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Abstract

Lipid-based biomarkers for research and diagnosis are rapidly emerging to unpack the basis of person-to-person
and population variations in disease susceptibility, drug and nutritional responses, to name but a few. Hence,
with the advent of MALDI Mass Spectrometry Imaging, lipids have begun to be investigated intensively.
However, lipids are highly mobile during tissue preparation, and are soluble in the solvent used for matrix
preparation or in the fixing fluid such as formalin, resulting in substantial delocalization. In the present article,
we investigated as another alternative, the possibility of using specific dyes that can absorb UV wavelengths, in
order to desorb the lipids specifically from tissue sections, and are known to immobilize them in tissues. Indeed,
after lipid insolubilization with chromate solution or chemical fixation with osmium tetroxide, heterocyclic-
based dyes can be directly used without matrix. Taking into account the fact that some dyes have this matrix-
free capability, we identified particular dyes dedicated to histological staining of lipids that could be used with
MALDI mass spectrometry imaging. We stained tissue sections with either Sudan Black B, Nile Blue A, or Oil
Red O. An important advantage of this assay relies on its compatibility with usual practices of histopathological
investigation of lipids. As a new method, DALDI stands for Dye-Assisted Laser Desorption Ionization and
allows for future clinical and histopathological applications using routine histological protocols. Additionally,
this novel methodology was validated in human ovarian cancer biopsies to demonstrate its use as a suitable
procedure, for histological diagnosis in lipidomics field.

Introduction Takeromi et al. (1996) have illustrated the utility of Matrix

Assisted Laser Desorption/Ionization (MALDI) as a method

LIPID DISORDERS CAN ARISE FROM DEFECTS in lipid me-
tabolism and are characterized by the accumulation
of various types of lipids (e.g., cerebrosides, gangliosides, or
sphingomyelin) in different organs. The dysfunction of spe-
cific enzymes that normally metabolize the lipids in the cell
results in their accumulation at cellular level, in tissues and
organs as well. Lipid metabolism defects are responsible, for
example, for Gaucher disease, coronary diseases, and Fabry
disease.

In light of these lipid-related diseases, Fujiwaki et al.
(2002; 2004; 2008) have demonstrated that the ratios of
ceramide/monohesoxylceramide, ceramide/sphingomyelin,
and glucosylceramide/sphingomyelin are significantly dif-
ferent between Gaucher disease and Fabry disease. Similarly,

for glycosphingolipid analysis in the human brain. All of
these studies were performed using the same technique of
extraction, centrifugation, and sodium carbonate treatment,
following lipid separation (Bligh and Dyer, 1959; Lebaron
and Folch, 1959), occasionally with saponification treatment
for sulfatide quantification (Calvert et al., 1981). In the early
90’s, MALDI profiling and imaging have raised for the direct
analysis of biological tissue by mass spectrometry (Caprioli
et al., 1997; Fournier et al., 2003; Jimenez et al., 1998). In
parallel to the numerous developments performed for pro-
teins/peptides analyses (Bonnel et al., 2011; Calligaris et al.,
2013; Caprioli, 2005; El Ayed et al., 2010; Franck et al.,
2009a, 2010; Longuespee et al., 2012a, 2013a, 2013b, van
Remoortere et al., 2010), lipids are now being intensively
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investigated using this method. Ishida et al. and Rujoi et al.
have both used this technology for the localization of phos-
pholipids and/or sphingomyelins in zooplankton, bacteria
(Ishida et al., 2002; 2003, 2005) or in calf eyes (Rujoi et al.,
2003, 2004; Yappert et al., 2003). Along the same lines,
imaging of phospholipids and cholesterol after direct analysis
was first done using TOF-SIMS in mice, which allowed for
the mapping of these molecules in a tissue section (Touboul
et al., 2004), then in MALDI (Benabdellah et al., 2010).
MALDI-MSI was also used to generate LIPID MAPS of brain
and liver tissue from primates, mice and rats, or invertebrate
(Astigarraga et al., 2008; Burnum et al., 2009; Colsch and
Woods, 2010; Franck et al., 2009a; Garrett and Dawson, 2009;
Hayasaka et al., 2009; Landgraf et al., 2009; Meriaux et al.,
2010, 2011; Mikawa et al., 2009; Murphy et al., 2009; Snel and
Fuller, 2010; Sparvero et al., 2012; Sugiura et al., 2008, 2009;
Vidova et al., 2010; Wang et al., 2012, 2014).

