through developments in electronic
microscopy, histochemistry and immunohistochemistry. Today,
morphology is not the only method used for the classification
of pathologies: classification includes data from cytology,
immunohistochemistry, cytogenetic and molecular biology.
Anatomopathology is now based on diagnosis and prognosis
based on applications of different technologies to cells and tis-
sues obtained from people, to give a better understanding of the
cause and the mechanisms of the disease. 

The introduction of emerging technologies allowing the
direct analysis of tissue biopsies and the provision of molecular
diagnosis continues to open doors to revolutionary clinical anat-
omy diagnoses, and leads to a new discipline of histopathology
proteomics. 

What is MALDI-imaging MS?
Mass spectrometry (MS) analyzes proteins based on the mass-
to-charge (m/z) ratio of ionized peptides/proteins. A typical
mass spectrometer consists of an ionization source, a mass ana-
lyzer and a detector for counting the number of analytes at each
m/z ratio. In addition, mass spectrometers are commonly cou-
pled with separation devices such as liquid chromatography
(LC) instrumentation. Aside from providing rapid data on vari-
ous proteins present in biological samples, MS also offers spe-
cific information about post-translational modifications associ-
ated with a particular disease state. Recent instrument
developments and electronic improvements now place MS at
the forefront of many biological applications. In particular, this
technology has been crucial in efforts to identify the human
proteome. In combination with classical biochemical methods,

MS has been largely responsible for revealing an expanded bio-
logical diversity at the protein level, due to alternative splicing
and post-translational modifications that could not have been
predicted by genome databases. 

Although MS technologies are effective in the identification
of novel proteins, they did not allow the determination of cellu-
lar localization or regulation of peptides/proteins expressed in
tissues or single cells until very recently. With new emerging
MS technologies, it is now possible to demonstrate that direct
tissue analysis is feasible using MALDI sources. A major advan-
tage of direct MALDI analysis is the avoidance of time-con-
suming extraction, purification or separation steps, which have
the potential to produce artifacts. Therefore, direct MALDI
analysis in tissue sections enables the acquisition of cellular
expression profiles while maintaining the cellular and molecu-
lar integrity [1–11]. With automation and the ability to recon-
struct complex spectral data with imaging software, it is now
possible to produce multiplex imaging maps of selected bio-
molecules within tissue sections [12,13]. Thus, direct MALDI
analysis obtained from tissue sections can be converted into
imaging maps, a method now known as MALDI imaging.
MALDI  imaging combines the power of MS, namely exquisite
sensitivity and unequivocal structural information, within an
intact and unaltered morphological context [14]. 

As illustrated in FIGURE 1, tissue sections from fresh organs or
biopsies are thaw-mounted on the MALDI target. Sections are
first covered with a specific matrix, which is chosen depending
on the nature of the biomolecule under study. For peptides,
very intense signals are obtained with α-cyano-4-hydroxy-
cinnamic acid (α-HCCA) as a matrix. Sections are covered
with α-HCCA (or another matrix) and are then introduced

Figure 1. Representative scheme of MALDI imaging technology tissue sections from fresh organ or biopsy are thaw-mounted 
on the MALDI target. Sections are covered with the matrix and then introduced into the MALDI-TOF for analysis. Next, MALDI laser is 
used to scan each point of the surface area and the mass spectra representative of the peptides/proteins or lipids present in each point are 
analyzed. Automated analysis of the complete tissue is obtained by performing mass spectra every 50–300 µm, providing representative 
information of selected ions (each ion is a specific biomolecule). Analysis is obtained within 2–6 h and images are reconstructed using 
software for image reconstruction. 
ITO: Indium tin oxide.

Sacrifice and organ extraction
Sections and 
transfer on support

Matrix
deposition

Data 
storage

Data 
analysis

Selected 
ion image

Histological observations Conductive and transparent
supports (e.g., ITO, Ni etc.)

