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Summary

We describe the preparation of a biological tissue for

imaging in a transmission soft X-ray microscope. Sections

of exocrine pancreas embedded in glycol methacrylate

polymer, an embedding medium widely used in visible light

and electron microscopy, were examined. Contrast was

based primarily on the nitrogen content of the tissue, and

dual-wavelength imaging at the nitrogen K-shell absorption

edge was used to map the distribution and provide

quantitative densitometry of both the protein and embed-

ding matrix components of the sample. The measurements

were calibrated by obtaining the absorption spectrum of

protein near the nitrogen edge. The contrast was consistent

and reproducible, making possible the first large-scale X-ray

microscopic study on sections of plastic-embedded soft

tissue. At radiation doses of up to 108 Gray, much more

than required for routine imaging, no distortion and little

mass loss were observed. This sample preparation method

should permit routine imaging of tissues in X-ray micro-

scopes, previously a difficult task, as well as multimodal

imaging (using visible light, X-ray, electron, and scanned

probe microscopies) on the same sample.

Introduction

Sample preparation technologies have been a cornerstone of

traditional biological microscopy. Electron microscopy of

biological samples would not have been possible without the

development of myriad methods for fixing, embedding,

sectioning, and staining or otherwise labelling cells and

tissues. Likewise, biological visible light microscopy derives

much, perhaps most, of its usefulness from such methods,

even though in principle it can be and has been used to

image living samples subjected to minimal preparation. This

ability to image samples in a natural state is shared, and in

a few aspects surpassed, by a relatively new form of

microscopy that uses soft X-rays for illumination and

X-ray optics for image formation (Schmahl et al., 1980;

Rothman et al., 1990; Kirz et al., 1995). Compared to

electrons, soft X-rays penetrate much thicker samples, up to

about 10 mm, or the full thickness of an unsectioned cell.

Soft X-rays (typically of wavelength between 2 and 5 nm)

interact with matter to produce high contrast biological

images at atmospheric pressure based solely on intrinsic

components rather than stains. By appropriate selection of

illuminating wavelengths this contrast can be both element-

and chemical-specific (Kenney et al., 1985; Zhang et al.,

1996; Buckley et al., 1998). Modern X-ray lenses, in the

form of microfabricated diffractive optical elements called
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zone plates (Anderson & Kern, 1992; Schmahl et al.,

1996; Weiû et al., 1998), allow this to be accomplished

at resolutions of 40±50 nm currently (Heck et al.,

1999), or about five times the resolution of visible light

microscopes.

Perhaps because of these strengths, most of the work

done in biological X-ray microscopy to date has concen-

trated on isolated cells and subcellular organelles or

cultured cells grown in a single cell layer, often hydrated

and sometimes initially living, imaged with little or no prior

preparation. Nevertheless, the method stands to benefit

greatly from the development of sample preparation

techniques analogous to those used in visible light and

electron microscopies, just as these other forms of micro-

scopy have benefited. Currently, however, biological sample

preparation for X-ray microscopy is an immature field,

though a number of sample preparation methods are being

developed, including immuno-labelling with silver enhanced

gold beads (Larabell et al., 2000; Meyer-Ilse et al., 2000) or

fluorescent probes (Irtel von Brenndorff et al., 1994;

Moronne, 1999) and cryogenic freezing (Maser et al.,

1998; Schneider & Niemann, 1998; Meyer-Ilse et al.,

2000).

One notable area of weakness has been the inability to

image tissues in the X-ray microscope. Imaging tissues more

than a few cell layers deep in any microscope requires

sectioning them to a manageable thickness for the type of

microscopy being used, because the illuminating radiation

has a finite penetrating ability, and because the super-

position of features from multiple depth layers in the sample

makes structural interpretation difficult. In general, embed-

ding tissue in some form of matrix is needed for sectioning,

although with more limitations frozen, hydrated samples

can be sectioned as well. Epoxy-embedded and sectioned

mineralized samples such as bone, cartilage and calcified

tendon have been imaged with element-specific contrast in

an X-ray microscope (Kenney et al., 1985; Buckley et al.,

1998). However, until recently, attempts to image soft

tissues have had little success, apparently due to a lack of

image contrast (C. J. Jacobsen, personal communication,

1999; P. Sicurello, personal communication, 1999). These

attempts have included samples embedded in Epon and

Epon/Araldite, with and without removal of the embedding

medium before imaging. Nyakatura et al. (1988) obtained a

single image of a section of rat kidney proximal tubule after

removal of the Epon embedding medium by potassium

hydroxide treatment. This image demonstrated good con-

trast and high-resolution features but the results were not

reproducible (W. Meyer-Ilse, personal communication,

1999).

The problem with these previous attempts stems pri-

marily from the difficulty of obtaining carbon-based

contrast in samples consisting of organic materials

embedded in a carbon-rich matrix. Recently, the authors

and another group (Loo & Rothman, 1997; Khaleque &

Buckley, 1998) have demonstrated satisfactory contrast in

embedded and sectioned soft tissues. The latter work

exploits contrast based on differences between protein and

the embedding matrix in their near-edge absorption spectra

at the carbon K-shell absorption edge. As discussed below,

in the current work we take advantage of nitrogen-based

contrast by using wavelengths shorter than the nitrogen

K-shell absorption edge.

We describe here a method of embedding and sectioning

a soft tissue that demonstrates a number of desirable

features in an X-ray microscope, including high natural

contrast and radiation tolerance. Glycol methacrylate

(GMA, 2-hydroxyethyl methacrylate) polymer is a water-

soluble plastic embedding medium used widely in visible

light microscopy and, to a somewhat lesser extent, in

electron microscopy. Several advantages of GMA embedding

have been shown (Cole & Sykes, 1974; Bennett et al., 1976):

compared to paraffin, ultrastructural preservation and clarity

are improved, tissue distortion is reduced, and thinner

sections can be cut, from 0.5 to 3 mm routinely (ultrathin

sections are also possible), with good uniformity of section

thickness (Helander, 1983). Unlike epoxies, acrylic embed-

ding media do not react covalently with tissue molecules;

thus, plastic embedded tissue is still free to undergo

specific labelling reactions with chemical reagents, enzymes

or antibodies, making possible a wide range of histo- and

immunochemistry (Bennett et al., 1976; Brinn & Pickett,

1979).

Methods

Sample preparation

Pancreatic tissue was removed from the rat and fixed after

a modification of the method of Ermak & Rothman

(1981). Male Sprague±Dawley rats were fasted overnight

for 18±22 h. They were anaesthetized by inhalation of

methoxyflurane (Metofane, Mallinckrodt Veterinary, Inc.,

Mundelein, IN, U.S.A.), then sacrificed by decapitation and

exsanguinated. The pancreas was removed and dissected

into small pieces less than 1 mm in size. Tissue pieces were

fixed in 1.5% glutaraldehyde and 1% paraformaldehyde in

0.08 m cacodylate buffer (pH 7.4) at 4 8C for approximately

24 h. They were then transferred to 0.08 m cacodylate

buffer without the aldehyde fixatives, and stored at 4 8C for

up to 21 days prior to embedding.

