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Many histological methods require staining of the cytoplasm, which
provides instrumental details for diagnosis. One major limitation is the
production of 2D images obtained by destructive preparation of 3D
tissue samples. X-ray absorption micro- and nanocomputed tomogra-
phy (microCT and nanoCT) allows for a nondestructive investigation of
a 3D tissue sample, and thus aids to determine regions of interest for
further histological examinations. However, application of microCT
and nanoCT to biological samples (e.g., biopsies) is limited by the
missing contrast within soft tissue, which is important to visualize
morphological details. We describe an eosin-based preparation over-
coming the challenges of contrast enhancement and selectivity for
certain tissues. The eosin-based staining protocol is suitable for
whole-organ staining, which then enables high-resolution microCT
imaging of whole organs and nanoCT imaging of smaller tissue
pieces retrieved from the original sample. Our results demonstrate
suitability of the eosin-based staining method for diagnostic screening
of 3D tissue samples without impeding further diagnostics through
histological methods.

3D virtual histology | microCT | nanoCT | cytoplasm-specific X-ray stain |
3D imaging

Currently, histology is an essential technique when biological
tissue is studied at microscopic scales to provide instrumental
and essential information for medical diagnostics and research (1,
2). However, conventional histology involves very often time-
consuming, complicated, and moreover, destructive sample prep-
aration protocols. The individual 2D slices of one studied object
are observed under the microscope, images are digitalized, eval-
uated, and stored. This procedure allows for the assembling of a
volumetric data set. There are different histological section-based
3D imaging methods around and, despite the developments made
with regards to the semiautomated and automated section re-
alignment, histological section-based 3D reconstruction techniques
hold limitations and require specialists (3—6).

On the other hand, X-ray computed tomography (CT) has
become an invaluable tool for the nondestructive investigation of
objects in many fields such as material science, industrial testing,
or medical diagnostics (7). With demand for higher resolutions
in laboratory-based X-ray CT imaging in the submicrometer range,
the fields of microcomputed tomography (microCT) (8—10) and
nanocomputed tomography (nanoCT) (11) imaging have been
established (within this work microCT refers to voxel sizes >1 pm
and nanoCT refers to voxel sizes from >100 nm to <1 pm). To be-
come almost comparable to conventional histology with regard to
resulting contrast, nanoCT imaging makes use of X-ray optics (12) or
X-ray transmission tubes with very small focal spot sizes (13, 14). The
application of microCT and nanoCT for biological sample screening,
however, remains limited due to very low intrinsic contrast of soft
tissue. The utilization of contrast agents is necessary to visualize
microscopic structures (15-23). At present, the most widely used
staining method is based on the inorganic iodine staining method IKI
(iodine potassium iodide). Here, the triiodide and iodide anion allow
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for an ionic interaction with (poly-)cationic structures within non-
mineralized tissues. This makes IKI an optimal overview stain being
able to penetrate entire organisms such as animal embryos. However,
the current available staining methods are often time-consuming,
elaborate, toxic, and inhibit further investigation of the sample by
other methods such as histology. The eosin-based staining
method in combination with a recently developed laboratory-
based X-ray nanoCT device (24) presented here resolves these
shortcomings by offering a remarkably improved contrast of the
stained soft tissue within a much faster staining procedure at
resolutions ranging from a few micrometers down to 200 nm.
Furthermore, the presented method still enables compatibility
with conventional histological examinations, i.e., the possibility
of counterstaining by the histologist. Overall, this work demon-
strates the powerful potential of 3D histology as a tool for
modern histological and histopathological applications.

