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Our experimental results demonstrate that full-field hard-X-ray microscopy is finally able to investigate the
internal structure of cells in tissues. This result was made possible by three main factors: the use of a coherent
(synchrotron) source of X-rays, the exploitation of contrast mechanisms based on the real part of the refrac-
tive index and the magnification provided by high-resolution Fresnel zone-plate objectives. We specifically
obtained high-quality microradiographs of human and mouse cells with 29 nm Rayleigh spatial resolution
and verified that tomographic reconstruction could be implemented with a final resolution level suitable
for subcellular features. We also demonstrated that a phase retrieval method based on a wave propagation

algorithm could yield good subcellular images starting from a series of defocused microradiographs. The con-
cluding discussion compares cellular and subcellular hard-X-ray microradiology with other techniques and
evaluates its potential impact on biomedical research.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The development of new microscopy methods is a key element in
the historical progress of biological and biomedical research. A land-
mark for each microscopy technique is the detection of individual
cells and of their internal structure (Fischer et al., 2011; Marsh
et al, 1971; Marton, 1941; Porter et al., 1945; Tanaka and
Fukudome, 1991). For over one century, X-rays did play a fundamen-
tal role in biomedical research — but they were so far unable to image
internal cell features in tissues. In a series of recent experiments, we
achieved this important objective.

Our strategy was based on a combination of factors to improve the
image contrast and spatial resolution. One of them was the use of highly
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bright and coherent X-rays emitted by synchrotron sources. The coher-
ence specifically facilitated the task of focusing the radiation to improve
the resolution. Furthermore, it enabled us to improve the image con-
trast by exploiting mechanisms (Cloetens et al., 2002; Hwu et al.,
2002) based on the real part of the refractive index rather than on ab-
sorption (the imaginary part). These mechanisms - conventionally
called “phase contrast radiology” - strongly enhance the contrast be-
tween soft tissues in biological specimens.

Our experiments used short-wavelength (~1A) X-rays capable
to penetrate thick specimens in a natural state. On the contrary, pre-
vious microradiology tests were based on long-wavelength soft-X-
rays in the “water window” (23-45 A) that maximize the contrast
between carbon-containing areas and water (Jacobsen et al., 2002;
Kirz et al., 1994). With advanced soft-X-ray optics, subcellular struc-
tures could be observed in hydrated states (Larabell and Nugent,
2010; McDermott et al., 2009). However, soft-X-rays cannot pene-
trate specimens thicker than a few cells (=10 um) and are thus un-
suitable for cell studies at the tissue level. This is a rather severe
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limitation (similar to visible light microscopy) that largely offsets
the advantages of the high spatial resolution.

In a precursor experiment, we used hard-X-rays to image individual
cells in a fresh and unstained state (Hwu et al., 2004) — the probed tis-
sue thickness reaching several mm. Such tests included time-resolved
experiments and tomographic reconstruction. However, they did not
yet produce high-quality images with subcellular resolution.

We could finally reach this key objective by magnifying the X-ray
images with Fresnel zone-plate objectives fabricated with state-of-
the-art nanotechnology (Chu et al., 2008; Lo et al., 2007a, 2007b).
These devices yielded a spatial (Rayleigh) resolution down to
<20 nm (Chen et al., 2011a) and an image acquisition time below
50 ms (Chen et al., 2008a, 2008b).

We used staining to label and detect specific targets while locat-
ing proteins inside the cells and investigating sub-cellular organ-
elles. This required a specific effort to develop suitable staining
procedures since those used for other techniques, such as visible,
confocal and fluorescence microscopies, do not fully match the
needs of hard-X-ray microscopy. Specifically, staining methods for
emission microscopy are not relevant to absorption or phase con-
trast X-ray images. Our staining/labeling method, based on immu-
nocytochemistry, widely used for TEM (transmission electron
microscopy), enabled us to investigate with nanometer resolution
specific protein structures and distributions in two and three dimen-
sions (3D). However, modifications of the staining materials and pro-
cedures were required because of the large difference in the specimen
thickness for TEM and X-ray microscopy. Indeed, most of the heavy
metal staining used for TEM is for thin (<1 pm) sections, and does
not guarantee uniformity on our >100um specimens. We thus
adopted and extended exposure to the staining solution.

Compared to previous soft-X-ray microscopy approaches, our
method offers marked advantages. It penetrates much deeper into
the specimen: intracellular details within >5 mm thick specimens
could be clearly identified without critically decreasing the spatial
resolution. As to hard-X-rays, previous tests (Hsieh et al., 2004;
Jiang et al., 2010) could reach nanoscale resolution only by applying
sophisticated phase retrieval methods to diffraction imaging. Recent
developments in coherent diffraction imaging significantly simplified
the image reconstruction; however, we reached subcellular resolu-
tion with no image processing. However, we did explore the use of
a phase retrieval technique based on a wave propagation algorithm
(Barty et al., 2000; Hsieh et al., 2004; Yin et al., 2007) to reduce or
eliminate the need for staining. This approach yielded separate
phase and amplitude images at the subcellular level.

