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Abstract In the last few years, matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry imaging
(MSI) has been successfully used to study the distribution of
lipids within tissue sections. However, few efforts have been
made to acquire reliable quantitative data regarding the local-
ized concentrations of these molecules. Here we propose an
approach based on brain homogenates for the quantification of
phosphatidylcholines (PCs) in brain section by MALDI MSI.
Homogenates were spiked with a range of PC(16:0 d31/18:1)
concentrations. Sections from homogenates and intact brain
were simultaneously prepared before being analyzed by
MALDI MSI using a Fourier transform ion cyclotron reso-
nance (FT-ICR) analyzer. Standard curves were generated
from the signal intensity of the different PC(16:0 d31/18:1)
ionic species ([M+H]+, [M+Na]+ and [M+K]+) detected from
the homogenate sections. Localized quantitative data were
finally extracted by correlating the standard curves with the
signal intensities of endogenous PC (especially PC(16:0/
18:1)) ionic species detected on different areas of the brain
section. They were consistent with quantitative values found
in the literature. This work introduces a new method to take
directly into account biological matrix effects for the

quantification of lipids as well as other endogenous com-
pounds, in tissue sections by MALDI MSI.
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Abbreviations
a.u. Arbitrary unit
H&E Haematoxylin and eosin
ITO Indium tin oxide
MALDI Matrix-assisted laser desorption/ionization
MSI Mass spectrometry imaging
PC Phosphatidylcholine
R2 Coefficient of determination
ROI Region of interest

Introduction

Lipids play essential biological functions, such as composition
of cell membranes, cell signalling and energy storage [1].
Alterations in lipid metabolism are related to different human
diseases (e.g. diabetes, cancer and neurodegenerative dis-
eases) [2–7]. Therefore, there is a growing interest to study
lipids in biological samples with a special effort to map their
distribution in various tissues.

In the last few years, matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry imaging (MSI) has
emerged as a powerful tool to study the distribution of these
biomolecules within tissue sections [8–17]. The major advan-
tage of this technique is its ability to simultaneously detect and
map specific lipid species without the requirement of probes
or staining. In this context, high-resolution mass spectrometry
analyzers (e.g. orbitrap and Fourier transform ion cyclotron
resonance, FT-ICR) provide an invaluable support in the
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characterization of specific lipids by giving accurate mass
measurements and high mass resolution [18, 19, 4].

However, MALDI MSI has not yet reached its full poten-
tial because efforts are still required to extract reliable quanti-
tative information fromMALDIMSI data. Quantification of a
given analyte is difficult because the ion intensity recorded
depends on (1) its concentration in the sample, (2) its partic-
ular ionization yield, (3) the matrix properties and deposition
method and (4) the chemical and morphological environment
that is sampled simultaneously with the analyte [20]. The
latter is commonly known as ion suppression effects. During
a MALDI imaging experiment, all these factors occur simul-
taneously in a complex manner that can influence ion intensi-
ties. Consequently, analyte(s) can be detected with different
intensities depending on the analyte properties and tissue
environment, even if they are present at identical
concentrations.

Nevertheless, progresses have been made in the field of
quantitative MALDI MSI analyses. Several methods have
been developed to determine local concentrations of com-
pounds (especially drugs) within tissue sections [20]. First,
imaging data were generally normalized to take into account
matrix application and ion suppression effects. To this end, an
added compound or matrix peaks were usually used as an
internal standard [21, 22]. A recently developed method relied
on a tissue-specific normalization factor (called tissue extinc-
tion coefficient) to correct ion suppression effects [23]. A
glass slide and a tissue section were simultaneously covered
using an analyte-matrix mixture. The coefficient was calculat-
ed using the ratio between the analyte intensity recorded on
the tissue section and on the glass slide. Secondly, imaging
data were converted to analyte signal(s) into surface concen-
tration(s). The ion intensity recorded on a dosed tissue section
was usually compared to a calibration curve generated from
standard dilution series spotted on (or below) the surface of
control tissue section [21, 24, 25]. However, it was unlikely
that the standard mimics crystallization, desorption and ioni-
zation of compounds initially found in the complex tissue
samples. Recently, approaches based on the use of tissue
homogenates spiked with different standard concentrations
have also been reported [26, 27]. The signal intensity recorded
on the dosed tissues was compared to a standard curve gener-
ated from the spiked homogenates in order to extract quanti-
tative information. By incorporating the standard into homog-
enates, it was expected that the standard closely mimics the
behaviour of compounds (initially present in the tissue) during
the MALDI process. In several studies, orthogonal analyses
(e.g. by LC-MS) were conducted in parallel to control quan-
titative MSI results [26, 23, 24, 28]. The correlation between
these data sets supports the possibility of extracting quantita-
tive information from MALDI MSI data.

