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identification because of the high degree of complexity of tissues. Only proteins of major
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allow for reliable identification of complex protein extracts but do not provide fine correlation

MALDI MSI

with protein location in their original context. Here is presented an approach to obtain

abundance are identified this way. On the contrary, conventional proteomics approaches clearly
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identification of proteins of various abundances while keeping their localization within the

(LESA)

section. On-tissue trypsin digestion followed by micro-extraction using a liquid micro-junction
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interface is an efficient strategy to extract tryptic peptides and further identify the associated
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proteins off tissues. It was shown that conventional Reverse Phase Liquid Chromatography

Micro-extraction

separation on the extracted material followed by MS/MS analysis on a HR FTMS instrument

Liquid microjunction

enabled the identification of 1500 proteins on average with high confidence from an area of
about 650 μm in diameter, which corresponds to an estimated number of 1900 cells in average.
The approach can be easily integrated in the MALDI MSI workflow and should provide
interesting insights for clinical applications.
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1.

Introduction

Identification of molecular components involved in cellular
mechanisms and their fine regulation is a key point for
understanding physiological processes occurring in living
organisms. Cell dysfunction processes greatly impact signaling
pathways by modifications of molecular players. In particular,
proteins are largely affected by cellular changes. These changes
have an impact on their regulation (activation/repression of
protein synthesis), primary structure (protein cleavage by
enzymes, post-translational modifications), spatial arrangement and ability to complex with other partners (directly
related to changes in protein concentrations and primary
structure or due to changes in the environment such as ionic
strength or pH). Over the past 25 years, many efforts were given
to gain protein structural information and quantification.
To date, proteomics offers a wide range of high performance
strategies, methodologies and instrumentation to reach this
goal. However, if conventional proteomics offers access to a
large number of identified proteins, there is increasing
evidence suggesting that such strategies lack correlation of
the identified proteins to their location in their original context
(i.e. tissues). For tissues, Laser Capture Microdissection (LCM)
systems have been developed to collect cells of specific
phenotypes based on morphological criteria recognition [1–4].
Currently, for cell collection from tissues, LCM is the better
suited method. However, LCM remains technically somehow
difficult to setup whatever the used technology. For proteomics,
sample collection is time-consuming because of the large
number of cells needed to be collected to permit detection
given the instrument available. Indeed, few thousands up
to several dozen thousands might have to be captured for
proteomics analyses. Studies show a clear correlation of
collected cell numbers with the number of subsequently
identified proteins. Previous studies show identification of
about 100–200 proteins for 500 cells, 500–700 proteins for 5000
cells and 1500–2500 proteins for 50,000–60,000 cells [5–9].
However, automatic cell collection, through use of morphological
recognition dedicated tools, is not always very reliable and
manual collection is very time consuming. Additionally, it must
also be noted that cell collection for LCM is based on morphological criteria and thus does not guarantee that all cells are involved
in the same physiological processes due to the cells' local
microenvironment and cross-talk.
On the other hand, MALDI Mass Spectrometry Imaging
(MSI) is a molecular imaging tool that can be used to
study the spatial distribution of endogenous and exogenous
compounds including, drugs [10–17], metabolites [18–24],
lipids [25–31], peptides [32–34] and proteins [35,36] from
both vegetal [37] and animal models. MALDI MSI was found
to be a powerful technology for many fields of research
such as pharmaceuticals [38], biomarker discovery and
tracking for various pathologies e.g. brain disorders
[32,39,40] or oncology [41–49]. To highlight the regulation
of molecules with important functions related to a specific
biological process by a simple MALDI MSI acquisition, these
molecules have to be subjected to further characterization.
For several years, many groups have been developing
and improving on tissue protein identification strategies. In
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particular, on tissue bottom–up approaches through in situ
enzymatic digestion have been demonstrated to allow direct
identification of proteins from both frozen [50] and formalin
fixed paraffin embedded (FFPE) [51] tissues. In order to
maintain localization of peptides throughout the digestion
process, methodologies were developed to perform enzymatic digestion from discrete locations on the tissues using
a micro-spotter [50–52] or from whole tissue sections with
micro-sprayer devices [53,54]. In this bottom–up approach,
tryptic peptides are subsequently analyzed by MS2 and
identified upon databank interrogation. However, even if
MS spectra on each pixel show hundreds of peptides, only
few proteins are identified [55]. One of the ways to increase
the number of protein identifications is the improvement of
tryptic peptide detection. This has been done by incorporation of tissue treatments in the strategy, such as washing to
minimize ion suppression effect [52]. Moreover, peptides
with a very close m/z that enter and get fragmented together
at the collision cell preventing the identification were
separated by the inclusion of a gas phase separation using
ion mobility [28,56–58]. In addition, improvement of protein
fragmentation to aid in identification was also examined by
N-terminal derivatization. This orientates the fragmentation
of tryptic peptides towards a specific ion series, increasing
the protein identification score [59]. All these efforts have led
to better protein identification, however, the less abundant
proteins which present significant biological activities, in
particular pathologies, remain difficult to be detected and
identified. More recently, on-tissue top–down strategy
[60,61] was introduced by means of In Source Decay (ISD)
[62,63]. This method of fragmentation is generally wellsuited for purified proteins and leads to large sequence
determination. However, in situ ISD has allowed the detection and identification only of the most abundant protein
from the pixel analyzed [60] due to the high complexity of
the sample.
Another strategy consists of combining MALDI-MSI and
LC–MS/MS in a single workflow, allowing the improvement
of protein identification. Basically, proteins are in situ
digested, fractionated and then extracted prior to nanoLC
separation, followed by MS/MS analysis for databank interrogation [40]. This approach was shown to improve protein
identification, but since it was performed on a whole or half
of a tissue section, information about protein localization is
lost. This can be regained if back correlation to imaging data
of tryptic peptides is done, as previously demonstrated for
FFPE tissue samples [40,51]. More recently, intact proteins
were extracted from tissue prior to fractionation by ultracentrifugation, and, in combination with high resolution
and accurate mass determination, have allowed the detection of about a hundred proteins [55]. Although in this
approach, the localization of proteins is lost, it can be
regained by correlation with the tryptic peptide signals
from the image of an adjacent section. The number of
identified and localized proteins improved, but the approach
continues to be limited by ion suppression effect and
decreased sensitivity due to dominant signals from the
most abundant proteins. Localized intact proteins provided
by MALDI-MSI can also be identified after their extraction
from a consecutive section prior to analysis by nanoLC-MS/
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MS using electron transfer dissociation (ETD) as activation
mode. This strategy was used for clinical applications in
oncology and has led to the identification of several markers
[41,43,45]. However, only the highly soluble proteins were
identified and localized in this manner, and the correlation
was not accurate because the image was obtained using a
MALDI TOF instrument. Moreover, proteins of interest could
be diluted among the large amount of abundant proteins,
especially if the region of interest is small compared to the
size of the sample.
There is therefore a crucial need to develop a new strategy
that allows protein identification on discrete regions of tissue
sections, avoiding dilution of low abundant proteins. Recently,
surface sampling using liquid microjunction was introduced
demonstrating liquid–solid micro-extraction that can be
coupled to any ionization sources [64]. The success of these
methods as alternatives to typical ambient surface sampling/
ionization sources is due to their greater extracting efficiency
and larger surface sampling areas. For example, it has been
shown that metabolites of a drug could be detected using liquid
microjunction extraction, whereas they were unsuccessfully
detected using DESI [65]. In one of these methods called Liquid
Extraction Surface Analysis (LESA) [66], the solvent can be made
in contact with the sample surface by dispensing in a controlled
fashion discrete droplets. Molecules extracted can be subjected
to further pretreatments including desalting and separation
steps prior to MS analysis.
In this paper, a new strategy is presented for protein
identification from discrete locations on tissue sections
determined by hierarchical clustering (HC) [67] that can be
used to classify cell groups according to their molecular
content profiles. Proteins are then extracted by liquid
microjunction using LESA followed by nanoLC-MS/MS analysis. In particular, localized on-tissue enzymatic digestion
followed by micro-extraction and subsequent analysis on an
HR (high resolution) ESI MS instrument providing high
accurate mass measurement was evaluated. This strategy
can be integrated within the MALDI MSI workflow in order to
perform supervised profiling on distinct cell groups having
specific molecular profiles. This robust and fast new strategy
shows to be a good alternative than LCM and leads to
identification of a larger number of proteins with respect to
the number of cells studied.

