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Tissue samples from renal cell carcinoma patients were analyzed by electrospray droplet ion beam-induced 
secondary ion mass spectrometry (EDI/SIMS). Positively- and negatively-charged secondary ions were 
measured for the cancerous and noncancerous regions of the tissue samples. Although speci�c cancerous 
species could not be found in both the positive and negative secondary ion spectra, the spectra of the can-
cerous and noncancerous tissues presented di�erent trends. For instance, in the m/z range of 500–800 of 
the positive secondary ion spectra for the cancerous tissues, the intensities for several m/z values were lower 
than those of the m/z+2 peaks (indicating one double bond loss for the species), whereas, for the noncancer-
ous tissues, the inverse trend was obtained. �e tandem mass spectrometry (MS/MS) was also performed 
on the tissue samples using probe electrospray ionization (PESI), and some molecular ions produced by 
PESI were found to be fragmented into the ions observed in EDI/SIMS analysis. When the positive sec-
ondary ion spectra produced by EDI/SIMS were analyzed by principal component analysis, the results for 
cancerous and noncancerous tissues were separated. �e EDI/SIMS method can be applied to distinguish 
between a cancerous and a noncancerous area with high probability.
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INTRODUCTION

Organic and biomolecular samples have been frequently 
analyzed by mass spectrometry with various ionization 
methods such as matrix-assisted laser desorption/ionization 
(MALDI) and electrospray ionization (ESI).1–4) MALDI is an 
ionization method based on the ablation of analyte upon la-
ser irradiation of a sample containing analyte incorporated 
into a matrix, and was �rst reported by Karas et al.1) Tanaka 
et al. opened the road to the ionization of very large mol-
ecules.2) ESI is based on the production of highly charged 
solvent droplets containing dissolved analyte, and was �rst 
reported by Fenn et al.3,4) As these ionization techniques can 
ionize relatively large biomolecules with less fragmentation, 
they have been widely used for numerous applications in 

biotechnology.
Secondary ion mass spectrometry (SIMS), on the other 

hand, has been originally applied to the surface and inter-
face analysis of inorganic materials such as metals and semi-
conductors.5) �e analytical method called static SIMS or 
time-of-�ight SIMS (TOF-SIMS) was developed for organic 
materials by Benninghoven.6) TOF-SIMS has been recently 
applied to the analysis of biological samples such as cells and 
tissues,7,8) because cluster ion beams such as C+

60 and Bi3
+ can 

be used in SIMS instruments and the cluster beams can ion-
ize biomolecules with higher e�ciency than conventional 
atomic ion beams such as Ar+ and Cs+.9,10) However, the ion 
formation e�ciency for biomolecules under small cluster 
ion bombardment is still low and the available mass range 
for SIMS analysis is limited.

To improve the analytical performance of SIMS for 
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biological samples, the e�ects of massive cluster ion beams 
have been studied. Mahoney et al. suggested massive cluster 
impact (MCI) as a new desorption and ionization method 
for relatively high-mass molecules such as proteins.11,12) Wil-
liams et al. achieved SIMS imaging of biomolecular pattern 
samples using the MCI method coupled with a TOF second-
ary ion microscope instrument.13) A lateral image resolution 
of ∼3 µm was obtained for a bradykinin ion image. �e gas 
cluster ion beam (GCIB), a technique originally developed 
for surface modi�cation by Yamada et al.14) is very success-
ful for so� etching of organic materials. �e depth pro�ling 
of organic materials with SIMS and X-ray photoelectron 
spectroscopy (XPS) is signi�cantly improved by using Ar-
GCIB as the etching beam.15,16) In addition, the ionization 
e�ciency when using H2O vapor as the source gas of a GCIB 
has been studied, and water cluster ions such as (H2O)+1000 
have enhanced the secondary ion yields by a factor of 10 or 
more over Ar-GCIB for some biomolecular samples.17,18)