However, important precautions before lipids analysis
have to be taken during the sample preparation for matrix
choice and application. Although issues concerning ion
suppression and correlation of lipids localization in brain
using MALDI-MSI and other lipids analysis methods were
previously described (Veloso et al., 2011), little has been
investigated concerning lipid delocalization during sample
preparation for MALDI analysis. Lipids are highly mobile
during tissue preparation and are soluble in the solvent that is
used for matrix preparation, resulting in their substantial
delocalization. For example, usual aldehydic fixatives wash
out most of the phosphatidylserine (Maneta-Peyret et al.,
1999) and alcohol (ethanol) dehydration during paraffin
processing removes most of the polar lipids.

The two classical histological methods using formalin or
glutaraldehyde have been widely described to fix the bio-
logical specimen through protein crosslinking but do not
target lipids. In order to keep lipids and avoid their subse-
quent delocalization on tissue using such standard proce-
dures, we describe a novel protocol that preserves lipids on
tissue slices using osmium tetroxide or post-chromization
followed by Baker’s fixation. While formalin is a fixative
used worldwide to preserve histological features, not all of
the lipid classes can be fixed on tissue, and turned insoluble
after processing the tissue slices with organic solvents for
MALDI imaging purposes. It has been shown that formalin
fixation helps to protect some phospholipids from delocal-
ization after deposition of the MALDI matrix solution prior
imaging (Carter et al., 2011). Nevertheless, as a protein
crosslinker, formalin cannot avoid lipid diffusion or removal
after extensive contact with lipophilic solvents. Baker’s fixa-
tive, designed for the preservation of phospholipids, uses for-
malin together with calcium and cadmium chlorides (the last,
being expensive, has subsequently been replaced by cobalt
nitrate). While phospholipids (phosphatidylcholine (PC) and
sphingomyelin (SM)) are preserved as demonstrated in
MALDI imaging of rat brain by Carter et al. (2011), they are
not prevented from diffusing into the fixing fluid and are still
removable by solvents that solubilize lipids (Clark, 1947).

To avoid this outcome, sublimation was used for solvent-free
deposition of 2,5-dihydroxybenzoic acid for on-tissue lipido-
mics studies by MALDI-MSI (Murphy and colleagues (2009).
In parallel, Nanostructure Assisted Laser Desorption Ionization
(NALDI) can also be considered as a matrix-free alternative to
perform MALDI-MSI of lipids (Guenin et al., 2009).
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In the present study, we investigated another approach to
analyze lipids directly on tissue by MALDI imaging. This
approach takes into account the sample preparations followed
by the hospital pathologists and the possibility of using
specific dyes that can absorb UV wavelengths in order to
desorb the lipids specifically from tissue sections. Some li-
pophilic dyes share a common molecular structure with
heterocyclic-based dyes (e.g., heterocyclic-based dyes, cores
absorbing UV photons and have proven to desorb lipids). For
instance, Oil Red O dye in propylene glycol has been histori-
cally used to immobilize lipids from fresh or fixed frozen tissue
(Clark, 1947) and to stain structural lipids in cells and tissues.
After lipid fixation with chrome (Kotelnikov and Litinskaya,
1981; Purbach et al., 2002) or with osmium tetroxide (Collin
et al.,, 1973, 1974; Litman and Barrnett, 1972; Riemersma,
1968), heterocyclic-based dyes can be directly used without a
matrix. Our team presented for the first time the use of partic-
ular dyes that had matrix-free capabilities for MALDI imaging
of lipids in rat brain sections and in pathological context as
well. Recently, Francese et al. (2013) have also shown that
curcumin, which is a phenolic compound, can be used as a
MALDI matrix for imaging lipids in skin and Iung tissue.

Combining on-tissue lipid preservation and staining, we
mapped lipids using the lipophilic dyes Sudan Black B, Nile
Blue A, or Oil Red O by MALDI imaging without any ad-
ditional matrix coating onto the tissue. Moreover, to perform
histomolecular images of lipids with DALDI strategy, no use
of automatic micro/nano-spotting or spraying devices was
required. This new method, that we called DALDI, will allow
for clinical investigations using a protocol that is identical to
typical histopathological techniques, without requiring any
additional tissue treatment.

