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MALDI mass spectrometry imaging in oncology (Review)
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Abstract. Matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry imaging (MSI) has improved over the
years and is increasingly being used for biomarker discovery
directly from human tissue sections. State-of-the-art technology
currently enables a resolution down to 20 ym. MSI therefore
allows the correlation of spatial and temporal protein expression
profiles with distinct morphological features without requiring
target-specific reagents, such as antibodies. Several studies have
demonstrated the strength of the technology for uncovering
new markers that correlate with disease severity as well as
prognosis and therapeutic response. This review provides an
overview of MALDI imaging functionality and its advantages
and disadvantages, and provides a current literature overview of
malignancy-based biomarker detection. Further improvements
on instrumentation sensitivity, image processing and sample
preparation will enable the detection of novel, tissue-specific
biomarkers. However, emphasis should be given to large valida-
tion studies and/or subsequent identification of differentially
observed protein peaks in order to transfer MSI protein profiling
and/or novel biomarkers thereof into clinical use.

Contents

Introduction

MALDI-TOF imaging technology

Data collection

Current applications of MALDI-TOF MS imaging tech-
nology for tissue proteomics of various cancer entities
MALDI-TOF imaging data relating to cancer

6. Conclusion

W

d

1. Introduction

The term ‘proteome’ was first defined in 1994 and defines the
entirety of proteins expressed by the genome. While DNA
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acts like a ‘blueprint’, proteins are the dynamic components
of the cell. Proteomics is therefore understood as the consecu-
tive step following genomics. Proteomics techniques have
rapidly evolved, however, clinical implementations have
rarely been successful (1). This may be due to several causes:
Firstly, proteomics techniques, such as two-dimensional gel
electrophoresis (2-DE) are too time-consuming for routine
clinical use and only allow relative quantification (2). Secondly,
clinical samples are too complex and underrepresented cells,
compartments or proteins are difficult to access (3). Thirdly,
protein biomarkers may hamper reproducible analyses due
to post-translational modifications or stability issues (4).
Furthermore, large validation studies using standardized
sample collections to bring potential novel biomarkers into the
clinic are often lacking. Against this background, personalized
medicine still depends on the introduction of high-throughput,
quantitative and sensitive proteomic approaches in order to
substantially improve individual diagnosis, prognosis, therapy
monitoring and surveillance.

Understanding the modification of the proteome in the
presence of disease is the goal of ‘clinical proteomics’. This
may be achieved by several approaches. Until recently, two-
dimensional polyacrylamide gel electrophoresis (2-DE-PAGE)
has dominated the field. In 2-DE, proteins are separated first
by their isoelectric point, followed by a separation based on
molecular weight (5). The combination of these two orthogonal
separation techniques resolves proteins into spots, generating
a map that can be considered as the ‘protein fingerprint’ of
that sample. While the resolution of complex protein mixtures
obtained with 2-DE is far superior to that of conventional
one-dimensional protein electrophoresis, current 2-DE
methods have several technical disadvantages that limit their
widespread application. Other techniques used for the expres-
sion analysis of proteins are surface-enhanced laser desorption/
ionization time-of-flight mass spectrometry (SELDI-TOF-MS),
liquid-chromatography combined with MS (LC-MS), and more
quantitative methods, such as isotope-coded affinity tags and
isotope tags for relative and absolute quantification (6-12). The
advantages and disadvantages of these methods are summa-
rized in Table I.

Recently, matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry imaging (MSI) has been increa-
singly applied for cancer proteomics. MSI allows the elucidation
of spatial and temporal protein expression profiles directly from
tissue sections with a resolution down to 20 ym. MSI therefore
overcomes the restrictions by proteome analyses of whole
tissue extracts. In addition, MSI allows the direct correlation
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Table I. Advantages and disadvantages of selected proteomic technologies for protein profiling.