�e electrospray droplet ion (EDI) beam was suggested 
by Hiraoka et al.19) as a new massive cluster ion beam, in 
which the charged water droplets are produced from an 
atmospheric-pressure electrospray of 0.01 M tri�uoroacetic 
acid (TFA) aqueous solution. �e EDI beams have achieved 
e�cient ionization of relatively high-mass molecules,19,20) 
low-damage etching of polymers,21,22) and etching of metal 
oxides without reduction.23,24) However, the SIMS perfor-
mance of the EDI beams has not been su�ciently investi-
gated for real-world biological samples. �is paper reports 
on SIMS analysis induced by EDI beams of biological tissue 
samples from renal cell carcinoma patients and proposes 
to use the EDI/SIMS method as a tool for the identi�cation 
of cancerous and noncancerous areas of the tissue samples 
with high probability.

EXPERIMENTAL

EDI/SIMS
Details of the EDI/SIMS procedure were described in 

our previous papers.19,20) Brie�y, charged water droplets 
were formed by an atmospheric-pressure electrospray of 
10−2 M TFA aqueous solution, and were introduced into the 
vacuum system through a 400-µm-diameter ori�ce. �e 
charged water droplet beams were roughly size-selected 
(m/z: 1×104–5×104) and transported by a �rst quadrupole 
ion guide, and then �nally accelerated up to 10 kV a�er 
exiting the ion guide. �e beam current and diameter on 
the target were typically 0.3–0.6 nA and 3 mm, respectively. 
�e charged water droplet beams impacted the sample tis-
sue held on a stainless steel holder, and the secondary ions 
produced from the tissue sample were transported into a 
second quadrupole ion guide and were mass-analyzed by 
an orthogonal time-of-�ight mass spectrometer (TOF-MS, 
AccuTOF, JEOL, Tokyo, Japan). �e base and working 
pressure in the sample chamber were 1×10−4 and 6×10−4 Pa, 
respectively, and both were 1.3×10−5 Pa in the mass spec-
trometer.

MS/MS analysis with probe electrospray ioniza-
tion (PESI)

�e collision-induced dissociation (CID) tandem mass 
spectrometry (MS/MS) measurements for the renal cell 
carcinoma (RCC) tissue samples were performed using an 

ion trap mass spectrometer (LTQ-XL, �ermo Fisher Sci-
enti�c, San Jose, CA, USA). �e PESI method was adopted 
to pick up the tissue sample and ionize it. PESI is one of 
the atmospheric-pressure ionization methods developed by 
Hiraoka et al.,25) and was used for ambient mass spectrom-
etry. Details of the PESI procedure were described else-
where.25,26) Brie�y, a disposable acupuncture needle (J type 
No. 02, SEIRIN, Shizuoka, Japan) was moved up and down 
in a direction normal to the axis of the sampling capillary 
on the mass spectrometer with a linear actuator system 
(SCN5-010-050-S03, Dyadic Systems, Kanazawa, Japan). �e 
lowest position of the actuator system was adjusted so that 
the needle tip touched the tissue sample and picked-up a few 
pL of its �uid.27) At the highest position, 2.0 kV was applied 
to the needle and the �uid sample loaded on the tip was 
electrosprayed in atmospheric pressure.

Samples
All the examined kidney tissue samples from RCC pa-

tients were provided from the University of Yamanashi Hos-
pital. Tissue samples were divided into noncancerous and 
cancerous regions, and were immediately frozen for stor-
age. �ese tissue samples were analyzed by EDI/SIMS and 
PESI/MS/MS without any pretreatment. Informed consent 
was obtained from all the patients before resection. All the 
procedures concerning human materials and experiments 
were reviewed and approved by the ethical committee of the 
University of Yamanashi.

�e pure glyceryl trioleate (C57H104O6, molecular weight: 
885.43) sample was purchased from Merck (Darmstadt, 
Germany), and used for EDI/SIMS analysis without fur-
ther puri�cation. 180 mg of the sample was dissolved 
in an appropriate 1 mL solvent (chloroform : ethanol : wa-
ter=60 : 30 : 4.5) and a 10-µL aliquot of the sample solution 
was deposited on the stainless steel holder with a 3 mm spot 
size diameter. �e sample was dried at room temperature 
and then introduced into the vacuum chamber.

