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Table 1 Table 1 indicates the relationship between elements and dis-
eases previously reported. Mostly, body fluids (blood,
urine, semen, etc.) derived from clinical samples or animal
models for diseases were analyzed. Red; element increased:
blue, element decreased

KE- REEE Zn
i Fe, Zn, Cu
BiRIRBREIE T I

I FhIEEE Se
EMEMmM(E2S VBI2RZ) Co
Menkes & Cu
RANAE Se, Cr
TAOA Mn
=5 M E Cr
FaRA Cr, Mg
FRHEER Mg, Zn
BTERES Zn, Se
WFERELURERE Cu, Zn
SN2 BIRERT 25 - CEUMBTERT Fe
A Cu
ik Mn
BB ERICEL S5 THRBEE Al, Cu, F, Zn, Ni
Hoi hiE Al
=X D ER Mn
BERHEE F
Wilsonj& Cu

Vacuum chamber PIN photodiode

DONEZ DU VHROEE ) HFREEOEFRT, Wil
T HEOMAMCMBEICED b 5) P (Bx =/
) BEFOLNDY, Lrl, FEEOBKREEELICP-
MS T3 K39, BT 3R BT B LD T, —
THEDATHH, —7I, EPMA (Electron Probe Micro-
Analysis) IZ L 2REMAKT R (HALPCEEEH, &8
BRI E) wHWITHRY v BV 7 BlE SN T 549,
EdOEFEGE &L T, RERE R RETEES
N, FRHICEBETCEROEE L ETH S, SHIC, #Mal
RN OTEFE A KWL % SREERIE D /e & 2 hud, o
FEEAKGT EHEOERLRE) OB O bE B
W2 EBWIRFTE B,

3. Ty ARTA—-TILL S EFEM

TV A EBRSEOREEG, VYV VLRSI
AR (1896) IChA %V, BIEREBRE TIX, Z@X
WLy 7 A8, CT 2+« VERXNASH, B
FEAREICIZ R U A, —TJ7, WL v 7 AfE, BT,
BELIZ DWW T, BFSB TR EMON TV, FAeb
i, METy 7 ABICEE L, BEFIGHDODOWIEHR
w{T-> T\ A,

ChET, BULEUATIRIEDISEAT, KIKFE RS L
FOFFERRS BRI « G W I OILFBIGE ThESL S
N7z, Mg AEEMNCT v 7 AHMBERE Y AT A
(LAF, SXFM, Fig. 1) 1%, BT v 7 ZAMENEMN (S5
EKBIS—) WDy 7 2o flatbd sl L
THIRL NV TOTLRS MG RS EDuETH 5,
SXFM CiZ, ERATH 530x50nm? 7> 5 1 x 1 um?

Beam monitor

Elliptical mirrors

TC1 slit

Front end

-~

Mirror manipulator

Sample & Scanner
& Refrigerator

Experimental hutch

BL29XUL(EH2)

Fig. 1 Schematic of the scanning X-ray fluorescence microscope (SXFM) system. Distance between the undulator and
the first mirror is 98 m. The TC1Slit is placed 45 m upstream of the first mirror to form a virtual X-ray source. Fo-
cal lengths of the first and the second mirrors are 252 mm and 150 mm.
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Fig. 2 SXFM-captured cellular images with a high spatial resolu-
tion. Intracellular zinc (Zn) distribution is shown. Freeze-d-
ried HeLa cells were prepared by K. Maeshima. Cells were
measured at 15 keV; beam size, 1.0(H) X 1.0(W) um; scan-
ning pitch, 600 nm/pixel; exposure time, 1s/pixel. Bar, 20
um.
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Fig. 3 Method for standardization of signal intensity from the X-
ray fluorescence spectrum. Linear calibration curve showing
the relationship between the weight of Pt and X-ray fluores-
cence intensity (Pt Lo) normalized by the incident X-ray in-
tensity. Thin platinum and nickel membranes, of which the
thickness and the density were decided in advance, were em-
ployed as standard samples.
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Fig. 4 SXFM used to visualize intracellular microorganelles. A
mitochondrion was labeled with a primary antibody against
a specific mitochondrial protein, followed by labeling with a
gold-conjugated secondary antibody. The element distribu-
tion of a single cell and its magnified image are shown.
Colored bars indicate the elemental contents (fg) in an ir-
radiation area. The objects indicated by arrows in the gold
(Au) distribution map show a single mitochondrion, which
contains zinc (Zn), but no phosphorus (P) element. Cells
were measured at 15 keV; beam size, 140(H) x 140(W) nm;
scanning pitch, 70 nm/pixel; exposure time, 2 s/pixel.
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Chamber