Transfer into
spectrometer

MALDI analysis and data acquisition

Mass-to-charge ratiom/z1 m/z2 m/z3

Expert Rev. Proteomics © Future Science Group Ltd (2008)



Tissue imaging using MALDI-MS: a new frontier of histopathology proteomics    Review

www.expert-reviews.com 415

into the MALDI-TOF for analysis. Next, the MALDI laser is
used to scan each point of the surface area and the mass spectra
representative of the peptides/proteins or lipids present in each
point are analyzed. Automated analysis of the complete tissue
is obtained by performing MS every 50–300 µm (depending
on the device used for matrix deposition), providing represent-
ative information of selected ions (each ion is a specific bio-
molecule). Analysis is obtained within 2–6 h and images are
reconstructed using imaging software. 

History of MALDI imaging 
The earliest peptide profiling experiment was performed on
invertebrate nervous systems using MALDI-MS on the gastro-
pod Lymnaea stagnalis [1,3,15] and then several experiments were
conducted in invertebrates [7,8,16–18] and vertebrates [4,9–12,19–23].
It was the pioneering work of Richard M Caprioli (Vanderbilt
University, TN, USA) that demonstrated the feasibility of using
MS to obtain peptide/protein expression mapping directly
within tissues and to explore the potential of mass spectrometric
imaging (MSI) for clinical studies [4,13,24]. A part of their work
has focused on the development of histological procedures that
are compatible with MSI [25,26]. They have also demonstrated the
correlation between MSI data and histology-based diagnosis and
prognosis [27–30]. 

Other developments include MALDI imaging by the group
of Jonathan Sweedler focused on neuropeptidomics in verte-
brates and invertebrates [31–34]. This group also seeks to increase
the spatial resolution [35] and to develop applications in drug
discovery [36]. Many groups have worked on MALDI imaging
drug distribution [20,37–41]. Other key developments by the
group of Ron M Heeren (FOHM Institute, The Netherlands),

include imaging using an instrument in the microscope mode
with a position detector, which enables image reconstruction
on the basis of ion arrival position [42–44]. In addition, there are
developments within MALDI-Fourier-transform ion-cyclotron
resonance (FTICR) imaging [45]. 

Several groups are now involved with the characterization of
the distribution of lipids alone, and using MALDI coupled to
ion mobility, pioneered by the group of Amina Woods [46–50].
Richard A Yost and coworkers are known for developing
MALDI imaging coupled to an ion trap [51] as well as some
developments in matrix application using an inkjet printing
system [52]. The group of Alain Brunelle is the major player in
lipids by secondary-ion MS imaging with applications in
Duchenne or Fabry diseases [53–56]. The group of Mitsutoshi
Setou studied phospholipids in cancer using MALDI imaging
[57,58]. MALDI imaging can also be used in plant research, as
studied by the group of Malcolm Clench  [59]. 

In our group, we focused our attention on different areas,
such as tissue preparation, matrix deposition, laser focusing
and, perhaps most importantly, on attaining a better under-
standing of the desorption/ionization process itself, since cur-
rently only a small percentage of the ions from the analyte
arrive at the detector, making the technique less efficient than
desired for detecting less abundant species [11,14,60–66]. 

Developments needed in MS imaging
Several refinements are still required in order to obtain further
information from tissues relating to minor proteins or peptides.
For these molecules, greater sensitivity is required. This could be
accomplished either through tissue treatments, new matrices or
by increasing the efficiency of desorption/ionization processes. 

Figure 2. (A) MALDI molecular image reconstructed from data recorded with a proenkephalin-tagged probe compared with mouse brain 
morphology and digoxigenin in situ hybridization data of mouse proenkephalin gene repartition. (B) Molecular image of the 
carboxypeptidase D, a membranar protein of 180 kDa detected with a tagged antibody and compared with the same experiments with 
fluorescein and chloronaphtol revelation.
CPD: Carboxypeptidase D.
Data from [62]. 
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Tissue treatments
Recent improvements in this area include the identification of
new solvent treatments. These solvents include chloroform,
acetone and xylene [64]. Other treatments permit MSI on
archived samples. For fixed and embedded tissues, a major hur-
dle has been methylene crosslinking due to paraformaldehyde
fixation. We recently showed that the use of the active matrix,
namely 2,4-dinitrophenylhydrazine, neutralizes paraform-
aldehyde excess with tissue samples that have been stored for
less than 6 months, and thus allows the analysis of embedded
tissues [60]. For longer storage periods, only enzymatic micro-
digestion can be used [60]. These improvements open a vast

array of novel clinical proteomic applications directly from tis-
sue biopsy samples preserved in paraffin blocks and archived in
hospital pathology libraries (FIGURE 2). 