Less attention has been given to the quantification of lipids
within tissue sections. A study was conducted to investigate

the relationship between the abundance of phosphatidylcho-
line (PC) species recorded by MALDI MSI and the relative
amounts of PC species measured by LC-MS/MS in adjacent
brain sections [29]. There was a good correlation between the
relative quantitative information provided by MALDI MSI
and LC-MS/MS. Considerations related to the quantification
of lipids in nerve tissue have also been approached [30]. It
included the investigation of the signal variability in succes-
sive MALDI MSI analyses as well as the comparison of three
methods for applying an internal standard (a non-endogenous
PC) to tissue sections. The standard was finally deposited
using an inkjet printer under wet tissue in order to extract
relative concentrations of endogenous PCs in the brain and
spinal cord sections. The results were similar to data found in
the literature.

As of today, no method has been yet reported to generate
quantitative information on lipids present in tissue sections by
MALDI MSI. Here we propose the use of brain homogenates
spiked with PC(16:0 d31/18:1) to quantify endogenous PCs
(especially PC(16:0/18:1)) in a mouse brain section. Brain
tissues contain a large quantity of various lipid species, in-
cluding PCs which are predominantly detected as positive
ions during MALDI MSI analyses of brain sections [18]. In
this work, brain homogenates were prepared and spiked with
different PC(16:0 d31/18:1) concentrations. They were used
to generate standard curves each corresponding to a specific
PC(16:0 d31/18:1) ionic form (i.e. protonated, sodium or
potassium adducts). Quantitative information on different
PC ionic forms was finally extracted using these curves.

Material and methods

Chemicals

Methanol (MeOH, HPLC grade) was purchased from
Biosolve (Valkenswaard, Netherlands). Ethanol (EtOH, abso-
lute) and o-xylol (purity 99 %) were purchased from Thermo
Fisher Scientific (Waltham, USA). Eosin Yand haematoxylin
solution (modified according to Gill III) was purchased from
Merck (Darmstadt, Germany). Chloroform (CHCl3, purity
≥99.9 %) and 1,5-diaminonaphthalene (1,5-DAN, purity
97 %) were purchased from Sigma-Aldrich (St. Louis, USA).

Lipid standard

PC(16:0 d31/18:1) (1-palmitoyl-d31-2-oleoyl-sn-glycero-3-
phosphocholine) was purchased from Avanti Polar Lipids,
Inc. (Alabaster, USA). Lipid standard was used without fur-
ther purification. Stock solution was prepared using a
MeOH/CHCl3 mixture (50/50 v/v) at a concentration of
45.46 mg/mL. Additional standard solutions were prepared
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using aMeOH/CHCl3 mixture (50/50 v/v) at concentrations of
0.57, 1.48, 2.79, 5.73, 14.45, 27.95 and 44.55 mg/mL.

Brain samples

BALB/c mouse was provided by the Central Animal Housing
of the University of Liège. Pig brains of controlled origin were
provided by a slaughterhouse. Tissues were collected before
being snapped frozen by immersion in pre-cooled isopentane
at −50 °C and stored at −80 °C. All subsequent sample
handlings were made in dry ice. Experimentations were con-
ducted in conformity with the ethics commission for animals
use in the University of Liège.

Brain homogenates

Tissues were removed from the freezer and placed at −4 °C
during 1 h. Pig brains were then homogenized using (1) a
Potter-Elvehjem tissue grinder A 966 driven by a rotor (until
complete homogenization; Thomas Scientific, Swedesboro,
USA); (2) an ultrasonic homogenizer (ViBro Cell; Van Der
Heyden, Brussels, Belgium); (3) a T 10 basic Ultra-Turrax
mixer (30,000 rpm until complete homogenization; IKA-
Werke, Staufen, Germany); or (4) a MagNA Lyser instrument
(at 4500g during 30 s; Roche, Basel, Switzerland). In the latter
case, tissues were placed in 2-mL tubes filled with ceramic
beads before being homogenized. Homogenates were then
collected using a 100-μL pipette before being transferred into
0.6-mL micro-tubes (Axygen, Tewksbury, USA). Conical
extremity of pipette tips has been cut to facilitate the collec-
tion. The micro-tubes containing the homogenates were im-
mersed in pre-cooled isopentane at −50 °C. These handlings
were conducted in a cold room at −4 °C.