(Charbonnieres, France). A standard digest of BSA was obtained
from Bruker Daltonics (Bruker Care Online, Part-No. #217498)
and used without any further purification.

2.2.

Tissue sample preparation

Male Wistar rats at adult stage maintained under standard care
were used for tissue collection. Animals were sacrificed by CO2
gas and brains were dissected. Tissues were subsequently
frozen into isopentane cooled at −50 °C. Samples were then
stored at −80 °C until required. 10 μm rat brain tissue sections
were obtained using a cryostat CM1510S (Leica Microsystems,
Nanterre, France) and thaw mounted onto indium-tin oxide
(ITO)-coated conductive glass slides (Bruker Daltonics, Bremen,
Germany). The tissue sections were vacuum-dried in a desiccator for 10 min then soaked in 70% EtOH, 95% EtOH and
chloroform for 30 s each prior to vacuum dessication for
5 min. The sections were then dried and stored at −20 °C until
use [68]. For some sections, after MALDI analysis, the matrix
was removed by washing the slides with 70% ethanol and the
sections were HES-stained.

2.3.

MALDI-TOF MSI experiments

MALDI matrix was applied using the ImagePrep device
(Bruker Daltonics, GmbH), by spraying SA/ANI matrix
(1 equivalent of aniline (20 μl for 5 ml) in 10 mg/ml in
70:30 ACN/H2O, 0.1%TFA of SA solution).Protein imaging
was performed on an Ultraflex II MALDI-TOF/TOF instrument (Bruker Daltonics, GmbH) equipped with a smartbeam
laser (Nd:YAG, 355 nm). Protein mass spectra were acquired
in linear positive ion mode within a mass range of m/z
3000–30,000. Distance between raster points was set to
300 μm and a total of 300 laser shots were accumulated at
200-Hz repetition rate for each pixel. Spectra were processed
by baseline correction and smoothing using FlexAnalysis 3.2
software (Bruker Daltonics, GmbH). Image analysis and data
visualization were performed with the FlexImaging 2.1
software (Bruker Daltonics, GmbH).
For statistical analysis, the data set obtained from
FlexImaging was loaded into the ClinProTools 2.2 software
(Bruker Daltonics, GmbH) to conduct hierarchical clustering.
Unsupervised clustering was selected with Euclidean as
distance method and ward as linkage method. Results of
hierarchical clustering were exported to FlexImaging 2.1
software to retrieve the areas with different profiles.

2.

Experimental procedures

2.4.

2.1.

Chemicals

Automatic trypsin digestion was performed using a
high position accuracy chemical inkjet printer (CHIP-1000,
Shimadzu Biotech, Kyoto, Japan) [52]. The printed array
of the CHIP-1000 on the tissue section comprised of spots
spaced by 250 μm center-to-center. A total amount of 40 nl
of solution containing 20 μg/ml of trypsin in 50 mM NH4HCO3
was applied on each spot. Five droplets of approximately 100 pl
were deposited on each spot per cycle. One hour was necessary
to obtain the final volume and to perform sufficient digestion
with no additional incubation time. After digestion, HCCA/ANI
(1.5 equivalent of aniline (36 μl for 5 ml) in 10 mg/ml in 7:3 ACN/

All chemicals were of the highest purity obtainable. Water,
formic acid (FA), trifluoroacetic acid (TFA), acetonitrile
(ACN), and methanol (MeOH) are purchased from Biosolve
B.V. (Valkenswaard, the Netherlands). Ammonium bicarbonate (NH4HCO3), ethanol (EtOH), αCyano-4-hydroxycinnamic
acid (HCCA) (puriss), sinapinic acid (SA), aniline (ANI), and
reagents for HES staining were purchased from SigmaAldrich (Saint-Quentin Fallavier, France). Trypsin (sequencing
grade modified trypsin, porcine) was purchased from Promega

MALDI-orbitrap MSI experiments
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water/0.1% TFA of HCCA solution) was deposited on the same
positions using the ChIP-1000, with the same parameters used
during trypsin deposition.
MS imaging was conducted using a MALDI linear ion trap–
orbitrap hybrid mass spectrometer (MALDI LTQ Orbitrap XL,
Thermo Fisher Scientific). Spectra were acquired using
Xcalibur 2.0.7 SP1 software (Thermo Fisher Scientific,
Bremen, Germany). The LTQ Orbitrap instrument was operated
in positive ion mode over a high mass range (m/z 800–4000).
The instrument was equipped with an intermediate pressure
(75 mTorr) MALDI source using a nitrogen laser (MNL 100;
Lasertechnik Berlin), providing an output at 337 nm with a
maximum energy of 80 μJ per pulse and a repetition rate of
60 Hz. The Orbitrap analyzer was used for MS data acquisition
with a mass resolving power of 30,000 FWHM. Automatic gain
control was turned off and other data acquisition conditions
were as follows: laser power per pulse of 10 μJ, 25 laser pulses
per spectra, and 2 scans averaged per pixel. Distance between
raster points was set to 250 μm. Image analysis and data
visualization were performed with the Imagequest1.0.1 software (Thermo Fisher Scientific, Bremen, Germany).