As to possible future improvements, efforts are underway to
achieve more versatile functional labeling and functional imaging on
the nanometer scale. The current <30 nm lateral resolution of our
zone plate objective is far from the theoretical diffraction limit and
also from the estimated instrumentation limits. With even better
zone-plate nanofabrication the lateral resolution - primarily deter-
mined by the smallest outer zone - can be further enhanced: outer
zones ~20 nm were already achieved (Chen et al.,, 2008b, 2011b;
Chu et al., 2008; Lo et al, 2007a, 2007b) yielding resolutions
<20 nm. New high brightness X-ray sources will likely decrease the
exposure time reducing for example the motion blur for live speci-
mens. Furthermore, they would enable us to use higher-order diffrac-
tion modes (Yi et al,, 2011; Yun et al.,, 1999) of the zone plates and
further enhance the lateral resolution — although with a decreased
signal and therefore a longer image acquisition time.

2. Materials and methods
2.1. Instrumentation

The experiments were performed on the beamlines 01A and 01B
of the National Synchrotron Radiation Research Center (NSRRC) in

Taiwan (Song et al., 2007), the 32-ID-D beamline of the Advanced
Photon Source (APS, Argonne) (Shen et al., 2007) and the 7B2 beam-
line of the Pohang Light Source (PLS) (Baik et al., 2004). Specifically,
tests with high spatial resolution were implemented on the NSRRC
01B and APS 32-ID-D beamline whereas the two other facilities
were used for experiments with more limited resolution but faster
image taking.

The high-resolution NSRRC and APS facilities are equipped with
ultrahigh resolution transmission X-ray microscopes (TXM) including
custom-designed microimaging systems with ad hoc fabricated Fres-
nel zone-plates (Chen et al., 2008b; Chu et al., 2008). The X-ray source
is a 5-T superconducting wavelength shifter (SWLS) inserted along
the 1.5 GeV NSRRC ring and an undulator at the 7 GeV APS ring.

The X-rays generated by these insertion devices are monochroma-
tized by double crystal monochromators and then focused into the
specimen by condenser lenses. The transmitted radiation is processed
by the zone plate magnifying objective and projected into an array
detector — consisting of a CCD camera with a 20x optical objective
lens coupled to a scintillator. The total magnification of the zone-
plate plus the visible light imaging system is 900-2400 x.

The gold zone plates used for the present experiments were fab-
ricated on thin (100 nm) SiN, membranes and have ~1.5-3 cm focal
length, a diameter of 85 um, thickness up to >450 nm (correspond-
ing to aspect ratios in excess of 15) and a 30 nm outermost zone
width. To obtain phase contrast for low X-ray absorption materials,
the microscopes are equipped with Zernike gold phase rings. The
selected photon energy of 8 keV simultaneously optimizes the zone
plate effectiveness and the contrast. The typical exposure time for
a single image with 900 x magnification is ~50 ms.

We used zone plates with 25 nm outermost zone width as the best
compromise between efficiency and spatial resolution for this par-
ticular study. We measured the spatial resolution with the Rayleigh
criterion (for the procedure, see Chu et al., 2008), using a standard
test pattern whose smallest feature size was ~30 nm. Images such
as those in Supporting Information Fig. SI1 confirmed that the
smallest features are visible, corroborating the resolution measure-
ments. The resolution measurements were performed both before
and after the experiments.

Details about the two other experimental facilities, 01A at NSRRC
and 7B2 at PLS, can be found in refs. Baik et al. (2004) and Song
et al. (2007). The main difference with respect to the ultrahigh-
resolution systems is that they use unmonochromatized X-rays,
reaching more limited spatial resolution but gaining more than 3 or-
ders of magnitude in time resolution compared to experiments with
monochromatized X-rays. This is due to the fact that zone plates can-
not be used with unmonochromatized X-rays: without zone plate
magnification, the transmitted X-rays are directly detected by a
cleaved CdWO, single-crystal scintillator and converted to visible
images. These images are then magnified by an optical lens and cap-
tured and stored by a CCD camera. The resulting image taking is
quite fast: for biological specimens with low X-ray absorption, a
single image (typically 1600x 1200 pixel, horizontal field of view
(FOV) =500 pm) can be obtained in 1 ms or less.

The specimens in both facilities are mounted on translation/rota-
tion stages for precise positioning. The specimen can thus be moved
along the X-ray beam direction, varying the specimen-detector dis-
tance from <1 mm to 1.2 m. This is specifically required for the
phase retrieval method: a series of defocused images must indeed
be taken at different specimen-detector distances. A similar method
in the monochromatized facilities achieves phase retrieval in TXM.

2.2. Cell culture and staining
HelLa cells were cultured in Dulbecco's modified Eagle's medium

(DMEM) supplemented with 10% calf fetal serum culture medium.
EMT cells were cultured in Dulbecco's modified Eagle's medium and
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F12 medium (DMEM-F12) supplemented with 10% calf fetal serum
culture medium.