Results

In histology, staining of the cell cytoplasm is of great importance
as it provides an overview of cell shape, size, and changes within
cells giving distinct indications for diagnosis or further diagnostic
investigations. The current histological standard used as plasma
or counterstain is eosin. It is applied as 0.1% (wt/vol) aqueous
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Fig. 1. Protocol and chemistry of the proposed eosin-based staining pro-
tocol for X-ray microCT. (A) The eosin-based staining protocol shows the
individual steps involved. Because of its efficiency, it is particularly suited for
larger samples (e.g., whole organs). (B) The stain interacts noncovalently
with soft tissue on the molecular level (highlighted through blue circles).
Shown is the negatively charged eosin with cationic amino acid side chains
of cytoplasm proteins/peptides. The optimized ionic interaction is achieved
by acidification of the soft tissue during fixation or before staining, and
allows for a higher accumulation of eosin within the cytoplasm of cells. The
eosin molecule of the disodium salt contains four bromine atoms (high-
lighted through orange circles). The high atomic number (Z = 35) component
generates a particularly high-contrast enhancement for X-rays.

solution to 2D microscopic slices of soft tissue (generally cut with
a thickness of 2—10 pum) (25). At present, such a tissue-specific
and histological compatible staining agent or staining protocol is
not available for X-ray CT imaging. However, application of the
described standardized histological staining procedure to 3D tissue
samples, e.g., whole-organ mouse kidney, resulted in similar image
quality compared with the unstained tissue sample (Fig. S1). The
very same mouse kidney was used for X-ray CT imaging before and
after staining using the same imaging parameters. A contrast en-
hancement was not achieved. The result for the unstained mouse
kidney was expected, highlighting the low intrinsic attenuation
properties of soft tissue for typically used X-ray energies of laboratory-
based microCT systems, which consists of mainly carbon, hydro-
gen, oxygen, and nitrogen (26). As for the stained mouse kidney,
the low concentration of eosin used for staining was seen as the
limiting factor. Here, sensitivity levels were not met for X-ray CT
imaging with regard to the high atomic number element bromine
(Z = 35) (26), of which one eosin molecule holds four bromide
atoms being covalently bound to the fluorescein core.

To improve the contrast enhancement within the soft tissue,
several concentrations of eosin were tested (with maximum sol-
ubility of eosin in water as the end point). As expected, the best
contrast enhancement within the soft tissue was observed with
the highest eosin concentration. Therefore, the final staining
protocol was carried out with the highest concentration. Further
improvements to reach the final staining protocol, which consists
of only three steps, were made (Fig. 14). Here, the acidification
of the soft-tissue sample during fixation or before staining was
found to be crucial. This was also shown by Hong et al. (27). The
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soft tissue is optimally prepared on molecular level for the
staining procedure with the eosin disodium salt. Amino acid side
chains of proteins and peptides present within the cell cytoplasm
are protonated by the acid, which allows improved ionic in-
teraction with the applied stain leading to a higher accumulation
of staining agent within the cell cytoplasm (Fig. 1B).