Technology Advantages

Disadvantages

MALDI-TOF MS

imaging (MSI) and tissue histology

High throughput of protein peaks per sample

SELDI-TOF MS High throughput
Direct application of whole sample

Access to PMT

Small amount of sample needed

MALDI-TOF MS High throughput
Access to PMT
Determination of molecular weight

and amino acid sequence

LC-MS Direct identification
Resolution up to 1000 proteins
Access to PMT
2-DE PAGE High resolution of proteins
Detection of PTM
2-DE DIGE Direct comparison of samples in one gel

(enhanced reproducibility)
Higher sensitivity

Protein chips High throughput

Easily scalable

ICAT Sensitive and quantitative method

Direct identification

Protein microarrays High throughput

Direct identification

Correlation between protein expression

Unsuitable for high molecular weight proteins

Requires sequence database for identification
High costs of equipment purchase
Time-consuming

No direct identification

Unsuitable for high molecular weight proteins
Lower resolution and mass accuracy

than MALDI-TOF

Limited to detection of bound proteins

Sample fractionation required
High costs of equipment purchase
Need of sequence database for identification

Unsuitable for high molecular weight proteins

Low throughput

High costs of equipment purchase
Time-consuming

Complicated comparison of different samples

Large amount of sample needed
Poor resolution of extreme masses
Poor resolution of extremely acidic
and basic proteins

No direct protein identification

See 2-DE PAGE

Not yet standardized
Cross-reactivity

Low throughput
Cystein residue must be present for labeling
High costs of equipment purchase

Synthesis of different probes
Cross-reactivity

of protein expression with distinct tissue morphology. The high
resolution and correlation with histomorphology as well as the
increased speed of data acquisition have elicited high expecta-
tions for MSI's clinical applicability.

This review focuses on recent advances in MSI technology
and surveys current MSI-based studies analyzing tissue
proteins for their potential clinical value for early diagnosis,
prognosis and prediction in cancer.

2. MALDI-TOF imaging technology

This image technology utilizing mass spectrometry is based on
MALDI time-of-flight mass spectrometry (MALDI-TOF-MS),
comprising a MALDI plate and MS instrumentation, as well
as the associated software.

The MALDI MSI technology allows the reconstruction
of molecular images based on the spatial distribution of
molecules in tissues. A tissue section is treated with a matrix
and scanned in a MALDI mass spectrometer (Fig. 1). As the
majority of tissues with correlating clinical follow-up data
are collected and stored as formalin-fixed paraffin-embedded
(FFPE) samples in pathologists' archives, it is essential that
MSI can be applied to FFPE and formalin-fixed tissues. Until
recently, FFPE samples were believed to be unusable for
proteomics approaches due to protein cross-linking caused
by formalin fixation (13). However, use of antigen retrieval
techniques coupled with in situ tryptic digestion has allowed
the analysis of FFPE samples by MSI (14). Mass spectrometric
data are acquired by performing a raster of the sample by the
laser beam with a predefined number of laser shots per grid
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coordinate. Each spot produces a mass spectrum obtained
from proteins present within the irradiated area. Detected
proteins/ions are displayed as a series of peaks that are referred
to as the protein fingerprint or ion signature. The position of
an individual protein/ion in the spectrum corresponds to its
time-of-flight. Following computer-based normalization, peak
intensity is proportional to the amount of sample-derived
protein derived from the tissue. All acquired mass spectra
from the entire tissue are then compiled to create a 2-DE map.
This map may then be compared with those from other tissue
samples to identify changes in protein or peptide expression.
Alternatively, comparisons of the maps from various areas of
the same tissue section may be performed as well. A marked
advantage of this technology is the high-throughput discovery
of protein markers, since the expression profiles of numerous
proteins can be obtained without the need for antibodies. In
addition, correlations between protein expression and tissue
histology can also be studied easily, since the expression
profiles are obtained directly from the tissue sample.

In addition to the above-mentioned advantages of MSI
technology, it is also of crucial significance to be aware of its
limitations. One difficulty that has been addressed is the direct
identification of biomarkers in tissues. Bottom-up strategies
using on-tissue trypsin digestion have been developed for
frozen (15) and FFPE (16,17) tissues. Here, time-consuming
processing for purification and identification of the proteins is
required beyond the MALDI-TOF experiment. In contrast, the
ability to perform on-tissue top-down protein characterization
would be ideal as a future perspective.