ACN: 0.1% TFA aq (8:2, v/v), MeOH/0.1% TFA aq (7:3, v/v), 0.1%
TFA aq, 1% TFA aq and EtOH/CH3COOH/water (90:9:1, v/v/v).
To determine which is the most efficient, 1 μl of standard
BSA tryptic digest solution was spotted on rat brain tissue
sections and on this, micro-extraction was performed after
the spots have completely dried. Collected extracts were
subjected to MALDI-TOF analysis using the Ultraflex II
instrument in reflector mode with HCCA as matrix, and
the resulting PMFs were subjected to a MASCOT search
algorithm (v2.3.01.241) against the SwissProt database
(Swissprot_2011_08) using Biotools 3.1 software (Bruker
Daltonics, Bremen, Germany). The mass tolerance was set to
0.2 Da. Three missed cleavages were allowed in order to account
for partial digestion. Cysteine carbamidomethylation was set as
a fixed modification since the standard solution has undergone
cysteine reduction/alkylation and that one tryptic peptide is
expected to show carbamidomethylation (see product information). Methionine oxidation and tyrosine phosphorylation were
set as variable modifications.

2.5.

After micro-extraction, collected samples were dried under
vacuum, reconstituted with 10 μl of 0.1%TFA aq and subjected
to solid phase extraction using a C-18 Ziptip (Millipore,
Saint-Quentin-en-Yvelines, France), eluted by 80% ACN, and
dried under vacuum. Dried samples were suspended in water/
5% acetonitrile/0.1% formic acid. Samples were separated by
online reversed-phase chromatography using a Proxeon
Easy-nLC system equipped with a Proxeon trap column
(100 μm ID × 2 cm, Thermo Scientific) and C18 packed tip
column (100 μm ID × 15 cm, Nikkyo Technos Co. Ltd). Peptides
were separated using an increasing amount of acetonitrile
(5%–40% over 110 min) and a flow rate of 300 nl/min. The LC
eluent was electrosprayed directly from the analytical column
and a voltage of 1.7 kV was applied via the liquid junction of
the nanospray source. The chromatography system was
coupled to a Thermo Scientific Orbitrap Elite mass spectrometer (ThermoFischer Scientific, France). The mass spectrometer was programmed to acquire in a data dependent mode.
The survey scans were acquired in the Orbitrap mass analyzer
operating at 120,000 (FWHM) resolving power. A mass range of
400 to 2000 m/z and a target of 1E6 ions were used for the
survey scans. Precursors observed with an intensity over 500
counts were selected “on the fly” for ion trap collision-induced
dissociation (CID) fragmentation with an isolation window of
2 amu and a normalized collision energy of 35%. A target of
5000 ions and a maximum injection time of 200 ms were used
for CID MS2 spectra. The method was set to analyze the top 20
most intense ions from the survey scan and a dynamic
exclusion was enabled for 20 s.
Tandem mass spectra were processed with Thermo Scientific Proteome Discoverer software version 1.3. Spectra were
searched against UniprotKB/Swiss-Prot (version January 2012)
filtered with Rattus norvegicus taxonomy (41,604 sequences)
using the SEQUEST® algorithm. The search was performed
choosing trypsin as the enzyme with two missed cleavages allowed. Precursor mass tolerance was 10 ppm and
fragment mass tolerance was 0.5 Da. N-terminal acetylation, tyrosine phosphorylation, methionine oxidation and

On-tissue digestion and direct analysis

Digestion of a specific area on tissue section was performed
using the CHIP-1000 previously described. The same parameters were used, except that this time the “fill plane” option
was selected before trypsin deposition. After digestion, HCCA
(10 mg/ml in 7:3 ACN/water/0.1% TFA) was deposited on the
same positions using the CHIP-1000, with the same parameters
as used during trypsin deposition. Direct tissue analysis was
done on the MALDI Orbitrap XL used previously for MSI. Around
20 scans per digested point in FTMS mode in the range of 600–
4000 with a nominal-mass resolution of 100,000 at m/z 400 were
acquired.

2.6.

Liquid microjunction extraction experiments

Micro-extraction experiments were performed using the
TriVersa Nanomate platform (Advion BioSciences Inc.,
Ithaca, NY, USA), with the Liquid Extraction Surface Analysis
(LESA) option [66]. Extraction was performed by creating, on
a specific location, a liquid microjunction where solid–liquid
extraction can occur. The slide with the tissue section was
mounted on a universal adapter plate and the precise X–Y
position of the extraction site on the sample surface
generated using LESA Points software. In most cases, 2 μl
of solvent was aspirated into the tip and used to extract
peptides, with 0.6 μl dispensed and made in contact with the
tissue section for 30 s. The solvent was then aspirated and
dispensed onto a clean 0.2 ml Eppendorf vial maintained at
4 °C to avoid degradation. Here, unlike the conventional use
of the microjunction extraction system where the extracted
liquid is directly dispensed to the microfluidic nanoESI chip
of the device; the extracted solution is collected in a tube.
This allows performing several extraction cycles and
pooling all collected solutions in the same vial to increase
quantity of material collected. Iterations of extraction cycles
were performed (3, 5 or 15) to determine the optimal number
of extractions. Different extraction solvents were tested:

2.7.

LC MS/MS
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arginine deamidation were set as variable modifications.
Peptide validation was performed with the Percolator algorithm. Peptides were filtered based on a q-value below 0.01

which corresponds to a false discovery rate (FDR) of 1% which
is referred in the following sections as “high confidence”
identification.

Fig. 1 – MALDI-LTQ-orbitrap MSI after on tissue trypsin digestion by micro-spotting. MALDI MSI sequence performed on a control
rat brain sagittal tissue section in the cerebellum region on a MALDI-LTQ-orbitrap instrument after on tissue trypsin digestion and
matrix deposition by micro-spotting. Images were acquired with a raster of 250 μm. a) Scanned image of a part of the tissue
section showing the analyzed region corresponding to the pitch of micro-spots. b) Reconstructed composited molecular image
based on the signals of ions at m/z 1198.717 (green), 1612.950 (blue) and 2141.138 (red). c) MALDI MS spectrum recorded in the
positive mode in the orbitrap analyzer extracted from a specific area of the analyzed tissue (indicated by a dark circle in Fig. 2b).
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3.

Results

3.1.