For vimentin staining, HeLa cells were fixed by 4% paraformalde-
hyde, blocked by 3% bovine serum album (BSA) in phosphate-
buffered saline (PBS) plus 0.1% Triton-X 100 to eliminate the non-
specific binding and by 0.1% H,0, to neutralize the endogenous
peroxidase. We are specifically targeting vimentin, an intermediate
filament protein (58 kDa) found in a variety of cells of mesenchymal
origin that helps in supporting cellular membranes, nuclei, and other
intracellular organelles. To localize the vimentin inside the cytoplasm,
cells were then incubated in 100 x diluted primary antibody vimentin
(from Dako®) for 2 h at room temperature.

For tubilin staining, EMT-6 cells were fixed and stained with the
monoclonal anti-a-tubulin clone B-5-1-2 purified mouse immuno-
globulin (mouse IgG1 isotype) (T6074, Sigma) diluted 1:5000 in
BSA-containing PBS buffer at room temperature for 1 h. Secondary
staining was performed with peroxidase conjugated goat anti-
mouse IgG antibody diluted 1:1000 in BSA-containing PBS buffer at
room temperature for 1 h.

After rinsing with PBS, the cells were further incubated in 200x di-
luted secondary antibody with peroxidase conjugation (Chemicon®)
for 1h. DAB (3,3'-diaminobentidin) substrate kit was applied for
4-6 h to obtain gray and black cells. DAB with nickel enhancement
kit was from VectorLab® (SK-4100, Vector Laboratories, Inc.). For
immunogold vimentin labeling, HeLa cells were incubated with
FluroNanoGold-conjugated secondary antibody (Nanoprobes®) for
1h and then with silver enhancement kit (Nanoprobes®) for
20 min. After staining, cells were dehydrated in series of ethanol
and then air dried. In addition to the X-ray imaging tests, experi-
ments were performed with confocal fluorescence laser imaging;
the corresponding specimens were obtained by incubation with a
Cy3 fluorophore conjugated secondary antibody.

2.3. Tumor tissue specimen

For tissue studies, EMT-6 cells were subcutaneously inoculated
into the thigh of the Balb/C mouse. During the next 8 days, the
tumor size grew to 50-90 mm?. The mice were then injected with
100yl of 75 mg/ml PEG-Au gold nanoparticles and sacrificed after
24 h. Tumor tissue was removed and then fixed by immersion in
3.7% formaldehyde in phosphate buffered saline (PBS). The tumor tis-
sue was stained with osmium for 2 h. After staining, these samples
were hydrated by a series of differently diluted ethanol solutions
and embedded in resin. The specimens were finally cut into
100-200 pum pieces.

2.4. Plant tissue preparation

The skin of the graptopelaum paraguayense was cut into small
pieces before being prepared by either high presure cryogenic fixa-
tion and water substitution or standard electron microscopy staining
followed by a dehydration process. For cryofixation, samples were
stored in a high pressure cryofixation machine (Leica EM PACT2) at
—90 °C for 20 min and then transfered to freeze-substitution system
(Leica EM AFS2) in 100% ethanol, at —90 °C. After that, samples were
stained with uranyl acetate 0.5% for 1.5 h and then washed with eth-
anol. After 3 days, ethanol temperature was increased to —60 °C,
then changed with new 100% ethanol for 18 h. Finally, sample ethanol
temperature was further increased to — 20 °C and changed with new
100% ethanol for 8 h before embedded in LR Gold™ resin.

Another sample is directly fixed with 2.5% glutaraldehyde/4%
para-formaldehyde overnight, then post fixed with osmium tetrox-
ide 1% for 12 h. After that, samples were stained with uranyl acetate
0.5% 1.5 h and then dehydrated in series ethanol and the samples
were dried in air.

2.5. Zebrdfish staining

Experiments were also performed on other bio-systems. For large-
scale tissue imaging tests, five-day-old zebra fish specimens were
stained using the Golgi method, fixed with 4% para-formaldehyde
overnight and then mounted in 2.5% potassium dichromate in the
dark. After three days, they were transferred into 0.1 M silver nitrate
and left there in the dark for three 3 additional days. After sequential
dehydration by 30%, 50%, 70%, 95%, 100% gradient ethanol and ace-
tone, the specimens were embedded in an epoxy resin (Sigma®).

2.6. Mouse aorta specimens preparation

Mouse aorta specimens were prepared with the following proce-
dure. Adult C57/BL6 mice were anesthetized with ether inhalation
and perfusion-fixed via direct intracardiac injection, with heparinized
PBS (10 units/ml) followed by phosphate-buffered 2% paraformalde-
hyde (pH 7.4) for 10 min (Blackburn et al., 1995). The thoracic aortae
were dissected obtaining transverse rings. Such rings were embedded
in the resin using standard preparation procedures for thin-section
electron microscopy (Blackburn et al., 1995; Yeh et al., 2003).