The embedding method was essentially a routine light

microscopic preparation slightly modified from published

protocols (Brinn & Pickett, 1979; Beckstead et al., 1981)

using the JB-4 embedding kit from Polysciences, Inc.

(Warrington, PA, U.S.A.), a formulation of the GMA

embedding technique. Tissue pieces were dehydrated by

immersion in 70% acetone (diluted with water) for 15 min,
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followed by four exchanges of 100% acetone at 20 min

each. They were then infiltrated by immersion in a 1 : 1

mixture of acetone and JB-4 Solution A, primarily con-

sisting of GMA monomer with some of the plasticizer

n-butoxyethanol (two exchanges at 30 min each), fol-

lowed by 100% JB-4 Solution A overnight at 4 8C under

vacuum. All the reagents for the dehydration and

infiltration steps were used cold (4 8C). Prior to polymer-

ization the tissue pieces were transferred to catalysed

Solution A (0.18 gram catalyst, containing benzoyl

peroxide, per 40 mL Solution A) for 1 h. They were then

placed in polyethylene block moulds with 6 � 8 � 5 mm

octagonal wells, covered with freshly prepared polymeriz-

ing mixture (40 : 1 mixture of catalysed Solution A to

Solution B, containing the accelerator N,N-dimethylani-

line) and plastic block holders, and allowed to polymerize

overnight. Again, these steps were carried out at 4 8C,

and under vacuum to prevent atmospheric oxygen from

inhibiting the polymerization.

The blocks were sectioned with glass knives using a

Reichert-Jung (Leica) 2050 Supercut automatic rotary

microtome. Sections nominally 0.75 mm thick were cut

dry and transferred with forceps to a clean water bath at

room temperature where they flattened by surface tension.

They were then picked up on sample holders and air dried at

room temperature. No mounting medium or coverslip was

used, leaving the sample exposed on one side. The sample

holder used in this study consisted of a square silicon wafer

frame, 100 mm thick and 11 mm wide, supporting a

membrane of X-ray transparent silicon nitride 100 nm

thick over a 3.5-mm square hole (window) in the centre of

the wafer. The sample holders were fabricated by litho-

graphic techniques at Lawrence Livermore National

Laboratory by Dino R. Ciarlo.

The X-ray microscope

We used a transmission soft X-ray microscope, called XM-1

(Meyer-Ilse et al., 1995; Meyer-Ilse et al., 1998), at the

Advanced Light Source (ALS), a high-brightness synchro-

tron radiation facility at Lawrence Berkeley National

Laboratory (LBNL). XM-1 is a conventional-type, or full-

field imaging, microscope. Figure 1 is a schematic repre-

sentation of the optical layout. The microscope uses two

zone plates as lenses, one as a condenser that demagnifies

the incoherent light source (a bending magnet on the ALS)

onto the sample, and the other as an objective that images

the sample onto a detector. The detector is a charge-coupled

device (CCD) camera, thinned and back-illuminated for high

efficiency detection of soft X-rays (Wilhein et al., 1994). The

digital output of the camera is read directly into a computer

for storage and subsequent processing.

Zone plates have strong axial chromatic aberration. As a

result, the condenser zone plate also serves as a mono-

chromator (Niemann et al., 1983), in conjunction with a

pinhole just upstream of the sample plane, and provides a

spectral resolution (l/Dl) of 300, or a bandwidth of about

0.01 nm in the wavelength range used. This allows

wavelength tuning over the broad emission spectrum of

the source. The wavelengths used in this study were

2.4 nm, just below the oxygen K-shell absorption edge in

energy (the low absorption side), and 3.1 and 3.0 nm, on

either side of the nitrogen K-shell absorption edge.

This X-ray microscope employs a unique sample mount-

ing and positioning system, with two separate sample

stages, one each in the X-ray microscope and an external

visible light microscope (VLM). The sample mounts

reproducibly to either stage via a magnetic kinematic

mounting system, and the coordinate systems of the two
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Fig. 1. Schematic representation of the optical layout of the high-resolution X-ray microscope XM-1. The design is of the conventional, full-

field imaging type. The optical elements are in vacuum, and the vacuum windows (one of which serves as a monochromator pinhole) are

mounted on cones close to the sample to minimize the air gap surrounding the sample, where the remaining air is largely displaced by a

stream of helium gas. The optical efficiency of all elements downstream of the sample (the helium/air gap, vacuum window, zone plate lens

and support membrane, and CCD camera) affects the dose required to form an image of a given statistical quality.
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stages are related by a known correspondence. It is

therefore possible to do all sample selection and focusing

using the VLM, with no X-ray exposure prior to final

imaging.

Images were acquired in one of two modes: single field or

montage. The image field size of XM-1 in its standard

configuration is a circular area of about 8±10 mm

depending on the magnification (usually 2400 times). To

expand the field size an algorithm was developed to

assemble large-field image montages from many standard-

size subfields (Loo et al., 2000). Most of the images in this

study were acquired in this mode.

Measurement of radiation tolerance

Radiation tolerance measurements were performed on a

sample prepared as described above at 2.4 nm wavelength

(the usual operating wavelength in this instrument). Ten

image fields of pancreatic tissue were selected using the

VLM and were imaged 2, 4, 6, 8 or 10 times at an exposure

level sufficient to produce a good quality image in terms of

photon counting statistics. A super-region encompassing

the 10 exposed subfields was then selected and imaged by

assembling a montage (see Fig. 3a) to demonstrate any

potential change in the exposed areas relative to their

surroundings. In addition, several fields in bare GMA plastic

portions of the section, containing no pancreatic tissue,

were exposed multiple times at 3.0 nm or 3.1 nm

wavelength, or both, and the change in mass measured.

Finally, a large-field montage image was acquired at 2.4 nm

wavelength of an area containing smaller fields previously

imaged at a very high dose at 3.0 and 3.1 nm wavelength

(see Figs 5 and 6).

