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bstract

We present the results of matrix-assisted laser desorption/ionization (MALDI) imaging and direct molecular identification using tandem mass
pectrometry (MS/MS) in colon cancer liver metastasis. Cancer tissue was removed from a Japanese patient and frozen immediately without any
xations. The sections were sliced to a thickness of 3 �m. The matrix for lipid ionization was 2,6-dihydroxy acetophenone. The matrix solution was
pplied with an airbrush into a thin uniform matrix layer on the tissue surface. After two-dimensional laser scanning, the images were reconstructed
s a function of m/z from a few hundred obtained spectra. In the obtained images, the existence of molecules was represented by a pseudo-color

orresponding to the signal intensity. In a feasibility study, we picked up a localized signal, m/z 725 in a cancerous area. The MS/MS result
uggested that m/z 725 was sphingomyelin(16:0)+Na. Thus, we successfully show the feasibility of MALDI imaging as a tool for the analysis of
athological specimens.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Colon cancer is a frequent cause of mortality and morbid-
ty in developed, developing, and industrialized countries. The
ncidence rate of colon cancer has been rising rapidly in Japan
1]. Aging increases the incidence of colorectal cancer [2], and
enealogy is also a factor [3]. Diet is an important environmen-
al factor, and a high intake of animal protein and fat along with
low intake of fiber increases the risk of colon cancer [4].

A number of approaches have been taken to treat colon can-

er and to understand its biology and causes. An approach using
cDNA microarray has revealed some biological characteristics
f cancer cells, such as specific gene expression for drug resis-
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ance [5]. A histochemical study with hematoxylin and eosin
HE) staining has shed light on the staging of colon cancer [6].
harmacological analyses have shown the effects of drug treat-
ent and localization [7]. However, the causes of this cancer’s

rigination and progression are not completely understood.
Researchers have also made great efforts to identify

iomolecules differentially expressed in cancerous and normal
issues, which can be utilized as biomarkers [8,9]. In particular,
e have considered phospholipids, which play important roles

n the composition of the cell membrane, as important molecules
o investigate in colon cancer [10]. It is generally accepted that
he membrane characteristics are determined by components of
hospholipid species and that the composition of these species
s strictly determined by components of phospholipid species

10].

Previous studies reported that cancerous tissue contains ele-
ated total amounts of all phospholipids [11] as well as altered
hospholipid composition of the membrane [11,12]. In addi-

mailto:setou@nips.ac.jp
dx.doi.org/10.1016/j.jchromb.2007.02.037


mato

t
m
p
t
a
t
d

m
fi
[
w
b
w
i
t
P
c

i
t
p
b
o
l

2

2

(
P
t
(
r
8
fi
w
c

2

(
l
t
8
t
b
c
p

2

r
r
i
I

2

i
d
a
o
m
r
i
a

2

−

F
O
a
f

S. Shimma et al. / J. Chro

ion, differences in the composition between cancer cells with
etastases and non-metastatic were determined using high-

erformance liquid chromatography (HPLC) [12]. Furthermore,
he elevated activity of enzymes (phospholipase A) altered fatty
cid composition of phospholipids [13]. These reports indicate
hat phospholipids can be utilized as a useful marker for the
etection of colon cancer.

Direct mass spectrometry (MS) of biological tissues using
atrix-assisted laser desorption/ionization (MALDI) can pro-
le biological molecules including subtypes of phospholipids
14]. In addition, highly accurate MS can profile fatty acids,
hich comprise phospholipids. Moreover, this approach can
e expanded to imaging mass spectrometry (MALDI imaging),
hich can visualize the distribution of individual biomolecules

n a tissue section [15–17]. The technique has been applied
o pathological specimens including Alzheimer’s [18,19] and
arkinson’s [20,21] disease, muscular dystrophy [22], and lung
ancer [23].

In this study, we aimed to show the feasibility of MALDI
maging as a tool for the pathological specimens. We applied
he technique to human colon cancer liver metastasis. Two phos-
holipids were visualized as differentially expressed molecules
etween the cancerous and normal areas. We also show the result
f tandem mass spectrometry (MS/MS) to identify the molecule
ocalized in the cancerous area.