RESULTS AND DISCUSSION

EDI/SIMS and MS/MS analysis for the tissue 
samples

Positively- and negatively-charged secondary ions were 
analyzed for the cancerous and noncancerous tissue samples 
from the RCC patients using the EDI/SIMS method. Ex-
amples of positive and negative secondary ion spectra of 
cancerous and noncancerous tissue samples are presented in 
Fig. 1. �e insets for the positive ion spectra (Figs. 1(a) and 
(b)) also include photographs of the two types of the target 
holders with the respective types of cancerous and noncan-
cerous tissue samples. As shown in Fig. 1, a wide variety of 
the positive and negative secondary ions was detected for 
the two types of tissue samples, and it is extremely di�cult 
to annotate all of the secondary ions. �erefore, we will 
con�ne our discussion to some well-known species in SIMS. 
In the positive secondary ion spectra (Figs. 1(a) and (b)), the 
ion at m/z 184 was detected with the highest intensity for 
both the cancerous and noncancerous tissue samples. �is 
ion is o�en observed in the SIMS spectra, and is known as 
phosphatidylcholine head group (C5H15NPO4

+).28,29) �e ion 
at m/z 369 was detected with high intensity for the cancer-
ous tissue sample (Fig. 1(a)), but had a relatively low inten-
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sity for the noncancerous tissue sample (Fig. 1(b)). �is ion 
is also o�en observed in the SIMS spectra, and is annotated 
as protonated dehydrated cholesterol ([(M−H2O)+H]+).30,31) 
In the negative secondary ion spectra, the characteristic ions 
at m/z 281 and m/z 885 were observed with high intensity 
for both the cancerous and noncancerous tissue samples, 
and were respectively assumed to be the typical negative 
secondary ions of fatty acid and phosphatidylinositol.32,33) 
As a general tendency, in the negative secondary ion spectra, 
the signal intensities from the cancerous tissues were higher 
than from the noncancerous tissues, although we could not 
clearly con�rm speci�c ions from either type.

�e positive secondary ion spectra for cancerous and 
noncancerous tissue samples with m/z range between 400 
and 900 are shown in Figs. 2(a) and (b), respectively. Many 
positive secondary ions were detected, and the signal in-
tensities from the cancerous tissues were higher than from 
the noncancerous ones. �e relative intensities of secondary 
ions with m/z values that were close to each other gave the 
characteristic trends as follows; for the cancerous tissues, 
the relative intensities of the secondary ions were o�en 
m/z 502>504, 597>599 and 780>782, whereas, the relative 
intensities for the noncancerous tissues were m/z 502<504, 
597<599 and 780<782. However, the results described above 
were not always obtained for all the RCC patients, and some 
�uctuations were observed.

�e tissue samples from the RCC patients used in this 
study were also analyzed using PESI mass spectrometry 
(PESI-MS) in a separate study by Yoshimura et al.34) In the 
PESI method, the acupuncture needle was used as a sam-
pling probe as well as electrospray emitter. �e frozen tis-
sue samples were quickly thawed at room temperature, and 
were then, directly analyzed without any pretreatment. Ions 
originating from phosphatidylcholines (PCs) (e.g., PC[34 : 1], 
PC[34 : 2], PC[36 : 2], m/z range: 750–830) were shared by 
both the cancerous and noncancerous regions, possibly 
because they are the principal components of cell mem-
branes. In addition, some triacylglycerol (TAG) peaks (e.g., 
TAG[52 : 2], TAG[54 : 2], TAG[54 : 3], m/z range: 860–930) 

were detected with high intensity only for the cancerous 
tissues in PESI-MS positive ion spectra. In the EDI/SIMS 
positive ion spectra, the ions between the m/z 750 and 830 
were also detected for both the cancerous and noncancerous 
tissues (Fig. 2), and these ions (typically at m/z 780 and 782) 
were assumed to be from the PCs. However, the ions in the 
range between m/z 860 and 930 were rarely detected, even in 
the EDI/SIMS positive ion spectra for the cancerous tissue 

Fig. 1. Positive and negative secondary ion spectra for the cancerous and noncancerous tissue samples from a RCC patient. Each measurement was 
taken for 30 s with the orthogonal TOF-MS.