Calculation of dose

Dose is absorbed energy per unit mass, measured in Gray

(joules kg21). Both the absorbed energy and the mass of the

sample are calculated quantities, derived from the measure-

ment of photons detected by the CCD camera. Images are

acquired of both the sample and a background region on

the sample holder window where no sample is present. The

ratio of these images gives the transmissivity T (fractional

energy transmission) of the sample (on a pixel by pixel

basis):

T � I

I0
´

e0

e
�1a�

where I is the detected signal intensity through the sample,

I0 is the detected intensity through the background region,

and e and e0 are the corresponding exposure levels (product

of exposure time and synchrotron beam current) at which

the images were recorded. I and I0 are corrected for dark

current in the CCD detector. The transmissivity is also

related to the physical properties of the sample by (Henke

et al., 1993):

T � exp�ÿmra� �1b�
where m is the mass-dependent absorption coefficient for

the sample material, and ra is its areal density (mass per

unit area perpendicular to the X-ray beam or optical axis).

Given these relationships, we can determine the quan-

tities of interest. The absorbed energy A (the portion that is

not transmitted) is:

A � �T21 2 1�´I´Q21 �2�
where Q is the light transfer/detection efficiency of all

components in the optical path downstream of the sample

(see Fig. 1). The mass M of the sample (per pixel) is given

by:

M � ara � 2
a

m
logT �3�

where a is the area of a pixel. Dose is then the ratio of A to M.

The two quantities that must be known or approximated

to calculate the dose from the measured transmissivity T are

m and Q. The mass-dependent absorption coefficients (m ) for

the elements have been tabulated at wavelengths from 0.04

to 122 nm (Henke et al., 1993). If the relative proportions of

elements in a material are known, the composite absorption

coefficient for the material can be calculated from the

tabulated values. The absolute molecular formula is not

required. The composition of GMA polymer was taken to be

C6H10O3 (Bennett et al., 1976), and the composition of

protein was taken to be C100H155N27O30S. The formula for

protein was derived by examining the primary sequences of

several proteins (available in the Entrez online database

from the National Center for Biotechnology Information,

National Institutes of Health, http://www.ncbi.nlm.nih.gov)

found in the pancreas or mammalian tissues (amylase,

trypsinogen, lipase, collagen and albumin), and taking the

average composition assuming no glycosylation. The

calculated absorption coefficient for this generic protein

formula is within 1% of those of the individual proteins

listed above over the wavelength range used, indicating little

variation in absorbance from one protein to another.

The light transfer efficiency Q is a product of the

transmissivity of the narrow gas-filled gap between the

sample and the vacuum window, the transmissivity of two

silicon nitride windows (the vacuum window and the

support membrane for the objective zone plate) totalling

225 nm in thickness, the diffraction efficiency of the

objective zone plate, and the quantum efficiency of the

CCD camera. Given the elemental composition and density

of a material, its transmissivity can be calculated from the

tabulated absorption coefficients and Eq. (1b). During

imaging, a stream of helium gas (which absorbs X-rays

very weakly) flows around the sample, displacing nearly all

of the atmospheric air in its vicinity (which can absorb
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strongly depending on the wavelength due to its high

nitrogen content). Assuming a 99% displacement of air, the

helium/air gap transmits over 99% of the X-rays emerging

from the sample. The silicon nitride windows together

transmit 39, 20 and 40% at wavelengths of 2.4, 3.0 and

3.1 nm, respectively. The calculated (theoretical) diffraction

efficiency of the zone plate used in this experiment was 5%,

and the actual efficiency was probably about 3%. The

quantum efficiency of the same type of CCD as used in this

instrument has been measured (Wilhein et al., 1994), and is

between 55 and 65% over the wavelength range used.

Thus, the overall light transfer efficiency was between 0.36

and 0.74%, depending on the wavelength. Not accounted

for was absorption due to deposition of a carbon con-

taminant on the objective zone plate because of poor

vacuum at the time of this experiment. The contamination

increased gradually with X-ray exposure, and caused an

additional variable amount (, 50%) of absorption over the

course of these measurements. Overall, taking these

uncertainties into account, the dose estimates presented

here are probably accurate to within a factor of 2±4, and

are probably underestimates.

Calculation of protein and plastic content

Most of the images in this study were acquired at 2.4 nm

wavelength, the usual operating wavelength of the XM-1

instrument. In order to calibrate these images for quanti-

tative protein measurements, two sample areas were imaged

at wavelengths on both sides of the nitrogen K-shell

absorption edge. Let us assume for the moment that the

sample consists solely of two materials, m1 and m2, and that

at each of two wavelengths, l 0 and l 0 0, the corresponding

absorption coefficients, m1
0, m

0 0
1 , m2

0 and m
0 0
2 , are known.

Then by Eq. (1b):

m
0
1ra;1 1 m

0
2ra;2 � ÿlogT 0

m
00
1ra;1 1 m

00
2ra;2 � ÿlogT 00 �4�

Two measurements, T 0 and T
0 0
, make it possible to solve for

the two unknowns, ra,1 and ra,2 (the areal densities of the

two component materials), as follows:

ra;1 �
ÿm 00

2logT 0 1 m
0
2logT 00

m
0
1m

00
2 2 m

00
1m

0
2

and

ra;2 �
m
00
1logT 0 2 m

0
1logT 00

m
0
1m

00
2 2 m

00
1m

0
2

�5a�

or rearranged,

ra;1 �
2logT 0 1

m
0
2

m
00
2

� �
logT 00

m
0
1 2 m

00
1

m
0
2

m
00
2

� �

and

ra;2 �
2logT 0 1

m
0
1

m
00
1

� �
logT 00

m
0
2 2 m

00
2

m
0
1

m
00
1

� � �5b�

This system of equations is ill-conditioned (i.e. produces an

unstable solution) if the absolute value of its determinant

|m1
0m 00

2 ± m
00
1m2

0| is small. The imaging wavelengths l 0 and

l
00

should therefore be chosen to maximize this quantity. For

example, if they are on either side of an absorption edge of

one of the components, e.g. m1, the absorption coefficient

m1 will have a large change across the edge, with little

change in m2, resulting in a determinant of large

magnitude.

To a good approximation, a soft tissue sample prepared as

described above consists entirely of organic molecules such

as protein, nucleic acids, lipids, and the plastic embedding

medium. These molecules contain varying proportions of

the elements carbon, hydrogen, nitrogen, oxygen, phos-

phorus and sulphur. Protein and nucleic acids can be

distinguished from the other constituents (the plastic matrix

being of greatest concern) by their high nitrogen content

(16±17% by mass).

As a consequence, we can model the sample as having

two components: nitrogen (assigned to m1) and a composite

material consisting of the rest of the elements in the sample

(assigned to m2). The two chosen wavelengths (3.0 and

3.1 nm) straddle the nitrogen K-shell absorption edge

(nominally 3.025 nm). The attenuation coefficients of

GMA polymer and the non-nitrogenous part of protein are

sufficiently different from each other that we cannot assume

a single value for m2
0 or m

00
2. However, as apparent in Eq.