Materials and Methods
Reagents

Ethanol (EtOH), Chromasolv Plus water for HPLC (H,0),
Nile Blue A, Oil Red O, and Sudan Black B were all certified
by the Biological Stain Commission and purchased from
Sigma-Aldrich (Saint Quentin Fallavier, France). The aque-
ous solution of 4% osmium tetroxide (OsO, ) was purchased
from Electron Microscopy Sciences (Hatfield, England). The
filters (330 mm in diameter) were purchased from Fisher
(Elancourt, France).

Preparation of staining solutions

Nile Blue A was diluted in water (30 mg/mL), while the
Oil Red O and Sudan Black B were diluted in a 60% ethanol
solution (30 mg/mL). After stirring, all staining solutions
were filtered.

Sample preparation

Rat brain cryosections. Frozen rat brains were cut into
10 um-thick tissue sections using a cryostat Leica CM1510S
(Leica Microsystems, Nanterre, France). The sections were
applied onto ITO-coated conductive glass slides (Bruker Dal-
tonics, Bremen, Germany) and dried in a desiccator for 10 min.

Lipid fixation. The tissue sections were fixed in the te-
troxide osmium solution prior to staining with Sudan Black B
for 15 min. The rat brain slices stained with Nile Blue A were
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previously fixed in Baker’s fixative solution overnight and
post-chromized for 2 h prior to lipid staining.

Fixation of rat brain lipids with osmium tetroxide. A 1%
osmium tetroxide solution was prepared in water from the 4%
stock solution. The 1% working solution (50 uL)) was de-
posited onto the rat brain slice and left for lipid fixation for
20 min in the dark.

Baker’s fixation of lipids in tissue sections. Baker’s so-
Iution was prepared by mixing 10 mL of a 10% CacCl, so-
lution with 10 mL of concentrated formalin in 90 mL of
HPLC-grade water. Slices were incubated overnight in
Baker’s solution for global tissue fixation and then washed
in HPLC-grade water (three times for 5min each). Slices
were then incubated in 50 mL of a 5% K,Cr,0; solution
(m/v) and 7.5mL of 4% formalin, all diluted in distilled
water (HPLC grade). After three washes in HPLC-grade
water for 5 min each, the slices were dried for 15 min.

Tissue imaging

Fluorescence microscopy imaging of lipids. After stain-
ing with Nile Blue A, entire rat brain coronal section was
imaged at 10X optical magnification using the wide-field
microscope Leica AF 6000 LX and DAPI as UV filter.

Mass Spectrometry Imaging of lipids and molecular as-
signments. Molecular images were acquired using an Ul-
traFlex II MALDI-TOF/TOF instrument (Bruker Daltonics,
Bremen, Germany) equipped with a Smartbeam laser with a
repetition rate up to 200 Hz that was controlled by FlexControl
3.0 (Build 158) software (Bruker Daltonics). Images were
obtained in the positive and negative reflector mode, and
MALDI MS spectra were acquired in the 200—1500 m/z range.
A total of 500 spectra were acquired at each spot at a laser
frequency of 100 Hz and a spatial resolution set to 200 yum. The
images were saved and reconstructed using FlexImaging 2.1
(Build 15) (Bruker Daltonics). The molecular assignments
were performed using databases from LipidMaps (Lipid
MS Predict application) in order to predict lipid species
according molecular ions (m/z) and with a maximum dif-
ference between experimental and theoretical m/z values set
to 0.3 u. The on-tissue lipid fragmentation was carried out
using the lift-negative method from Bruker, and matching of
the daughter ions was performed using the glyceropho-
spholipid databases in negative mode from LipidMaps.

Statistical data analysis

Symbolic discriminant analysis (SDA) was used to analyze
the lipid profiles. SDA determines discriminatory signals and
builds functions using these signals that distinguish sample
populations based on their classification. Peak lists from
MALDI spectra obtained using Flex Analysis 2.4 and Flex
Control 2.5 that were input into the analysis program were
clustered according to similarity, using a presence/absence
criterion. Statistical analyses were carried out using the
ClinProTools 2.2 Software. For the statistical analyses, the
mass spectra were internally recalibrated on common peaks
(also known as spectral alignment) and normalized to the
total ion count. An average spectrum created from all single
spectra was used for a peak selection and to define integration
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ranges. These integration ranges were used to obtain the in-
tensities or areas of the single spectra. The signal intensities
were used for all calculations. For the principal component
analysis (PCA) and the hierarchical clustering, the individual
peak intensities were standardized across the data set (Franck
et al., 2009b). The PCA was carried out using Pareto scaling,
which uses the square root of the standard deviation as a
scaling factor to reduce the dominance of large-scale inten-
sity changes in the matrix and other high-abundance ions, as
these may mask variation in lower abundance ions during
the PCA. The overall outcome of the PCA is greatly affected
by the fact that ions related to the matrix coating and other
endogenous molecules can mask the underlying relevant in-
formation. A plot of principal component 1 (PC1) versus
principal component 2 (PC2) was chosen since these com-
ponents resulted in the highest overall degree of separation of
the spectra within the PCA scores plots. Under the unsuper-
vised PCA, each spectrum is classed as an individual, so the
principal components that are selected account for the
greatest separation of each individual spectrum. M/z ion
peaks responsible for the greatest variations are then plotted
in the loading plots.