Fig. 2. Positive secondary ion spectra for the cancerous and noncan-
cerous RCC tissue samples. Each measurement was taken for 
120 s.
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sample (Figs. 1 and 2). On the other hand, in the EDI/SIMS 
positive ion spectra, the ions between m/z 500 and 700 were 
detected with high intensity, but there were only a few peaks 
in this m/z range in the PESI-MS positive ion spectra.34)

Next, we will consider the origin of the positive ions 
between m/z 500 and 700 that are observed frequently in 
the EDI/SIMS analysis. As the TAG ions were detected 
with high intensity for the same tissue sample using the 
PESI-MS method, secondary ions originating from TAGs 
should be produced by the EDI/SIMS method. Moreover, 
TAGs are well-known to be one of the main components of 

RCC.34) First, we checked the positive secondary ion spec-
trum of a typical TAG sample using EDI/SIMS. �e EDI/
SIMS spectrum of a pure glyceryl trioleate (TAG[54 : 3], 
18 : 1/18 : 1/18 : 1) sample is shown in Fig. 3. As clearly shown 
in the �gure, the TAG molecular ions were rarely observed, 
and instead, the ion at m/z 603 was detected as a form of 
diacylglycerol (DAG) molecule. It was also reported that 
the signal intensity of the TAG molecule was extremely low 
and the ion at m/z 603 was clearly observed when the pure 
TAG sample was analyzed by SIMS with Bi cluster probes.35) 
�erefore, the DAG ions originated from TAG molecules are 
considered to be mainly formed in SIMS measurements.

In addition, a CID-MS/MS (CID voltage: 35 V) analysis 
for the RCC tissue samples was performed using the ion 
trap mass spectrometer to con�rm whether the TAG ions 
produced by PESI-MS for the actual tissue samples were 
fragmented into the ions observed in EDI/SIMS analysis. 
�e MS/MS spectra for the precursors of m/z 879.8 and 907.7 
obtained by PESI-MS from the cancerous tissue sample are 
shown in Fig. 4. �e ion at m/z 879.8 was dissociated into 
the ions at m/z 575, 597, and 623, whereas m/z 907.7 was 
dissociated into the ions at m/z 603, 625, and 651. In fact, 
all the ions that dissociated from m/z 879.8 and 907.7 were 
observed in the EDI/SIMS spectra of the tissue samples. 
From these results, some of the secondary ions observed in 
the m/z range between 500 and 700 were assumed to have 
originated from TAGs. However, it is extremely di�cult to 
annotate most of the secondary ions observed for the tissue 
samples in EDI/SIMS spectra. For the RCC tissue samples, 
more peaks were produced by EDI/SIMS than by PESI-MS. 
�e amount of information obtained by EDI/SIMS is be-
lieved to be very rich, but further research is required to ex-
tract useful information from these spectra. For EDI/SIMS, 
the tissue sample must be placed in a high vacuum, and this 
analysis requires more e�ort and time than PESI-MS.

Principal component analysis (PCA) for the EDI/
SIMS spectra

Finally, we examined the applicability of EDI/SIMS 
method for possible identi�cation of cancerous or noncan-
cerous tissue. As described in the former section, the relative 
intensities of positive secondary ions with m/z values that 
were close to each other gave the characteristic trends such 
as 780>782 for the cancerous tissues. However, the trends 
were not always obtained for all the tissue samples, and 
it is very di�cult to determine whether a tissue sample is 
cancerous or not by observing the signal intensities of some 
speci�c ions in a spectrum. In order to interpret complex 
spectra data with higher accuracy, it becomes important to 
grasp the features of the whole spectrum by statistical analy-
sis. Recently, multivariate analysis (MVA) methods have 
become standard tools for simplifying the interpretation of 
mass spectra.36,37) MVA can signi�cantly simplify a dataset 
by providing a comprehensive description of the data using 
a small number of variables. Among them, PCA is one of 
the most widely employed MVAs for the analysis of mass 
spectra, and the PCA is known as a method to elucidate 
relationships between variables in the mass spectra.37) In 
PCA, a dataset composed of multiple mass spectra is evalu-
ated using three parameters, called “factor,” “loadings” and 
“scores.”