(5b), to determine the nitrogen mass only the ratio of m2
0 to

m
00
2 is required, and this ratio is constant to within 0.1% for

the materials of interest (GMA polymer, non-nitrogenous

parts of protein and DNA, lipids, carbohydrates), with a

value of 0.92 for the two given wavelengths. The protein

and DNA mass can then be calculated based on their known

fractional nitrogen content, and the balance of the mass, if

assumed to be due to GMA polymer, can subsequently be

calculated given the measured transmissivities by Eq. (4).

We applied two additional corrections in our calculations.

First, we attempted to account for possible errors due to

radiation exposure effects. The two sample areas selected for

nitrogen edge imaging in this experiment were the central

regions of two pancreatic acini (see Figs 5 and 6). In order

to allow for the correction of possible changes in trans-

missivity due to radiation-induced mass loss, one acinus

was imaged at 3.1 nm first followed by 3.0 nm, and the

other was imaged in the reverse wavelength order. The first

image of each pair (having received no prior radiation dose)

could then serve as a control for the second of the other

pair. Pixels in three intensity ranges were selected in each of
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the image pairs corresponding to high protein density (in

the middle of the dense zymogen granules), intermediate

protein density (in cytoplasmic regions between granules)

and low protein density (in the duct lumen). A linear

transformation was applied to the transmissivity values in

the second image of each pair to make pixel values in each

of the intensity categories more similar to those in the

corresponding intensity categories in the first image of

the opposite pair. Calculations were then performed on the

corrected images as described above. Attempting in addition

to correct the first image of each pair for the dose deposited

in that first exposure using the mass loss curves described

below (see Fig. 4) had a negligible impact on the results.

Second, the wavelengths used were sufficiently close to

the nitrogen absorption edge that near-edge effects due to

covalent bonding and other environmental factors cause a

substantial deviation of the absorption coefficient of nitrogen

from its tabulated theoretical values. We estimated the true

absorption coefficients by measuring the absorption spec-

trum of a protein (albumin) near the nitrogen edge as

described in the next section. These were the values used for

m1 in the above relationships to determine the mass of

protein and plastic.

XANES spectrum of albumin, and the determination of
the mass-dependent absorption coefficient in the nitrogen
K-shell region

Equation (5) above in principle allows the determination of

the nitrogen content of a sample given two images acquired

using X-ray wavelengths on either side of the nitrogen

K-shell absorption edge. Required in these expressions are

the mass-dependent absorption coefficients at each of the

two wavelengths, for each of the two components of the

sample's mass: that due to nitrogen, and that due to all

other elements in the sample. As already noted, although

the absorption coefficients have been tabulated for all the

elements over a wide range of wavelengths (Henke et al.,

1993), the true coefficient for an element deviates

substantially from the tabulated values at wavelengths near

its absorption edges. This X-ray absorption near-edge

structure (XANES) in the spectrum of an element is strongly

influenced by the local environment of the atom, particu-

larly covalent bonds to adjacent atoms. For nitrogen in

protein, the amide bond has the greatest influence on the

spectrum near the nitrogen edge.

To obtain accurate absorption coefficients for nitrogen in

protein, we determined the spectrum of a protein, albumin,

near the nitrogen edge, using the spherical grating beam-

line (Yates et al., 2000) operated by the Canadian

Synchrotron Radiation Facility at the Synchrotron Radia-

tion Centre of the University of Wisconsin, Madison. The

sample was deposited from solution onto a metal plate

cleaned by acid etching and the relative absorption

spectrum was recorded using total electron yield as detected

by the sample current. We obtained the spectrum of

albumin near the carbon K-edge as well. In other work,

the nitrogen K-shell spectrum of albumin, along with the

carbon K-shell spectra of albumin and fibrinogen, are being

used as standards for investigations of the localization of

these proteins on polymer surfaces (Hitchcock et al., 2000)

using the scanning transmission X-ray microscope (STXM)

on beamline 7.0.1 (an undulator beamline) of the Advanced

Light Source at LBNL (Warwick et al., 1998). Similar

XANES spectra of proteins have been measured by others at

the nitrogen edge (Kirtley et al., 1992; Shinohara et al.,

1998; Ito et al., 2000) and the carbon edge (Zhang et al.,

1996), but were not converted to mass-dependent absorp-

tion coefficients.

The mass-dependent absorption coefficient of albumin is

directly proportional to the relative absorption spectrum

obtained by the total electron yield measurement. We

determined the proportionality constant by first assum-

ing that the regions of the spectrum far from the

absorption edges coincide with the tabulated theoretical

values. The molecular formula for bovine serum albumin is

C3071H4826N816O927S40, based on its primary structure and

assuming no glycosylation (data from the Entrez online

database, http://www.ncbi.nlm.nih.gov). The theoretical

mass-dependent absorption coefficient based on this for-

mula for albumin is plotted in Fig. 2. For the theoretical

spectrum, the edge transition energies were set to 405 eV

(for the nitrogen K-edge) and 292 eV (carbon K-edge),

which are values estimated by comparing the spectral

features of albumin with those of amide molecules for which

the ionization limits are known (Hitchcock & Mancini,

1994).

We wish to find the proportionality constant k that

minimizes the difference D in a least squares sense between

the measured and theoretical values at the tail ends of the

spectrum:

D �
X

i

mtab;i 2 k´ODi�2 �6�

where m tab are the tabulated coefficients, OD are the

measured optical densities based on total electron yield,

and i is the index over the 20 data points at each end of the

measured spectrum. The value of k that minimizes D is:

k �
P

i
mtab;i´ODiP

i
OD2

i

�7�

The measured spectrum, mmeas � k ´ OD, is also plotted in

Fig. 2. It can be seen from the figure that at the tail ends of

the measured spectra, where they are expected to coincide

with the theoretical ones, the agreement is not exact. This

might be because the range of wavelengths sampled was

insufficient to reach the limit of purely elemental rather
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than molecular spectral character (Hitchcock & Mancini,

1994), or due to another systematic error such as that

caused by stray light in the system.

At wavelengths near the nitrogen edge, the difference

between the measured albumin absorption spectrum and

the theoretical spectrum based on its elemental composition

is due to its nitrogen K-shell near-edge features. The

contributions of the nitrogen and non-nitrogen components

can be separated as:

mmeas � f NmN 1 �1 2 f N�mother �8a�
where mmeas is the measured absorption coefficient of

Fig. 2. Mass-dependent absorption coefficient spectra of a protein (albumin) and glycol methacrylate (GMA). For albumin, both the tabulated

theoretical values based on its elemental composition and the measured values near the nitrogen and carbon K-shell absorption edges are

plotted. The tabulated and measured values differ substantially due to near-edge spectral features, which are sensitive to molecular structure.