Incorporation of the lipid standard in brain homogenates

One hundred-microlitre standard solutions (prepared at differ-
ent concentrations) were transferred by pipetting in the micro-
tubes containing the tissue homogenates. The standard solu-
tions were incorporated in the tissue homogenates using a
Vortex-Genie 2 instrument (USA Scientific, Inc., Ocala,
USA) and an Intelli-Mixer instrument (F64 at 99 rpm; ELMI
Ltd., Riga, Latvia). The micro-tubes containing the homoge-
nates were immersed in pre-cooled isopentane at −50 °C.
These handlings were conducted in a cold room at −4 °C.

Tissue sectioning and coating

The micro-tubes containing the homogenates were removed
from the freezer. The conical extremities of the micro-tubes
were cut. The tissue homogenates were extracted from the
micro-tubes by pushing them with a tweezers. These han-
dlings were made in dry ice.

Each sample was mounted onto a sample holder using
optimal cutting temperature media (Thermo Scientific, Wal-
tham, USA). Samples were cut into 14-μm-thick sections
using a cryostat Microm HM 500 O (Microm, Heidelberg,
Germany). The temperatures of the sample holder and the
razor blade were −45 and −35 °C for the spiked tissue ho-
mogenates and −12 and 20 °C for other tissue samples,
respectively. Sections were thaw-mounted onto indium tin
oxide (ITO)-coated glass slides (Bruker Daltonics, Bremen,
Germany) before being placed for drying in a vacuum desic-
cator for about 1 h. When the intact brain was cut, coronal
sections were prepared. Haematoxylin and eosin (H&E) stain-
ing was conducted on serial tissue sections.

The application of the 1,5-DAN matrix was conducted
using a home-made sublimation device, as previously report-
ed [11, 31]. The matrix powder (300 mg) was added to the
bottom section of the apparatus. The ITO-coated glass slides
were fixed in a flat-bottom condenser using a thermally con-
ductive tape. The condenser was assembled with the bottom
section of the apparatus. The apparatus was then placed under
a vacuum during approximately 10min. The ITO-coated glass
slide was cooled (via the condenser) at 3–4 °C during 5 min. A
sand bath was finally used to heat the matrix at 140 °C during
5 min.

Tissue staining

Tissue sections were stained with H&E. Sections were suc-
cessively immersed in 100 % EtOH (8 s), 90 % EtOH (8 s),
70 % EtOH (8 s) and distilled water (4 s). They were then
stained by immersion in a haematoxylin Gill III solution
during 2 min. Sections were washed using HCl 0.1 % (2 s)
and running water (3 min). They were then stained by immer-
sion in an eosin solution (1 min) before being washed using
distilled water (4 s). Sections were successively immersed in
70% EtOH (4 s), 90 % EtOH (4 s), 100 % EtOH (4 s) and two
xylol baths (10 min).

Microscope examinations have been conducted using an
IX81 inverted microscope (Olympus, Tokyo, Japan). The
cellSens 1.9 software was used to control the microscope
and measure the surface of regions observed on the tissue
sections. For histological comparison, we used a reference
atlas provided by the Allen Institute for Brain Science (Allen
Brain Atlas: data portal, http://www.brain-map.org/).

MALDI mass spectrometry imaging analysis

MALDIMSI analyses were conducted using a SolariX FTMS
9.4-T mass spectrometer (Bruker Daltonics, Bremen, Germa-
ny). The mass spectra were acquired at each position in
positive ion mode using the following settings: a laser fre-
quency of 1 kHz, a number of laser shots of 2000, a number of
acquired scan of 1, a mass range from m/z 100 to 1500 and a
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laser power of 20 %. Settings were tuned on a sample con-
taining four lipid standards [PC(16:0/14:0), PC(18:0/18:1),
PE(16:0/18:1) and PE(18:0/18:1)] (Avanti Polar Lipids, Inc.,
Alabaster, USA). This sample was also used to calibrate the
instrument considering the different ionic forms (protonated
and salt adduct species) detected. We used different lateral
resolutions during this work that are further specified in the
text. SolariX Control 1.5.0 and FlexImaging 3.0 software
(Bruker Daltonics, Bremen, Germany) were used to control
the instrument and to set imaging parameters, respectively.
The latter was also used to visualize molecular images using a
0.005-Da mass filter. Assignment of the m/z values to lipid
species has been conducted using LIPIDMAPS database (The
LIPIDMAPS Lipidomics Gateway, http://lipidmaps.org/) and
data reported in the literature [32–35, 10].

Data treatment

The scaling factor (RMS normalization method) provid-
ed by FlexImaging 3.0 software was usually not used to
normalize data because it might cause potential artefacts
and lead to misleading results in our experimental con-
ditions [36]. If this scaling factor was used, it will be
specified in the text. Details about the calculation of
quantitative data will be also further detailed in the text.

Results and discussion

Morphology of tissue homogenates

A protocol to prepare tissue homogenates was first developed.
To this end, we compared the influence of different prepara-
tion conditions on tissue morphology.