Another recent development is the use of gold sputtering on
tissue slices. Such coating provides an increase of sensitivity
ranging between five- and tenfold, depending upon the nature
of the peptide that requires analysis (FIGURE 3) [14,67]. 

Matrices
The development of specific new matrices, termed ionic matri-
ces, for high-repetition lasers (200 Hz), has provided a number
of advantages, including (FIGURE 3) [63]: 

Figure 3. Scheme of the MALDI mass spectrometry imaging new developments. (A) Solvent washing for removing lipids according 
to [64] (bottom panel shows MALDI image after washing step). (B) Gold sputtering of the slices for removing charge effects. This panel 
represents MALDI-mass spectrometry imaging (MSI) using MALDI TOF/TOF in reflector mode at 50-Hz repetition rate with ionic matrix 
HCCA/ANI with (top panel) or without gold. The images have been reconstructed with FlexImaging software and represent the 
superposition of the repartition of m/z = 1225 (blue), m/z = 1720 (red) and m/z = 1380 (yellow). (C) MALDI-MSI using MALDI TOF/TOF in 
reflector mode at 50-Hz repetition rate with ionic matrices HCCA/ANI in positive mode. Images have been reconstructed using 
FlexImaging software and represent the repartition of a m/z in the tissue slice. Images with two colors correspond to the superposition of 
two m/z images. (D) Results of laser beam reduction obtained through masks. (i) Measurement of irradiated area without (left) and with 
(right) mask. (ii) ‘V’ openings masks with 10,000 apertures/cm². (iii) Mass spectra of rat brain tissue section (top) without or (bottom) 
with ‘V’ openings masks, 10,000 apertures/cm², 36 µm for internal aperture.
ANI: Aniline; HCCA: α-cyano-4-hydroxycinnamic acid; m/z: Mass-to-charge ratio; SA: Sinapinic acid.
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• No peptide delocalization after deposition

• Better surface coverage

• Low-level ablation 

• Increased sensitivity and stability under vacuum 

• Increased yield per laser shot

Other strategies have also been developed by companies such
as Shimadzu Corp., Labcyte Inc. or Bruker Corp. In case of the
CHIP-1000 from Shimadzu, the matrix is deposited by piezo
heads directly on the tissues, resulting in a tissue-matrix raster.
Each matrix spot is approximately 150–200 µm. Interestingly,
with such a system it is possible to perform both trypsin and
matrix depositions on the same spot. Based on a similar strategy,
an acoustic reagent multispotter was developed by Labcyte  to
provide improved reproducibility for matrix deposition onto a
sample surface. Automated matrix deposition provides better
control of conditions affecting protein extraction and matrix
crystallization with the ability to deposit matrix spots of 180–200
µm in diameter [68]. Based on cheaper systems, an automated
method for matrix deposition, employing a desktop inkjet
printer with 5760 × 1440 dpi resolution and a six-channel piezo-
electric head that delivers 3 pl/drop has also
recently been developed [52]. In contrast to
such strategies, Bruker Daltonic has pro-
duced a system that vaporizes the matrices
through a vibrating small strip drill with
multiholes of 20 µm each. This robust sys-
tem completely covers the tissue sections
and can be used with all MALDI matrices
or ionic matrices used at present. 

Sequencing on tissue sections
Another recent development is de novo
structural characterization directly on a tis-
sue section. In this procedure, an enzymatic
digestion is performed followed by N-ter-
minal derivation directly on tissue sections,
followed by tandem MS (MS/MS) and
subjecting the entire fragmentation spectra
to a databank for identification and
sequence identity searching [69]. These
developments allow complete and compar-
ative structural (i.e., sequence) analysis
directly on a tissue section of normal or
pathology biopsy samples. 