3. Results
3.1. High-resolution experiments at the subcellular level

Fig. 1 illustrates the progress from imaging tests with unmono-
chromatized X-rays to high-resolution hard-X-ray microscopy.
Thanks to the DAB staining with nickel enhancement, the vimentin
network of the Hela cells can already be seen in the phase-contrast
image of Fig. 1A, obtained with unmonochromatized X-rays. The spa-
tial resolution (~1 um) is similar in this case to optical microscopy.
We can clearly observe stained vimentin and nuclei within the cells
(FOV =240 pm). The nucleus is not affected by the staining procedure
and therefore has weak X-ray absorption. The cytoplasm appears dar-
ker than the nucleus since it contains dense stained vimentin espe-
cially in the peri-nucleus area that produces X-ray absorption, as
confirmed by optical microscopy.

Fig. 1B demonstrates that hard-X-ray microscopy with zone-plate
magnification surpasses the diffraction limit of optical microscopy
without using nonlinear or stochastic properties of fluorophores
(Rittweger et al., 2009; Wang et al., 2011a). Indeed, it shows that
for specimens like Fig. 1C the texture of vimentin bundles near the
nucleus can be clearly identified. Vimentin also appears as a mesh-
work structure in the peri-nucleus area; the nucleus and the cell
boundaries are thus visibly delineated. Besides the vimentin bundles,
single filaments are also observed.

Similar test on a different type of cell, EMT-6 with tubulin stain-
ing clearly shows the 3D structure of the cytoskeleton. In Fig. 2C,
we see tomography images reconstructed from the area shown in
Fig. 2A.

Fig. 3 shows a high-resolution hard-X-ray microscopy image for
HelLa cells stained with FluroNanoGold with silver enhancement: in-
dividual vimentin bundles are observed in the cell filopodia (indicat-
ed by arrows). The aggregated FluroNanoGold can also be detected
inside the cells as marked by circles. The smallest detectable vimentin
bundles are <100 nm wide, proving that the actual resolution is close
to the measured 60 nm resolution level of the zone-plate used for this
particular experiment.

The detection of individual nanoparticles is only possible with
sufficient resolution. When this requirement is met, single nanopar-
ticles can replace staining. Fig. 4 shows a high resolution X-ray micro-
graph and tomography reconstructed images (see also movie SI4D in
Supplementary Data) of EMT-6 cells co-cultured with Au nanoparti-
cles, revealing the uptake of Au nanoparticles and the accumulation
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Fig. 1. Micrographs of HeLa cells showing a vimentin network stained by DAB with
nickel enhancement. A: X-ray micrograph obtained with unmonochromatized syn-
chrotron X-rays, bar =50 pum. B: patchwork of 4 microradiographs of the same spec-
imen taken with a zone plate X-ray microscope that yields much better resolution
and image quality. Specifically, the vimentin inside the cell and outside the nucleus
is visible as linear arrays throughout the cytoplasm. C: the texture of vimentin bun-
dles close to the nucleus can be clearly identified. Bar=5 pm (B, C).

near cell nuclei (Chen et al., 2011c). The cells are not stained but the
nucleus is clearly outlined by the Au nanoparticles. This approach
could eventually be applied for the detection of specific molecules
using the immune-gold labeling methods of TEM. Preliminary
steps in that direction were recently achieved with different Au
nanoparticle systems which specifically bind to certain proteins
(Lai et al.,, 2011).

The ability to detect nanoparticles is particularly important for
imaging at the tissue level. Au nanoparticles can be clearly detected
in tissues obtained from organs such as the liver, kidneys and
spleen after they are injected via the tail vein. Fig. 5 shows a

Fig. 2. Tests similar to Fig. 1, conducted on a different type of cell, EMT-6 with immu-
nostaining against tubulin. The image clearly shows the 3D structure of the cytoskele-
ton. C: one view of panel B tomography images reconstructed from the area shown in
(B). Bars: 15 um (A) and 5 pm (B).

tumor thick tissue where PEG-Au nanoparticles are localized on
the cell membranes. This type of imaging approach can substan-
tially shorten the specimen preparation time compared to other
methods such as TEM — and can give much more precise and
quantitative uptake estimations. Our tests also detected other sub-
cellular organelles besides the cytoskeletons. By using a variety of
staining methods, we specifically imaged actins, mitochondria and
Golgi complexes.

3.2. High-speed microradiology of living cells

Time resolution is an interesting feature that enables X-ray
microscopy to study evolving biological systems. Fast image taking
is specifically important when observing cells in their natural envi-
ronment, since their movements can blur the images and degrade
spatial resolution. We would like, therefore, to assess the present
situation as far as time resolution is concerned.

We have seen that the image-taking time for our highest spatial
resolution (with zone-plate magnification) is of several tenths of sec-
onds; this is longer than many relevant time scales for physiological
functions. Therefore, a compromise is often required between spatial
resolution and time resolution. In our tests, we obtained millisecond-
resolution images - suitable for real-time bio-experiments - when
using unmonochromatized X-rays and no zone plate magnification.
To the best of our knowledge, no other technique can reach this com-
bination of performances.