First, pig brains were homogenized using several
homogenization devices: (1) a Potter-Elvehjem instru-
ment, (2) an ultrasonic homogenizer, (3) a tissue mixer
and (4) a MagNA Lyser instrument. Sections from an
intact mouse brain and homogenates were then stained
with H&E (Fig. 1a–e).

The quality of the sections was influenced by the
homogenization conditions. We observed damages (e.g.
holes) on the sample surface when the ultrasonic ho-
mogenizer and the tissue mixer were used. Such dam-
ages did not occur using the Potter-Elvehjem and the
MagNA Lyser instruments. The homogenization systems
also influenced the texture of the samples. The ultra-
sonic homogenizer and the tissue mixer formed clusters
of cell nuclei across the sample surface. In contrast, the
morphology of the homogenates was similar at any
point on the section surface when the Potter-Elvehjem
and the MagNA Lyser instruments were used. When we

Fig. 1 H&E-stained sections
from (A) an intact brain and (B–
F) brain homogenates prepared
using different conditions. Four
homogenization devices: (B) a
Potter-Elvejhem, (C) an
ultrasonic probe, (D) a mixer and
(E) aMagNALyser. Two freezing
methods: (E) micro-tubes that
were immersed in pre-cooled
isopentane and (F) micro-tube
that was placed in an ultra-cold
freezer at a temperature of −80 °C
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compared the intact brain section with the homogenate
sections, we observed the similar number and distribu-
tion of cell nuclei across the homogenates prepared
using the Potter-Elvehjem and the MagNA Lyser
instruments.

It was important that the tissue homogenates and the
intact tissue were closed regarding their morphology.
This similarity ensures comparable analyte-matrix inter-
actions, analyte extraction, analyte desorption and ana-
lyte ionization between the intact and the homogenate
samples. It is an essential requirement before con-
ducting further comparison of signal intensities recor-
ded on both samples. Based on our observations, the
Potter-Elvehjem and the MagNA Lyser appeared suit-
able for the preparation of tissue homogenates. We
chose to use the Potter-Elvehjem in the rest of this
study because of its ease of use for the homogenization
of large quantities of material (in the range of grams;
e.g. pig brain).

Secondly, two freezing methods were compared. Pig
brains were homogenized using the MagNA Lyser in-
strument before being frozen by (1) the storage of the
micro-tubes containing the homogenates in an ultra-cold
freezer at −80 °C and (2) the immersion of the micro-
tubes in pre-cooled isopentane at −50 °C before being
placed at −80 °C. Sections were then stained with H&E
(Fig. 1e, f).

The freezing process results in the formation of ice
crystals, which tend to increase in size over time. The
freezing speed has a direct influence on ice crystal size.
The freezing process was faster using the pre-cooled
isopentane than using the ultra-cold freezer. Use of
pre-cooled isopentane prevented tissue damages due to
crystal formation, which can be observed on the images
corresponding to the direct storage at 80 °C in an ultra-
cold freezer [37]. Similar observations were made com-
paring the two freezing methods using tissue homoge-
nates prepared with the Potter-Elvehjem. This is in
agreement with previous studies on tissue preservation.
In the rest of this study, homogenates were therefore
frozen by an immersion in pre-cooled isopentane.

Distribution of endogenous PCs within tissue homogenates

Pig brains were homogenized using the Potter-Elvehjem in-
strument. A homogenate section was prepared and transferred
onto an ITO-coated glass slide. The section was covered with
the matrix before being analysed by MALDI MSI (Fig. 2).
Different PC species were detected everywhere across the
homogenate section surface, as illustrated for PC(16:0/18:1)
(Fig. 2b). Only light differences of signal intensity were
observable on the MALDI images. However, those were not
significant compared to differences that may be observed for
various regions of interest (ROIs) on a non-homogenized
brain tissue section, and were only obvious for the most
intense ionic specie ([PC(16:0 d/18:1)+K]+). Consequently,
endogenous PCs appeared to be relatively homogeneously
distributed within the tissue homogenates resulting from the
use of the Potter-Elvehjem instrument. In this paper, we used
two different monochromatic colour scales to clearly identify
the results that correspond to the endogenous PC(16:0/18:1)
(in red) and to the standard PC(16:0 d31/18:1) (in green),
respectively.

We also compared the average mass spectra recorded on
sections from a pig brain homogenate and an intact mouse
brain (see Electronic supplementary material, Fig. S-1). It
appeared that the lipid signature detected on both samples
was closely similar.We noted that the homogenization process
did not change the chemical composition of the tissue. In the
rest of this study, we used pig brain to prepare spiked tissue
homogenates because of the availability of a sufficient amount
of tissue, which was required to prepare homogenate samples.