A further purpose lays in the three-dimensional recon-
struction to obtain tumor maps. It is well known that a tumor
comprises distinct hierarchies reflected by distinguished
cell types at various developmental stages. Furthermore,
invading and/or metastasizing cancer cells are detectable in
varying densities within different tissue types and are influ-
enced by their surrounding environment (e.g., connective
tissue and micro-environmental factors). Specific regions of
tumors, such as the invasion front, differ functionally from
other regions, and hypoxic regions inside tumors may have
a completely different metabolism. In conclusion, a tumor is
a highly complex system at the cellular level (18). Therefore,
MSI-based cancer proteomics would benefit substantially if its
two-dimensionality could be scaled up for three-dimensional
measures. Consistent with this, the maximum resolution
of 20 um does not allow the characterization of individual
cells. The development of increased or super-resolution down
to single cells would therefore be of high benefit for molec-
ular-pathological research (19).

3. Data collection

The PubMed database was searched in order to identify relevant
studies based on the terms ‘cancer’, ‘MALDI’ and ‘imaging’.
Each search was limited to studies on humans published in
English. In addition, bibliographies of articles were further
examined for relevant citations. The initial search obtained the
following hits: i) Results for ‘MALDI’ and ‘imaging’, 572 (70
reviews); ii) results for ‘cancer’, ‘MALDI’ and ‘imaging’, 118
(14 reviews); and iii) results for ‘cancer’, ‘MALDI’, ‘imaging’
and ‘biomarker’, 42 (6 reviews).
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Figure 1. Schematic workflow of a typical MSI experiment.

Since this review focuses on MALDI-TOF-based imaging
for biomarker detection in cancer, all 42 publications covering
these search terms simultaneously were considered. These
were further down-selected based on the following require-
ments: Only studies dealing with protein profiling examining
cases and controls were included, allowing the determination
of sensitivity and specificity. Publications with information
regarding storing temperature and training and validation set
were preferably selected due to a higher degree of compara-
bility. In total, 7 studies fulfilled the requirements and were
included in this review.

4. Current applications of MALDI-TOF MS imaging
technology for tissue proteomics of various cancer entities

Numerous articles concerning proteomics studies have been
published regarding various techniques in clinical cancer
proteomics. However, only a small number of these have
examined MALDI-TOF MS imaging applications in cancer
research (Table II).

One of the first studies was carried out on prostate cancer
in 2007 by Schwamborn et al, who evaluated 22 tissue samples
from patients undergoing a radical prostatectomy (20). The
samples were stored at -80°C. The cancer group consisted of
11 samples from prostate cancer patients at various clinical
stages: Gleason score 6 (n=4), 7 (n=4) and 9 (n=3). A total
of 20 sufficient laser shots were averaged per spectrum with
a 200-pm resolution in the spot raster. On average, a total of
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85 peaks were resolved on prostate tissue sections. A support
vector algorithm (SVM) of 22 significant peaks resulted in a
sensitivity and specificity of 85 and 91%, respectively. A total
of 4 candidate biomarker peaks with high impact on classifi-
cation were detected: 2,753 and 6,704 Da for non-cancerous
glands and 4,964 and 5,002 Da for cancerous glands. A second
evaluation using a five-dimensional genetic algorithm resulted
in a sensitivity and specificity of 70 and 84%, respectively.
However, the peaks were not identified.

In 2009, Cazares et al reported a case-control study
designed to screen for differentially expressed proteins in
prostate cancer (21). MSI profiles of tissue samples from
11 prostate carcinoma patients were compared with 11 healthy
subjects. Samples were obtained prior to treatment and stored
at -80°C. The model with the highest classification accuracy
was constructed using 3 masses at m/z 1,027, 4,274 and 4,355
and was capable of correctly classifying 85% of prostate
tissue areas. Validation of an independent, blinded sample
set (23 tumor and 31 benign sections) demonstrated this
model's diagnostic potential with a correct classification of
81%. Furthermore, the identification of the mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase
kinase 2 at m/z 4,355 was immunohistochemically confirmed,
distinguishing tumor from non-tumor tissues.

