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9.3. X-RAY DIFFRACTION IMAGING OF WHOLE CELLS
chromosome because of morphological changes which occurred
during data collection. Hence, full three-dimensional imaging of
cells by diffractive methods requires cryogenic protection against
radiation damage. Predictions based on a calculation of the cross
section for coherent scattering by a smooth dielectric indicate
that 10 nm resolution imaging of frozen hydrated organic matter
should be possible using soft X-rays at currently available
synchrotron sources (Howells et al., 2009). This limit is arrived at
through a comparison of the radiation dose required for imaging
and the dose at which radiation damage has been empirically
observed at different length scales. However, it seems plausible
that the presence of many identical particles within a cell could be
exploited to provide super-resolution information.

reciprocal space is determined by the Crowther resolution,
kC ¼

1
;
D

where D is the object diameter and  is the angular separation
of the two-dimensional data sets. This is the spatial frequency at
which the unmeasured Fourier components, those in between the
measured Ewald sphere segments, can be properly interpolated
from the measured data. Diffraction microscopy, however,
requires the addition of information in the form of real-space
constraints. This additional information allows for the calculation
of not only the missing reciprocal-space phases but also a limited
number of missing magnitudes. Chapman et al. (2006) showed
that  could in fact be up to four times larger than required by
the Crowther relation, with kC matching the numerical aperture
of the imaging system. Thus, three-dimensional reconstructions
could take place with nearly isotropic diffraction-limited resolution with only about 150 angular orientations of the sample.
Stereoscopic viewing can provide a signiﬁcant degree of threedimensional perception of an extended object while only
increasing the total radiation exposure by a factor of two. In
principle, according to the dose-fractionation theorem of Hegerl
and Hoppe, full three-dimensional visualization of a given resolution element should not require a dose any higher than twodimensional visualization of the same element with the same
statistical accuracy (Hegerl & Hoppe,
1976). This theorem provides hope
that high-resolution imaging in threedimensions, perhaps even of dry specimens, is possible, but in practice this is
very difﬁcult to achieve and low-dose
imaging techniques are only now being
explored by the CXDM community.
Stereoscopic viewing should be considered the preliminary low-dose technique
of choice. One particular advantage is the
rapid reconstruction (compared with full
three-dimensional reconstructions) which
makes possible in situ sample inspection.
Fig. 9.3.3.3 shows a stereo image of a
chemically dried budding yeast cell. When
viewed stereoscopically, with the viewer’s
focus in front of the image, the threedimensional arrangement of a group of
vesicles in the mother cell can be visualized.

9.3.3.2. Low-dose three-dimensional imaging; low damage potential of stereoscopic viewing
Diffraction imaging in three dimensions proceeds as it does in
standard X-ray tomography. That is, two-dimensional data are
recorded from many angular orientations of the sample and then
assembled into a three-dimensional data set. In this case,
however, the data are recorded in reciprocal space and the
individual data sets only need to be registered with respect to the
angular coordinate due to the Fourier shift theorem. In the
absence of any additional information, the angular sampling of

9.3.4. Conclusions

Figure 9.3.3.2
Exposure to ionizing radiation causes shrinkage of organic matter. Each image in this series is a
section of a measured diffraction pattern from a freeze-dried yeast cell. The images were taken
sequentially and each represents an additional X-ray dose of 5  108 Gy. After a cumulative dose
of 1  109 Gy, the cell undergoes a rapid collapse [apparent from the elongated speckles in images
(3)–(5)] followed by continued shrinkage at a reduced rate. The X-rays used had an energy of
750 eV and a dose of 5  108 Gy was adequate for reconstruction at 30 nm resolution.
(Reproduced from Shapiro, 2004).
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CXDM promises to be a highly efﬁcient
imaging methodology which can deliver
high-resolution and high-contrast images
of large non-crystalline biological structures. Radiation-induced shrinkage of dry
cells will probably prohibit threedimensional imaging of such cells at high
resolution. However, signiﬁcant threedimensionality can be achieved through
stereoscopic viewing of a cell, which only
doubles the necessary X-ray dose. Even
so, in the absence of low-dose diffraction
techniques the sample must undergo
considerable morphological change prior
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Figure 9.3.3.3
Stereo image of a budding yeast cell. This budding yeast cell was
chemically ﬁxed with gluteraldehyde and dehydrated in acetone. The
images have an angular separation of 10 and a pixel size of 11 nm. The
three-dimensional arrangement of a group of small vesicles in the
mother cell can be visualized when viewed stereoscopically (with the
viewer’s focus in front of the image). The scale bar is 500 nm.

to imaging, although this change does not seem to alter the
relative arrangement of organelles. The development of low-dose
techniques will allow for the direct observation of these
radiation-induced changes. In the long run, it is cryogenic
protection that provides the most valuable structural information, since the cells are maintained in a near living state. Ultrahigh-resolution three-dimensional imaging will still require the
development of low-dose techniques, as cryoprotected samples
have also been observed to suffer from mass loss with the accumulation of very high X-ray doses (>1010 Gy). These imaging
techniques are currently under development at the ALS in
collaboration with Stony Brook University and elsewhere.
Alternatively, X-ray free-electron lasers (FELs) promise the
highest resolution imaging of living cells that is possible by any
means; indeed, it has been proposed that sub-nanometre resolution is possible (Bergh et al., 2008). The ultra-short and ultrabright pulses of an X-ray FEL will encode the structural information from a living cell before it is destroyed by the pulse.
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