Distribution of PC(16:0 d31/18:1) within tissue homogenates

During this work, we focused on the quantification of
PC(16:0/18:1), which is an endogenous lipid predominantly
present in brain tissues [35]. An important factor to consider
was that the standard and the targeted analyte(s) shared a
common molecular structure. In order to warrant specific
ionization efficiency, it was essential to ensure that the stan-
dard was extracted, desorbed and ionized in the same manner
as the analyte(s). The standard PC(16:0 d31/18:1) was

Fig. 2 Analysis by MALDI MSI of a brain homogenate section. (A) Optical image of the section. (B) Molecular images showing the distribution of
PC(16:0/18:1) ionic species across the section surface. Lateral resolution=80 μm
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selected because its molecular structure was similar to the
endogenous PC(16:0/18:1). Moreover, in results of the analy-
ses of tissue homogenates, we detected no ionic signal that
was likely to interfere with the m/z values corresponding to
[PC(16:0 d31/18:1)+H]+, [PC(16:0 d31/18:1)+Na]+ and
[PC(16:0 d31/18:1)+K]+ ionic species.

Pig brain was homogenized using the Potter-Elvehjem
instrument. We spiked this homogenate with a known amount
of PC(16:0 d31/18:1). Sections from the spiked homogenate
and the blank homogenate were prepared and transferred onto
a single ITO-coated glass slide. We applied the matrix on the
sample surface before starting the analysis by MALDI MSI
(Fig. 3). The intensities corresponding to the different PC(16:0
d31/18:1) ionic forms ([M+H]+, [M+Na]+ and [M+K]+) were
relatively constant across the surface of the sections (Fig. 3d).
Using our incorporation method, PC(16:0 d31/18:1) was ho-
mogeneously distributed within the homogenate sample
surface.

When comparing the signal intensities of endogenous PCs
recorded within the blank homogenate and the spiked homog-
enate, we did not observe significant intensity changes after
standard incorporation, as illustrated for the PC(16:0/18:1)
potassium adduct in Fig. 3b, d. Hence the addition of
PC(16:0 d31/18:1) in the homogenate did not change the
signal intensities of endogenous PCs (e.g. PC(16:0/18:1)).

Finally, we verified the potential influence of solvent addi-
tion on the morphology of the standard spiked homogenates.
We compared the structure of the spiked and the non-spiked
homogenates and observed no structural difference on the
homogenate surfaces due to solvent addition (data not shown).

Addition of different PC(16:0 d31/18:1) concentrations
in tissue homogenates

A set of tissue homogenates was spiked with a range of
PC(16:0 d31/18:1) concentrations. For each concentration,

three serial sections were transferred onto an ITO-coated glass
slide. The sections were analysed by MALDI MSI after the
deposition of matrix (Fig. 4a). We then defined ROIs around
each homogenate sections. In this way, FlexImaging 3.0 soft-
ware generated ROI-specific average mass spectra. We then
manually reported the ion intensities of each average mass
spectrum. We especially took into account the intensities of
the monoisotopic peaks corresponding to [PC(16:0 d31/
18:1)+H]+, [PC(16:0 d31/18:1)+Na]+ and [PC(16:0 d31/
18:1)+K]+ species. For each concentration, an average inten-
sity value was calculated from the three serial sections. A
standard curve was finally generated for each ionic form by
plotting these values as a function of the quantities of standard
incorporated into tissue homogenates (Fig. 4b, c). In MALDI
MSI experiments, PCs are usually detected as protonated and
adducted (i.e. sodium and potassium) ions. Sodium and po-
tassium are naturally present in the biological sample where
they act as buffering salts in cellular fluids [29]. The gradient
of Na+ and K+ concentrations is maintained across the cell
membranes. The abundance of the ion forms detected by
MALDI MSI within a tissue section is likely to change de-
pending on the availability of the alkali metal salts in the
sample.

A simple linear regression was used to model the relation-
ship between the intensity values and the quantity of PC(16:0
d31/18:1) spiked in tissue homogenates. The coefficients of
determination (R2) of [PC(16:0 d31/18:1)+H]+, [PC(16:0 d31/
18:1)+Na]+ and [PC(16:0 d31/18:1)+K]+ were 0.9500, 0.9461
and 0.9638, respectively. We did not observe significant dif-
ferences between the R2 values of the different ionic species.
However, the linear regression equations were different. It
appeared to be essential to treat independently data from the
different ionic forms. Quantitative data of [M+H]+, [M+Na]+

and [M+K]+ lipid ionic forms should be extracted from the
standard curve generated from [PC(16:0 d31/18:1)+H]+,
[PC(16:0 d31/18:1)+Na]+ and [PC(16:0 d31/18:1)+K]+,