. Experimental

.1. Chemicals

Trifluoroacetic acid (TFA) was purchased from Merck
Darmstadt, Germany). Methanol was purchased from Wako
ure Chemical Industries (Osaka, Japan). 2,6-Dihydroxy ace-

ophenone (2,6-DHA) was purchased from Bruker Daltonics
Leipzig, Germany). A calibration standard for the low m/z
egion was prepared by mixing angiotensin III ([M + H]+:

99.47) and Leu-Euk ([M + H]+: 556.28). Distilled water, puri-
ed by a Milli-Q water system (Millipore, Bedford, MA, USA),
as used for the preparation of all buffers and solvents. All the

hemicals used in this study were of the highest purity available.

u
m
t
s

ig. 1. Workflow of imaging mass spectrometry. Two sections were sliced (typical t
ne section was for histochemical staining (a), and the other was for MALDI imagin

nd abnormal areas (c). The ion image for the specific signals was reconstructed from t
or molecular identification (e).
gr. B 855 (2007) 98–103 99

.2. Conductive sheet

The conductive sheet was purchased from Tobi Co., Ltd.
Osaka, Japan). This sheet has a thin indium-tin-oxide (ITO)
ayer on a polyethylene terephthalate. The sheet was 125 �m
hick and its conductivity was 100 �. The transparency was
0% (λ = 550 nm), so that we could observe stained tissues with
ransmitted light. This flexible sheet made sample handling easy,
ecause the sheet could be cut to an arbitrary size with a paper
utter and samples did not crack easily, which was sometimes
roblematic with glass slides.

.3. Tissue block preparation

A tissue block with colon cancer liver metastasis was
emoved from a Japanese patient during an operation, and
insed with PBS buffer. The tissue was frozen in liquid nitrogen
mmediately to minimize degradation and was kept at −80 ◦C.
nformed consent was obtained before the operation.

.4. Workflow of imaging mass spectrometry

The workflow of MALDI imaging and identification is shown
n Fig. 1. Frozen thin sections were sliced and mounted on con-
uctive materials. One tissue section was stained (Fig. 1(a)), and
nother section was used for MALDI imaging (Fig. 1(b)). The
btained spectra were accumulated and compared between nor-
al and abnormal areas (Fig. 1(c)). The distribution map was

econstructed from an ion of interest (Fig. 1(d)). Using obtained
mages, MS/MS was performed on the localized area, and we
ssigned lipid species (Fig. 1(e)).

.5. Sample preparation

Before sectioning, the liver block was left for 30 min at
20 ◦C. The tissue sections were sliced to a thickness of 3 �m
sing a cryostat (CM 3050; Leica, Wetzler, Germany) and
ounted onto the ITO sheet. A thin matrix layer was applied to

he surface by an airbrush. A two-minute spraying of 2,6-DHA
olution (30 mg/ml in 70%methanol/0.1%TFA) was iterated

hickness <5 �m) using a cryostat and were placed on the conductive material.
g. (b). Obtained spectra were accumulated and compared between the normal
he obtained spectra (d). MS/MS analysis and a database search were performed
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wice. During spraying, the distance between the nozzle and
he tissue surface was kept at 15 cm. After drying, the ITO sheet
as attached to a metal-coated glass slide by conductive tape to

acilitate electrical conduction.

.6. Conditions of mass spectrometry and MALDI imaging

The tissue section was analyzed using a MALDI-time-
f-flight/time-of-flight (MALDI-TOF/TOF)-type instrument,
ltraflex II TOF/TOF (Bruker Daltonics, Leipzig, Germany),
hich was equipped with a Nd:YAG laser with a 200 Hz repeti-

ion rate. To install the metal-coated glass slides in the ionization
hamber, we used a special holder (MTP Slide-Adapter 2,
ruker Daltonics), which had concavities to hold the slides.