In the wavelength window between the oxygen and nitrogen absorption edges, the difference between the absorption coefficients of protein

and GMA due to the nitrogen content of protein provides most of the contrast in images acquired at these wavelengths, whereas outside this

wavelength range, their spectra nearly coincide. Dotted lines indicate the wavelengths used in this study, nominally 2.4, 3.0 and 3.1 nm, but

with corrections for miscalibration. Inset, the mass-dependent absorption coefficient spectrum of nitrogen in protein derived from the

measurements on albumin, compared to the tabulated values. In effect, this represents the spectral character of elemental nitrogen in the

environment of a protein molecule (albumin).
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albumin as above, mN is absorption coefficient of the

nitrogen component, m other is the absorption coefficient of

the non-nitrogen component, and fN is the fraction of the

molecular weight of albumin due to nitrogen. This gives:

mN �
mmeas 2 �1 2 f N�mother

f N

�8b�

fN is 16.5% for albumin. m other is taken to be the theoretical

values based on the tabulated data for a compound with the

formula C3071H4826O927S40 (albumin without the nitrogen

component). The actual values for the absorption coefficient

of the nitrogen component derived in this way are plotted in

Fig. 2 (inset), along with the tabulated values. This can be

interpreted as the spectral character of elemental nitrogen

in the environment of a protein molecule (albumin).

Also indicated in Fig. 2 are the two wavelengths used in

the dual-wavelength imaging portion of this study. The

energy scale of the N 1s spectrum of albumin acquired by

total yield was calibrated against the well characterized 3s

and 3p Rydberg peaks of nitrogen gas (N2) (Chen et al.,

1989), and is accurate to within 0.05 eV. However, there

was an energy calibration error in XM-1 estimated at

approximately 2 eV in energy or 0.015 nm in wavelength,

based on the transmission spectrum of the silicon nitride

windows. Thus, while the nominal wavelengths used

were 3.0 and 3.1 nm, the actual wavelengths were 3.015

and 3.116 nm. At 3.015 nm wavelength the measured

absorption coefficient of the nitrogen component was

4.6 � 104 cm2 g21 while the corresponding tabulated

value for elemental nitrogen is 3.1 � 104 cm2 g21

(see inset to Fig. 2). At 3.116 nm wavelength the measured

and tabulated values were nearly the same at

1.3 � 103 cm2 g21. As can be seen from Eq. (5), using

the tabulated values would have resulted in calculated

nitrogen or protein densities that are too large by about

40%.

Results and discussion

Contrast

Figure 3(a) is an image montage acquired at 2.4 nm

wavelength. It demonstrates unambiguously many struc-

tural and ultrastructural features at high resolution. These

include capillary endothelial cells (C), numerous pancreatic

exocrine cells arranged in clusters called acini (A), cell

nuclei (N), nucleoli (n), mitochondria (m) and zymogen

granules (zg). In addition, the nucleus of a centroacinar cell

(ca) is visible in one of the acini. The contrast evident in this

image was consistently achievable for all the samples in this

study, which included sections from multiple pancreatic

tissue pieces from each of seven animals. Nearly 100 large-

field montages like this one were acquired, consisting of

nearly 27 000 individual subimages, making this the

largest X-ray microscopic study to date. This work was part

of a larger experiment in which we set out to measure the

population statistics on size, protein mass and number of

zymogen granules in pancreatic exocrine tissue to evaluate

mechanisms of protein transport (Rothman et al., 1992; Loo

et al., 1996). The biological results will be published in a

separate paper.

A useful image can be recorded only if there is a difference

in the absorption of X-rays between sample features,

consisting primarily of protein or nucleic acid, and their

background, the plastic embedding matrix in this case.

Figure 2 contains a plot of the mass-dependent absorption

coefficients of protein and GMA polymer over a range of

wavelengths including the carbon, nitrogen and oxygen

K-shell absorption edges. Clearly, at wavelengths between

the nitrogen and oxygen edges (including the 2.4 and

3.0 nm wavelengths used in this study) a sample pixel filled

with protein would absorb X-rays significantly more

strongly than a pixel containing the same mass of plastic.

Conversely, the same two pixels would be difficult to

distinguish if illuminated by X-rays with a wavelength

longer than the nitrogen edge or shorter than the oxygen

edge. Thus, nitrogen content is the main contributor to

image contrast.

All previous work on embedded and sectioned soft tissue

has been done with X-ray wavelengths longer than that at

the nitrogen edge. This probably accounts for much of the

difficulty in obtaining satisfactory contrast. Contrast was

nevertheless seen in sections of embedded mineralized

tissues probably because unlike soft tissues, which are

composed mainly of water (that subsequently is replaced by

the embedding material), such tissues are composed

primarily of dense material with little water content, and

thus give appreciable contrast against the embedding

matrix based on density alone. The X-ray microscope that

was used for almost all of this earlier work, the Stony Brook

scanning transmission X-ray microscope (STXM) at the

National Synchrotron Light Source at Brookhaven National

Laboratory (Kirz et al., 1995; Maser et al., 1998), has a

longer portion of the optical path in air, so that absorption

due to atmospheric nitrogen made using shorter wave-

lengths, like those used in this work, unfavourable

(C. Jacobsen, personal communication, 1999). On the other

hand, in XM-1 the monochromator pinhole and down-

stream vacuum window are mounted on cones that can be

positioned very close to the sample, minimizing the air gap.

This helps overcome the problem, and in fact 2.4 nm is the

usual operating wavelength of the microscope.

Recently, Khaleque & Buckley (1998) used a wavelength

at which the embedding materials have stronger absorbance

than protein, producing negative contrast. This is due to

near-edge effects at the carbon edge. Similarly, as seen

in Fig. 2, at another wavelength near the carbon edge

(4.35 nm) protein has a relatively strong near-edge
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absorption peak due to its aromatic content that could, in

principle, be exploited to produce contrast because the

plastic has a low aromatic content. Our main objective,

however, beyond obtaining high contrast images, was to do

quantitative imaging, i.e. to obtain meaningful numbers

from our measurements, and there are some practical

barriers to using such wavelengths for that purpose. First,

taking advantage of sharp spectral features requires a more

accurate wavelength calibration than was available in our

instrument at the time. Second, even with good calibration,

finite spectral bandwidth and finite sample thickness result

in beam hardening effects that make it difficult to measure

absorption coefficients accurately near sharp features.

Third, because of the large number of carbon-containing

chemical species in the sample, the two-component sample

model we used would probably be inadequate when imaging

with wavelengths near the carbon edge. The ability to use

wavelengths shorter than the nitrogen edge (currently

being incorporated in the Stony Brook STXM as well) has

the advantage of strong contrast due to the high content of

nitrogen in protein and nucleic acids and its absence in the

plastic, and also helps avoid some of these ambiguities.