Fig. 3 Analysis by MALDI MSI
of sections from (A, B) a blank
homogenate and (C, D) a spiked
homogenate (with 5000 μg/g of
PC(16:0 d31/18:1)). (A, C) Opti-
cal images of the sections. (B, D)
Molecular images showing the
distribution of [PC(16:0/18:1)+
K]+ (red) and [PC(16:0 d31/
18:1)+K]+ (green) across the sec-
tion surfaces. Lateral resolution=
100 μm
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respectively. When we considered the sum of the intensity
values of the three species, the R2 value became 0.9539. Data
showed a relatively good linearity over 3 orders of magnitude.
Based on these observations, we considered that this model
was suitable for our future applications. The standard devia-
tion (SD) and the relative standard deviation (RSD) were
calculated (Electronic supplementary material, Table S-1).

We investigated the influence of the scaling factor provided
by FlexImaging 3.0 software on the data set. We analysed
tissue homogenates in which compounds were homogeneous-
ly distributed (Fig. 2b). However, PC(16:0/18:1) was here
detected with different intensities from a homogenate section
to another (Electronic supplementary material, Fig. S-2b). It
was probably due to the matrix application step. When con-
sidering the optical scan, it appeared that the matrix layer was
inhomogeneous (Electronic supplementary material,
Fig. S-2a). The amount of matrix influenced the lipid

desorption/ionization efficiency. For example, PC(16:0/
18:1) was more intensely detected within homogenate
sections covered with more matrix (Electronic supplemen-
tary material, Fig. S-2a, b). The application of the scaling
factor allowed for the generation of more homogenous
PC(16:0/18:1) images (Electronic supplementary material,
Fig. S-2c). We generated standard calibration curves from
normalized intensity values (Electronic supplementary
material, Fig. S-2d). R2 values of [PC(16:0 d31/18:1)+
H]+, [PC(16:0 d31/18:1)+Na]+ and [PC(16:0 d31/18:1)+
K]+ were 0.9991, 0.9986 and 0.9985, respectively. The R2

value corresponding to the sum of the different ionic
species was 0.9994. Consequently, the data normalization
improved here the linearity of our data set as well as its
variability (Electronic supplementary material, Table S-2).

Normalization algorithms can produce artefacts that mainly
result from the inhomogeneous presence of peaks with

Fig. 4 Analysis by MALDI MSI
of brain homogenate sections
spiked with a range (between 5
and 5000 μg/g) of PC(16:0 d31/
18:1) concentrations. (A)
Molecular image showing the
distribution of [PC(16:0 d31/
18:1)+H]+ across the section
surfaces. (B) Standard curves
generated by plotting the intensity
values of the different PC(16:0
d31/18:1) ionic species ([M+H]+,
[M+Na]+ and [M+K]+) as a
function of the quantities of
PC(16:0 d31/18:1) added to the
homogenates. (C) Zoomed view
on the standard curves.Error bars
corresponded to the SD values.
Lateral resolution=255 μm
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unusual high intensities or areas [36]. This is typical when
heterogeneous tissues were analysed because major com-
pounds can be detected with high intensities in specific areas.
These artefacts can lead to wrong data interpretations. During
this experiment, we analysed tissue homogenates in which
compounds were homogeneously distributed (Fig. 2b). The
application of the scaling factor was therefore unlikely to
produce such artefacts. It takes into account the variations of
peak intensities due to the inhomogeneity of the matrix layer
and corrected the data. Below in this paper, we analysed not
only homogenate sections but also an intact brain section,
which is a heterogeneous and structured tissue. That is why
we chose to show unprocessed data in the rest of the paper.
However, the normalized data can be found in the Electronic
supplementary material.

Quantification of endogenous PCs in brain section

A set of brain homogenates were spiked with a range of
different PC(16:0 d31/18:1) concentrations. Sections were
transferred on an ITO-coated glass slide next to an intact
brain section. Sections were analysed by MALDI MSI

after the application of the matrix (Fig. 5). We defined
ROIs around each section in order to generate ROI-
specific average mass spectra. We reported the average
intensities of the [PC(16:0 d31/18:1)+H]+, [PC(16:0 d31/
18:1)+Na]+ and [PC(16:0 d31/18:1)+K]+ monoisotopic
peaks recorded on each average mass spectrum in order
to generate standard curves (Fig. 5c). The R2 values of
these curves were 0.9898, 0.9919 and 0.9942, respective-
ly. These values were higher than the R2 values of earlier
reports in this work (for non-normalized data). This was
probably due to a more homogenous application of the
matrix on the sample surface, as observed on the optical
image of the ITO-coated glass slide on which the sections
were deposited (data not shown). The standard curves
were finally used to convert the signal intensity of the
endogenous PC(16:0/18:1) into a concentration (in μg/g,
Fig. 5d). To this end, the intensities of [PC(16:0/18:1)+
H]+, [PC(16:0/18:1)+Na]+ and [PC(16:0/18:1)+K]+ mon-
oisotopic peaks were compared to the standard curves
specific to each ionic form. Regarding the weight of the
brain section, we determined the quantity of PC(16:0/
18:1) species present within the whole surface of the