Tag-specific MALDI imaging
In order to obtain specific biomolecular
signals our group developed the concept
of Tag-Mass [62]. Tag-Mass uses labeled
probes for specific identification in MS.
The concept consists of an oligonucle-
otide sequence (or probe) that hybridizes
mRNA in a tissue section similar to in situ

hybridization techniques. In Tag-Mass, the oligonucleotide
probe sequence is attached to a photocleavable group linked to a
Tag marker, which is an amino acid sequence with a defined
mass. This Tag marker can be modified to generate different
known masses. Following hybridization of the Tag-Mass probe
to the tissue section, MALDI analysis is performed; however, the
pulse laser cleaves the photocleavable group to release the Tag.
The signals obtained for specific biomolecules in Tag-Mass will
be much higher and will yield unique signatures. As a proof of
concept, a modified uracil base bearing the photocleavable linker
was developed, allowing multiplex in situ hybridization using
MALDI technology (FIGURE 2). A photocleavable linker can also be
used in other applications including antibodies, lectin or aptam-
ers for use in tag-specific MALDI imaging. The development of
universal Tags for direct in situ tissue analysis by MALDI-TOF-
MS is a significant achievement toward specific molecular diag-
nosis. Thus, we can anticipate targeting specific disease-marker
gene RNA transcripts, follow their expression within tissues and
then confirm their translation by targeting their specific protein
products or metabolites. Disease/health states will thus be pre-
cisely and rapidly monitored at a multimolecular level. Another

Figure 4. Reg-α fragment distribution in ovarian carcinoma tissue. (A) Molecular 
MALDI imaging analysis of the Reg α fragment distribution. (B) Ovarian carcinoma slice 
after hematoxylin coloration. (C) Ovarian carcinoma slice before hematoxylin coloration. 
(D) Immunocytochemical studies with anti-Reg-α C-terminal antibody. (E) Specific MALDI 
imaging analysis with anti-Reg α C-terminal and an anti-human IgG tag. (F) Comparison 
on a zoomed portion of pictures presented, respectively, in panels (E, C & D) showing 
correlation between the different approaches. 
HES: Hematoxilin eosin safran; ICC: Immunocytochemistry; MS: Mass spectrometry; 
SMI: Specific MALDI imaging.
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group reports a novel development for multiplex imaging of
candidate proteins using a mass tag released by a laser pulse
without an added matrix [70]. 

Focalization improvements
In parallel, the other major advancement was made by the
group of Spengler (University of Giessen, Germany), by
increasing sensitivity by reducing the laser-beam impact area
down to the submicrometer level (100 µm normally for either
UV or infrared lasers), thus reducing the number of molecules
submitted to the laser shot by a factor of 106 [71,72]. Based on
the work of Spengler, a MALDI-TOF mass spectrometer was
equipped with a coaxial laser illumination ion source, capable
of achieving irradiation areas as small as 40 µm (∼7 µm dia-
meters). MALDI-generated analyte ion signals from these very
small irradiation volumes can be observed with a molecular
weight range up to 27 kDa. High-resolution imaging MS
images were successfully generated from matrix thin film sam-
ples and tissue sections with scanning resolutions at or below
10 µm [73]. Other developments by the Sweedler team include
the complete ablation of the MALDI matrix, and at each sam-
ple position, moving the sample target a distance less than the
diameter of the laser beam before repeating the process.
Approximately 25-µm imaging spatial resolution using com-
mercial MALDI mass spectrometers can be obtained with this
technique [35]. In our own laboratory, we have attempted to
improve resolution by using a silicon wafer mask to reduce the
irradiated area to less than 30 × 30 µm², without loss of signal
intensity (FIGURE 3) [14]. A novel series of wafers that could per-
mit areas of 10 × 10 µm² is now underway. Thus, it may be
possible to achieve the goal of cellular level resolution with
MSI instruments equipped with these modifications. More-
over, increased signal intensity is also obtained using such

masks, suggesting a near-field effect.
Important future advances will require
steps that allow increased efficiency of the
desorption/ionization process. Funda-
mental studies will be required to achieve
these useful technical enhancements. 