Alternatively, some of these difficulties could be overcome

by spectromicroscopy, or imaging at many closely spaced

wavelengths (Zhang et al., 1996; Ade et al., 1997), at the

cost of increased experimental complexity. We have also

initiated experiments using this approach. Yet another

method that might be used to obtain similar information is

electron microscopic electron energy loss spectroscopy

(EELS) (Leapman & Andrews, 1991). This method provides

higher resolution at the cost of increased radiation damage,

particularly when near-edge spectral features are used

(Rightor et al., 1997).

Radiation tolerance

Indicated on Fig. 3(a) are 10 subfields that were imaged two

to 10 times prior to acquisition of the large-field montage.

Only in the most heavily exposed (10 times) fields is a

change in intensity appreciable visually, and only then

because the intensity scale of the display has been adjusted

to emphasize the difference. Figure 3(b) shows the central

part of each of these areas displayed as a ratio of the first

exposure to the last. Darker pixels indicate a greater change

in transmissivity. Several features are notable in these

images. First, the degree of change in transmissivity (due to

mass loss) is dose dependent. Second, it is non-uniform,

being greater in areas of lower protein density. Third, despite

the mass loss, there is no discernable distortion of the

sample after up to 10 exposures. Distortion would manifest

as misalignment of the edges of features in these ratio

images, resulting in ghosting.

Figure 4 shows plots of sample mass, expressed as a

fraction of the initial mass, vs. dose. The mass axis is a log

scale. A straight line would be expected if a fixed fractional

mass loss were produced by each increment in dose. The

data fall on a curve, however, suggesting a biphasic or

multiphasic response to dose, with decreasing fractional

mass loss per unit dose at higher doses. The fitted curves

shown are quadratic functions. The data from the images in

Fig. 3(b) are plotted as four curves. One results from

averaging pixel values over each of the individual exposures.

The other three result from partitioning the pixels into three

categories: high protein density (in the middle of the dense

zymogen granules), intermediate protein density (in cyto-

plasmic regions outside granules), and low protein density

(in extracellular areas). The slope, or extent of mass loss

with dose, is least in high protein density areas. The last

curve was generated from data on bare GMA plastic areas

exposed multiple times at 3.0 or 3.1 nm wavelength. The

slope is similar to that of the low protein density curve at

2.4 nm wavelength. These observations suggest that the

GMA component of the sample is significantly more

sensitive to radiation than the protein component, and that

the dose sensitivity is approximately independent of

wavelength (at least for the plastic matrix).

A dose of 1.2 � 107 Gray (Gy) produces a 5% mass loss

in plain GMA polymer, as do 4.4 � 107 Gy and

6.8 � 107 Gy in areas of intermediate and high protein

density, respectively. In tissue on the whole, it takes

3.5 � 107 Gy to produce a 5% mass loss, and even at

108 Gy mass loss is less than 10%. On the other hand, the

dose used to form a single image, with all the above-

mentioned inefficiencies in the system at the time, was

about 107 Gy at 2.4 nm, 5 � 107 Gy at 3.0 nm, and

2 � 107 Gy at 3.1 nm. Thus, the potential mass loss at the

nitrogen edge was non-negligible and corrections were

needed to compensate for radiation effects, while imaging at

2.4 nm wavelength produced relatively minimal changes.

Figure 5 demonstrates the mass loss that occurs with

extremely high doses. It is a large field montage (at 2.4 nm

wavelength) encompassing two smaller areas that were also

imaged earlier in montage mode at both 3.0 and 3.1 nm

wavelength. The prior cumulative dose to these areas was

about 7 � 109 Gy. The fractional mass loss was 19% in

high protein density areas, 25% in intermediate protein

density areas, and 31% in low protein density areas. Based

on the curves in Fig. 4, these appear to be practically

asymptotic values for mass loss. Furthermore, despite the

significant mass loss there appears to be no appreciable

distortion of basic cellular and tissue architecture.

Although the samples were sufficiently robust to tolerate

these doses, minimizing dose is clearly desirable. Even in a

single exposure, the doses used were far higher than

theoretically required to produce images of equivalent

quality. The main reason for this is the low light transfer

efficiency of all the components downstream of the sample

(significantly less than 1%, as described above in Methods),
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the largest loss being in the objective zone plate. Methods

are being developed to produce zone plates with sub-

stantially better diffraction efficiency (Weiû et al., 1998;

Anderson, 2000). In addition, a much greater reduction in

dose is possible using a scanning microscope, in which a

single zone plate is used to form an X-ray microprobe that is

scanned across the sample. Only the detector is downstream

of the sample in this case, and compared to the current

work, the required dose should be roughly two orders of

magnitude lower.

There was another source of inefficiency in montage

mode imaging at the time of this study. The available

monochromator pinhole was a 15 mm square hole. Because

the monochromator pinhole defines the size of the

irradiated area on the sample, a larger area was exposed

than fit within the imaged area (the 8±10 mm circular field

of view). Consequently, most of the subfields imaged in

montage mode (except those at the edges of the super-

region) received the equivalent of about four exposures

(when images of some of their neighbouring subfields were
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acquired) before actually being imaged themselves. Further-

more, by the end of a montage acquisition sequence, most of

the imaged area was exposed about nine times. Single field

imaging at a spacing greater than the monochromator

pinhole size is not affected. A smaller monochromator

pinhole has subsequently been installed, allowing montage

image acquisition with a dose similar to that in single image

mode (in addition to improving spectral resolution).

Finally, as to the mechanism of mass loss with soft X-ray

exposure in dry samples such as these, it must involve

volatilization or vaporization of the sample. This might

happen by reaction with residual atmospheric oxygen not

displaced by helium (or ozone produced by its ionization by

X-rays). An observation consistent with this hypothesis is

that visible light fluorescence (observed in a visible light

microscope) increases in an area of formaldehyde-fixed

cultured cells after it is imaged in the X-ray microscope

(W. Meyer-Ilse, personal communication, 1999). Enhance-

ment of fluorescence in formaldehyde-fixed samples by

exposure to ozone is a known technique in histochemistry

(Pearse, 1985). If reaction with atmospheric oxygen is in

fact the mechanism of mass loss, it should be possible to

prevent or at least reduce mass loss by excluding air around

the sample more completely, for example by building a

helium filled chamber around the sample stage.

