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Imaging Biology Systems with Ultrahigh
Resolution Radiology

We present the first successful test of microscopy of intracellular
structures with hard X-rays. This new approach yields better lateral
resolution than optical microscopy and provides 3-dimensional and
topographic images of thick specimens. The key factors in our suc-
cess are the use of a coherent synchrotron source with a high defini-
tion phase zone plate X-ray microscope and the exploitation of con-
trast mechanisms based on the refractive index. In particular, using
the zone plate to magnify the projected X-rays we produced high-
quality images of human tumor cells with 60 nm resolution. We
also present the results of a phase retrieval method based on a
wave propagation algorithm from a series of defocused images, to
improve high-resolution cell radiographs taken with unmonochro-
matized hard X-rays.

Resolution and contrast, two key characteristics of every microscopy,
can be improved in the X-ray spectral region by taking advantage of the
steadily improving source brightness and the use of phase contrast. We
present experimental evidence that with this strategy hard X-rays are
now suitable for radiological imaging of thick biological samples down
to the sub-cellular level. Coherence enables the optical elements to per-
form focusing or magnification. It also solves the fundamental problem
of limited contrast that is caused by the weak absorption of X-rays by
matter. The problem is solved by using a non-conventional kind of
image formation mechanism: contrast based on the differences in the
refractive index rather than in absorption─that requires indeed high
coherence. Such a mechanism was successfully tested in recent years
leading to better lateral resolution and enhanced contrast in synchro-
tron-based radiology. Microadiology with hard X-ray (wavelength <1Å)
did achieve high lateral resolution, however, no results have been pre-
sented so far on sub-cellular level imaging with nanometer scale reso-
lution.

Higher-energy X-rays could image thicker samples in their natural
state. Furthermore, studies in 3-dimensions can explore the relations
between structures and biological functions. In preliminary tests, we
recently succeed in using hard X-ray to image cells in a fresh and
unstained state. The thickness reached in some cases several mm. We
also demonstrated that with a reasonably simple fixation process tomo-
graphy reconstruction can be performed starting from a large number of
projection images of a thick sample without much loss in the lateral re-
solution.

The question then is: how far can we push the resolution of the hard
X-ray images of biological samples? We empirically found that even with
coherence-based mechanisms the natural contrast within biology
samples is still limited and must be enhanced when high lateral resolu-
tion is desired. To study, for example, proteins and cellular organelles, it
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is necessary to label the specific target. Immunocyto-
chemistry is the most commonly used method for
specific labeling in visible-light microscopy, fluo-
rescence microscopy, laser confocal microscopy and
transmission electron microscopy.

However, labeling strategies developed for such
microscopy techniques do not automatically match
the requirements of X-ray microscopy. We therefore
developed methods of specific cell labeling for X-ray
microscopy based on conventional immunocyto-
chemistry. By combining the high penetration and
high resolution of X-ray microscopy with the speci-
ficity of immunocytochemistry, we could investigate
specific protein structures and 2-dimensional or 
3-dimentional distributions achieving nanometer-
level resolution.

Our tests went beyond mere labeling. A novel
phase retrieval technique enabled us obtain high
quality images at the subcellular level based on
phase contrast. Phase effect also enable the zone
plate microscope with a phase retrieval device, a
phase ring similar to the device used in the optical
microscope, to obtain high resolution microradiolo-
gy image with much improved contrast.

These improvements together produced the first
subcelluar micrographs of cells with resolution be-
yond optical microscopy and with much simpler sam-
ple preparation methods. Further development is
underway to provide more versatile functional label-
ing to provide the functional imaging capability of
radiology in the nanometer scale by using absorp-
tion and phase contrast. Currently achieved 30nm
lateral resolution is still far from the diffraction limit
of X-rays and the instrumentation limit. With better
microfabrication in producing the X-ray phase zone
plate, lateral resolution can be further improved.
Higher brightness X-ray source can improves the
time resolution of microradiology and reduce the
motion blurs in the life specimens and to improve
the throughput. 