Lemaire et al reported MALDI-TOF imaging of
25 patients with ovarian cancer and 23 patients with benign
tumors (16). Whereas Schwamborn and Cazares used frozen
tissues, Lemaire et al compared tissue profiles of FFPE tissue
samples in combination with on-tissue enzymatic diges-
tion. The samples in the two studies were stored at -80°C.
Among 100 detected individual peptide signals, one putative
biomarker (9,744 m/z) with a prevalence of 80% was deter-
mined by MSI. Subsequent identification by means of nanoESI
MS/MS revealed a correspondence to 84 amino acid residues
from the 11S proteasome activator complex, named PA28 or
Reg-a. Clinical validation was successfully carried out using
Western blotting and immunohistochemistry. Groseclose ef al
screened an FFPE tissue microarray (TMA) comprised of
duplicate needle core punches from 50 patients diagnosed with
human non-small cell lung cancer and 10 adjacent normal lung
punches (14). The TMA was subjected to on-tissue tryptic
digestion followed by MSI. In this series, diagnostic models
were developed using statistical classification models based
on 73 peaks. This model classified the spectra from regions
marked as adenocarcinoma by the pathologist with an accu-
racy of 98% and squamous cell carcinoma with an accuracy
of 99%. Characterization of the most prominent m/z values
identified 50 proteins (e.g., SI00-A9, HSP -1, Histone H2A)
directly from the lung tumor TMA using MALDI-MS/MS
sequence analysis.

Similary, Djidja et al published a report regarding novel
tumor classification using MALDI-ion mobility separation-
MSI of a TMA (22). They used an independent sample set of
60 pancreatic adenocarcinoma needle cores from 30 patients
(two spots from each cancer case) and 30 non-neoplastic needle
cores (corresponding normal tissues). Principal component
discriminant analysis was used, generating tumor classifica-
tion models in respect to protein profile patterns. Several
peptides could be identified and were statistically validated in
other tissue cores and patient samples.
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In 2010, Schwamborn et al published a set of 54 lymphatic
tissue samples that were stored at -80°C (23). They
screened 32 tissues from patients with classical Hodgkin's
lymphoma (CHL). Spectra of the malignancy samples were
compared to those of 22 healthy volunteers with lymphadenitis.
They utilized a Reflex IV MALDI-TOF-MS (Bruker) with a
200-ym resolution for imaging experiments. As with their
previous study, classification algorithms were developed and
validated using bioinformatics tools, such as SVMs. Using the
24 most significant peaks, a classification of 84% sensitivity
and 89% specificity was allowed. Out of these 24 peaks, 4 were
of particular interest due to their higher impact on the clas-
sification: 4,736 and 4,746 Da for CHL, 4,962 and 5,000 Da
for lymphadenitis. Additionally, a seven-dimensional genetic
algorithm based on 7 peaks selected by hand due to greatest
differential expression in the overall sum spectra resulted in an
overall sensitivity and specificity of 85 and 87%, respectively.
Their masses ranged from 4.6 to 8.2 kDa and contained the
4 masses from the SVM algorithm mentioned above.

The most recent article was published by Agar et al in
April 2010 (24). A total of 20 tissue samples, including 8 cases of
meningioma, 6 cases of glioma tumor samples and 6 non-tumor
samples, were examined by MSI. The storage temperature was
not specified. SVM for classification models combined 7 protein
mass peaks to discriminate patient groups. However, neither a
validation test-set nor an identification of the markers found was
reported.

5. MALDI-TOF imaging data relating to cancer

This review of current literature regarding clinical applica-
bility of MALDI-TOF imaging in oncology suggests further
considerations. As shown in Table II, the accuracy of the
MSI-based classification appears promising, although it is still
dependent on sample collection procedures and pre-analytical
conditions.