Clinical applications of MS imaging
The field of molecular medicine is quickly
moving beyond genomics to proteomics.
The goal is to characterize cellular circuitry
and to understand the impact of disease
and therapy on cellular networks. Clinical
proteomics is the application of proteomic
technologies and bioinformatic tools to
clinical samples. The translational nature of
this technology provides unique challenges
as well as unimagined opportunities that
promise to transform how disease is
detected, treated and managed. Rather

than focusing on genetic alterations that may lead to a particular
disease, it is emerging that changes in protein expression patterns
are the most accurate way to identify diseases in their early stages
and to determine the most effective courses of treatment. Indeed,
genome sequences fail to provide certainty for post-translational
modification events or partial proteolysis. The ultimate goal of
proteomics is to characterize the information flow-through pro-
tein networks. This information can be a cause or a consequence
of disease processes. In summary, clinical proteomics has a signif-
icant potential impact in the following crucial elements of
patient care and management:
• Early detection of the disease using proteomic patterns of

body fluid samples;
• Diagnosis based on proteomic signatures as a complement

to histopathology;
• Individualized selection of therapeutic combinations that best

target the patient’s entire disease-specific protein network; 
• Real-time assessment of therapeutic efficacy and toxicity;
• Rational redirection of therapy based on changes in the diseased

protein network that are associated with drug resistance;
• Combinatorial therapy, in which the signaling pathway itself

is viewed as the target rather than any single node in the
pathway, might offer new opportunities at increasing efficacy
while decreasing toxicity.
As previously mentioned, the development of rapid and relia-

ble diagnostics for the screening of human tissues (e.g., biopsies
or smears) can be achieved through modern proteomics. The
major technological advances that can be acheived with MALDI
imaging are the direct identification of novel markers and in situ
characterization from fresh sections/sections biopsy embedded
in paraffin (e.g., including archived material) [60]. Several clinical
and pathological studies in both cancer or neurodegenerative

Figure 5. Molecular images of specific lipids in colon cancer. The signal at m/z 725 
showed higher expression in the cancerous area than in the normal area (A). Ion image 
revealed the strong distribution of ion at m/z 616 in the normal area (B). Images of 
localized molecules in cancerous and normal area indicated that these results were not 
derived from the nonuniformity of matrix concentration. The merged image was 
reconstructed from the images at m/z 616 and 725 (C). It shows that both biomolecules 
were present in the stroma area. Red and green dots indicate the presence of biomolecules 
corresponding to m/z 725 and 616. 
m/z: Mass-to-charge ratio.
Data from [57]. 
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diseases provided evidence that MALDI imaging is a key
technology for biomarkers hunting, localization and cross-
validation [41,74–80]. Thus, the use of archived material in par-
affin blocks from hospital pathology departments represents a
gold mine of existing information. The application of
MALDI imaging to such archived materials could lead to the
creation of an international disease marker database, and
would allow the elaboration of early diagnostics for various
pathologies as well as a follow-up in disease progression. 

As developed by different groups, MALDI imaging could also
have applications in pharmacology for drug development
[36,38–40,81–83]. Such techniques can be used to help in the design
of new drugs, through the ability to analyze metabolic pathways
directly in tissues (e.g., through in situ multiplex analysis of
metabolites), providing important information in order to
understand secondary effects and unexpected feedback loops [84].

MS imaging as a diagnosis tool 
In order to provide specific examples of
the power of MALDI imaging, we herein
present sets of data on:

• Human ovarian cancer [61] 

• Lipids in colon cancer [57]

• Kidney tissue analysis after gentamicin
injection [78] 

• Parkinson study on formalin-fixed paraf-
fin-embedded (FFPE) tissue blocks [69]