Ovarian cancer cryosections and fixation

Ovarian cancer biopsies were obtained with informed
consent and institutional review board approval (CCPPRBM
Lille: CP 05/83), from patients undergoing any ovarian tumor
resection at Hospital Jeanne de Flandre. Patient information
was collected, including gender, age, treatment received
before and after surgery, extent of surgery, current status
(alive, alive with progressive disease, deceased, and cause of
death) and survival from the time of original pathologic di-
agnosis. Samples were collected at the time of surgery, im-
mediately frozen and stored at —80°C until analysis.

Sections (12 um thick) were prepared from fresh ovarian
cancer tissue using a cryostat Leica CM1510S (Leica Micro-
systems, Nanterre, France) and applied onto ITO-coated con-
ductive glass slides (Bruker Daltonics). The slices were first
fixed in Baker’s fixative solution overnight and then post-
chromized for 2 h for nonsolubilized heterophasic lipids (see
protocol above). After drying in a desiccator for 15 min, the
slices were incubated in the Nile Blue A or the Oil Red O
staining solution for 30 min or 15min, respectively. Histo-
pathologic diagnoses were made from subsequent H&E-
stained sections by a pathologist blinded to the original clinical
diagnosis.

Results

Lipid fixation and Dye-Assisted Laser
Desorption/lonization (DALDI) MSI of lipids

As mentioned in the introduction, the major problems with
lipids are their plasticity, high diffusion, and high solubility
(Maneta-Peyret et al., 1999). These factors make it difficult
to ensure that the lipids do not diffuse during tissue prepa-
ration and make matrix application difficult. To solve these
problems, we studied lipid-specific tissue fixation before
undertaking any other tissue treatment. For this purpose, we
have used either osmium tetroxide or chrome fixation based
on electron microscopy protocols (Collin et al., 1973, 1974,
Kotelnikov and Litinskaya, 1981; Litman and Barrnett, 1972;
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Purbach et al., 2002; Riemersma, 1968). The fixation of the
lipids should prevent their delocalization within the tissue
sections during manipulations prior to MS analysis. Because
quality of the matrix coating is one of the difficulties in lipid
imaging and because lipids are rather volatile compounds
that easily desorbed under laser irradiation, we aimed to use
staining molecules as a MALDI matrix. In theory, it should
be possible to fix lipids using Baker’s solution, stain the tis-
sue sections for histological analysis (Lillie, 1943), and then
reuse the same sections for MALDI-MSI without any further
treatment of the tissue. We called this technique Dye-
Assisted Laser Desorption Ionization (DALDI).

Fixed tissue section was incubated in Nile Blue A dye and
the distribution of lipids was revealed in coronal slice of rat
brain using UV microscopy (Fig. 1, see picture). The histo-
logical mechanism of the staining of lipids is invariably a

A QilRed O
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SudanBlack B
N ,'N Q NH CH
Ny
ko

C Nile Blue A
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FIG. 1. Chemical formula of the tested dyes (A) Oil Red
O, (B) Sudan Black B, and (C) Nile Blue A. Inset picture
represents a wide-field fluorescence imaging microscopy of
rat brain tissue section after Nile Blue A staining.
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function of the physical properties of the dye being more
soluble in the lipid to be demonstrated than in the vehicle
solvent. The polyazo group of dyes include the oil red series,
the Sudan red series, and the Sudan blacks. Thus, we assessed
the utility of acidic and slightly basic diazo dyes, namely Oil
Red O (Fig. 1A) and Sudan Black B (Fig. 1B), respectively,
and the phenoxazone basic dye Nile Blue A (Fig. 1C) for
imaging lipid species using MALDI technology.