Before staining was applied using the final eosin-based staining
protocol, a mouse kidney was imaged with microCT. As expected,
anatomical structural information was not visible (Fig. 24; for an
explanation see above). The very same mouse kidney was subjected
to the eosin-based staining protocol and again imaged with the
microCT. The actual staining step is quite fast, resulting in a com-
plete staining of a whole organ, such as a mouse kidney, within
24 h. The overview microCT scan provided a clear distinction of
anatomical structural regions of a mouse kidney, such as cortex,
inner and outer medulla, papilla, and renal pelvis (Fig. 2B). Fur-
thermore, the staining was homogeneous within one anatomical
structural region. The remarkable contrast enhancement compared
with the unstained mouse kidney is further seen in the histograms
of the microCT images (Fig. 2 C and D). The histograms display
the present materials of air, sample holder, and soft tissue, which
are represented by the peaks from the left to the right with gray
values increasing proportional to the effective attenuation of the
material. Same materials are expected to result in the same gray-
value distribution, which is seen in the histograms for the materials’
air and sample holder. The signal corresponding to the soft tissue is
shifted to a higher gray value and the width of the peak is broad-
ened for the stained soft-tissue sample (Fig. 2 C and D). This
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Fig. 2. CT slices and histogram distributions of the same whole mouse
kidney before and after staining highlighting the contrast enhancement
obtained after application of the eosin-based staining protocol. Both data
sets were acquired with the Xradia Versa 500 microCT using identical ac-
quisition parameters. The voxel size in both data sets is 12 pm. (A) Overview
image of the unstained mouse kidney. (B) Overview image of the same
mouse kidney sample shown in A after staining. The following anatomic
structural regions could be identified and were labeled: cortex (B, /), outer
medulla (B, /) with further distinction in outer stripes of outer medulla
(B, lla) and inner stripes of outer medulla (B, /Ib), inner medulla (B, /Il), papilla
(B, 1V), and renal pelvis (B, V). (C) Histogram of CT slice shown in A, and (D)
Histogram of CT slice shown in B.
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Fig. 3. CT slices of microCT (A and B) and nanoCT (C—F) data in comparison
with the histological microscopic slides (G-J) derived from the same mouse
kidney after application of the developed eosin-based staining protocol. These
demonstrate in particular the compatibility with conventional histological
methods, i.e., that it is possible to counterstain with hematoxylin. (4) Overview
microCT image highlighting the ROI (blue box) for the high-resolution image
seen in B. (B) High-resolution microCT image showing the following anatomic
structural regions: cortex (B, /), outer medulla (B, /l) with further distinction in
outer stripes of outer medulla (B, /la) and inner stripes of outer medulla (B, /ib),
inner medulla (B, /1), minor calyx (B, IV), and vessels (B, V and B, VI). (C and D)
The nanoCT images of the same mouse kidney sample, which were obtained
after staining, dissecting, and CPD shows detailed structures of region (B, /Ib)
seen in B. These are known as thick ascending limbs of the loop of Henle.
(E and F) Minimum intensity projection slices of the same nanoCT data set shown
in Cand D. The slices correspond to a virtual slice thickness of ~7 pm, which
allows for clear visualization of the cell nuclei. (G and H) Representative his-
tological microscopic slides with an approximate thickness of 7 um obtained
from the same mouse kidney sample after the applied eosin-based staining
and embedding in a paraffin block. Displayed are thick ascending limbs of the
loop of Henle with clear visualization of cell nuclei and cilia (ciliated epithelium).
(I and J) Representative histological microscopic slides prepared close to slides

Busse et al.

demonstrates the influence of the staining agent on the attenuation
properties of soft tissue, which results in visualization of the dif-
ferent anatomical structural regions of a mouse kidney.

Using a high-resolution microCT scan [region of interest (ROI)
highlighted in Fig. 34] of the very same mouse kidney sample
without destruction of the whole organ revealed an even more de-
tailed view of the anatomical structures of the mouse kidney (Fig.
3B). Furthermore, the regions of cortex (Fig. 3, B, I) and inner
stripes of outer medulla (Fig. 3, B, IIb) were chosen for nanoCT
investigations, whereby favored anatomical regions were dissected
and subjected to critical point drying (CPD). Both regions contain
important anatomical structures such as the renal corpuscle (cortex)
and the loop of Henle (inner stripes of outer medulla), respectively,
which offer valuable parameters for diagnosis (28). The nanoCT
images of the medulla region (Fig. 3, C, IIb and Fig. 3, D, IIb) seen in
Fig. 3 C and D show thick ascending limbs of the loop of Henle. The
nanoCT slices have a virtual thickness of ~400 nm and compare
already very well with the histological microscopic slides (Fig. 3 G—J)
derived from the very same mouse kidney sample. Since the histo-
logical microscopic slides have a thickness of ~7—10 pm, minimum
intensity projection slices of the nanoCT data (Fig. 3 E and F), which
correspond to a virtual slice thickness of ~7 pm, were generated for
reasons of better comparison with the histological microscopic slides
(Fig. 3 G-J). The minimum intensity projection slices of the nanoCT
data reveal now clearly the cell nuclei as nonattenuation area. This
result is confirmed by the histological microscopic slides seen in Fig.
3 G and H, which have been directly prepared from the developed
eosin-based stained mouse kidney sample without further staining
procedures. The obtained contrast was very well suitable for the
assignment of anatomical structures through a histologist. The cell
nuclei here appeared white being recessed from eosin, which spe-
cifically stains proteins and peptides of the cell cytoplasm (25).