External calibration solution was deposited on the surface
f the ITO sheet to minimize mass shift. The laser irradiated
he calibration spot with 500 shots in the positive ion reflector

ode. In this experiment, the parameters of the mass spectrom-
ter were set to obtain the highest sensitivity for m/z 0–2000. In
his experiment, an acceleration voltage set to 25 kV and laser
ower was 39% (Bruker’s notation).

A raster scan on the tissue surface was performed automati-
ally. Laser irradiation consisted of 100 shots in each spot. The
nterval of data points was 100 �m, giving a total of 445 data
oints in the tissue section. The spectra shown in Section 3 were
ccumulated in square sections (300 �m × 300 �m) of normal
nd cancerous areas. Here, we did not apply data processing such
s smoothing or baseline subtraction. The reconstructions from
he spectra were performed by FlexImaging (Bruker Daltonics).

.7. Lipid identification

To identify lipid species, we performed MS/MS and ana-

yze the peak pattern. In the positive ion mode, the lipids which
ad phosphocholine were mainly detected as a result of pos-
tive charge in nitrogen of trimethylamine. We confirmed the
attern of phosphocholine in MS/MS data, after that we used

c

(

ig. 2. Comparison of HE-stained tissue section and tissue section prepared for MA
ells were localized on the left, middle, and right on the section, respectively (a). The
quares in (b), mass spectra were accumulated and are presented in Fig. 3. Bars, 1 mm
ig. 3. Comparison of accumulated spectra from the normal (a) and cancerous
b) areas. The spectra were compared in the range of m/z 600–900, corresponding
o the m/z of phospholipids.

database, Lipid Search (http://lipidsearch.jp/manual search/),
o determine the compositions of fatty acid.

. Results and discussion

.1. Comparison of HE staining tissue with MALDI
maging tissue

One tissue section with colon cancer liver metastasis was
tained with HE to distinguish between normal and cancerous
reas (Fig. 2(a)). The staining showed that normal, stroma, and
ancer cells were localized on the left, middle, and right of the
issue section, respectively. Another tissue section was mounted
n an ITO sheet, to which a DHA solution was applied as a
atrix for lipid ionization. According to the stained tissue, two

uadrate areas – one from the normal area and the other from
he cancerous area – were selected to accumulate the obtained
pectra (Fig. 2(b)).

.2. Comparison of accumulated spectra in normal and

ancerous areas

Fig. 3 shows the accumulated spectra from the normal area
Fig. 3a) and the cancerous area (Fig. 3b). Both spectra had

LDI imaging. The HE-stained section showed that normal, stroma, and cancer
tissue section prepared for MALDI imaging (b). From the data points in white
.

http://lipidsearch.jp/manual_search/
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Table 1
Summary table of different peak between normal and cancerous region