PCA was applied to the spectra dataset obtained from 

Fig. 3. Positive secondary ion spectrum of a pure TAG sample pro-
duced by EDI/SIMS.

Fig. 4. MS/MS spectra for the species with m/z 879.8 (a) and 907.7 (b) 
obtained by PESI-MS from the cancerous tissue samples.
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seven cancerous and seven noncancerous tissue samples 
from �ve RCC patients from the University of Yamanashi 
Hospital. Before PCA was applied to this dataset, each spec-
trum was preprocessed with the normalization method, 
so that the total intensity of the m/z signals was 1. Figure 
5(a) shows the 2D scores of �rst and second PCA factors 
(PC1 and PC2, respectively). PC1 indicates the direction 
of the largest variance of data points in the dataset and has 
the largest associated eigenvalue, and PC2 is the direction 
orthogonal to PC1 that captures the largest spread not ac-
counted by PC1.37) �e scores indicate the projection of the 
samples onto a factor, re�ecting the relationship between 
the samples. As shown in Fig. 5(a), each spectrum from 
the cancerous and noncancerous tissue samples was clearly 
separated by the scores. In this case, because PC2 distin-
guishes between cancerous and noncancerous tissues, we 
could classify spectra with positive PC2 scores as cancerous 
and spectra with negative PC2 scores as noncancerous. Fig-
ure 5(b) shows the 2D loadings of PC1 and PC2 for several 
m/z species. �e loadings indicate correlation between the 
original variables and a factor, re�ecting the covariance re-
lationship between variables.37) Also in this case, we could 
classify ion species with positive PC2 loadings as special for 
cancerous tissue and ion species with negative PC2 load-
ings as special for noncancerous tissue. �at is, the ions at 
m/z 502, 597, and 780 could be summarized as special for 
the cancerous tissue, whereas those at m/z 504, 599, and 782 
could be summarized as special for noncancerous. �ese 
assumptions are in good agreement with the results shown 
in Fig. 2. From the results for the kidney tissue samples, the 
EDI/SIMS method could be applied to identify a cancerous 
from a noncancerous area with high probability. Moreover, 
the EDI/SIMS method might be applied to support diagnos-
tic studies for various biological samples.

CONCLUSION

EDI/SIMS analysis was applied to the cancerous and non-
cancerous tissue samples from RCC patients, and positively- 
and negatively-charged secondary ions were mass-analyzed 
by an orthogonal TOF-MS. Various positive and negative 
secondary ions were detected for both the cancerous and 
noncancerous tissue samples, and the spectra obtained 
for the cancerous and noncancerous tissues indicated dif-
ferent trends in relative intensities of secondary ions with 
m/z values that were close to each other. When comparing 
the positive ion spectra measured with the EDI/SIMS and 
PESI-MS methods, ions originating from PCs (m/z 750–830) 
were observed for both methods, but the strong TAG sig-
nals observed by PESI-MS were not detected by EDI/SIMS. 
It is assumed that in the EDI/SIMS analysis TAGs were 
fragmented into DAGs and detected in the m/z range be-
tween 500 and 700. As the dataset of seven cancerous and 
seven noncancerous spectra obtained with EDI/SIMS was 
analyzed by PCA, the di�erent spectra from the cancerous 
and noncancerous tissue samples were clearly separated. 
From these results, the EDI/SIMS method could identify the 
cancerous or noncancerous areas for the tissue samples with 
high probability. In addition, this method might be applied 
to support diagnostic studies for various biological samples.
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