In anatomopathology, Oil Red O is used to stain choles-
teryl esters and neutral fats such as triacylglycerols, and
Sudan Black B stains triglycerides and lipoproteins. Nile
Blue A reveals neutral and acidic lipids (e.g., phospholipids
such as phosphatidylcholine). Nile Blue A, Oil Red O, and
Sudan Black B absorb UV wavelengths (340 nm, 359 nm, and
415 nm, respectively) that are included within the MALDI
absorption wavelength range of the AutoFlex smartbeam UV
laser. Rat brain sections were fixed with Baker’s fixation
solution, post-chromized, and then stained with the dyes. For
sections stained with Sudan Black, an additional step relying
on a fixation with osmium tetroxide was added before col-
oration in order to ensure that no delocalization could occur
due to the presence of ethanol as a vehicle for the dissolution
of the dye.

A comparison of the mass spectra and molecular images
between section directly imaged after staining with Sudan
Black B (Fig. 2A and B) and section fixed with osmium
tetroxide prior imaging using the same dye (Fig. 2C and D)
demonstrated that fixed tissue yields better lipid detection
and structure preservation. A comparison of the molecular
images for identical ions in both cases showed a very good
localization with respect to the brain anatomy after fixation
with osmium tetroxide (Fig. 2D). Triglycerides, sulfatides,
diglycerides, sphingomyelin, phospholipids, and fatty acids
were more easily detected using Sudan Black B with fixa-
tion (Table 1). Importantly, the spatial distribution of the
lipids detected using Sudan Black B without fixation (Table
1) was completely lost (Fig. 2C) following incubation in the
staining solution, most likely a result of the ethanol/water
vehicle.

In the case of Nile Blue A, following fixation in Baker’s
solution and post-chromization of the lipids for their insol-
ubilization, mass spectra of lipid ions and their subsequent
histological distribution were recorded (Fig. 3) both in re-
flectron negative (Fig. 3A and C) and reflectron positive (Fig.
3B and D) modes. In both modes of analysis, diglycerides,
sphingomyelin, phospholipids, triglycerides, and sulfatides
were localized with respect to the rat brain anatomy (Fig. 3C,
Table 2). These data reflect complementary methods for lipid
localization due to the possibility of accessing both negative
and positive modes and the molecular images reinforce
this assumption. These experiments also demonstrate that
well-established lipid dyes in histology can advantageously
replace classic MALDI matrices in lipidomics through
DALDI-MSI. Therefore, it is possible to prepare a tissue
section for histopathological studies of lipids and use the
same section for DALDI-MSI.

Application to pathology: Ovarian cancer

In order to investigate these developments in a pathologic
context, we tested Nile Blue A and Oil Red O to stain tissue
sections of serous ovarian carcinoma following osmium
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FIG. 2. A comparison of tissue profiling and imaging of tissue sections of rat brain
following osmium tetroxide fixation and staining with Sudan Black B. (A, B) MALDI
mass spectra recorded from the tissue in reflectron negative mode following Sudan Black
B staining without (A) or with (B) osmium tetroxide fixation. (C, D) Molecular images
reconstructed for various ions after tissue imaging in the negative mode following Sudan
Black B staining without (C) or with (D) osmium tetroxide fixation.

fixation before DALDI-MSI analysis in negative reflectron
mode (Fig. 4A and B, Table 3). Principal component analyses
were performed from the DALDI images datasets, allowing
for the detection of two defined ions clusters (Fig. 5).

As observed in Table 3, lipid species were detected using
Nile Blue A and Oil Red O as well. However, in the PCA
analyses, some specific ions were detected in the tumor re-
gion using each dye. Using Nile Blue A, interesting ions were
detected in the tumor region following the PCA analyses.
Lipid annotations with Lipid Mass Predict theoretical data-
bases included palmitic acid C16:0 (255.63), arachidonic
acid C20:4 (303.29), and stearic acid C18:0 (283.63) (Table
3). Using Oil Red O, different ions as compared to Nile Blue
A were depicted in the tumor after PCA analysis. These ions

may correspond to docosahexaenoic acid C22:6 (407.35),
phosphatidic acid PA Cl17:1 (421.23), and sphinganine
CerP2:0 (422.23), according to Lipid Mass Predict.