On tissue direct identification of proteins by MALDI MSI

On-tissue identification of localized proteins was performed
following the MALDI-MSI bottom–up approach. Trypsin was
first deposited on an area of a control rat brain sagittal tissue
section using a microspotter followed by depositing HCCA/
ANI as matrix. Fig. 1 presents the results obtained through
such a strategy combined to high spectral resolution analysis on
a MALDI-LTQ Orbitrap instrument. Fig. 1a shows the scanned
image of the area analyzed on the tissue section showing the
raster of micro spots. Images extracted from MALDI MSI data
collected from this region are presented in Fig. 1b for three ions
of distinct m/z at 1198.717 (green), 1612.950 (blue) and 2141.138
(red) respectively showing highly complementary distributions
across the area. The tryptic digestion fingerprint MS spectrum
extracted in one of the morphological regions of the analyzed
tissue (indicated by a dark circle) in Fig. 1b is shown in Fig. 1c. The
MS spectrum shows a complex digestion profile dominated by
a few tens of major ions. The m/z list extracted from this
spectrum after deisotoping and exclusion of trypsin autolysis
ions (m/z 2211.1310; 2283.2016 and 1045.5776) shows the
presence of around 350 monoisotopic ions in the m/z range
[800–4000] with a S/N>5. Only 20 of these ions present a relative
intensity>10% of the base peak, meaning that the 330 remaining
ions are observed but are too low in intensity to generate MS2
spectra that will lead to any identification of peptide. The
experimental m/z of these 20 most intense ions was compared
to the predicted m/z from in silico digestion of Myelin Basic
Protein S (accession number P02688). Table 1 in Supplementary
data 1 reports the results of the identification. Out of the top 20
most intense ions, 17 are attributed to Myelin Basic Protein S
(P02688) among which 3 correspond to acetylated forms, 3 to
isoforms 3 and 2 possible sodium and potassium adduct ions.
The 3 other ions remained unidentified. In this approach, only
few major proteins are identified although many more ions are
observed. Similar results were recently published by Schober et
al. [55]. In their work they showed the possible identification of
only 14 peptides belonging to 3 proteins, respectively Myelin
Basic Protein, Tubulin Beta 5 Chain and Actin Cytoplasmic 1.
Given the limited number of proteins identified directly at the
tissue level, a new strategy was developed based on microextraction allowing an efficient identification of proteins while
keeping their spatial delocalization at the tissue level to the
minimum.

3.2.

LESA micro-extraction optimization

The device used for micro-extraction allows the deposition of
solvents or reagents in a controlled manner by creating a
liquid microjunction that permits extraction and subsequent
uptake of the solvent containing the extracted material.
The size of the contact area between the dispensed solvent
and the tissue depends on the nature of the tissue surface,
its preparation, and the physico-chemical properties of
the solvent (polarity, hydrophobicity, surface tension). The
bottom–up approach with on-tissue trypsin digestion followed
by extraction of the digested peptides from the tissues using the
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liquid microjunction interface was first explored. Optimization
of this approach, including the microjunction size, extraction
time, number of extraction cycles and solvent mixture compositions, were performed using standard BSA spotted on rat brain
sections and can be found in Supplementary data 1. Optimal
extraction in terms of sequence coverage and peptide ion
intensity was obtained using ACN: 0.1%TFAaq (8:2, v/v) as
solvent and doing five extraction repetitions on the same spot
with a contact time of 30 s. This protocol was used in all
subsequent experiments.
In order to obtain a fine correlation between protein
identification and tissue localization, reduction of the
micro-extraction size is necessary. This parameter is tightly
linked to system configuration which presently cannot be
changed. The minimum volume of liquid that can be properly
dispensed from the tip of the LESA is currently 0.6 μl, leading to
formation of microjunction spots of 1.5–1.7 mm in diameter
depending on the solvent and surface properties. By assuming
that analyzed cells present an average size of 15 μm and are
round-shaped, we can estimate that micro-extraction will be
performed on approximately 10,000–13,000 cells. As it is difficult
to further reduce the extraction size using the instrument, the
size of the digested areas was reduced instead. This is possible
using a micro-spotting piezoelectric device, which has been
shown previously to deliver picoliter volumes of trypsin on
small areas of tissue surfaces [52].
Fig. 2 presents the obtained results by comparing the full
MS spectra recorded from two distinct locations on two
consecutive tissue sections, after subjecting them to washing
to remove most abundant lipids and peptides that can be
co-extracted with the tryptic peptides. On the first section,
only micro-extraction was done on the tissue (Fig. 2a),
whereas on the second section, trypsin digestion was first
done followed by micro-extraction (Fig. 2b). Micro-extraction
alone shows an area of the expected size (~1700 μm). On the
tissue submitted to digestion by micro-spotting prior to
micro-extraction, the 670 μm-sized spot corresponding to
the enzymatic digestion can be observed on the tissue and is
highlighted with gray circles (Fig. 2b). As expected for the
tissue first submitted to on-tissue digestion, complex profiles
of ions are observed in the m/z 700–4000 range with
observable differences according to the analyzed region of
the tissue. On the other hand, on the tissue submitted to
micro-extraction without any digestion, a low populated mass
spectrum profile was observed (only one predominant ion in
the spectrum, indicating that the peptides observed in Fig. 2b
were only coming from the digested portion of the spot). This
is a particularly interesting feature since this allows the
indirect reduction of the extraction area to a region of
670 μm. By applying the same rough calculation as previously
(i.e. round shaped cells of about 15 μm diameter in average),
the estimated number of studied cells can be reduced down to
about 1900.
To further assess the method, a comparison of the MS
spectra when the tryptic peptides were analyzed on tissue and
when they were subjected to micro-extraction in the consecutive section at the same position (Fig. 3) was performed.
Straightforward MS/MS interrogation allowed the identification
of dominant peaks in these spectra coming from peptide
fragments of abundant proteins present in the rat brain,
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Fig. 2 – On tissue liquid microjunction extraction of trypsin digested or undigested regions. Comparison of MALDI-TOF MS spectra
recorded in the linear positive mode from 2 consecutive rat brain sagittal tissue sections at two distinct locations in two regions (1,2)
of the tissue after micro-extraction in the optimized conditions for tryptic digestion peptides a) micro-extraction of non-digested
areas and b) micro-extraction after on tissue digestion on 300 μm spots. Black circles delimit the micro-extraction areas which are
about 771 μm diameter and red circles define the position of the 300 μm trypsin digestion spots.
namely, tubulin, actin, myelin and hemoglobin. When the
spectra are zoomed, due to the high spectral resolution, signals
coming from the less abundant proteins become more apparent. However, it is difficult to subject these ions to MS/MS
analysis due to low signal intensity and complexity
(overlapping) that prevent the accurate selection of the precursor ion. Comparison of spectra obtained directly on tissues and
after micro-extraction shows as expected a better S/N ratio for
conventional MALDI analysis (an average of the S/N ratio for the

20 more intense peaks gives 60 for direct tissue analysis and 700
for analysis after extraction). There is also a marked difference
in the signal intensity and the number of detected peptides (118
peptides for on tissue MS and 675 for conventional MS after
extraction, Fig. 3b). However, it must be noted that signals
showing the highest intensity are the same in both experiments. This is expected because of the additional desalting and
concentrating step using a hydrophobic phase (C18 ziptip) in
addition to the absence of interference coming from the tissue
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Fig. 3 – Direct on tissue versus conventional MALDI after liquid microjunction extraction analysis of trypsin digested regions.
Comparison of the MS spectra recorded on an MALDI-LTQ-orbitrap instrument in the positive mode from 2 adjacent sagittal
tissue sections of control rat brain at the same location (in the cerebellar nucleus region i.e. P2 position) after on trypsin digestion
by 1 μl enzyme deposition using a micropipette and subsequent a) direct tissue analysis and b) after micro-extraction using liquid
microjunction and conventional MALDI analysis. Mass spectra are normalized against the same intensity scale.

matrix that induces poor ionization yields. However, this
remains unsatisfactory in terms of protein identification
because the clear advantage of the developed strategy is to
provide a solution that can be subsequently processed by any
possible proteomics strategies involving LC separation coupled
to HR MS.

