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An X-ray contact microscopy system has been developed for the

study of molecular and elemental distributions in biological

specimens based on X-ray absorption characteristics. The system

consists of a chamber for measuring XANES (X-ray absorption

near-edge structure) of biomolecules, and a contact microscopy

system for dried specimens with an electronic zooming tube. With

this system the elemental distribution of carbon, nitrogen, oxygen,

Ca and Fe in an HeLa cell has been studied, and the DNA-related

image using a peak from the XANES pro®le of the DNA at the K-

absorption edge of phosphorus has been obtained.
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1. Introduction

One of the most specialized applications of X-ray microscopy will

be the mapping of elements and molecules in a biological cell

using their speci®c absorption characteristics in the soft X-ray

region. Spectromicroscopy utilizing XANES peaks at the L-

absorption edge of calcium has been attempted for biological

specimens containing Ca; for example, Kenny et al. (1985) ®rst

imaged calcium in human skull bone. Later, Buckley et al. (1993)

imaged ®ne Ca phosphate deposits in a region of chondrocyte in

femoral head sections. They discussed quantitative aspects of

image formation using the XANES pro®le of Ca foil (Buckley et

al., 1994; Buckley, 1995). Imaging with a difference in chemical

states of Ca has been performed by Buckley et al. (1994) for

different distributions of Ca hydroxy apatite in bone and trical-

cium phosphate in prostheses. Buckley et al. (1995) also compared

XANES pro®les of some Ca salts associated with osteoarthritis.

Ade et al. (1992), followed by Zhang et al. (1994), applied XANES

peaks at the K-edge of carbon to the molecular mapping of DNA

in a chromosome using a difference in the spectrum of the C C

bond in DNA from that in bovine serum albumin. With a contact

microscopy system in combination with an electronic zooming

tube as a detector, we have obtained absorption spectra of

intracellular regions of an HeLa cell over a wide wavelength range

covering the absorption edges of major elements in biological

specimens (Shinohara et al., 1994; Ito et al., 1996), and also

attempted DNA imaging in a cell using an XANES peak at the

K-edge of phosphorus (Shinohara et al., 1997).

In the present study, we expanded our system to incorporate a

chamber for the measurement of XANES pro®les of isolated

biological molecules, which enabled us to obtain a more accurate

determination of XANES peaks prior to the imaging of the

molecule. Furthermore, a computer program for the analysis of

elements in a cell has been newly developed and provided

improved images.

2. Materials and methods

2.1. Experimental layout

Fig. 1 shows the optical layout of an X-ray contact microscopy

system. The system consists of two tandem-aligned parts for

spectroscopy of thin ®lms of biological specimens followed by

contact microscopy of dried specimens. Monochromatic X-rays

were obtained from BL-12A covering the K-edges of carbon,

nitrogen and oxygen, and the L-edges of iron and calcium, and

from BL-11B covering the K-edges of phosphorus and sulfur, at

the Photon Factory, Institute of Materials Structure Science in

Tsukuba, Japan. The energy resolution (E/�E) was about 100 for

BL-12A and 1500±2500 for BL-11B. After determining the ener-

gies of resonance peaks in XANES of biomolecules with a silicon

photodiode detector (AXUV-100, International Radiation

Detectors Inc., USA), the specimen and the detector were

removed from the light path. Then, dried biological specimens can

be imaged at the same wavelength and in the same light path.

2.2. XANES measurements

DNA from a calf thymus (Sigma Chemical Co., USA) and

cysteine (Wako Pure Chemical Industries Ltd, Japan) in a dry thin

®lm were prepared on a collodion ®lm supported by an EM-grid.

XANES pro®les were measured at the K-edges of phosphorus and

sulfur.

2.3. Contact imaging

Contact microscopy using an electronic zooming tube arranged

in a user-friendly system for handling specimens has been

described elsewhere (Shinohara et al., 1997; Ito et al., 1997).

Human HeLa cells cultured on an SiN membrane were ®xed with

glutaraldehyde, and then dried. For the observation of mitotic

cells, the cell division cycle was stopped by an 8 h treatment with

0.25 mg mlÿ1 nocodazole solution.

Figure 1
Layout of the X-ray contact microscopy system consisting of a spectro-
scopy section, and contact microscopy with an electronic zooming tube (an
imaging section).