These data are in line with previous studies that have
shown that the fatty acid composition of ceramide and
sphingomyelin isolated from tissues are significantly differ-
ent: the predominant acids are oleic (18:1) in ceramide and
palmitic (16:0) in sphingomyelin, which contains many more
other forms of saturated acids (Rylova et al., 1998). These
differences are characteristic of both normal and tumor tis-
sues. Sphingoid base compositions of ceramide and sphin-
gomyelin in normal tissue are identical: the major component
is sphingenin (over 96%), while ceramides from tumors
contain, in addition to sphingenin, a significant amount of

TABLE 1. COMPARISON OF LIPID SPECIES DETECTED AFTER APPLICATION OF BLACK SUDAN B
WITH OR WITHOUT PREVIOUS LIPID FIXATION WITH OsMIUM TETROXIDE

Brain section DALDI-MSI with Sudan Black B in negative mode (without osmium tetroxide fixative)

Experimental mass Theoretical mass A (u.m.a.) Identification [M-H] species Other possibilities  Intensity
249.20 249.19 0.01 Cl16:3 509.80
880.33 880.51 0.18 PS(22/5:22/6) 357.85
882.85 882.73 0.12 PC(0-18:0/26:2) or PC(0O-18:1/26:1) 402.36
890.76 890.63 0.13 ST 42:1 4224.96
904.55 904.62 0.07 ST-OH 42:2 PS 45:6 904.60 109.09
906.72 906.62 0.1 ST-OH 42:1 PS 45:5 906.62  1556.30
1130.14 1130.01 0.13 GL 72:6 33.58
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FIG. 3. A comparison of tissue profiling and imaging from tissue sections of rat brain
following chrome fixation and Nile Blue A staining. (A, B) A comparison of the MALDI
mass spectra recorded from the tissue in the negative (A) and positive (B) reflectron mode.
(C, D) Molecular images reconstructed for various ions following Nile Blue A staining
after chrome fixation in the negative mode (C) and positive reflectron mode (D).

sphinganine. In the sphingomyelins isolated from tumors,
sphinganine content is significantly lower than in ceramides
and depends on the type of tumor (Dyatlovitskaya et al.,
1997; Rylova et al., 1998). Moreover, in order to investigate
the structural characterization of the lipids detected on the
ovarian biopsy section using Nile Blue A, tandem mass
spectrometry was successfully performed on several ions
including the m/z 886.13 (Fig. 6). This ion was detected with
a higher intensity in the cancerous region of the ovarian tissue
section. After isolation and fragmentation, the daughter ions
were recorded and the identity of the lipid elucidated ac-
cording the lipid family core. The structural elucidation of the
m/z 886.13 has revealed the characteristic ions from the

glycerophosphatidylinositol (PI) lipid, namely phosphate,
inositol phosphate ions, and the glycerol core esterified with
the stearic acid (C18:0) and the arachidonic acid (C20:4). As
a result, the entire MS/MS spectrum of this PI (C18:0/C20:4)
was compared to theoretical MS/MS datasets from LIPID
MAPS bank (Table 4). Amongst the 20 theoretical daughter
ions, 17 were found in the DALDI-MS/MS experiment of the
PI (C18:0/C20:4). The three undetected ions corresponded to
the loss from the precursor ion of sn2 acyl chain with or
without the inositol, and the inositol phosphate with a double
dehydration.

Considering our data, the use of Nile Blue A and Oil Red O
as coloring agents to study ovarian carcinoma not only

TABLE 2. COMPARISON OF LIPID SPECIES DETECTED IN POSITIVE OR NEGATIVE MODE AFTER APPLICATION OF NILE BLUE A

Brain section DALDI-MSI Nile Blue A in negative mode

Experimental mass  Theoretical mass A (u.m.a.)  Identification [M-H] species  Other possibilities  Intensity
506.31 506.36 0.05 PC(0O-18:1/0:0) 41.16
524.2 524.27 0.07 PE 22:6 PE(18:0) 524.29 44.53
720.42 720.46 0.04 PE 35:6 PC(32:6) 740.46 48.13
739.46 739.58 0.12 GL 44:5 GL(45:5) 739.62 55.23
782.59 782.65 0.06 CerP(d18:1/24:0) 38.76
811.58 811.67 0.09 SM 24:1 PA(44:2) 811.62 78.54
882.47 882.52 0.05 PS 44:10 102.15
892.70 892.63 0.07 ST 42:0 124.26
923.34 923.47 0.13 PIP 35:4 121.53
1039.91 1040.00 0.09 GL 66:2 67.22