Interesting real-time results were obtained for plant cells — for
which the lateral resolution without a zone plate is already sufficient
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Fig. 3. Inmunogold labeled the cytoskeleton of vimentin in HeLa cells. A: optical image
of the cell similar to Fig. 1B using a different staining method: immunogold labeled
vimentin (FluroNanoGold with silver enhancement). Bar: 25 um. B: high resolution
X-ray micrograph shows the stained vimentin at the cell margins and individual
vimentin bundles in the cell filopodia (such as those indicated by arrows). This
image was taken with a (Zernike) phase ring producing enhanced phase effect. The pic-
ture is a patchwork of 7 x 7 smaller images. The locations of aggregated Au nanoparti-
cles are marked by circles. Bar: 20 pm.

to observe subcellular features. Fig. 6, for example, shows the open-
ing-closing movement of stoma cells (Hwu et al., 2004). The live
detection of such minute movements is quite remarkable if one con-
siders the complete absence of staining for these specimens. Recent-
ly, positive results were also obtained for living yeast cells.

3.3. Tomographic reconstructions

Fast image-taking is also important for high resolution tomo-
graphic image processing that requires thousands of raw (projection)
pictures. Once again, a reasonable compromise must be sought be-
tween the spatial resolution and the time resolution.

Fig. 7 shows tomography results with high spatial resolution for
vimentin bundles near a nucleus in a Hela cell specimen similar to
Figs. 1 and 3. We specifically see in Fig. 7A a patchwork of nine projec-
tion images showing several overlapping cells: the 3D distribution of
vimentin bundles near the nucleus is clearly visible. Fig. 7B and C
shows projection images of the cell nucleus taken at different angles
separated by 7° (see also the movie SI7B in Supplementary Data).

Fig. 7D shows a volume-rendered tomographic reconstruction of
the nucleus of a HeLa cell based on a set of 90 images like Fig. 7B
and C (see also movie SI7D in Supplementary Data). Even with this
limited-angle local tomography procedure, the reconstruction pro-
cess does not result in a major deterioration of the spatial resolution.
Thus, high resolution tomographic reconstructions of subcellular fea-
tures are demonstrated.

The major limiting factor in tomography is the accuracy of the
sample position during rotation. With our setup, the accuracy is suf-
ficient to achieve a micron-level spatial resolution in the recon-
structed tomography images. For better resolution, projection
images must be realigned using a sharp feature in the images as ref-
erence for alignment before tomography reconstruction. The sharp
feature cannot be reliably identified at present by computer pro-
cessing and is manually executed. This is a time-consuming process
that limits the total number of projection images that can be pro-
cessed and used for reconstruction. Furthermore, suitable reference
features are sometimes difficult to find in bio-specimens. Tomo-
graphic procedures in general are easier with unmonochromatized
X-rays and no zone plate magnification since thousands of projec-
tion pictures can be taken in a few seconds.

Fig. 8 shows the tomographic reconstruction (see also movie SISA
and SI8B in Supplementary Data) (by a standard filtered back-
projection algorithm) of the ~2 mm thick, freshly prepared skin of an
aloe leaf around a stoma. The image acquisition for each of the 360 pro-
jection images was 10 ms. Results like those of Fig. 8 demonstrate that
the reconstruction does not significantly affect the resolution. Specifi-
cally, we observe only limited blurring by “local tomography” effects
(Anastasio et al., 2003; Faridani et al., 1997) due to the fact that the
specimen is larger than the FOV of each projection.

Fig. 9 shows an advanced example of tomographic reconstruction
with high spatial resolution. The specimen is the same as for Fig. 5: a
thigh tumor with Au nanoparticles. Three different reconstructed im-
ages are shown, revealing the so-called EPR (enhanced permeation
and retention) effect: Au nanoparticles (the orange features) prefer-
entially accumulate in tumors (Chien et al., 2010; Liu et al., 2008,
2010; Wang et al., 2007, 2008, 2011b).

3.4. Radiation damage

High-speed imaging makes it possible to obtain results before the
radiation can noticeably damage the specimen. This issue was tested
in a previous work (Hwu et al., 2004) on cultured and fixed neuron
cells from a mouse brain as well as on animal cells in their wet states.
The corresponding results are corroborated by the present experi-
ments. In essence, we did not find detectable radiation damage dur-
ing image acquisition for any of the cases discussed here.

This encouraging conclusion is not entirely surprising since the
effectiveness of phase contrast limits the exposures and the conse-
quent radiation effects. However, the possibility of radiation damage
cannot be automatically neglected — and the issue must still be fully
explored, in particular for tomographic processes using a large num-
ber of projection images.

