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Soft X-ray tomography (SXT) is similar in concept to the well-established medical diagnostic technique,
computed axial tomography (CAT), except SXT is capable of imaging with a spatial resolution of 50
nm, or better. With SXT we can examine whole, hydrated cells (between 10-15 um thick), eliminating
the need for time-consuming embedding and sectioning procedures. For SXT, cells are imaged using X-
ray energies between the K shell absorption edges of carbon (284 eV, A=4.4 nm) and oxygen (543 eV,
A=2.3 nm). In this energy range, photons readily penetrate the aqueous environment while encountering
significant absorption from carbon- and nitrogen-containing organic material. Consequently organic
material absorbs approximately an order of magnitude more strongly than water, producing a
quantifiable natural contrast image of cellular structures[1]. SXT, like other tomography modalities,
requires recording images from multiple different viewing angles. By collecting images from multiple
angles through 360 degrees of rotation, SXT reconstructions yield information at isotropic resolution.

Images are formed using unique optics called zone plates (ZP). An X-ray ZP optic consists of a number
of concentric nanostructured metal rings, or zones, formed on a thin X-ray transmissive silicon nitride
membrane. The width of the outermost ring determines the spatial resolution of the ZP lens, whereas the
thickness of the rings determines the focusing efficiency. In the microscope we utilize, the condenser ZP
lens has an overall diameter of 1 cm, 41,667 zones made with approximately 200 nm thick nickel, and a
5 mm central stop. The high-resolution objective ZP lens has a diameter of 63 pm and an outer zone
width of 50 nm to assure the entire cell is in focus.

Because SXT is fast (~ 5 min per tomographic data set), we can examine large numbers of cells. Since
organic material absorbs approximately an order of magnitude more strongly than water, the high-
contrast image of cellular structures is quantifiable. X-ray absorption follows Beer’s Law, therefore the
absorption of photons is linear and a function of the biochemical composition at each point in the cell.
As a result, a linear absorption coefficient (LAC) value of each voxel can be calculated. For example,
lipid drops with high concentrations of carbon are more highly absorbing (LAC=0.7 um™") than fluid-
filled vesicles (LAC=0.2 pm™)[2].

To determine the location of specific molecules with respect to cellular structures, we overlay molecular
information obtained with fluorescence microscopy of a cell on the structural information obtained with
x-ray tomography of the same cell[3]. This makes it possible to localize molecules tagged with
genetically encoded proteins (XFPs, etc.) without having to fix and permeabilize cells to allow metal
particle entry into cells.

SXT can be used for a variety of cell biological studies, as demonstrated by recent publications that

reveal its unique role in biological imaging. For example, SXT has been used to: 1) reveal sub-cellular
consequences of treating C. albicans cells with antifungal peptoids[4]; 2) image P. falciparum-infected

https://doi.org/10.1017/51431927614008587 Published online by Cambridge University Press


https://doi.org/10.1017/S1431927614008587

Microsc. Microanal. 20 (Suppl 3), 2014 1371

red blood cells[5]; 3) map the sexual and asexual stages of the parasite, P. falciparum, and measure
changes in RBC hemoglobin concentration during parasite infection[6]; 4) quantitatively characterize
haploid and diploid strains of S. cerevisiae during the cell cycle[7]; and 5) to elucidate the organization
of olfactory receptor genes and shed light on a 20-year-old mystery surrounding the monogenic and
monoalllelic expression of these genes in the mouse olfactory epithelium[8§].

More recently we demonstrated the ability of SXT to obtain novel quantitative information about
nuclear organization and chromatin topology in normal cells obtained from mice. We examined
parameters such as nuclear volume, heterochromatin concentration, and the 3-D spatial distribution of
chromatin; we then measured the changes in these parameters during cell differentiation (manuscript
submitted) and tumor formation. Studies of tumor cells reveal distinct changes of all nuclear
measurements compared with normal cells; I will present these data and the statistical analyses of
several different cell types.
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