3.3.
On tissue micro-digestion & micro-extraction followed
by nanoLC-MS/MS analysis
Statistical analysis has proven to be a very useful approach to
identify regions of different molecular contents that can be
specific to certain biological processes. This is exemplified in
Fig. 4a by the use of hierarchical clustering (HC) on the MALDI
MSI data collected on a control rat brain sagittal tissue section
prepared for protein imaging. Across the studied section,
four distinct regions of specific molecular fingerprint are
primarily differentiated. In a complete biological investigation, the succeeding step consists of the identification of the
regulated proteins characterizing each of these regions.
For this, on-tissue enzymatic digestion combined with microextraction on two discrete positions of two of these regions
(Fig. 4b) as determined previously by HC (Fig. 4a left) and
correlated to HES staining (Fig. 4a right) was then performed in
triplicate on three consecutive sections (S1, S2 and S3) thus, for
a total of 6 samples (3 experiments for each of the position,
S1P1, S2P1, S3P1 versus S1P2S2P2 and S3P2). Specifically, the
two investigated positions are in the thalamic nuclei region (P1)
and in the cerebellar nucleus (P2) according to the rat brain atlas
(Fig. 4b right panels).

The full MS spectra of micro-extracted samples from P1 and
P2 are shown Fig. 4c. Even though these spectra are dominated
by the signals from abundant proteins, differences can be
observed between the two positions. The tryptic peptide
extracts were then collected and analyzed by online nanoLC
coupled to an ESI-orbitrap Elite with high speed and high
spectral resolution capabilities (see Supplementary data 1 Fig. 2
for the base peak chromatograms). An average of 25,000 peptide
ions was sequenced in MS/MS and, because of the high mass
accuracy on the parent ion mass determination and the quality
of MS/MS spectra in terms of type, number and intensity of
fragment ions, many of these peptides led to protein identification. Fig. 5 presents examples of typical MS/MS spectra
recorded during these experiments. Because of MS/MS spectra
quality and parent ion MW determination accuracy, a large
number of proteins were unambiguously identified with high
confidence. To exemplify the complexity of the sample, in
Table 1 are listed all the ions with isobaric m/z 1383. Thanks to
the efficiency of peptide separation, 8 different peptides
are found to be corresponding to this nominal m/z with a
maximum separation of 144 mDa in mass. Here, these peptides
appear at distinct retention times. Even with high resolution
capability of the instrument these peptides would have been
very difficult to identify from each other in the direct analysis
without the separation dimension. Here, on the contrary
we obtained high confidence identification for each of the
8 peptides with a good accuracy on the mass measurement.
Overall, the experiments led to the identification of a
significant number of proteins for each sample and each
position (>1000). The identified proteins can be found in
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Fig. 4 – MALDI MSI molecular classification of tissue section. a) (left) Resultant image of the statistical analysis using hierarchical
clustering (HC) showing areas of the section with different molecular signatures. MALDI. a) (right) Hematoxylin Eosin (HE) staining
of the same tissue section. The white circles represent the position of micro-extraction, position 1 is in the thalamic nucleus and
position 2 is in cerebellar nucleus. b) Optical picture of the tissue section used for micro-extraction. Left: picture after trypsin
digestion by micro-spotting in 2 distinct positions (P1, P2) and right: picture after the micro-extraction step. c) Maps extracted from
the rat brain atlas (sagittal view, lateral 0.9 mm panel) showing the regions used for extraction. Top, zoomed view of the panel on
the cerebellum region showing that digestion/extraction was performed in the cerebellar nucleus and Bottom, zoomed view of the
thalamic/hippocampus regions indicating that extraction was performed in the thalamic nuclei. c) MALDI-MS orbitrap spectra
recorded in the positive full FT scan mode after micro-extraction for position 1 (d) and for position 2 (e).

Fig. 5 – Extraction yields obtained through liquid microjunction extraction are sufficient to provide high quality MS/MS spectra.
MS/MS spectra recorded in the positive mode during the nanoLC-ESI-LTQ-orbitrap experiment for position 1 (thalamic nucleus)
by selection of a) parent ion [M + 2H]2+ at m/z 942.4595 (retention time 105.08 min) peptide attributed to Alpha Internexin,
b) parent ion [M+ 2H]2+ at m/z 1078.0271 (retention time 73.33 min) peptide attributed to Neuromodulin and c) [M+ 2H]2+ at m/z
571.3007 (retention time 35.24 min) peptide attributed to Sphingosine 1-Phosphate Receptor 5. Peptides were activated by CID.
Both fragmentation and detection were performed in the LTQ analyzer of the instrument.
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Table 1 – Efficiency of liquid microjunction extraction combined to nanoLC MS and MS/MS analysis to identify isobaric ions.
Summary of all ions showing nominal m/z 1383 with their corresponding retention time (RT), peptide sequence from
identification by databank interrogation, mass difference (ΔM) between experimental measurement and theoretical mass
and identification probability (PEP).
m/z

RT (min)

1383.58135
1383.61296
1383.64470
1383.66802
1383.67253
1383.69267
1383.70513
1383.72539

Sequence

GGAEQFMEETER
−2.35
D4AC23, RCG55994, isoform CRA_c, [D4AC23_RAT]
52.03
GASQAGMTGYGMPR
−1.08
P37805, Transgelin-3, [TAGL3_RAT]
70.25
EMLGLYTENEGK
−1.03
F1LRV4, Heat shock 70 kDa protein 4, [F1LRV4_RAT]
83.72
ImNTFSVmPSPK
2.35
Q3KRE8, Tubulin beta-2B chain, [TBB2B_RAT]
36.22
AALPAGEGESPEGAK
−1.89
F1LPP0, Amphiphysin_1, [F1LPP0_RAT]
75.34
SVPEMDPAATIPR
−0.79
D4A6C9, Tom1l2, [D4A6C9_RAT]
104.26
IFDAVGFTFPNR
−0.37
O35095, Neurochondrin, [NCDN_RAT]
61.47
LYQSATQAVFQK
−0.97
Q08602, Geranylgeranyl transferase type-2 subunit alpha, [PGTA_RAT]
60.43