To achieve even higher spatial resolution with zone-plate magni-
fication, longer exposure times would be required and could possi-
bly lead to detectable radiation effects. The photon flux at the
sample position for both white light imaging and TXM is typically
1x10'? photon/s/mm?. In the case of TXM, the capillary condenser
intercepts only ~10% of the photon beam and produces a ~10 pm
spot on the specimen. This is equivalent to a very high flux,
~1x10?! photon/s/mm? which is likely to cause damage to biology
specimens. Indeed, we observe bubbles and specimen distortion
with ~1s of exposure. Therefore, we cannot at this time obtain
nanometer resolution for natural (wet) specimens, and we need
specimen fixation for tomography. Fortunately, there still exists a
large margin for improvements: for example, the current exposure
time per frame (50 ms) and the corresponding dose could be re-
duced by 1-2 orders of magnitude with better detectors (Bech et
al., 2008; Meyer-Ilse et al., 2001). A better efficiency of the zone
plates could also decrease the dose, although probably to a smaller
extent. Cryo-preservation could also become important (McDermott
et al,, 2009; Meyer-Ilse et al., 2001), and in general better specimen



380 C.C. Chien et al. / Biotechnology Advances 31 (2013) 375-386

Fig. 4. High resolution X-ray micrograph of an EMT-6 cell co-cultured with Au nanoparticles (colloidal concentration 1 mM, culture time 24 h), showing Au nanoparticles accumu-
lated near the cell nucleus. A: optical micrograph, B: patch work of 7 x 7 high resolution X-ray micrographs such as C. D: one view of the tomography reconstructed images (see also
movie SI4D in Supplementary Data) of the sample area as (C). Bars: 20 um (A); 15 um (B); 2 pm (C).

preservation during the measurement could be required together
with better specimen preparation: such measures are currently
being investigated.

Fig. 10 shows the improvement of one of such specimen prepa-
ration strategy. The morphology of two specimens showed clear dif-
ference. Using the guard cells of the graptopelaum paraguayense
again as an example, the high pressure cyrogenic fixation coupled
with water substitution was able to fix and well preserve the fine
structure of the cells (Fig. 10A) during the high resolution X-ray mi-
croscopy measurement with much reduced damage than that using

Fig. 5. Micrograph a 200 pm thick tissue specimen from a tumor-implanted mouse
thigh after Au nanoparticle inoculation. Note that Au nanoparticles, marked by arrows,
are localized on the cell membranes. Bar: 20 pm.

Fig. 6. Time-resolved microradiography of living cells. Top: microradiograph
(0.35%0.47 mm?) of a hippeastrum leaf taken with unmonochromatized X-rays and
showing the leaf skin membrane. Bottom: two magnified images of the marked area
on the top figure, revealing the opening-closing motion of a stoma cell. Note that the
image was obtained without any staining.
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Fig. 7. High-resolution hard-X-ray tomography with limited angle reconstruction of a
specimen of the same HelLa cells as in Figs. 1-2. A: patchwork of 9 projection images;
bar =5 pm. B, C: projection images (bar =5 pm) showing one cell nucleus taken at dif-
ferent angles 7° apart from each other; D: volume-rendered solid model of the nucleus
of one of the HelLa cells obtained by limited-angle local tomography reconstruction
(see also movie SI7B and SI7D in Supplementary Data).

the normal dehydration method (Fig. 10B). Normal dehydration
method specimen showed distorted and shrinkage.

3.5. Phase retrieval and contrast enhancement

Phase contrast is certainly helpful when absorption contrast is too
limited. Beyond mere phase contrast, the retrieval of phases from the
data could be interesting. The extreme case is the separation of phase
and absorption effects in DEI (diffraction enhanced imaging).

Fig. 8. Isosurface presentation of the tomographically reconstructed model of aloe leaf
cells with a stoma. As in Fig. 6, the specimen was an ~5 mm thick freshly prepared hip-
peastrum leaf skin. The image-taking time was quite short: 10 ms per projection using
the “local tomography” mode. A, B and C: “virtual slices” through the stoma revealing
the cell structure in detail (see also movie SI8A and SI8B in Supplementary Data).
The FOV: 250 pm (A, B) and 80 um (C).

We specifically explored the use of numerical phase retrieval
methods. One of the most popular algorithms is the transport intensi-
ty equation (TIE) (Barty et al., 1998) that makes use of the relation
between the phase and the intensity gradient. This non-
interferometric procedure was exploited for phase retrieval in optical
microscopy with partially coherent illumination (Bachim and
Gaylord, 2003) and in X-ray microscopy using plane polychromatic
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Fig. 9. Tomographic reconstructions with high spatial resolution of the same specimen
as in Fig. 5. The orange features reveal the location of Au nanoparticles. FOV: ~200 pm.

waves (Paganin and Nugent, 1998). Iterative phase retrieval
methods based on wave propagation were applied to phase recov-
ery for soft X-rays (Allen et al., 2004b) and to obtain the exit
wave in high-resolution TEM (Allen et al, 2004a; Hsieh et al.,
2004). Both the smooth phase variations and the sharp object

Fig. 10. High resolution X-ray micrographs of guard cells of graptopelaum para-
guayense prepared with high presure cyrogenic and water substitution fixation meth-
od (A) and standard dehydration method (B). Note that the many bubbles in (B) are
artifacts as a result of radiation damage, guard cell morphology changed and shrink.
Bars: 10 pm.

edges can be obtained with the propagation algorithm (Allen
et al., 2004a; Hsieh et al., 2004).