Ovarian cancer
A monocentric study has been performed
with 25 ovary carcinomas (stages III and
IV) and 23 benign ovaries, directly ana-
lyzed by MALDI-TOF-MS (FIGURE 4). The
biomarker with the major prevalence
(80%) has been fully characterized using
MALDI-MS and nano-ESI trypsin pep-
tides profiling. The full identification was
performed by nano-ESI-quadrupole TOF
in MS/MS mode. This marker, with an
m/z of 9744, corresponded to 84 amino
acid residues from the 11S proteasome
activator complex, named PA28 or Reg-α.
Validation of this marker has been per-
formed using MALDI imaging (classical
immunocytochemistry with an antibody
raised against the C-terminal part of the
protein), and by specific MALDI with
anti-Reg-α-tagged antibody and by west-
ern blot analyses. This validation of Reg-α
in a marker strategy was confirmed by the
epithelial cell localization of this fragment
showing a nuclear localization within

benign epithelial cells but a cytoplasmic localization in carci-
noma cells. Taken together, these studies underscore the powers
that direct tissue analysis and specific MALDI imaging strategies
for biomarker hunting and validation. 

Colon cancer
In this study, the results of MALDI imaging and direct molecular
identification using MS/MS in colon cancer liver metastasis were
performed directly on frozen sections without prior fixation. The
matrix for lipid ionization was 2,6-dihydroxy-acetophenone and
deposition was performed with an airbrush into a thin uniform
matrix layer on the tissue surface. A large number of signals in
the mass range (corresponding to the phospholipids region) were
detected and the major signals were assigned to phospholipids,
specifically to phosphatidylcholine and sphingomyelin (FIGURE 5).
Major differences were observed between normal and cancerous

Figure 6. Differential imaging analysis of a control versus a gentamicin-treated rat 
kidney section. (A) Average spectrum (cortex) and intensity distribution of m/z = 12,959 
on a control and a treated kidney section. (B) Average spectrum (cortex) and intensity 
imaging of m/z 8242 on a control and a treated kidney section. The color intensity stands 
for the ion count in the corresponding mass spectrum [78].
m/z: Mass-to-charge ratio.
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areas. For example, in FIGURE 5, the signal at m/z 725 shows a spe-
cific higher intensity in the cancerous area than in the normal
area. By contrast, the ion at m/z 616 is specific to healthy tissue
and has a specific distribution in  the normal area. This study
suggests the possibility of using lipids as potential biomarkers [57]. 

Kidney after gentamicin injection
The potential of an MSI strategy to detect
toxicity-related differences in protein
expression was explored by exploiting the
structural differences of the kidney and by
analyzing peptides and proteins specific to
each of those regions (i.e., cortex, medulla
and papilla of kidneys) [78]. In control rats,
the major peak in the cortex at m/z 5486
was identified as cytochrome c oxidase
polypeptide VIIc (S17–K63). Several addi-
tional cortex polypeptides were also charac-
terized, and these were mostly ubiquitous
proteins, such as: cytochrome c oxidase
polypeptide VIc-2 (Ac_S1–K75; m/z
8365.9, 8381.9 with one oxidation, m/z
8397.8 with two oxidations); ATP syn-
thase coupling factor-6 (N33–S108; m/z
8927.4); ubiquitin (M1–R74; m/z 8450.8;
M1–G76; m/z 8564.9); β2-microglobulin
(I21–M119; m/z 11,633.9); 10-kDa heat-
shock protein (Ac_A1–D101; m/z
10,812.4); and ubiquinol–cytochrome c
reductase complex m/z 13,469.4
(Ac_A1–K110). By contrast, the major peak
in the papilla at mass m/z 9940 could not
be identified. After application of the
nephrotoxicant, gentamicin, damage in the
cortex due to the reduction of protein syn-
thesis and altered phospholipids metabo-
lism can be visualized molecularly. A first
ranked peak at m/z 12,959 was found in
the cortex as being massively upregulated
upon gentamicin treatment. The third
peak at m/z 4497 was of particular interest
because this spectral feature was ubiqui-
tously found in the cortex and in the
medulla/papilla area in controls and was
significantly downregulated in the whole
treated kidney, offering a first line of evi-
dence that gentamicin’s site of action could
also include the more distal tubular struc-
tures. The imaging approach highlights a
number of additional discriminating spec-
tral features that were not detected in the
profiling dataset. For example, a peak at
m/z 8242 was detected both in the medulla
and in the cortex of the control kidney sec-
tion, but it was significantly downregulated

only in the cortex of the gentamicin-treated section (FIGURE 6).
Identification of the m/z 12,959 peak is the transthyretin (SW:
TTHY–RAT, S28–Q146; protonated calculated mass:
12,959.5). These data confirm that MALDI imaging can be
used to perform histopathology metabolomics. 