To allow for an even better comparison with the histological
results and showcase the compatibility of the developed eosin-
based staining protocol with standard histological methods, the
cell-nuclei—specific staining with Mayer’s sour hematoxylin (in the
following referred to as hematoxylin) was applied to the histo-
logical microscopic slides (Fig. 3 I and J). As expected, the cell
nuclei appear purple in color. Furthermore, the eosin staining was
not disturbed, resulting in an expected histological microscopic
slide treated with standard H&E staining procedures.

A second sample, the region of the cortex (I), was investigated
(Fig. S2) and the nanoCT data (Fig. S2 4 and B) analyzed in
comparison with a representative histological microscopic slide
(Fig. S2C). Significant anatomical structures such as the renal
corpuscle including the glomerulus, the Bowman’s capsule, and the
renal cortex with convoluted tubules could be assigned from the
nanoCT images (Fig. S24). Minimum intensity projection images
(Fig. S2B) allowed again for better comparison of the nanoCT data
with a representative histological microscopic slide (Fig. S2C).
Very good agreement between nanoCT and histological data was
achieved, confirming again the suitability of the developed eosin-
based staining protocol for further histological investigations
(without further procedures by the histologist) as well as compat-
ibility with the histological counterstain hematoxylin.

The enormous potential of CT technology lies in 3D visuali-
zation, which has been demonstrated in Fig. 4. Renderings of
microCT (Fig. 4 A and B) and nanoCT (Fig. 4C) data are dis-
played. The overview of the whole mouse kidney (Fig. 44) allowed
the identification of an ROI (Fig. 4B), which was further in-
vestigated with nanoCT, revealing a very detailed view into the 3D
structure of the ascending limbs of the loop of Henle (Fig. 4C).

shown in G and H with approximate thickness of 7 pm. Counterstain he-
matoxylin was applied highlighting the cell nuclei in purple.
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MicroCT data

500 pm

NanoCT data

Fig. 4. Volume renderings of microCT and nanoCT data from the same
mouse kidney after application of the developed eosin-based staining pro-
tocol. (A) Virtual sagittal section through the whole mouse kidney acquired
with a voxel size of 12 pm. (B) Region of interest microCT data showing the
medulla region and a virtual section through a vessel. A local tomography of
the whole kidney was performed with a voxel size of 3.3 pm. (C) Region of
interest nanoCT data visualizing the 3D structure of thick ascending limbs
of the loops of Henle. The data were acquired from a small piece of the
kidney with a voxel size of ~400 nm.

Discussion

Soft-tissue samples prepared with the developed eosin-based pro-
tocol meet all of the requirements for a complete and homogeneous
staining enabling CT contrast enhancement of a whole mouse organ
such as a kidney (Fig. 2). Throughout the soft-tissue sample, the
morphology is preserved well enough to identify important ana-
tomical regions and structures, which can be assigned by a pathol-
ogist. Moreover, for microCT imaging prepared soft-tissue samples
are suitable for further histological investigations, whereby the his-
tological microscopic slides are derived from the very same stained
soft-tissue samples (Fig. 3). The eosin-based staining method does
not impede further histological treatment by the pathologists and
enables the direct evaluation of the tissue by the pathologist with an
optical microscope and the counterstaining with the H stain. Even
though the concentration of the staining solution is much higher
compared with the histological staining solution, the contrast en-
hancement of the histological microscopic slides is very well suited
for histological studies (Fig. 3 G and H).