10 405.90

297.43

459.12

613.18

721.73

I 1 :|
okl !I..J} A JI-_N.«U‘..LL..,-.J,L&“.“.M.__,_._

100 200 300 400 500 600 700 BOO 900

15 drea

of

m/z896.10

m/2200.92 m/z2285.12 100%

m/fz421.84 m/z2422.85

100 200 300 400 500 600 700 800 900

m/2553.37 m/2620.48

m/z

FIG. 4. MALDI mass spectra and molecular images obtained for the analysis of serous
ovarian cancer biopsy sections after fixation and staining with different dyes. (A, B) A
comparison of MALDI mass spectra recorded from the tissue sections in the negative
reflectron mode following Nile Blue A (A) and Oil Red O (B) staining. (C, D) Molecular
images reconstructed for various ions after tissue imaging in the negative reflectron mode
following Nile Blue A (C) and Oil Red O (D) staining.

TABLE 3. COMPARISON OF LIPID SPECIES DETECTED IN HUMAN OVARIAN CANCER BIOPSIES

AFTER APPLICATION OF EITHER OIL RED O or NILE BLUE A

Ovarian biopsy section DALDI-MSI with Nile Blue A in Negative Mode

Identification
Experimental mass Theoretical mass A (w.m.a.) [M-H]" species Other possibilities Intensity
163.00 163.07 0.07 C10:4 7626.05
255.63 255.23 0.4 C16:0 68.22
283.63 283.63 0 C18:0 109.29
285.12 285.15 0.03 C18:6(Ep) C18:6(Ke) 471.76
291.10 291.19 0.09 C18:4(OH) C18:3(OH)-cyclo 791.68
297.43 297.25 0.18 C18:1(OH) 345.03
300.45 300.29 0.16 sphinganine Cer0:0 756.37
303.29 303.24 0.05 C20:4 152.44
459.12 459.25 0.13 PA 20:3 200.28
474.10 474.26 0.16 PE 18:3 175.31
579.37 579.49 0.12 TG 33:1 35.15
600.51 600.33 0.18 PS 24:4 SphingosineCer18:0(C1") or 109.71
Sphinganine Cer18:1(Cl") 600.51
614.50 614.46 0.04 sphingosineHexCer10:0 128.67
721.73 721.70 0.03 TG 44:0 DAG 33:0 721.54 127.61
740.75 740.45 0.3 PC 33:4 449.28
935.26 935.46 0.2 PIP 36:5 34.51
978.46 979.53 0.07 PIP 39:4 31.96
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FIG. 6. MS/MS based characterization of the m/z 886.13 ion. Post source decay fragment
of m/z 886.13 were recorded and allowed us to identify the originating lipid as a phos-
phatidyl inositol (C18:0/C20:4). Among the detected fragment peaks, we detected inositol
phosphate and the two esterified fatty acids C18:0 and C20:4, respectively, R,COO™,

R,COO™ ions.

succeeds in detecting lipids from these tissues by DALDI-
MSI, but also revealed the capability of DALDI-MSI to build a
translational research in oncology and to highlight potential
markers, such as sphingenin and glycerophosphatidylinositol.
Interestingly, many studies in the research field of ovarian
carcinoma highlighted key roles played by phosphoinositides.
For instance, the deregulation of the phosphoinositide-3-
kinase pathway is a hallmark in ovarian carcinoma as detected
after surgical specimen sampling and diagnosis (Carden et al.,
2012). In addition, this enzyme is active in significant fraction
of low-grade type I and high grade type II ovarian carcinoma
lesions. The first type of lesion implies mutation of the en-

zyme, whereas the second involves an amplification mecha-
nism (Bast and Mills, 2012).

Discussion

DALDI is a novel technology for mapping lipids in the
context of clinical studies. Profiling and molecular images
can be easily obtained without any delocalization, especially
after osmium or chrome fixation. Furthermore, the technique
alleviates difficulties resulting from matrix application by
using classic dyes as the MALDI matrix for lipid analysis.
This suggests that tissues prepared for histological analyses
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TABLE 4. MS/MS BASED CoMPARISON OF PI (C18:0/C20:4) IoNs FOUND IN DIRECT ISOLATION
AND FRAGMENTATION IN OVARIAN TISSUE SECTIONS AND THEORETICAL VALUES AND STRUCTURES (LIPID MAPS)