One key factor in our successful tests was con-
trast based on the refractive index, previously used
to image unstained cells. This mechanism enhances
the visibility of the edges between regions with
different refractive index. As a result, fine details can
be observed at the cellular and sub-cellular level
without any staining or other contrast-enhancing cell
preparation.

This is an interesting complementary approach
to the standard optical microscopy of living cells. In
fact, X-rays microradiology has the capability to ex-
amine thicker samples in a more “realistic” envi-
ronment.

The central result of the present work is the
demonstration that cell details within a sample as
thick as 5 mm can be clearly identified at a selective
depth from the sample surface without sacrificing
the lateral resolution. Furthermore, we obtained
tomographic reconstructed images from hard X-ray
projection images with 10-50 nm resolution -- well
beyond the diffraction limit of optical microscopy.

Edge enhancement cannot be easily observed
with conventional X-ray sources due to their large
size and angular spread. In fact, the enhancement is
due to small deviations of the X-rays propagating
through the edge, a region with high refractive-index
gradient. A large source size and angular spread
wash out the effect. To reduce this problem, one can
use an aperture to limit the effective source size or
increase the source-sample distance. However, this
greatly reduces the portion of the emitted X-rays
that is actually used for radiological imaging.

Synchrotron sources eliminate the problem be-
cause of their natural coherence. The X-rays are emit-
ted from a small source area and are strongly colli-
mated. Edge enhancement thus becomes easily visi-
ble and ─ as we demonstrate here ─micro-radiology
of live cell details becomes feasible. Our results show
indeed that fine details can be imaged with high la-
teral and time resolution in a variety of biology sys-
tems -- including leaf skin cells, human tumor cells,
mouse neurons and rabbit bone cells.

The tests were performed with the nano-TXM
system in operation at the BL01B beamline of the
National Synchrotron Radiation Research Center
(NSRRC). By using the third order light from a Fresnel
zone plate objective lens, this system achieved 30nm
of spatial resolution, the world record for hard X-ray
microscopy techniques.

This microscope also has a phase contrast mode.
This imaging mode requires a special condenser and
a phase ring made out of gold. The phase contrast
imaging mode is very useful for imaging features
with low absorption contrast, such as organic mate-
rials in a biological specimen.
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The cell samples used for ultrahigh resolution
microradiography were labelled by nickel nano-parti-
cles to increase the absorption contrast. The photon
energy was fixed at 8 keV to simultaneously optimize
the focusing efficiency of the zone plate and the X-ray
penetration. The typical exposure time for acquiring a
single image with 900X magnification was 8 minutes.

The ultrahigh resolution tests at NSRRC’s Nano-
TXM were accompanied by tests performed with a
microradiography system of high imaging speed
whose details are described in Ref. Unmonochro-
matized X-ray beams from the BL01A SWLS beamline
were used to illuminate the sample. The transmitted
X-rays were captured by a cleaved CdWO4 single-
crystal scintillator and converted to a visible image.
This image was then magnified by an optical lens
before being captured and stored by a CCD camera.

Ultrahigh resolution X-ray microscopy and staining

We used DAB with nickel enhancement as choro-
mogen to identify the distribution of vimentin. Vi-
mentin is an intermediate filament protein that is
generally found in a variety of cells of mesenchymal

origin. Vimentin filaments help supporting cellular
membranes. Vimentin networks also help keeping
the nucleus and other organelles in a fixed place with-
in the cell.

In Fig. 1, the addition of nickel provides good
absorption contrast within a field of view (FOV) of
600μm. Because the vimentin is located inside the
cytoplasm instead of the nucleus, the nucleus is not
affected by the vimentin staining and therefore
shows no absorption contrast for X-ray. However, the
cytoplasm contains dense vimentin which causes
staining especially at the peri-nucleus area and pro-
duce sufficient absorption of X-rays that makes it
looks darker than the nucleus. In Fig. 2, the vimentin
revealed by ultrahigh resolution X-ray microscopy

Methodology and Beamlines

100

Fig. 1:  High resolution X-ray micrographs using unmono-
chromatic synchrotron X-rays of human HeLa tumor cells. The
staining of the subcellular structure can be clearly seen in
each cell (FOV = 600μm). The addition of nickel provides en-
hanced absorption contrast.