Fig. 5 Analysis by MALDI MSI of sections from an intact brain and
brain homogenates spiked with a range (between 100 and 8000 μg/g) of
PC(16:0 d31/18:1) concentrations. (A) Molecular image showing the
distribution of [PC(16:0 d31/18:1)+H]+ across the section surfaces. (B)
Molecular image showing the distribution of [PC(16:0/18:1)+H]+. (C)

Standard curves generated by plotting the intensity values of the different
PC(16:0 d31/18:1) ionic species ([M+H]+, [M+Na]+ and [M+K]+) as a
function of the quantities of PC(16:0 d31/18:1) added to the homoge-
nates. (D) Quantitative data obtained by correlating the intensity values of
the different PC(16:0/18:1) ionic species with the standard curves
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sample (in μg, Fig. 5d). The weight of the tissue section
was approximately 383.50 μg. This value was determined
by (1) simultaneously weighing serial tissue sections and
(2) dividing the total mass by the number of weighing
sections. All the quantitative data were consistent with the
data already reported in the literature [38–40].

Several endogenous PC species were detected during this
analysis. The different PC species shared a similar molecular
structure. It was reasonable to assume that PCs were similarly
extracted, desorbed and ionized during this MALDI MSI
analysis. Based on this assumption, the standard curves gen-
erated from the PC(16:0 d31/18:1) standard could also be
applied to extract a quantitative information for other PCs.
As before, we reported the intensity values of other PC species
(i.e. PC(18:0/18:1) and PC(16:0/16:0)) recorded on the whole
brain section with the standard curves in order to extract
quantitative data (in μg/g and μg, Table 1). It is known that
other PL families (e.g. phosphatidylethanolamines or
phosphatidylinositols) behave differently during the MALDI
process [41]. The quantification of these compounds will
probably require the use of standards with molecular struc-
tures close to the targeted lipid families.

MALDI MSI analysis highlighted localized variations of
the signal intensity of PC species across the surface of the
brain section (Fig. 6c). Based on the H&E staining of a serial
section, we identified specific histological tissue structures
that correlated with these variations (Fig. 6b, c). ROIs were
defined on the molecular image according to these structures.
Average mass spectra were generated for each structure. From

these spectra, we reported the intensity values of the mono-
isotopic peaks corresponding to different PC ionic species,
including [PC(16:0/18:1)+H]+, [PC(16:0/18:1)+Na]+ and
[PC(16:0/18:1)+K]+. We determined localized concentrations
by comparing these values with the standard curves previous-
ly generated from the spiked tissue homogenates analysed
simultaneously (in μg/g, Table 1). The surface areas of the
whole tissue section, as well as of the specific tissue structures,
were then determined using the cellSens 1.9 software. We
calculated ratios between the surface areas of these structures
and the surface area of the whole section. Regarding these
ratios and the weight of the whole section, we calculated the
weights of the different tissue structures. We were therefore
able to calculate the quantity of PC species found within the
different structures of the brain section (in μg, Table 1).

The scaling factor provided by FlexImaging 3.0 software
was applied on the data set. We generated standard curves
from the average intensities of [PC(16:0 d31/18:1)+H]+,
[PC(16:0 d31/18:1)+Na]+ and [PC(16:0 d31/18:1)+K]+ mon-
oisotopic peaks recorded on each spiked homogenate section.
The R2 values were 0.9934, 0.9937 and 0.9930, respectively.
The normalization improved to a certain extent the linearity of
the data set. However, this improvement was less significant
than the data earlier reported in this work. This was probably
due to a more homogeneous matrix application on the sample
surface, as observed on the optical image (data not shown). In
the same way as above, we generated quantitative data for
different PC ionic species by correlating their normalized
intensity values with these calibration curves (see Electronic

Table 1 Quantitative data calcu-
lated for different PC ionic spe-
cies ([M+H]+, [M+Na]+ and [M+
K]+) across the whole brain sec-
tion and on specific ROIs defined
on the intact brain section surface