Supplementary data 2, from which it is shown that 1517
proteins were identified for P1 from S1, 1554 proteins from S2
and 1582 from S3. Fig. 6 presents a Venn diagram showing the
number of proteins identified for each position across the 3
replicates. 1405 proteins are common to the 3 sections; 11 are
unique to S1P1, 17 to S2P1 and 40 to S3P1. By taking all the
experiments for P1 we obtained a total of 1658 proteins
identified (Fig. 6a). For P2, 1289 proteins common to the 3
sections were identified, 28 being unique to S1P2, 4 to S2P2
and 74 to S3P2, amounting to 1761 protein. In most cases, less
than 5% variation is observed between each position, demonstrating reproducibility. For each samples, identified proteins
came from about 24,500 to 25,500 MS/MS recorded (depending
on the experiment) and sent for databank interrogation.
By merging data from the different samples (S1, S2, S3) a
comparison of the results from the 2 analyzed positions can
be made. Merging the 3 replicates and using a filter to select
only high confidence identification, 1334 proteins from P1 and
1409 proteins from P2 were obtained (Fig. 6b). Altogether, 1606
protein groups based on 5111 peptides were identified. This
demonstrates the efficiency of the method, leading to
identification of about 1300–1400 proteins with high confidence according to the position for an estimated equivalent
number of 1900 cells with an average diameter of 15 μm.

3.4.

ΔM [ppm]

Biological significance

Global analysis on the identified proteins shows that they
present various cellular localization and molecular functions,
and are implied in different biological processes. Fig. 7
presents a diagram of protein location in the cell for proteins
identified from P2 (cerebellar nucleus). Most of the identified
proteins are cytoplasmic (24.54%) and membrane proteins
(18.54%), although to a less extent proteins from the nucleus,
cytosol, cytoskeleton and mitochondria were also identified.
Comparison of molecular functions and biological processes
of proteins identified from P1 and P2 is given in Table 2.
Looking at molecular functions specific to P1 or P2, the most

PEP
3.2146E−03
2.0589E−04
6.6262E−03
1.4294E−03
1.6774E−03
7.2579E−2
8.6078E−06
1.4450E−03

important variations observed are between catalytic activity,
metal ion and nucleotide binding. Major significant variations
for the biological activities of the identified proteins between
the two positions are found for metabolic activity and cell
organization/biogenesis and development (Table 2). Some tiny
changes are also observed for transport, cell differentiation and
cell communication. The number of proteins identified and
involved in metabolomic activity is 46% higher in cerebral
nucleus than in thalamus/hippocampus region one, whereas
the one implicated in cell organization is 9% higher in the latter.

3.5.
Back correlation of proteins identified via microextraction nanoLC-ESI to MALDI MS imaging data
The on-tissue micro-extraction method followed by nanoLCESI MS/MS analysis allowed for the identification of a large
number of proteins. The generated data were then used to
determine whether it would be possible to correlate this data
to the MALDI MSI data since from the latter, only a few major
proteins were identified. Because the mass measurements
have been performed with high mass accuracy, tryptic
peptide assignments observed in MALDI MSI can be directly
compared with those determined under nanoLC-ESI MS/MS.
As an example, in the cortex region of the primary motor
cortex on a consecutive section, on tissue microdigestion was
performed with the same conditions as in the MALDI-MSI
experiment and directly analyzed. Assignment of all tryptic
peptide masses observed in the on tissue MALDI experiment
is summarized in the table presented in Supplementary data
4. The table gives the measured m/z list and the corresponding relative intensities of the observed tryptic peptides, which
are classified by decreasing intensity. Also given are the m/z
of tryptic peptides extracted from the nanoLC-ESI experiments, protein IDs (name and accession number), the mass
difference (in ppm) between the two measurements, and the
degree of confidence by which these peptides have been
identified. From the on-tissue MALDI MSI spectrum extracted
in the region of interest (Supplementary data 1 Fig. 3), 176
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Fig. 6 – Number of identified proteins using liquid microjunction extraction workflow for 2 different tissue regions. Venn diagram
representation of the number of proteins identified from position 1 (thalamic nucleus) and position 2 (cerebellar nucleus).
Experiments were performed in triplicates from 3 consecutive tissue sections. On each replicate P1 and P2 were extracted
and analyzed. a) Comparison for a specific position of the number of identified proteins from each sample(all confidence
identification criterion). b) Global representation with merged data of the replicates for each position (high confidence
identification criterion); 1137 proteins are identified from both position 1 and position 2, 197 proteins are unique to
position 1 and 272 to position 2 for a total of 1606 groups of proteins identified in total originating from 5111 high
confident peptides.

tryptic peptides m/z can be extracted. Of these 176 peptides,
120 can be assigned by correlation to nanoLC-ESI and 56 m/z
remain unassigned. Of the 120 assigned peptides only 3 are
found with low confidence identification. In terms of the mass
difference in the measured peptides (Table 3), 41 peptides
showed a mass difference<1 ppm, 34 within 1–2 ppm, 24 within
2–3 ppm, 12 within 3–4 ppm and only 9 showing a mass
difference>5 ppm. By setting up to 3 ppm as a good acceptance
for confident identification, 82.5% of the peptides were assigned.
Data were compiled to group tryptic fragments of single proteins
(unique accession entry) altogether, and are presented in
Supplementary data 1 Table 3. Altogether, 61 proteins with
unique entry were identified, 20 of which contain 2 or more
peptide hits. If the proteins are grouped as shown in Table 4, 45
distinct protein families can be reassigned to the MALDI MSI
data. The most prevalent protein in the analyzed region from
the tissue is the Tubulin family which is identified with 38
fragments, followed by ATP Synthase, Hemoglobin, Myelin
Basic Protein S, Sodium/Potassium-Transporting ATPase,
Actin, Clathrin, Synapsin-1, and Fructose-Biphosphate Adolase.

However, 56 peptides remain unassigned and 18 of them are
with a relative intensity of more than 5%. This corresponds to
32.18% of the peptides with no assignment.

4.

Discussion

The obtained results demonstrate the power of liquid junction
micro-extraction in identifying proteins from a section with
respect to the location of extracted cells in the considered
tissue. Previously the use of the liquid microjunction for the
extraction and analysis of small molecules and lipids has
been demonstrated [69–71], but the applicability of this
technology was never shown for neither peptide nor protein
analysis and in particular for the identification of proteins in
bottom–up strategies combined to on tissue micro-extraction.
The combination of on tissue digestion using a microspotter
followed by micro-extraction offers many advantages regarding
the analysis of proteins. This strategy allows an efficient control

212

J O U RN A L OF P ROTE O M IC S 7 9 ( 2 01 3 ) 2 0 0 –21 8

Fig. 7 – Cellular localization of identified proteins using liquid microjunction extraction workflow for 2 different tissue regions.
Diagram plotting the relative distribution (%) of identified proteins according to their cellular location.

of the digestion by accurate delivery of the trypsin-containing
droplets, leading to the reduction of the digested region by half,
compared when the digestion was done by LESA alone.
In contrast to a bottom–up MSI strategy where the digestion is
not as efficient due to the quick drying of the trypsin solution
between each successive deposition, here, the digestion efficiency has greatly improved because the droplet is maintained
during the entire incubation. Micro-extraction of tryptic peptides

is more advantageous than intact proteins considering that the
extraction of the latter required in most of the cases the use
of lysis buffer containing detergents and chaotropes. These
solutions cannot be handled by a microspotter because it
requires their aspiration from the surface afterwards. Although
it is possible to use LESA for this purpose, the high viscosity of the
solutions prevents them from being accurately dispensed or
aspirated in the current configuration.