Fig. 2:  Image taken by the ultrahigh resolution zone plate 
X-ray microscope of the same sample of Fig.3 shows much
improved resolution and quality. (FOV = 30μm) For example,
the vimentin inside the cell and outside the nucleus mani-
fests itself as linear arrays throughout the cytoplasm. The tex-
ture of vimentin bundles nearby the nucleus could be clearly
identified.

Fig. 3:  Ultrahigh resolution X-ray micrographs showing the
vimentin staining at the cell margins revealed the individual
vimentin bundles in the cells filopodia (indicated by arrows).
This image was taken with the (Zernick) phase ring showing
enhanced phase effect. The image is stitched by 4 smaller
images. Scale bar = 1 μm.



manifest itself as linear arrays throughout the cyto-
plasm (FOV = 30μm). The texture of vimentin bun-
dles can be clearly identified. Vimentin also appears
as a meshwork structure at the peri-nucleus area. The
nucleus and the cell boundary were clearly delineat-
ed by the vimentin meshwork. Although most vi-
mentin bundles formed meshwork inside the cyto-
plasm, especially close to the nucleus, sparse vimen-
tin filaments were also observed in the cells filopodia
(indicated by arrows in Fig. 3, scale bar = 1μm).

To study the expressions, functions, distribution,
and locations of molecules, proteins and sub-cellular
organelles, specific labelling of the target is required. As
we already mentioned, Immunocytochemistry is widely
used to specifically label the target molecules in both
light and transmission electron microscope. A variety of
immunocytochemical agents such as fluorescent pro-
bes, immuno-gold particles, DAB and other chromo-
gens are used for the specific protein. DAB chromo-
gen with nickel enhancement is a common immuno-
labeling method for visible microscopy and TEM. The
nickel particles provide good contrast for both casae.
We found that DAB with nickel enhancement also
provides good contrast for X-ray microscopy. When
examining the cells with DAB and nickel labelling
with X-ray microscopy, the fine structure of vimentin
meshwork could be observed with 5-10 resolution
than visible-light microscopy.

These results indicate that we can specifically
label the proteins of interest to study their structure
and distribution by this simple method. Although
immunocytochemistry is used for specific labelling of
proteins in visible-light microscopy, the spatial reso-
lution in that case is limited for some proteins and
protein complexes. In order to obtain more informa-
tion about the precise protein location and protein-

protein interaction, images with better resolution are
required.

Examining thick samples is the most common
reason to use X-rays. Resolution alone cannot justify
the technically sophisticated use of X-rays for micro-
scopy since higher resolution has been achieved by
other microscopies. Suitable sample preparation me-
thods were developed for many different types of
samples and imaging techniques. Nevertheless, the
high penetration depth gives X-rays a marked advan-
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(b)
Fig. 4:  (a) X-ray micrographs of a mouse aorta sample fixed in
resin; the overall sample dimension, including the resin, is ~
5mm×7mm×10mm, Scale bar: 400μm. (b) one of the to-
mography reconstructed slices. The detailed structure of the
vessel wall is clearly seen even if the sample is larger than the
imaged area. The aorta wall is layered by the waving elastic
laminae, the innermost of which, the internal elastic lamina
(marked by black arrows), is isolated from the lumen (L) by a
monolayer of endothelial cells (white arrows). Scale bar: 15μm.
(c) The volume rendered 3D structure of the same aorta sam-
ple. The white arrows point to borders between neighbour-
ing cells, while black arrow points to a cell nucleus which ex-
trudes from the surface and whose outline is well preserved
in the 3D reconstruction. Scale bar: 50 μm