2.4. Elemental analysis

To obtain the intracellular distributions of the major elements,

C, N, O, Ca and Fe, images were taken at both sides of the

absorption edge of each element. The wavelengths were adopted

so that they were situated beyond the region of XANES and are

listed by Henke et al. (1993), who tabulated the optical data of

elements. The transmittance (I/I0) of an image in each pixel was

obtained by dividing the photon intensity (I) in each pixel by I0,

the average for the area outside the cells. The following is the

relation between optical density denoted as Aj (= log I0/I) and the

content (mass thickness) of element i expressed as �ix, where �i

and x are the density and the specimen thickness, respectively,

Aj � ÿ log T��j� �
Xn

i�1

�i��j��ix: �1�

In the equation, �j and n denote the wavelength and the number

of elements, respectively: T(�j) and �i(�j) represent the trans-

mittance and the mass absorption coef®cient of element i at

wavelength �j, respectively. �ix can be obtained by subtracting Aj

from Aj0 at both sides (�j and �j0) of the absorption edge of

element i, under the approximation that mass absorption coef®-

cients, �, of elements other than i are equal at both wavelengths.

However, this assumption would not be valid when �j and �j0 are

not close. In our previous paper (Shinohara et al., 1994), the

carbon content (nitrogen and oxygen in some cases) was consid-

ered to be corrected for the mapping of other elements. Appli-

cation of the least-squares method would be a better method

particularly for mapping elements of minor fraction such as Ca

and Fe. To obtain the minimum of
Pm

j�1�A�j ÿ Aj�2, where m is the

number of wavelengths and A�j is an experimental value, the

following normal equation should be solved,

�11�1x� �12�2x� �13�3x� : : : � �1n�nx � B1

�21�1x� �22�2x� �23�3x� : : : � �2n�nx � B2

: : :
: : :
�n1�1x� �n2�2x� �n3�3x� : : : � �nn�nx � Bn

8>>><>>>: �2�

where

�pq �
Xm

j�1

�p��j��q��j� �p; q � 1! n�;

Bp �
Xm

j�1

�p��j�Aj �p; q � 1! n�:

The computer program for these procedures has been developed.

2.5. Molecular distribution

The molecular distribution in a biological cell was shown by the

ratio image between the image at the peak wavelength of XANES

of the molecule and that below the peak.

3. Results and discussion

3.1. Molecular imaging of DNA-related P and protein-related S in a

mitotic HeLa cell

In Fig. 2(a) the prominent resonance peak of DNA was

observed at the K-edge of phosphorus. Cysteine also has a large

resonance peak at the K-edge of sulfur (Fig. 2b). The ratio image

between the image at the peak (Fig. 3a) and that below the peak

(Fig. 3b) of the XANES pro®le of DNA is shown in Fig. 3(c).

Some structure of the DNA-related molecules in the central part

of the cell was clear, which was in contrast with the sulfur image

shown in Fig. 3(d). Identi®cation of chromosomal structure would

need further resolution and sensitivity.

Figure 2
XANES pro®les of (a) DNA at the K-edge of phosphorus, and (b) cysteine
at the K-edge of sulfur.

Figure 3
Ratio images of DNA- and cysteine-related molecules in a mitotic HeLa
cell. (a) Image at A in the panel (a) of Fig. 2; (b) image at B in the panel (a)
of Fig. 2; (c) ratio image of (a) and (b); (d) ratio image of cysteine-related
molecules using the XANES pro®le of Fig. 2(b).

1100 X-ray contact microscopy system for spectromicroscopy of biological specimens



3.2. Elemental imaging of an interphase HeLa cell

Fig. 4 presents images of C, N, O, Ca and Fe. They were

obtained from the images observed at wavelengths 1.76, 1.83, 2.16,

2.36, 2.79, 3.16, 3.45, 3.65, 3.98 and 4.48 nm, and calculated using

the least-squares method. The dense distributions of C, N and O

were observed in a nuclear region; the denser areas may corre-

spond to nucleolus. Ca still seems to be observed in the nuclear

region, but Fe had a largely faint image. Taking other elements

into account and incorporating them into the calculation will

improve the ®delity of the images.

In conclusion, the present system worked successfully in the

imaging with an absorption peak of the XANES pro®le, and in the

elucidation of elemental distributions achieved by the computer

program using the least-squares method. Further improvements

for resolution and sensitivities of the chemical analyses are in

progress.
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Figure 4
Elemental distribution in an HeLa cell obtained by the least-squares
method. (a) Image at 3.45 nm, (b) carbon, (c) nitrogen, (d) oxygen,
(e) calcium, ( f ) iron.
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