The staining properties of the eosin stain remain intact, which is
seen by the visualization of the cell nuclei in the nanoCT data as
nonattenuation area (Fig. 3 C—F) and confirmed by histology (Fig. 3
G and H). Here, the cell nuclei appear white, which reflects the lo-
calization of the eosin stain within the cell cytoplasm of the cell. The
possibility of counterstaining of the histological microscopic slides by

2296 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1720862115

the pathologist is demonstrated by applying the cell-nuclei—specific
hematoxylin stain, which resulted in an H&E-stained histological
microscopic slide (Fig. 3 I and J) displaying the expected form of
appearance. It should be pointed out that standard H&E-prepared
histological microscopic slides are firstly stained with hematoxylin
and secondly with eosin. Compatibility is still given and quality of the
staining result remains very high, even though the staining order was
reversed starting first with the developed eosin-based staining pro-
tocol for CT, followed by counterstaining of those eosin-based his-
tological microscopic slides with hematoxylin.

The developed eosin-based staining protocol allows for high-
resolution CT visualization of soft tissue down to the submicrometer
range. In combination with the recently developed nanoCT devices
[such as SkyScan 2211 (Bruker), Phoenix nanotom m (GE), and
Xradia ZEISS 520 Versa and 810 Ultra (ZEISS)] (12, 13, 29),
nondestructive generation of virtual histological slices that are
comparable in contrast and resolution to conventional histological
data is rendered possible. In the future, this will enable the pa-
thologist to directly identify anatomical structures and regions of
interest without the time-consuming preparation of individual sli-
ces required for standard histology.

Furthermore, this method provides real 3D information of a soft-
tissue bulk sample that supports the pathologist with additional
information regarding anatomical structures, which may facilitate
improved diagnosis. It should be mentioned here that the developed
nanoCT setup used for this work provides much faster scan times
and offers a larger field of view (FOV) (allowing for studying of
bigger samples) compared with current available laboratory-based
nanoCT X-ray devices that can achieve comparable resolutions (12).

The required staining agents for the developed eosin-based
staining procedure are easily accessible. The staining protocol
is simple to apply, nontoxic, and fast for a whole-organ CT staining,
which enables 3D visualization of soft-tissue samples (Fig. 4). Thus,
by looking at pathological soft-tissue samples, overview scans will
provide valuable insights into altered anatomical regions and
structures, which allow for the determination of ROIs. Those can
be studied in 3D by microCT or nanoCT and evaluated in 2D with
histology. Here, the application of further counterstaining is pos-
sible. This work demonstrates the potential of 3D X-ray histology
as a tool for future histological and histopathological applications.

Methods

Animals Used. Animal housing was carried out at the Klinikum rechts der Isar,
Technical University of Munich in accordance with the European Union
guidelines 2010/63. Organ removal was approved from an internal animal
protection committee of the Center for Preclinical Research of Klinikum rechts
der Isar, Munich, Germany (internal reference number 4-005-09). All procedures
were in accordance with relevant guidelines and regulations. All laboratories
are inspected for accordance with the Organisation for Economic Co-operation
and Development (OECD) principles of good laboratory practice. We prepared
a whole mouse kidney using the final version of the eosin-staining procedure.
The soft-tissue sample was then used to evaluate structural preservation and to
assess stain quality, identify morphological structures, compare with conven-
tional histological methods, and evaluate for further histological staining. The
remaining organs (mainly mouse liver for sample screening during staining
method development and optimization and mouse kidney for final optimiza-
tion and final data acquisition) were used for the development of the staining
protocol and the optimization of parameters (the other organs such as the
heart, lung, spleen, and brain will be used for future studies).

Sample Screening. We purchased all reagents from Sigma-Aldrich unless
otherwise indicated. Whole mouse organs were fixated and preserved under
conditions described below. Cuboidal soft-tissue samples from mouse liver
(2-3-mm edge length) were used for stain development and optimization.
The small cuboidal tissue samples were cut with a scalpel (Aesculap). Tem-
perature was controlled by placing samples in a refrigerator (4 °C) or in
ambient conditions of the laboratory. Incubations were done in sample
holders with a flat bottom, which were replaced after each step but not
after rinse or dehydration steps. For stain development and optimization
several parameters such as fixative, concentration of fixative or staining