Distribution of protein and GMA polymer

Figure 6 shows two image fields in the centres of two acini at

both 3.0 and 3.1 nm wavelength (a) and (b), their calculated

nitrogen mass distribution (c), and calculated GMA polymer

distribution (d). The high, intermediate and low protein

density regions had average protein areal densities of

Fig. 3. (a) An image montage acquired at 2.4 nm wavelength of

GMA-embedded and sectioned pancreatic tissue, demonstrating

many structural and ultrastructural features at high resolution

and with strong contrast. Clearly visible are pancreatic exocrine

cells arranged in clusters called acini (A), cell nuclei (N), nucleoli

(n), mitochondria (m), many protein-rich zymogen granules (zg)

surrounding ductal spaces at the centre of the acini, capillary

endothelial cells (C), and the nucleus of a centroacinar cell (ca) in

one of the acini. The total image size is about 2700 � 2700

40 nm pixels, or a little over 100 � 100 mm in area. The 10

regions marked by squares were each imaged the specified number

of times prior to acquiring the large field montage to measure the

extent of radiation induced mass loss. Only in the most heavily

exposed fields (10 times) is an intensity difference visually

appreciable, even with the intensity scale adjusted to emphasize

the difference. (b) The ratio of the first exposure to the last, in the

central part of each of the pre-exposed areas in (a). Areas with the

greatest change in transmissivity between the first and last

exposures appear the darkest, demonstrating a dose-dependent

mass loss that is also spatially non-uniform, with greater loss in

areas of lower protein density.
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6.9 � 1025, 3.9 � 1025 and 2.8 � 1025 g cm22, respec-

tively, and average GMA polymer areal densities of

2 0.1 � 1025, 2.3 � 1025 and 2.6 � 1025 g cm22,

respectively. Based on the transmissivity of pure GMA

regions in the sample, the thickness of the section was

estimated (as described in the next section) to be 0.51 mm.

This allows an estimation of volumetric density (as areal

density divided by thickness), yielding high, intermediate,

and low average protein densities of 1.36, 0.77 and

0.56 g cm23, respectively, and corresponding average GMA
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Fig. 4. Plots of sample mass remaining vs.

dose. The data at 2.4 nm wavelength are

from the measurements from Fig. 3. Even

at doses of 108 Gy, there is a less than 10%

mass loss in tissue as a whole, while the

dose required to form an image of good

statistical quality in this study was only

about 107 Gy (which because of optical

inefficiencies was itself over 100 times

greater than the theoretically required

dose). The GMA plastic component of the

sample appears significantly more radiation

sensitive than the protein component, and

this sensitivity is similar across the wave-

lengths used.

Fig. 5. An image montage at 2.4 nm

wavelength, demonstrating the effect of

extreme radiation dose. The two regions

marked by squares surround the areas

imaged in Fig. 6, and were subsequently

exposed to an extreme dose of about

7 � 109 Gy prior to the acquisition of this

montage. The fractional mass loss in these

regions, visible as increased transmitted

intensity, ranged from about 20±30%, yet

despite this there is no appreciable distor-

tion of the basic tissue architecture.
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Fig. 6. Dual-wavelength imaging of the

central parts of two pancreatic acini. The

left column is of acinus 1, and the right is of

acinus 2. (a) The first exposure of each

acinus (at 3.1 nm wavelength for acinus 1,

and 3.0 nm for acinus 2). (b) The second

exposure (3.0 nm for acinus 1, and 3.1 nm

for acinus 2). The two acini were imaged in

reverse wavelength sequence from each

other to control for possible radiation

induced effects, as described in the text.

Contrast in the transmission images is

much stronger at 3.0 nm than at 3.1 nm,

due to increased absorption of the nitrogen-

containing tissue components on that side

of the nitrogen absorption edge (see Fig. 2).

(c) and (d) Calculated density maps of the

protein and GMA embedding matrix com-

ponents of the sample, respectively. White

represents the highest density, and black

the lowest.
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polymer densities of 2 0.02, 0.46 and 0.51 g cm23.

Figure 7 is a plot of GMA polymer density vs. protein

density for each of the nearly 82 000 pixels in these two

sample areas. The data fit well to a straight line of negative

slope, indicating that each unit of protein excludes a fixed

amount of plastic embedding matrix, essentially excluding it

completely at the highest protein densities.

The regression line was fitted to points in the main peak

of the scatter plot. Also apparent is a second smaller peak

falling below the regression line. Spatially, the points in the

second peak correspond almost exclusively to pixels in the

intraductal space of the imaged acini, where the protein

density was the lowest. That it falls below the regression line

indicates a proportionally reduced plastic content in these

areas, possibly reflecting an increased radiation sensitivity

of the plastic component in low protein areas as indicated

by the curves in Fig. 4. Alternatively, the ductal space may

contain a chemical species with a higher fractional nitrogen

content than the average protein or nucleic acid, although

there is not an obvious candidate for such a species among

the cell's known constituents. Also, 20% of the pixels have a

calculated plastic density below zero, which is physically

impossible. This is partly due to noise in the data, but it

probably also results at least in part from a systematic

overestimation of protein density such as that due to

uncertainty in the energy calibration of the microscope as

described above. A relatively small error in protein density

can produce a large proportion of pixels with apparently

negative plastic density because the plastic is already nearly

excluded from these high protein areas.

The intercepts of the regression line indicate the density

of plastic where protein density is zero, and vice versa; i.e.

the densities of each component uncontaminated by the

other. The y-intercept indicates a density for pure GMA of

1.15 g cm23, compared to the density of bulk GMA polymer

of 1.21 g cm23 (measured independently as described in

the next section). Note that the latter value was used in the

calculation of section thickness and thus has an impact on

the density calculation: the y-intercept should therefore

have this value provided the section thickness is consistent

between the tissue-containing region and the pure plastic

area where the thickness measurement was made. The

similarity between these values supports the assumption of

equal or similar thickness, and helps validate the conversion

from areal to volumetric density. The x-intercept yields a

protein density of 1.34 g cm23 where the GMA is com-

pletely excluded by protein, essentially the same as the

average density of protein in the dense centres of the

zymogen granules. This is also similar to that of pure

protein, about 1.4 g cm23 (Sober, 1968), and suggests that

protein within the granules is in the dehydrated state when

the sample is prepared in this fashion.