Regarding the latter, in 4 out of 7 studies, MSI was carried
out on fresh-frozen tissue sections, therefore closely reflecting
in vivo properties. However, the clear majority of clinical
specimens stored in hospital tissue banks are FFPE, repre-
senting a large and valuable archive of diseased tissues. In
our review, 3 out of 7 studies used sequence determination of
tryptic fragments by MS/MS analysis directly after on-tissue
digestion in FFPE specimens. However, the possibility that
formalin stabilization of proteins by chemical cross-linking
and subsequent antigen retrieval for MSI may mask valuable
biomarkers or bring about false positives cannot be excluded.
In this context, comparative studies running MSI on cryo-
conserved and corresponding FFPE tissue in parallel should
be conducted to validate the use of FFPE archives. Until
then, use of cryo-conserved tissues appears to be the supe-
rior approach for tissue proteome profiling in cancer. With
increasing resolution, the quality of tissue samples may even
increase in significance.

The highest clinical performances for MALDI-TOF
MSI-based biomarker determination have been reported by
combining information from several biomarkers in cluster
analyses using, for example, SVMs. While the software pack-
ages supporting MSI analysis are user-friendly and as such
highly appreciated, one should be aware that different project
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designs may require different bioinformatics approaches and
that clinical application will require higher levels of quality
control and application-tailored bioinformatics pipelines.

MSI proved its potential as a screening tool for tissue-based
biomarker detection and peak picking classification approach.
However, more emphasis should be placed on the identification
of MSI-generated peak candidates and subsequent validation
using clinically applicable techniques, such as ELISA and
ECLIA in independent and large sample cohorts.

The majority of the reviewed studies did not choose study
designs comprising a training and validation set. However,
biomarker studies require large numbers of clinically well
defined samples divided into training and validation sets,
while the operator should work blinded for group affiliation of
samples. Larger sample sets with 50 or more patient samples/
group should be preferred, particularly for validating newly
identified markers. It should be mandatory for the reference/
control group to be derived from a cohort that is matched
not only according to age and gender but also to sample
storage duration and temperature. If not, this may introduce
unanticipated and unrecognized bias unless the differences
in handling are systematically investigated and shown not to
affect the specific marker measurements (25-27).

The majority of the reviewed studies presented few
or insufficient details on quality management of samples.
Quality management of samples affords strict standard
operation procedures (SOPs) regarding patient inclusion/
exclusion criteria, ethical permission and informed consent,
sample collection, sample processing and sample storage until
further use. In our experience and in light of other reports,
sample preservation at temperatures of at least -80°C is recom-
mended even though it has been well recognized that certain
biomarkers may continuously degrade during storage even at
-80°C (28-32). Therefore, if the stability of markers to be tested
is not known or in case of screening studies for novel markers,
sample storage in liquid/gaseous nitrogen (-196°C) should be a
prerequisite for any downstream analyses. In addition, short-
and long-term storage temperature, freeze and thaw cycles and
storage duration should be monitored and/or examined, since
expression and degradation levels of the protein may change
and therefore compromise clinical applicability. Degradation
of biomarkers may be rapid and, more significantly, vary
between different markers (33). Thus, the quality of the sample
operating procedures will directly impact the quality and
validity of the biomarker's result and its ultimate applicability
to the patient. Given this context, we would like to stress the
marked significance of detailed SOPs for sample management
for proteomics analysis.

6. Conclusion

MALDI-TOF MSI offers a promising clinical prospect and
can assist in detecting morphology-related biomarkers for
improved personalized medicine. Due to the rapid acquisition
of morphology-related proteomics patterns from complex
biological samples, MSI shows advantages over conventional
analytical techniques. Its strength lies in its independence
from target-specific reagents such as antibodies, in its capa-
bility for direct identification of analytes (e.g., proteins and
peptides) and for analysis of multiple analytes simultaneously.

GEMOLL et al: MALDI IMAGING IN CANCER

With increasing resolution, evaluation of only a few cells and
of low abundant proteins may be achievable.

Although current results are promising, future comprehen-
sive, well defined screening and validation studies involving
hundreds of samples are required to promote the translation of
MALDI-imaging from bench to bedside.
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