m/z Intensity (counts) P-value

Normal Cancer

608.5 4226.3 ± 760.6 2266.5 ± 351.4 0.016 *
616.1 3619.2 ± 526.0 1251.1 ± 241.8 0.003 **
617.1 3785.6 ± 595.7 1247.5 ± 258.8 0.003 **
626.4 5421.3 ± 912.3 2913.6 ± 412.5 0.014 *
628.5 3967.3 ± 680.6 5347.6 ± 735.4 0.010 *
636.3 2020.7 ± 326.5 2311.6 ± 386.9 0.471
639.1 1332.4 ± 202.2 1330.4 ± 200.8 0.993
646.9 500.4 ± 118.8 523.8 ± 119.8 0.733
648.2 1332.0 ± 248.2 463.6 ± 71.8 0.003 **
654.2 2503.5 ± 414.0 2572.6 ± 351.3 0.851
655.1 2253.9 ± 374.3 2066.0 ± 272.9 0.646
662.7 382.2 ± 79.2 486.4 ± 95.7 0.164
670.1 271.8 ± 37.0 428.0 ± 78.8 0.027 *
675.0 2856.4 ± 572.1 4785.3 ± 752.2 0.041 *
682.8 814.0 ± 146.8 1525.0 ± 203.6 0.024 *
683.3 1041.0 ± 159.7 1360.3 ± 188.0 0.110
691.0 750.2 ± 133.5 3287.5 ± 634.2 0.003 **
698.4 218.4 ± 24.4 381.8 ± 85.7 0.063
703.0 759.8 ± 106.4 681.3 ± 182.0 0.646
706.0 601.3 ± 118.4 1559.9 ± 259.6 0.004 **
710.3 210.9 ± 30.2 416.6 ± 80.2 0.025 *
718.0 221.6 ± 25.1 811.8 ± 163.4 0.005 **
719.9 347.2 ± 46.4 1221.7 ± 224.8 0.005 **
725.4 1101.9 ± 169.4 4150.7 ± 741.0 0.002 **
733.0 835.9 ± 138.5 1588.9 ± 261.5 0.011 *
741.4 938.0 ± 168.4 4368.7 ± 852.0 0.003 **
745.9 2115.6 ± 387.8 1912.1 ± 331.7 0.662
747.9 1607.3 ± 278.8 3818.6 ± 659.3 0.008 **
756.4 1151.1 ± 174.7 3236.6 ± 470.2 0.002 **
758.4 1540.1 ± 231.3 2292.2 ± 313.3 0.056
765.4 357.1 ± 54.7 499.8 ± 119.0 0.241
766.4 348.8 ± 58.3 842.1 ± 145.9 0.015 *
772.4 1112.4 ± 174.9 3440.8 ± 605.9 0.005 **
780.4 3521.7 ± 678.4 2663.2 ± 384.5 0.265
782.4 3235.9 ± 560.9 5607.4 ± 807.3 0.028 *
786.5 1146.7 ± 175.1 2037.8 ± 301.2 0.017 *
788.4 665.3 ± 75.3 1328.2 ± 187.1 0.005 **
794.4 775.5 ± 158.1 907.9 ± 155.1 0.574
796.4 3341.6 ± 627.3 3287.4 ± 493.8 0.944
798.4 2833.4 ± 464.8 5939.2 ± 854.9 0.009 **
808.5 2445.3 ± 430.0 3212.2 ± 434.9 0.194
813.4 377.8 ± 66.3 756.8 ± 100.4 0.002 **
817.3 251.2 ± 36.2 601.0 ± 107.6 0.003 **
824.4 2457.5 ± 463.1 3524 ± 507.2 0.125
832.4 971.1 ± 168.0 1157.8 ± 201.5 0.446
835.5 779.2 ± 129.1 1380.2 ± 204.3 0.010 *
844.4 1455.6 ± 292.4 853.3 ± 183.8 0.106
851.5 671.1 ± 108.0 1505.1 ± 263.5 0.012 *
852.3 917.1 ± 184.9 1159.0 ± 180.6 0.334
860.4 232.0 ± 26.4 501.2 ± 67.8 0.005 **
861.5 277.3 ± 42.5 515.8 ± 72.8 0.012 *
868.3 397.0 ± 77.3 384.1 ± 68.0 0.841
872.3 884.6 ± 159.2 789.0 ± 192.4 0.527
874.3 483.0 ± 125.6 991.4 ± 230.6 0.011 *
880.3 483.0 ± 125.6 430.5 ± 63.8 0.084
881.6 286.3 ± 56.8 419.3 ± 81.7 0.126
888.3 203.2 ± 24.7 493.6 ± 65.6 0.002 **
896.3 374.7 ± 79.1 501.7 ± 96.7 0.095
S. Shimma et al. / J. Chro

large number of signals in the mass range, corresponding to
he phospholipids region [24]. Major signals were assigned to
he phospholipids, especially to phosphatidylcholine (PC) and
phingomyelin (SM) [24].

A lot of signals were different between the normal and can-
erous areas. We made a summary table of peaks (Table 1). The
-test was performed on a data set between normal and cancer-
us region. In the following discussion we focused on the signal
t m/z 725 which had lower expression in the normal area than
n the cancerous area.