tage. High penetration combined with high spatial
resolution provides extreme volume sensitivity. With
a spatial resolution better than 100nm, the volume
selectivity is nearly 1012. This selectivity level sharply
reduces the difficulties in preparing the sample and
finding the region of interest; furthermore, it makes it
possible to keep the samples in a much more natural
environment. Note that other microscopies typically
observe only very thin samples and therefore require
sectioning to reveal 3D structures. As we already men-
tioned, highly penetrating X-rays and tomographic
reconstruction eliminate the need for sectioning and
the consequent possibility of possible information loss.

With suitable fixation procedures, we could even
obtain high resolution tomography and 3D recon-
structed images of mammalian cells. Figure 4 (a)
shows an example: a piece of aorta fixed in resin; the
overall sample dimension, including the resin, is ~
5mm×7mm×10mm. Figure 4 (b) shows one of the
tomographically reconstructed slices. In this cross
section of the mouse aorta, FOV approximately 
240μm×240μm, the detailed structure of the ves-
sel wall is clearly observed in spite of the fact that the
sample is larger than the imaged area. The aorta wall
is layered by the waving elastic laminae, the inner-
most of which, the internal elastic lamina (marked by
black arrows), is isolated from the lumen (L) by a
monolayer of endothelial cells (white arrows). Figure
4 (c) is the volume rendered 3D structure of this sam-
ple. The white arrows show borders between neigh-
bouring cells, whereas a black arrow emphasizes a
nucleus sticking out from the surface whose outline
is well preserved in the reconstruction. Therefore,

imaging in this case goes well beyond the mere out-
line and shape of a cell and provides sub-cell details.

We also performed successful tests of tomo-
graphic reconstruction for plants cells ─ see the al-
ready mentioned results on stoma cells. We typically
used a standard filtered back projection algorithm
based on 200-1000 projections. Figure 5 shows an-
other example of reconstruction: the ~5 mm thick
freshly prepared skin of an aloe leaf. The image tak-
ing was quite fast: 10ms per projection. These tests
clearly show that tomographic reconstruction is fea-
sible for thick samples.

The limited absorption by biological tissues and
the low lateral resolution so far prevented X-rays
from producing radiological images of individual
cells and of subcellular structures. We could over-
come this limitation by taking advantage of the
coherence of synchrotron X-rays. We specifically pre-
sented hard X-ray images and tomographic recon-
structions ─ for very thick samples ─ of different
types of living and non-living cells with a resolution
reaching 60nm.

The result was achieved by using coherent X-rays
from a synchrotron source with no monochromatiza-
tion (since very limited longitudinal coherence was
required), X-rays detection with high lateral resolu-
tion and a detection geometry that enhances the
contrast due to variations in the refractive index. This
approach provides high image taking speed and
high resolution (<1μm) while simplifying the sam-
ple preparation. We also further improve the detec-
tor resolution by adding one step of magnification of
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Fig. 5:  Isosurface presentation of tomography reconstructed 3D model of an aloe leaf with stoma. The sample is a ~5mm thick
freshly prepared skin of an aloe leaf. The image taking was quite fast: 10ms per projection using the “local tomography” mode.
(a) - (c) are the “virtual slicing” through the stoma which show the cell structures. FOV: (a) and (b) ~250μm and (c) ~80μm.



the X-ray transmitted through the sample with a
high-definition zone plate. This enabled us to achieve
the best resolution of 60 nm resolution while exploit-
ing the capability of X-rays to reveal internal features
of large specimen in a rather natural environment.

The importance of these results for cell biology is
evident: not only this approach is complementary to
other microscopies, but it could in some cases re-
place them - for example, the TEM in the study of tis-
sues. The results at the present stage already surpass
those of optical microscopy, notably as far as lateral
resolution is concerned and the possibility to exa-
mine opaque samples with thickness of a few mm.
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