We tested iterative phase retrieval for microradiographs taken
both with the high-speed NSRRC 01A experimental system and with
the NanoXCT system with Zernick phase rings (NCCR 01B). We pre-
sent here results obtained with the wave self-consistent propagation
algorithm (Hsieh et al., 2004) to retrieve the phase of the exit wave
for partially coherent unmonochromatized synchrotron X-rays. The
basic procedure involving a self-propagation algorithm for exit
wave reconstruction can be summarized as follows:

(1) The phases of a through focal series of images (in which the
number of images, N is greater than or equal to 3) recorded
with different focal distances are set to zero to constitute the
initial solutions.

(2) The exit wave is propagated to each image plane. The propa-
gation of the wave to different image planes can be evaluated
by multiplying a propagator in reciprocal space and then
inverse Fourier transforming back to real space. The cross-
correlation coefficient between the modulus of the propa-
gated wave and the square root of the image intensity is
calculated around the pre-determined focus value.

(3) The modulus of the propagated wave is replaced with the
square root intensity of the experimental image at the focal
plane giving a maximum in the cross-correlation coefficient,
while the phase of the propagated wave is retained. This proce-
dure also provides a refinement of the focus value and of the
phase of the image wave.

Fig. 11. Microradiographs of HeLa cells processed with the wave propagation algo-
rithm. A: the amplitude map of the wavefront. B: the phase map. The comparison of
the two images shows the effective separation of absorption and phase effects down
to the sub-cellular level. Bar =20 pum.
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Fig. 12. An example of microradiology of thick specimens. A: microradiographs of the
head of a zebra fish stained with the Golgi method. The arrows indicate individual
cells revealed by staining. Bars: 500 um and 100 pm (insets). B: volume rendered to-
mographic reconstruction: the bright spots indicate individual cells (see also movie
SI12B in Supplementary Data). FOV: ~500 x 500 um?.

(4) Step (2) is repeated and the exit wave is re-calculated. Steps
(2) and (3) are then iterated until a satisfactory figure of
merit is reached.

In practice, the above approach was implemented in the Mac-
Tempas package (Margaritondo, 2002). We tested it for HelLa cells
whose vimentin was stained by DAB with nickel enhancement to
obtain a clear difference between the final amplitude and phase
images. The experimental starting point was a set of images taken
at 25 different sample-detector distances from 1 to 300 mm. The
phase retrieval results — amplitude and phase images - are shown
in Fig. 11.

In the amplitude image (Fig. 11A), the stained subcellular struc-
ture is clearly visible. In addition, subcellular structure not directly
related to staining is visible in the phase image (Fig. 11B). This indi-
cates that phase reconstruction can lead to subcellular imaging
without the need for staining. Furthermore, one could also envision
the possibility of phase-influencing staining.

Fig. 13. Tomographic isosurface representation of the abdomen of a mosquito. A: a see-
through-view of the abdomen; B: same as (A) but with the front surface removed by
image processing: the image reveals fine vessels of a few pm diameter. C: volume ren-
dered representation of the same specimen (see also movie SI13 in Supplementary
Data). The width of the mosquito abdomen is ~400 pm.
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Fig. 14. A: hard-X-ray micrographs of a mouse aorta specimen fixed in resin; the overall specimen dimension, including the resin, was ~5x 7 x 10 mm?>. Bar: 1 mm. B: a tomogra-
phically reconstructed slice. Bar =50 pum. The detailed structure of the vessel wall is clearly seen even if the specimen is larger than the imaged area. C: tomographic volume ren-
dered structure of the same aorta specimen; scale bar: 50 um. D: ultrahigh resolution radiography of a thinned (200 pm) specimen showing the vessel wall of the mouse aorta. Bar:

20 um.

3.6. Thick specimens

The key advantage of hard-X-ray microscopy is of course its capa-
bility to nondestructively examine thick specimens without compli-
cated preparation procedures. The combination of high penetration
and spatial resolution practically results in extreme volume sensitiv-
ity. We would like to elaborate here on this point based on a series
of practical tests — dealing in particular with the possible impact of
the specimen thickness on the spatial resolution.

First of all, good resolution is indeed possible with thick speci-
mens. Fig. 12 shows for example a zebra fish specimen stained
using the Golgi method. In Fig. 12A, the black spots indicate indivi-
dual cells stained by silver dichromate precipitate. Therefore, the
spatial resolution is suitable for the identification of cell positions
within a thick tissue. Fig. 12B (see also movie SI12B in Supplemen-
tary Data) shows the tomographic reconstruction of the zebra fish
head. The size of each bright spot is about 5 um, corresponding to
the cell size in vivo.

Fig. 13 shows another good example illustrating high volume sen-
sitivity: fine vessels with a diameter of a few microns are clearly ob-
served in the ~400um abdomen of a mosquito (see also movie
SI13 in Supplementary Data). With a spatial resolution better than
1um and a penetration depth >1mm, the volume selectivity is
then better than 1 part in 10°.

Such selectivity levels strongly reduce the difficulties in preparing
the specimen and in finding the regions of interest for specific studies.
The specimens can thus be kept in a rather natural environment. On

the contrary, microscopy techniques that can only probe very thin
specimens require sectioning (with possible information loss) to re-
veal 3D structures.