Ovarian biopsy section DALDI-MSI with Oil Red O in negative mode

Experimental mass Theoretical mass A (u.m.a.) Identification [M-H] Other possibilities Intensity
183.93 184 0.07 Pcho 1251.67
200.01 200.1 0.09 C10:1(H,0O) 4630.16
285.12 285.13 0.01 Cl14:3 2085.36
300.14 300.29 0.15 sphinganine Cer0:0 979.61
305.22 305.24 0.02 eicosatrienoic acid C20:3 102.43
407.35 407.35 0 docosahexaenoic acid C22:6 PA (C16:1) 316.87
species

421.23 421.23 0 phosphatidic acid PA 17:1 1665.04
422.23 422.26 0.03 sphinganine CerP2:0 PE(14:1) 950.02
452.24 452.26 0.02 PE 16:0 332.77
536.38 536.37 0.01 PC 19:0 64.74
552.32 552.33 0.01 PS 20:0 PE 22:0 14

553.37 553.36 0.01 phosphoglyceride PG 21:0  C30:5 73.64
604.40 604.39 0.01 PE 26:1 176.43
620.48 620.46 0.02 PE(O-16:0/12:0) PE(O-18:0/10:0), PC(25:0/0:0)  40.23
785.66 785.65 0.01 sphingomyelin 22:0 PA(O-18:1/25:0), GL 47:3 35.54
886.64 886.63 0.01 PC 44:7 14.83

of lipids can be directly used to retrieve molecular informa-
tion without any further treatment of the samples. This
method could be implemented in the hospital setting by pa-
thologists since no sprayer or spotter is necessary. Achieving
accurate diagnoses in extemporary biopsies is difficult. These
diagnoses can be conducted with the same histochemical
dyes used by the pathologist. The difference occurs at the
level of the analysis. While pathologists base the analysis on
tissue coloration to reveal accumulation of lipids, DALDI
now allows a molecular diagnosis on the same slide by
simply performing a MALDI-MSI analysis without any of
the classically known post imaging treatments such as matrix
recall for histochemical staining. In function to the lipid spe-
cies that are targeted by the pathologists, the two strategies to
foresee for successful DALDI-MSI experiments are lipid fix-
ation with osmium tetroxide or insolubilization thanks to the
use of a mordent solution such as potassium bichromate in the
Baker’s fixative. The investigation with ovarian cancer tissue
demonstrates the feasibility of this concept and that fixation
and staining with the specific dyes assessed here (i.e., Nile
Blue A and Oil Red O) is very selective and allows for the
detection of lipid markers in the tumor region. These data will
truly give a new means for pathologists to combine lipid-based
morphological and molecular investigations on the same slice,
aiming to improve diagnosis.

The next step relies on structural characterizations of the
desorbed lipids from the tissues. Moreover, the results ob-
tained using these different lipid-related dyes suggest the
possibility to preferentially detect some groups of lipids over
others, regarding the working solvent as well as the chemical
properties of basic (e.g., Nile Blue A) or acidic dyes (e.g.,
Sudan Black B or Oil Red O). In comparison, the matrices
widely used in low m/z lipidome investigations using mass
spectrometry are acidic. As seen in this report, Nile Blue A
dissolved in water is more lipophilic with neutral and acidic
lipids (highlighted by its affinity for phospholipids and sul-
fatides in the negative mode), whereas many more lipids were
detected in the positive mode according to the basic property

of this dye (Table 2). In this latter mode of detection, Nile
Blue A detected fatty acids, glycerides, as well as sphingo-
and phospholipids. The use of this dye takes advantage in its
better partition into hydrophobic tails of lipids instead of
water when the slices are incubated in this staining solution.
As a consequence of the water vehicle, the weak delocal-
ization can be easily corrected simply by fixing the section in
Baker’s fixative followed by a post-chromization step.

We first proved the application of DALDI approach for
ovarian cancer, even if proteomics of this pathology are mainly
explored (Longuespee et al., 2012b). A crosstalk between li-
pidomics and proteomics can enhance new concept describing
the ongoing challenge of personalized therapies such as
“PI3Kness” is doing with ovarian carcinoma (Bast and Mills,
2012). In a very near future, DALDI may find very relevant
applications for a panel of pathologies implying lipids disor-
ders such as Gaucher disease, coronary diseases, and Fabry
disease, and many neoplastic afflictions such as liposarcomas
or liver cancers. In these contexts, the identification of the
detected lipids may be extremely relevant to characterize new
molecular actors of the development of the pathologies. In this
context, DALDI MSI approach can represents a direct trans-
lational link between classical and molecular histology.
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