Table 2 – Molecular and biological processes of identified proteins using liquid microjunction extraction workflow for 2
different tissue regions. Comparison between position 1 (P1: thalamic nucleus) and position 2 (P2: cerebellar nucleus) of a)
molecular functions and b) associated biological processes. In bold are indicated molecular functions or biological processes
showing the most pronounced difference comparing positions 1 and 2.
a) Molecular function

P1
Thalamic nuclei

P2
Cerebellar nucleus

b) Biological processes

P1
Thalamic
nuclei

P2
Cerebellar
nucleus

Binding
Catalytic activity
Metal ion binding
Nucleotide binding
Enzyme regulator activity
Transporter activity
DNA binding
Signal transducer activity
Receptor activity
RNA binding
Structural molecule activity
Transcription regulator activity
Motor activity

31%
22%
11%
9%
5%
5%
4%
3%
3%
2%
2%
2%
1%

24%
24%
13%
12%
5%
5%
1%
4%
2%
3%
4%
2%
1%

Regulation
Metabolic
transport
Cell organization/biogenesis
Response to stimulus
Development
Cell differentiation
Cell communication
Cell death
Cell proliferation
Cellular homeostasis
Cellular component movement
Reproduction
Defense response
Cell division
Coagulation
Cell growth

19%
13%
12%
11%
10%
8%
5%
5%
5%
3%
2%
2%
2%
2%
1%
1%
1%

20%
28%
11%
1%
9%
6%
6%
6%
4%
2%
1%
1%
2%
2%
2%
0%
1%
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Table 3 – Mass accuracy in m/z assignment for back
correlation of liquid microjunction extraction data to MALDI
MSI. Number of peptides with respect to the m/z accuracy in
the assignment of peptides identified from the
nanoLC-ESI-LTQ-orbitrap to the MALDI-LTQ-orbitrap MS
imaging data.
M/Z accuracy (ppm)
<1 ppm
1 ppm < × < 2 ppm
2 ppm < × < 3 ppm
3 < × < 4 ppm
>5 ppm

Number of peptides
41
34
24
12
9

Other ambient surface sampling techniques that are based
on the solid–liquid extraction principle, such as the liquid
microjunction surface sampling probe (LMJ-SSP) and the
sealing surface sampling probe (SSSP) have been reported
[64]. These methods operate in continuous mode. The sample
surface is perpetually in contact with a probe that rasters
across the surface and as extraction occurs, the extracts are
continuously delivered to the ESI source. Whereas this mode
can be advantageous in surface scanning and ultimately, ESI
imaging [72], the time of contact between the solvent and the
surface is short and only a single pass on each position is
being performed. As such, this method has low detection and
at the moment is only restricted to small molecules. On the
other hand, the liquid junction micro-extraction is a discontinuous extraction method. This is advantageous in increasing
extraction yields by allowing the repetition of extractions on the
same position. Moreover, this method permits the collection of
extracts, enabling them to be further processed by means of
conventional analytical strategies, e.g. various fractionation
and/or separation methods (LC, CE, gel electrophoresis) and
various MS instruments including non-ambient MS sources like
MALDI. This increases sample processing time but makes the
complex mixture more amenable to MS analysis thereby
increasing the number of molecules detected and identified.
The obtained results demonstrate that using this strategy,
about 1500 proteins can be identified with high confidence
and good reproducibility for a given position. Here we have
shown that currently micro-extraction through liquid microjunction is achieved on a spot with a minimum size of about
1.5–1.7 mm in diameter using the conventional setup of
the instrument. For an average cell diameter of 15 μm, this
corresponds to a range of 10,000–12,000 cells. To improve
correlation, the sampling area was decreased down to a spot
of 670 μm in diameter corresponding to about 1900 cells. From
this region, high confidence identification of an average of
1500 proteins was obtained. Currently, shotgun proteomics
can lead to the identification of up to about 5000 unique
proteins [73] as extracted from organs or specific regions of
organs. However, global extractions if efficient in the number
of identified proteins do not allow correlation to specific type
of cells in their specific tissue micro-environment. Over the
past years, LCM combined to proteomics strategies has been
demonstrated to present a high potential for identification of
proteins from specific cell phenotypes [74,75]. In 2010, Wang
et al. [6] examined the correlation between the number of
protein identifications and the decreasing number of LCM-
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processed cells. In their strategy they were able to identify
167, 237, 491 and 619 proteins from 500, 1000, 2500 and 5000
collected cells, respectively. Similar results were shown by
Stingl et al. in 2011 [7]. Protein identification performed out of
2000 epithelial or stromal micro-dissected cells led to an
average of 366 identified protein-groups. Recently, Wisniewski
et al. [9] demonstrated the possible identification of 1500
proteins from 1000 and 2500 from 10,000 HeLa cell cultures.
From LCM micro-dissected mouse liver tissue sections, they
obtained the identification of 3600–4400 proteins out of 20,000
laser capture cells. Thakur et al. [8], meanwhile, have identified
about 1700 proteins from 10,000 initially collected cells of
primary and metastatic breast cancer tissues by combination
of SDS-PAGE separation and LC–MS/MS for an equivalent of
1000 cells injected. In the present study we assume to have
analyzed about 1900 cells (15 μm diameter) from 670 μm spots
and identified an average of 1500 proteins. This demonstrates
the interest of the present strategy which has a clear potential
for protein identification with fine correlation to their microenvironment.
The biological significance of the data obtained points out
the presence of specific protein signatures between the two
brain localizations which are in line with their biological role
in the brain. Cerebellar nucleus is known to modulate the
outputs of other brain areas and to calibrate precision and
timing of movements. The thalamic nucleus is involved in
relaying information to and from the cerebral hemispheres,
and is also involved in motivation, eating, drinking, defecation, and copulation. The high number of proteins identified
in the cerebellar nucleus is in line with its high consumption
of glycogen and its involvement in oxidative stress. On the
other hand, the high expression level of proteins involved in
cell organization can be explained by the great number of
connections and cell projections occurring in thalamic nuclei.
This is in line with the higher level of proteins implicated
in cell communication, cell differentiation and regulation
identified in this region compared to the cerebellar nucleus
region. Altogether, the data confirm that specific protein
signatures rely on the brain area and their canonical biological
functions to the brain functioning.
Finally, the nanoLC-ESI data were correlated to those
obtained from MALDI MSI. High spectral resolution and high
mass accuracy measurements given by the FT instrument
allow the assignment of the peptides observed on tissue from
the tryptic digestion by simple m/z correlation. The good
correlation of the data allows indirect back identification and
subsequently protein distribution in tissues. A non-negligible
number of peptides were not assigned from nanoLC-ESI data
though. First, the MALDI MSI data were collected from a tissue
section adjacent to the one used for micro-extraction experiments. Therefore, it is possible that not exactly the same type
of cells was targeted, taking into account the heterogeneity of
cell phenotypes in the brain. The observed discrepancy
can also be due to the different ion production source used
(ESI vs. MALDI) in the 2 experiments. In fact, it is well-known
that MALDI and ESI generally provide complementary data [76]
in terms of observed peptides because of the very different
physico-chemical processes by which ions are formed in these
two sources. The number of unassigned peptides could be
decreased if the micro-extracted tryptic peptides are analyzed
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Table 4 – List of protein families identified by back correlation of liquid microjunction extraction data to MALDI MSI. Number
of peptides found and corresponding percentage with respect to the total number of observed peptides in the MALDI MS
imaging spectra sorted against each protein family identified by correlation of mass between nanoLC-ESI-LTQ-orbitrap and
MALDI-LTQ-orbitrap on tissue data.
Protein family