Fig. 5 Cryo-SXFM system and interior of the chamber.
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Fig. 6 A. SXFM images of cells over the prolene film with carbon
deposition. Phosphorus (P) distribution as well as zinc (Zn)
and iron (Fe) at cellular nuclei (outlined in white) were
clearly observed. Cells, human multiple myeloma cells. B.
Cellular adhesion on a prolene film with carbon deposition.
PC9 cells were plated on the film and differential interference
contrast (DIC) images were measured after 36 h. Bar, 10
um.
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Fig. 7 Element array by SXFM. Element distribution in PC9/SEN
cells treated with 1 uM CDDP, a platinum anticancer drug.
Cells internalized CDDP (Pt LB) after 24 h and excreted it
after 48 h. Notably, cellular Zn levels appeared to increase
with Pt uptake (red-framed). Brighter colors indicate higher
signal intensity for a given element. DIC, differential inter-
ference contrast image; S, sulfa signal; Fe, iron signal; Zn,
zinc signal; Pt Lg, platinum signal derived from CDDP.
Scale bar, 10 um.
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Fig. 8 SXFM and element array analysis of PC9/SEN and PC9/
RES cells treated with 1 uM CDDP for 12 h. PC9/SEN cells
took up threefold more CDDP (Pt Lo) than PC9/RES cells.
Interestingly, PC9/RES cells showed high Zn content even
prior to CDDP treatment (red-framed). Brighter colors in-
dicate higher signal intensities for a given element. DIC,
differential interference contrast image; S, sulfa signal; Fe,
iron signal; Zn, zinc signal; Pt La, platinum signal derived
from CDDP. Scale bar, 10 um.
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Fig. 9 Zn uptake in response to CDDP is highly correlated with
reduced-glutathione (rGSH). Zn content in PC9/SEN or
PC9/Res cells with or without CDDP treatment was meas-
ured using inductively coupled plasma mass spectroscopy
(ICP-MS; green circles, n=29) or SXFM (red squares, n=
27). rGSH was measured in lysates collected from 1x 106
cells. The correlation coefficients for the relationship be-
tween Zn and rGSH as determined via ICP-MS vs. SXFM
were 0.794 and 0.553, respectively (p<0.05 for both). Cells
with high Zn and rGSH contents tended to be CDDP-
resistant; in contrast, cells low in Zn and rGSH were relative-
ly CDDP-sensitive.
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Fig. 10 Cellular survival rates after CDDP pulse treatment com-
bined with a Zn chelator, TPEN. After pulse treatments for
5 consecutive days, cells were plated in soft agar and colony
formation was examined. Analysis of survival rates clearly
showed that the combination of CDDP and TPEN, as well
as single TPEN treatment, significantly impaired the growth
of PC/RES cells, whereas the same dose of CDDP as a sin-
gle treatment did not attenuate the growth of PC9/RES
cells. The means and standard deviations of colony numbers
for PC/SEN (black columns) and PC/RES cells (gray
columns) are shown.
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Visualization of intracellular elements by
scanning X-ray fluorescence microscopy
for medical applications

Mari SHIMURA
Satoshi MATSUYAMA

Research Institute, National Center of Global Health and Medicine
1-21-1 Toyama, Shinjyuku-ku, Tokyo 162-8655, Japan
Department of Precision Science & Technology Graduate School of
Engineering, Osaka University

2-1 Yamadaoka Suita-shi, Osaka 565-0871, Japan

Abstract Minerals and metals are essential for a healthy body, and the concentrations of these elements
have been suggested to change during the diseased state. However, the distribution of these elements may
also change during disease. In this study, we describe the development and use of a scanning X-ray fluores-
cence microscope (SXFM) system and an accompanying analytical method (elemental array). We demon-
strate that a SXFM can reliably determine the cellular distribution of multiple elements with a high spatial reso-
lution. Visualizing intracellular elements and understanding their kinetics may provide greater insight into dis-
ease etiology and may help to identify potential therapies.
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