Moreover, these intragranular protein density measure-

ments are substantially higher than previously measured

values for protein concentration in freshly isolated zymogen

granules, averaging in the range 250±270 mg mL21 with

peak values of about 600 mg mL21 (Ho & Rothman, 1983;

Goncz et al., 1995). The difference is probably related to

major differences in sample preparation. For example, tissue

shrinkage is a well known artefact of preparative treatments
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Fig. 7. A plot of GMA polymer density vs.

protein density for the nearly 82 000 pixels

in the areas imaged in Fig. 6. The good

fit of the data to a straight line suggests

that each unit of protein excludes a fixed

amount of plastic embedding matrix. A

second smaller peak in the data corre-

sponds spatially to pixels in the low protein

intraductal spaces, and falls below the

regression line through the main peak,

indicating a proportionally lower plastic

content in those areas. This might be due to

increased sensitivity of the plastic com-

ponent to radiation in low protein areas, as

indicated in Fig. 4.
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such as the fixation, dehydration, and embedding used

in the current work (Hanstede & Gerrits, 1983). This is

manifest in measurements of zymogen granule diameter. As

measured by X-ray microscopy, granules (also from fasted

rats of the same strain), unfixed and in aqueous suspension,

have an average diameter of 1.08 mm (Goncz et al., 1995),

whereas in the current work average granule diameter

in GMA-embedded tissue sections (to be reported in full

in a separate paper) is about 0.77 mm, consistent with

electron microscopic measurements of granule size in

epoxy-embedded tissue sections that have produced

values in the range 0.73±0.85 mm (Ermak & Rothman,

1981; Beaudoin et al., 1984). The 1.4-fold difference in

linear dimension (between 1.08 and 0.77 mm), assuming it

is symmetric in all dimensions, translates to a 2.8-fold

difference in volume, a substantial fraction of the propor-

tional difference of the measured densities between the two

preparations: the dense centres of the zymogen granules in

this study have an average density 5±5.4 times that of the

average and 2.3 times that of the peak density of freshly

isolated granules. This illustrates that the expression of

tissue shrinkage in planar terms, typical in two-dimensional

microscopy, belies the actual magnitude of volumetric

shrinkage, which becomes readily apparent only with the

tools to measure mass in such a direct fashion. Further-

more, the similarity of the intragranular density measured

in the GMA-embedded samples to that of pure protein

suggests that the mechanism of shrinkage is related to

dehydration of the sample with incomplete replacement of

water by the embedding matrix.

Although other investigators have used dual- and multi-

wavelength imaging at the carbon K-shell and calcium

l-shell absorption edges to obtain contrast and map tissue

components (Kenney et al., 1985; Zhang et al., 1996;

Buckley et al., 1998), this is the first work to use dual-

wavelength imaging at the nitrogen K-shell edge in a high

resolution X-ray optical microscope. Using an X-ray contact

microradiographic system, Ito et al. (1996) were able to

obtain spectromicrographs of cultured cells across a large

part of the soft X-ray spectrum (including the nitrogen edge)

at a resolution comparable to that of a visible light micro-

scope. Nitrogen-based imaging, in addition to taking advan-

tage of the large nitrogen difference between tissue and

embedding medium, can also in principle be used to differ-

entiate protein from DNA by exploiting a strong difference

between the absorption peaks in their nitrogen near-edge

spectra (Kirtley et al., 1992; Shinohara et al., 1998). This

has been done at the carbon edge by Zhang et al. (1996).

Section thickness

Because of the well-defined relationship between transmis-

sion and the areal density of the sample (see Eq. (1b)), it is

possible to determine the thickness of a sample given its

density and mass-dependent absorption coefficient. Rectan-

gular blocks of polymerized GMA embedding material were

machined, measured and weighed (courtesy of W. A. Bates

and W. Meyer-Ilse, Lawrence Berkeley National Laboratory)

to determine the density of the plastic: 1.21 g cm23. The

transmission of seven sections, normalized to the trans-

mission through the silicon nitride support membrane on

each of their respective sample holders, was measured at

three to six spots on each section (24 total) in areas

containing only the plastic (devoid of tissue) to determine

their thickness.

The nominal microtome setting for thickness was

0.75 mm. The actual thickness calculated as described

ranged from 0.31 to 0.91 mm over these seven sections,

with an average thickness of 0.56 mm and a standard

deviation of 0.23 mm. However, thickness variation within

sections, as measured by the standard deviation from the

respective mean values, was only 0.02 mm. These measure-

ments are consistent with the finding of Helander (1983)

that thickness within sections is quite uniform, particularly

in the pure plastic component.

Conclusions

While X-ray microscopic instrumentation has matured in

recent years, corresponding sample preparation methods

are still in their infancy. This work demonstrates that GMA

embedding and sectioning, widely used in other forms of

microscopy, is applicable to X-ray microscopy essentially

without modification. This should allow soft X-ray micro-

imaging, with its unique contrast properties, of a wide

range of tissues prepared routinely as for other forms of

microscopy, including pathology samples. It also offers the

opportunity to carry out multimodal microscopy (including

visible light, X-ray, and electron imaging) on a given

sample. This could be a powerful approach because the

information provided by X-ray microscopy complements

that provided by visible light and electron microscopies. In

addition, because one surface of the sample can be left

exposed, scanned probe microscopy (e.g. atomic force

microscopy or scanning tunnelling microscopy) can also be

performed. For example, we have recently begun measure-

ments to assess more accurately the uniformity of the

section thickness by AFM.

As shown, good contrast is obtained between the sample

and the embedding medium due to the variable nitrogen

content of the tissue. This also makes it possible, using two

or more imaging wavelengths, to obtain chemically specific

contrast near the nitrogen absorption edge. Furthermore,

one can similarly take advantage of the near-edge absorp-

tion structure of any other major elemental constituent in

the sample, including carbon, oxygen, and minerals such as

calcium (Kirtley et al., 1992; Zhang et al., 1996; Buckley

et al., 1998).
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Radiation-induced changes in the sample, such as mass

loss and distortion, especially shrinkage, have been a major

obstacle in X-ray microscopy, particularly with respect to

specialized methods that require multiple exposures. The

samples prepared as described here demonstrated good

radiation tolerance at the doses used for imaging, with little

mass loss and no appreciable distortion. With some

additional measures to reduce dose and prevent mass loss,

a range of powerful X-ray microscopic imaging modes

becomes practical. For example, in a typical XM-1 config-

uration at the time of this study (with its attendant sources

of optical inefficiency) it took about 107 Gy to form an

image, about three times less than the dose that produced

significant (5%) mass loss in GMA-embedded tissue sections.

This is also about the same as the theoretical dose required

to do soft X-ray microtomography with 80 nm resolution in

all three dimensions (Loo & Rothman, 1995; Loo &

Rothman, 1997). Thus far, three-dimensional imaging has

been possible only when the number of views is small, as in

stereoscopy (Loo et al., 1992a; Loo et al., 1992b), or when

full microtomography is combined with cryofixation of the

sample to prevent radiation-induced changes (Weiû et al.,

2000). The sample preparation method presented here

should substantially broaden the types of samples on which

quantitative, high-resolution three-dimensional elemental

mapping can be performed. Similarly, chemical mapping

by spectromicroscopy with high spectral resolution,

requiring many exposures at different wavelengths, is

feasible. Finally, because these samples are insensitive to

radiation-induced distortion, they are highly amenable to

montage imaging and large-field survey studies of tissue

(Loo et al., 2000).
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