Busse et al.
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agent, incubation time, or pH of fixative or staining agents were tested. The
stained soft-tissue samples were investigated on the phoenix v[tome|x s
240 CT scanner with typical settings of 50-kV peak voltage, 6.0-W, and with
1,001 projections distributed over 360°. The low-resolution CT data were
acquired with an exposure time of 1 s per projection with an effective pixel
size of ~30 pm. The microCT data were reconstructed with the integrated
phoenix datos x CT software and analyzed for (i) completeness of staining,
(ii) appearance of diffusion rings, (iii) contrast enhancement, (iv) appear-
ance of CT artifacts as streaks, and (v) homogeneity of the staining.

Eosin-Staining Protocol. The mouse organ was surgically removed and immedi-
ately placed in a 50-mL Falcon Centrifuge Tube (neoLab), which was filled with a
fixative solution containing 9.5 mL of 4% (vol/vol) formaldehyde solution (FA,
derived from a 37% acid-free FA solution stabilized with ~10% methanol from
Carl Roth; further dilution with Dulbecco’s phosphate-buffered saline (DPBS;
Thermo Fisher Scientific) without calcium and magnesium) and 0.5 mL glacial
acetic acid (Alfa Aesar). The sample was refrigerated for 24-72 h and then
washed with phosphate saline buffer solution for 1 h (DPBS without calcium
and magnesium). The mouse organ was placed in the staining solution of eosin
y [30% (wt/vol) in distilled water; Sigma-Aldrich, product number E4382, stain
certified by the Biological Stain Commission]. The soft-tissue sample was stained
with 2 mL of staining solution for 24 h (the soft-tissue sample was moving freely
within the sample container). During the incubation time the soft-tissue sample
was kept on a horizontal shaking plate allowing for a smooth rocking of
60 rpm. After staining, the soft-tissue sample was carefully removed from the
sample container and access of staining agent was softly patted with a cellulose
tissue paper. The soft-tissue sample was stored in an Eppendorf tube above
an ethanol vapor phase [the Eppendorf tube contained a few drops of
70% (vol/vol) ethanol at the bottom of the tube].

X-Ray MicroCT Imaging. The stained mouse kidney was transferred to a sample
holder, which allows the anchorage of the mouse organ above 70% (vol/vol)
ethanol vapor. The X-ray microCT measurements were performed with the
ZEISS Xradia Versa 500. All shown images were acquired at 50-kV peak voltage,
3.5 W, and with 1,601 projections distributed over 360°. The low-resolution CT
data were acquired with the 0.39x objective and an exposure time of 2 s per
projection with an effective pixel size of 12 pm. These overview CT data were
used to identify the ROI for the high-resolution CT scan, which was selected
using the integrated scout and scan software tool of the ZEISS Xradia Versa
500. The high-resolution CT data were acquired with the 4x objective and
an exposure time of 15 s per projection with an effective pixel size of 3.3 pm.
The CT data were reconstructed using the integrated software.

The volume renderings of the microCT data shown in Fig. 4 were gen-
erated with Avizo Fire 8.1 (FEI Visualization Sciences Group).

Sample Preparation for NanoCT. The stained mouse kidney was dehydrated and
CPD before nanoCT imaging. Before the first step, the stained mouse kidney
was cut into two halves along the longest axis. One of the halves was further
sectioned for nanoCT imaging analysis. The two anatomical regions of renal
cortex and renal medulla were separated from each other and cut into very
small tissue pieces (scalpel from Aesculap) of ~0.5-mm edge length. The de-
hydration incubations were performed for 1 h each. Before the first de-
hydration step, the small pieces were transferred to a new Petri dish, where
they remained for all subsequent steps. The used concentrations (all vol/vol)
for the dehydration series were in %: 50, 60, 70, 80, 90, 96, and 100 ethanol
balanced with distilled water. The dehydrated mouse tissue pieces were then
CPD using a Bal-TEC CPD 030 with CO, as drying agent. The mouse tissue
pieces were kept in a silicon basket, which was placed in the vacuum chamber
being half prefilled with 100% ethanol. After cooling to 6—8 °C the chamber
was filled up with liquid CO,. While stirring, a waiting period of 3 min was
given for mixing of the two components before the chamber got drained until