Assignment Area [M+H]+ [M+Na]+ [M+K]+

μg/g μg μg/g μg μg/g μg

PC(16:0/18:1) Whole brain 14,980 5.73 15,869 6.07 18,406 7.04

ROI1 10,603 0.15 9130 0.13 13,299 0.19

ROI2 15,303 1.97 16,758 2.15 20,118 2.58

ROI3 16,121 0.34 20,891 0.44 19,963 0.42

ROI4 13,872 1.19 14,213 1.22 17,016 1.46

ROI5 17,757 0.58 17,712 0.58 22,600 0.74

PC(18:0/18:1) Whole brain 6347 2.43 14,827 5.67 46.42 1.78

ROI1 6724 0.10 9294 0.13 5289 0.08

ROI2 5567 0.71 13,407 1.72 4539 0.58

ROI3 6434 0.13 18,890 0.40 4769 0.10

ROI4 5856 0.50 13,995 1.20 4423 0.38

ROI5 8026 0.26 17,911 0.59 6099 0.20

PC(16:0/16:0) Whole brain 4594 1.76 4265 1.63 5883 2.25

ROI1 2357 0.03 2063 0.03 2999 0.04

ROI2 4909 0.63 2063 0.58 6474 0.83

ROI3 4803 0.10 4545 0.11 6063 0.13

ROI4 4164 0.36 3531 0.30 5143 0.44

ROI5 4484 0.15 4321 0.14 6367 0.21
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supplementary material, Table S-3). These data were consis-
tent with the quantitative results generated from non-
normalized data set found in this work.

Conclusions

In this study, endogenous PCs were quantified in the
brain section using MALDI MSI. The approach was
based on the simultaneous analysis of sections from an

intact brain and brain homogenates spiked with different
PC(16:0 d31/18:1) concentrations. The quantitative in-
formation extracted from MALDI MSI data was consis-
tent with values found in the literature. In the next
future, orthogonal methods may be developed to corrob-
orate these data such as classical extraction followed by
liquid chromatography mass spectrometry quantitative
analysis.

The reported approach has the advantage that the
standard and the analyte have a similar molecular struc-
ture, while being present in a similar environment. This

Fig. 6 Analysis by MALDI MSI of sections from an intact brain and
brain homogenates spiked with a range of PC(16:0 d31/18:1) concentra-
tions. (A) A serial section after H&E staining. (B) Definition of ROIs on
the section (ROI1: red corpus callosum; ROI2: green cerebral cortex;
ROI3: blue lateral septal nucleus; ROI4: grey caudoputamen; ROI5:
yellow hypothalamus). (C) Molecular images showing the distribution

of different PC ionic species ([M+H]+, [M+Na]+ and [M+K]+) across the
intact brain section surface. (D) Molecular image showing the intensity
scale corresponding to the [PC(16:0 d31/18:1)+H]+ on the spiked (be-
tween 100 and 8000 μg/g) homogenate sections analysed simultaneously
to the intact brain
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ensures that both compounds behaved in the same way
during all the MALDI MSI processes. However, in
some cases, tissue structures may have different chem-
ical and morphological environments. During a MALDI
MSI analysis, these are likely to have different suppres-
sive effects on the PC signals. In this context, it would
be more appropriate to use homogenates prepared from
specific structures of a tissue, corresponding to given
ROIs defined in molecular images. Their specific effects
will thus be taken into account. However, depending on
the structure and the tissue of interest, it may be diffi-
cult to collect these samples. In the same way, some
control biological samples (e.g. from cancer research)
may lack the preparation of homogenates. The incorpo-
ration of the standard using a spraying method would
be an interesting alternative to the use of tissue homog-
enates. Serial non-homogenized tissue sections may be
spiked (by spraying) with different standard concentra-
tions. Calibration curves may then be generated for
different ROIs defined on a tissue section. Finally, a
lipid of interest may be quantified in different ROIs
using these “ROI-specific” calibration curves. In this
way, this approach would probably be more simple
and universal, while requiring a less control sample. It
may also address the eventual problems of ion suppres-
sion effects, which may be specific to different ROIs.
However, a careful optimization of a spraying approach
will be mandatory in order to ensure that the standard
acts like the endogenous analyte during the MALDI
MSI process. Tissue homogenates would then be very
useful to optimize spraying conditions for controlling
that the standard sprayed on a tissue homogenate sur-
face closely mimics the standard incorporated to a tissue
homogenate during the homogenization process. Re-
specting this condition, such a spray-based approach
may be a good way to quantify endogenous compounds
within a large range of tissues. Quantification by
MALDI MSI may then find many applications in the
fields of biology, histopathology and pharmacology.

The work reported here opens new prospects
concerning the quantification of small endogenous com-
pounds within tissue sections. It represents the promis-
ing first step towards the quantification of lipids by
MALDI MSI. It now requires further efforts in order
to develop a more universal quantitative method.
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