Number of peptide fragments matching/protein
family

% peptides/total number of
peaks

Not assigned
Tubulin
ATP synthase
Hemoglobin
Myelin basic protein S
Sodium/potassium-transporting ATPase
Actin
Clathrin
Synapsin-1
Fructose-biphosphate aldolase
Cytochrome c oxydase
Dihydropyrimidinase-related protein
Heterogeneous nuclear ribonucleoproteins A2/B1
Histone
Phosphoglycerate kinase 1
Adenylate kinase
Anaphase promoting complex
ATP synthase-coupling factor
B-cell receptor-associated protein
Brain acid soluble protein
Breast carcinoma-amplified sequence 1 homolog
Calcium/calmodulin-dependent protein kinase
Complexin-1
Excision repair cross-complementing rodent
repair deficiency
Glutamine synthase
Glutathione S-transferase omega-1
Glyceraldehyde-3-phosphate dehydrogenase
Heat shock protein HSP 90-alpha
Hepatocyte growth factor-regulated tyrosine kinase
substrate
Isoform 2 of MAGUK p55 subfamily
Leucine rich repeat and IQ domain-containing protein 3
Malate dehydrogenase
Microtubule-associated protein
Mitogen-activated protein kinase 8 interacting protein 3
Neurofilament heavy polypeptide
Protein bassoon
Purkinje cell protein 4
Pyruvate kinase isozymes M1/M2
Rab GDP dissociation inhibitor alpha
Similar to dystrophia myotonica WD repeat-containing
protein
Sodium-dependent neutral amino acid transporter
SLC6A17
Stathmin
UDP-glucose pyrophosphorylase 2
Vesicle associated membrane protein 2B
Vesicle-fusing ATPase
Hydroxysteroid dehydrogenase-like protein 2

56
38
10
6
5
5
4
4
4
3
2
2
2
2
2
1
1
1
1
1
1
1
1
1

32.18
21.84
5.75
3.45
2.87
2.87
2.30
2.30
2.30
1.72
1.15
1.15
1.15
1.15
1.15
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57

1
1
1
1
1

0.57
0.57
0.57
0.57
0.57

1
1
1
1
1
1
1
1
1
1
1

0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57

1

0.57

1
1
1
1
1

0.57
0.57
0.57
0.57
0.57

using the same MALDI-LTQ Orbitrap where the MALDI-MSI
experiment was performed. However, in this configuration, low
energy activation can only be obtained leading to a poor
fragmentation yield coming from singly-charged peptides and,
subsequently, poor MS/MS spectra. This implies that the
correlation assignment can be ameliorated but this will be at
the expense of protein identifications. An alternative would be
the parallel analysis of the micro-extracted tryptic peptides in

the MALDI-TOF/TOF instrument providing higher energy activation and therefore probably better protein identifications.
However, the back correlation will suffer due to the lack of
accurate mass measurement obtained from the MALDI-TOF.
Taken altogether, a workflow was designed allowing both
imaging and classification of tissue regions leading to protein
identifications and finally, back correlation to the MALDI MSI
data (Fig. 8).
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Fig. 8 – Markers discovery workflow. General workflow for markers discovery combining MALDI MSI and on tissue extraction–off
tissue analysis identification strategy.

5.

Conclusion & perspectives

Here, it was demonstrated that micro-extraction using the liquid
microjunction is an efficient strategy for protein identification
from tissue sections. An approach for micro-extraction on a
well-controlled area (670 μm diameter) allowing fine correlation
of identified proteins to their original location in the tissue, was
established. This was achieved by performing on tissue digestion
using micro-spotting followed by micro-extraction using the
liquid microjunction interface. By applying such a strategy in
combination with conventional shotgun analysis for simplification of the complex extract using RPLC separation with on-line
coupling to high spectral resolution ESI FTMS, identification with
high confidence of about 1500 proteins for an equivalent of about
1900 cells was obtained. This is largely in the range of what is
currently achieved using LCM followed by proteomics analysis.
This method demonstrates to be robust, fast and efficient and
can be automated. This method was incorporated into the
MALDI MSI workflow, by analyzing collected MALDI MSI data
using statistical tools to determine cells that present a similar
molecular content. This classification was then used to determine ROIs which were used on the tissue digestion and
micro-extraction strategy to further identify the proteins present

in these specific regions. For example in clinics, MALDI MSI will
allow for classification of the cells according to their role in the
physiopathological process compared to normal ones, and the
proposed strategy presented here will lead to the identification of
the proteins in these different regions. Even if the strategy has
shown great potential, there are many further developments
needed to be performed. First, the separation of micro-extracted
tryptic digest can be improved, not only by the use of 1D RPLC
separation but also by other methods, such as 2D LC or capillary
electrophoresis (CE). In order to obtain complementary data, the
extracts can be subjected to parallel MS analysis using ESI and
MALDI sources. In order to improve the correlation of identification data to protein location, the reduction of both digested and
extracted areas will be investigated. This can be obtained through
several means. Decreasing the volume of trypsin and extraction
solution is one possibility. This can be achieved by mounting
specific tips on the liquid microjunction extraction system and is
to be tested on short term. Finally, it was observed that the
number of proteins unique to a specific position is low (197 for P1
and 272 for P2) in comparison to all identified proteins. There are
certainly numerous proteins that are present in both positions
but have differential regulation that can be highlighted by
implementing a quantification strategy such as stable isotope
labeling [77]. Finally, the extraction of small, soluble intact
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proteins followed by their separation will also be explored in
order to obtain their identification using top–down strategies
including ETD or ISD in the case of ESI or MALDI analysis
respectively.
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