Figure 7. (A) MALDI molecular images reconstructed from the data collected after 
acquisition on a 6-OHDA-treated rat brain section originally conserved after formalin 
fixation and paraffin embedding over 9 years after in situ automatic trypsin digestion. 
Image of ion at m/z 643 (top left), m/z 728 (top right), 1083 (bottom left) and composite 
image of all ions corresponding to digestion fragments of CRMP2 protein and detected in 
the MALDI experiment (bottom right). (B) Composite MALDI molecular image 
reconstructed using all detected digestion fragments of CRMP2 protein on a 6-OHDA-
treated FFPE tissue rat brain section after paraffin removal and in situ trypsin digestion 
(top left). Optical image of the tissue section after automatic spotting of trypsin and solid 
ionic matrix HCCA/ANI (top right). Map of the corresponding tissue section with different 
regions indicated (Bregma Index) (bottom left). Expression of DpysI2 mRNA (coding for 
CRMP2 protein) in mouse brain (bottom right). 
ANI: Aniline; HCCA: α-cyano-4-hydroxycinnamic acid; m/z: Mass-to-charge ratio; 
OHDA: 6-hydroxydopamine.
Data from [65].
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Parkinson’s disease
A common technique for the long-term storage of tissues in
hospitals and clinical laboratories is preservation in FFPE
blocks. In our recent study, we examined brain block of rats
treated with 6-hydroxydopamine and stored in FFPE blocks
for more than 9 years using MALDI tissue profiling, combin-
ing the use of automatic spotting of MALDI matrix with
in situ tissue enzymatic digestion. On adjacent sections, the
identification of compounds was carried out by in situ tissue
digestion followed by nano-LC-MS/MS analysis. The combi-
nation of these approaches provides MALDI direct analysis,
MALDI-MS imaging as well as the localization of a large
number of proteins. This method was validated because the
analyses confirmed that ubiquitin, trans-elongation factor-1,
hexokinase and the neurofilament M are downregulated, as
previously shown in human or Parkinson animal models [85,86].
By contrast, peroxidoredoxin-6, F1 ATPase and α-enolase were
upregulated. In addition, three novel putative biomarkers were
uncovered, the eEF1 and the collapsin response mediator
(CRMP)-1 and -2 from protein libraries. The CRMP-2 pro-
tein biomarker was validated using immunocytochemistry and
MALDI imaging based on the different ions from trypsic
digestion of the protein (FIGURE 7) [65]. Access to archived FFPE
tissue using MALDI profiling and imaging unlocks biomarkers
discovery using hospital biopsy libraries. 

Expert commentary & five-year view
MALDI-MS is a promising technique in the investigation of the
biological molecular repertoire [87]. Novel directions could
include linking MALDI imaging to PET, x-ray CT instrumenta-
tion and MRI for both preclinical and clinical research. The

complementarities between noninvasive techniques and molecu-
lar data obtained by MALDI imaging will result in greater preci-
sion for a better diagnosis. Moreover, the introduction of new
in vivo techniques, such as desorption/ionization electrospray
(DESI), offers the possibility to perform diagnosis from coelio-
scopy or smears based on data obtained from direct tissue analy-
sis by MALDI [88–91]. For example, a search of specific human
papilloma viruses signatures for various epithelial cancers could
become important for early diagnosis. DESI imaging technology
is now coupled with NMR for drug bioavailability experiments
[92–94]. In the near future, we can expect that a more resolute
technique such as jet desorption/ionization technology will offer
rapid in vivo molecular diagnosis, thus assisting surgeons to
determine the exact size of the tumor that can be removed.
MALDI imaging can become a routine technology utilized in a
clinical setting and an important complement for pathologists in
order to perform molecular histopathological diagnoses. 
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