.3. Ion distribution images

The ion images of m/z 725 were reconstructed to reveal the
istribution on the cancerous tissue section (Fig. 4(a)). The ion
mage of m/z 616 shown in Fig. 4(b) was localized in the nor-

al region. The imaging result of m/z 616 supported that the
ocalization of m/z 725 did not come from the concentration of
prayed matrix. The merger of the ion images of m/z 616 and
/z 725 revealed that both biomolecules were colocalized in the

troma area (Fig. 4(c)).
In this imaging experiment, it took about 60 min to complete

aser scanning. The number of data points was 445 in tissue
ection (2.0 mm × 2.5 mm). The data acquisition (DAQ) time
epended on the number of data points and laser shots. The
umber of data points and laser shots were variable parame-
ers for operators. To visualize rough distributions of molecules,
he DAQ time could be shortened (to approximately less than
0 min) by changing the parameters. This presents an advan-
age over histochemical staining, which require several steps
nd a lot of time. Another feature of MALDI imaging is
hat it can obtain many images at a time from one speci-

en. As shown in Fig. 3, a large number of signals were
ecorded. Therefore, we could make images from all sig-
als in a few minutes. Obtaining all images with the same
peration condition could minimize artifacts and ensure repro-
ucibility among obtained images. We believe that MALDI
maging is a good tool for analyzing pathological speci-

ens.

.4. Lipid assignment with MS/MS data

The result of MS/MS with regard to m/z 725 in the cancer-
us area showed peaks of m/z 666.5 and 542.5. The peak of
/z 666.5 corresponded to neutral loss of trimethylamine (59 u,
3H9N), and the peak of m/z 542.5 corresponded to neutral

oss of trimethylamine and cyclophosphate (124 u, C2H5O4P).
his result indicated that m/z 725 contained an alkali metal
dduct phosphocholine, therefore, m/z 725 was PC or SM
pecies [25]. Applying the nitrogen rule to phospholipids, the
dd nominal mass indicated SM because of the presence of an
dditional nitrogen in the sphingosine of SM. We concluded
hat m/z 725 was determined to be an SM species. The Lipid

earch suggested that m/z 725 corresponded to SM(16:0) + Na
Fig. 5).

In a recent study, proteins in colon cancer were identified
sing a conventional proteomics procedure [26]. However, phos-

The “*” indicated “P < 0.05” and “**” indicated “P < 0.01”.
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Fig. 4. The results of ion image. The signal at m/z 725 showed higher expression in the cancerous area than in the normal area (a). Ion image revealed the strong
distribution of ion at m/z 616 in the normal area (b). Images of localized molecules in
the ununiformity of matrix concentration. The merged image was reconstructed from
in the stroma area. Red and green dots indicate the presence of biomolecules corresp

Fig. 5. MS/MS data of m/z 725. The neutral loss of 59 u and 124 u observed in the
spectra is trimethylamine and cyclophosphate, indicating phosphocholine struc-
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ure. This fragmentation occurred when alkali metal was adducted the precursor
on. The biomolecule of m/z 725 was assumed to be SM(16:0) + Na.

holipids have not been reported, especially using direct tissue
S. We showed that SM(16:0) was strongly expressed in the

ancerous area. Brasitus et al. reported the relationship between
olorectal cancer and lipids [27]. According to their report,
hey used colonocyte of rats treated with 1,2-dimethylhydrazine
DMH). Their results suggested that the lipid compositions were
ltered as duration of treatment with DMH which progress
he malignancy was longer. Moreover, only sphingomyelin was
ncreased significantly. Our result was consistent with such a
iochemical approach.

. Conclusion

We presented a MALDI imaging procedure and its results
or the analysis of human colon cancer liver metastasis. MS/MS
nalysis of molecules in the normal and cancerous areas sug-
ested that SM(16:0) was accumulated in cancer cells. We have
uccessfully shown the feasibility of MALDI imaging as a tool
or the analysis of pathological specimens. The lipid imaging
ithout any biological probes will bring novel findings which

re not obtained by conventional techniques.
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