. Kiernan JA (2015) Histological and Histochemical Methods: Theory and Practice (Scion
Publishing Limited, Banbury, UK), pp 141-174.
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the sample holder was still covered. This procedure was repeated 10 times to
ensure complete replacement of ethanol with CO, within the sample. After
the final filling of the chamber with CO,, the machine was heated to the
critical point of CO, (31 °C and 73.8 bar) followed by very slow release of the
gaseous CO, over a time of 30 min. The CPD mouse tissue pieces were stored in
a Petri dish kept in a desiccator before further use.

X-Ray NanoCT Imaging. The X-ray nanoCT measurements were performed with
an in-house—developed nanoCT system that consists of a nanofocus X-ray
source (prototype Nano Tube; Excillum) (30) and a single-photon counting
detector (PILATUS 300K-W 20 Hz; Dectris) (31, 32). The lens-free device is based
on mere geometrical magnification and can generate 3D data with resolutions
down to 100 nm (24). The presented data were acquired at a peak voltage of
60 kV with 1,599 projections distributed over 360° and a voxel size of ~400 nm.
For this voxel size, the FOV of a single CT measurement is given by ~560 um in
the direction perpendicular to the rotation axis (horizontal) and 75 pm in the
direction of the rotation axis (vertical). However, the FOV can be extended
along the rotation axis by combining multiple scans at different vertical po-
sitions to a larger volume. Furthermore, the possibility of local tomography
measurements allows for larger sample diameters perpendicular to the rota-
tion axis than given by the FOV of a global CT measurement. The exposure
time per image was 4 s and the total acquisition time per dataset was ~3.5 h.
After normalization of the acquired projections with flat-field images, the
sharpness of the projections was further enhanced by using a Richardson—Lucy
deconvolution algorithm (33, 34). The kernel for the deconvolution was a
rotationally symmetric Gaussian function with an SD of 1 pixel. To increase the
soft-tissue contrast Paganin’s phase-retrieval algorithm was applied to the
sharpened images (35). The input energy was 20 keV, which corresponds to
the mean energy of the nanoCT setup at 60 kVp. The ratio between the at-
tenuation and the phase coefficient was optimized for the best image quality.

The preprocessed projections were reconstructed with a state-of-the-art
filtered backprojection algorithm. The minimum intensity projection slices
shown in Fig. 4 and Fig. S2 were generated by calculating the minimum
value for each pixel in 18 adjacent slices, which corresponds to a virtual slice
thickness of ~7 pm.

The volume renderings of the nanoCT data shown in Fig. 4 were gener-
ated with Avizo Fire 8.1 (FEI Visualization Sciences Group).

Histological Analysis. The stained mouse kidney was dehydrated and embedded
in paraffin according to standard procedures before histological sectioning and
further histochemical counterstaining. Before the first step the stained mouse
kidney was cut into two halves along the sagittal axis. One of the halves was
further histologically investigated. Before the first dehydration step, the mouse
kidney was transferred to a new 50-mL Falcon centrifuge tube (neoLab), where
it remained for all subsequent steps. For the dehydration, samples were
dehydrated in 70% and 96% ethanol twice for 1 h and cleared in xylol twice for
1 h. Subsequent the sample was incubated overnight in paraffin wax at 50 °C to
infiltrate the complete sample with wax, embedded in paraffin wax, and
sections of 7-pm thickness were cut using a microtome (Leica). Sections were
rehydrated and either directly embedded (Eukitt; Merck) or counterstained for
6 min with Mayer’s sour hematoxylin (Morphisto) according to the manufac-
turer's protocol. Histological analysis was performed using an Axio Imager
2 microscope and AxioVision Software (ZEISS).
Supporting Information accompanies this article.
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