With suitable fixation procedures, we could even obtain high-
resolution 3D tomographically reconstructed images of mammalian
cells in thick specimens — as shown in Fig. 14 for a portion of
mouse aorta fixed in resin. Fig. 14A is one of the raw images used
for tomography reconstruction; the overall specimen dimensions
(including resin) is ~5x7x 10 mm?>. Fig. 14B shows a tomographi-
cally reconstructed cross section with a FOV of 240 um. Note that
the detailed wall structure is clearly visible even if the specimen
was larger than the imaged area. The aorta wall is covered by the
waving elastic laminae, the innermost of which - the internal elastic
lamina (black arrows) - is isolated from the lumen (L) by a mono-
layer of endothelial cells (white arrows).

Fig. 14C presents the volume rendered structure of this speci-
men. The white arrows indicate the borders between neighboring
cells, whereas a black arrow emphasizes a nucleus sticking out
from the surface whose outline is well preserved in the reconstruc-
tion. Therefore, imaging in these tests goes beyond the mere outline
of cells and reveals once again sub-cellular details.

As to the effects of the specimen thickness on the resolution, we
find that when using the zone-plate magnifier the best 30 nm Ray-
leigh resolution level can only be obtained for specimens less than
200 pm thick. This is mainly due to the use of objectives: for TXM
with multi-keV photon and high numerical aperture objectives
(NA>2x1073), the depth of focus is of the order of few tens of
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um. For specimen thicker than the depth of focus the resolution
worsens. Other factors can negatively affect the resolution, such
as strongly scattering materials. Fig. 14D shows for example a
high-resolution image of the sliced tissue of a mouse aorta: as
the specimen was thinned to 200 um, the resolution is largely pre-
served and the wavy structure as well as other fine details can be
clearly observed.

High resolution radiographs such as those of Fig. 14 clearly indi-
cate that with appropriate staining full 3D images of sub-cellular
organelles can be obtained without a significant decrease in resolu-
tion with respect to the raw images. The 3D rendition actually im-
proves the visibility of these tiny structures. The advantage of
working with thick specimens is obvious: we can first identify
tumor areas and then perform a quantitative analysis of the corre-
sponding Au distribution.

Excessive larger thickness values, however, negatively impact the
resolution even in the case of white beam imaging where no concern
of objective and depth of focus apply. We empirically found that a
resolution suitable for subcellular detection is possible for specimens
up to a few mm thick. Larger thickness values lead instead to signif-
icant blurring due to scattering — so that for example local tomogra-
phy reconstruction (Anastasio et al., 2003; Faridani et al., 1997)
becomes problematic.

4. Discussion and conclusion

Our experiments demonstrate that microradiology with deeply-
penetrating hard-X-rays can now investigate not only individual
cells in tissues but also subcellular structures. When spatial resolution
is the primary objective, images can be obtained down to the 30 nm
Rayleigh resolution level.

The control of different parameters can match the needs of each
specific investigation with a compromise between time resolution
and spatial resolution. For example, real-time studies conducted
with unmonochromatized X-rays and no zone plate magnification
combine an excellent time resolution suitable for live specimens
with an acceptable spatial resolution (<1 um).

Our results generally indicate that with its new performance levels
X-ray microradiology can significantly expand its role in biological and
biomedical investigation. In order to properly appreciate this point, we
would like to present a realistic comparison with other microscopy
techniques. The general conclusion is that hard-X-ray microscopy
does offer marked advantages although, in the end, the best strategy
is always a combination of complementary techniques.

Compared to diffraction-limited optical microscopy, our experi-
ments reach a better spatial resolution (<30 nm). Furthermore, the
specimen preparation procedures are typically simpler and, most im-
portantly, hard-X-rays can probe thick opaque specimens.

Electron microscopy also requires more complicated and invasive
specimen preparation steps. In particular, TEM provides better reso-
lution, but the process of dehydration, embedding and preparing
ultra thin sections is complicated and time-consuming. Moreover,
TEM can only probe very thin specimens (typically <lum) and its
contrast is limited. Sample stages with reasonably large tilting
angles can be helpful in collecting enough images for tomography
reconstruction — limited, however, to thin or small samples. Three-
dimensional images of thick samples can be obtained with TEM by
serial sections and algorithm reconstruction, but the z-axis resolution
is limited.

Our hard-X-ray microscopy can probe thicker specimens
(>300 um in general and up to 10 mm without the magnifying zone
plate) than soft X-ray microscopy (<10 um) and TEM. This makes it
possible to examine entire cells, multi-cellular structures or tissues
without serial sectioning, eliminating the consequent possibility of
losing or distorting information.

The importance of the enhanced role of hard-X-rays in biological
and biomedical studies is quite evident. Not only the experimental
methods discussed here are complementary to other microscopy
techniques, but they could in some cases replace them — for example,
TEM in the study of tissues. The role of hard-X-rays microscopy is
likely to further expand in the future: additional improvements are
indeed possible that would enhance the theoretical and practical per-
formances of the present instruments. We note, for example, the con-
tinuous improvements in zone plate technology that brought the
resolution to the 20 nm level and is moving towards 15 nm.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.biotechadv.2012.04.005.
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