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ABSTRACT Hair cell stereocilia are crucial for hearing and the
sense of balance. They include an array of accurately packed, parallel
actin filaments and act as levers, which transform mechanical
deformation into neuronal signals. The length of vestibular stereo-
cilia reaches several micrometers, whereas, for individual microfila-
ments, the diameter and therefore the characteristic length scale in
the lateral direction is on the order of a few nanometers. These
orders of magnitude render X-rays an ideal tool for investigating

X-rays
—

actin packing, and numerous studies on reconstituted in vitro

systems have revealed important information. Here we report on the characterization of intact stereocilia using two nanoscale X-ray techniques. We

use X-ray ptychography to image stereocilia with quantitative phase contrast and high dose efficiency, showing stereocilia with diameters and lengths in

the expected range. We further employ X-ray nanodiffraction using a nanofocused X-ray beam on the same order of magnitude as the width of a

stereocilium. Despite the small probe volume we can dlearly visualize the stereocilia bundles. From the individual diffraction patterns we determine the

local orientation of the actin structures and can clearly correlate them with the corresponding visible-light fluorescence images. Furthermore, azimuthal

integration of individual diffraction patterns reveals distinct intensity curves, showing modulations of the signal, which reflect the relevant length scales

and pronounced order in the biological system. The applied techniques are not limited to the studies on stereocilia but have the potential of being applied

to many biological and soft-matter systems, in particular if a pronounced degree of order is present.
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nanofocused beam

he actin cytoskeleton provides cells

with important mechanical and dy-

namic properties including the ability
to firmly grab to surrounding tissue, migrate
through tissue or over surfaces, or propel in
fluid media. Actin structures built from glob-
ular monomers create cellular contraction
and oppose bending. All these properties
find their origin in the polymeric nature of
filamentous actin (F-actin, diameter 7 nm,
length up to several um) and its dualistic
capability to polymerize quickly or to be
extremely stable over time depending on
the cellular situation.’

The encoding of mechanical properties in
well-defined nano- and microstructures is a
very common theme in biological materials
as reviewed in ref 2. However, in the wide
range of actin-packing assemblies in cells,
the compact array of some thousands of
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parallel actin filaments, which fills the mem-
brane of mechanosensory stereocilia in
vertebrates,? is thought to represent by far
the largest and most ordered cytoplasmic
actin structure in cells with only muscle cells
containing comparably large and organized
microfilament systems.* ¢ The term “para-
crystal”, created to define substances with
some degree of order in their structure
without showing long-range order as true
crystals, has been used in biology since the
1970s to describe the actin assemblies
found in muscle and in stereocilia of the in-
ner ear, as well as the preparations of Mg®"-
precipitated, purified F-actin in vitro.>”
One successful approach to understand
how actin filaments pack into organized
structures is by studying purified in vitro
assemblies using X-ray diffraction methods.
In the absence of bundling agents, actin
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filaments form close-packed bundles and show a
hexagonal lattice perpendicular to the longitudinal
direction of the filaments. Usually, actin filaments are
composed of 13 monomers per six left-handed turns
with a rotation of each monomer by 166°2 The 13
monomers with a diameter of 5.5 nm result in a double
stranded, right-handed helix with a pitch of 72 nm.
However, several studies suggest that F-actin can exist
in multiple states as a function of the bound nucleo-
tide, ions, and proteolytic modifcations.” Actin fila-
ments have a linear charge density of —1 e/2.5 A at
pH 7. This excess of negative charges leads to a rich
behavior of actin superstructures upon addition of
positively charged lipids'® or multivalent cations,'
depending on both the charge and the size of the
ions.'?13

lons or charged lipids may act as nonspecific binding
agents for charged filaments like F-actin. Additionally,
a large variety of specific actin binding proteins (ABP)
exists, and these ABPs trigger an equally large variety of
actin superstructures, such as bundles, networks or
networks of bundles: Whereas o-actinin condenses
F-actin into a square lattice phase,' both espin and
fascin force the filaments in an “overtwisted” hexa-
gonal lattice with a surface-to-surface distance of
~5.1 nm and thereby facilitate bundle formation.
Both these ABPs are enriched in the parallel bundles
in stereocilia of hair cells, together with fimbrin,'
TRIOBP,'® and others. Espin is a target of mutations
that tune espin—actin interactions and are associated
with deafness and vestibular dysfunction.'” Studies of
the viscoelastic properties of actin networks cross-
linked by wild-type espin or mutant espin reveal that
“deafness mutants” lead to weakened viscoelastic
properties.'® In vitro X-ray scattering work on a purified
actin—espin system provides detailed information
about the positions of the diffraction peaks in g-space
and therefore the real-space inter-actin spacing and
geometric order of the filaments.'® Espin has a Stokes
radius of 3.4 nm, and the maximum packing density is
one linker per 3—4 actin monomers, which is consider-
ably higher than the physiological density of 0.05—0.07
linkers per monomer. When espin and fascin are com-
pared with respect to their bundling ability in actin
systems, they show the same structural end state and
lead to very similar bundles, but the different linker
stiffnesses cause different pathways for the bundling.?°
Purdy et al. find in their in vitro system espin-cross-
linked parallel hexagonal actin bundles similar to those
found in cochlear hair cell stereocilia.'® Interestingly,
the overtwist, which in turn determines the thickness
of the bundles, is insensitive to the espin concentra-
tion,’® and the monodisperse thickness of the bundles
is rather determined by the stiffness of the linkers.'

Numerous in vitro studies on reconstituted systems,
only some of which are discussed above, provide
important insight into the bundling and cross-linking
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processes of actin. However, in intact biological sys-
tems actin filaments are dynamically influenced by
numerous factors simultaneously, like binding pro-
teins, ions, lipids, and steric interactions. Whereas
in vitro experiments allow us to look at certain aspects
of self-assembly, they always approximate the system
by a limited number of variables and therefore lead to
simplifications. A complementary approach is there-
fore to study the biological system of interest as
assembled in vivo and then preserve it as closely as
possible to natural conditions during the subsequent
preparation steps.

As mentioned above, particularly well-ordered actin
assemblies are found in muscle and in stereocilia.
Early on, researchers have applied X-ray diffraction to
muscle preparations to investigate the fascinating
structure and dynamics of contracted and relaxed
muscle.*"® By contrast, X-ray imaging experiments
on purified stereocilia have, to the best of our knowl-
edge, not been performed so far. In part, this is
certainly due to the challenging sample preparation,
which needs to account for the length scales and
fragility of the system while requiring a high degree
of purity to obtain a reasonable signal-to-noise ratio.
Atthe same time, such studies could provide important
insights into the native, unstained, and unsliced system.

Novel X-ray methods now enable us to directly
investigate nanoscale biological assemblies. Here, we
combine X-ray ptychography for real-space imaging
with quantitative phase contrast with a resolution of
about 130 nm and X-ray nanodiffraction to obtain
structural information in reciprocal space. Using
state-of-the-art X-ray optics, we achieve focal spot sizes
on the order of 100 nanometers?*~2* and are therefore
able to investigate the local sample structure, including
direction and degree of orientation of the filaments in
the stereocilia. The real-space images derived from
ptychography or from nanodiffraction dark field con-
trast can clearly be correlated with corresponding
visible light fluorescence images and provide addi-
tional quantitative information not accessible by other
methods such as quantitative-phase contrast and
structural information.

RESULTS AND DISCUSSION

Precise and reproducible sample preparation is cri-
tical for the success of X-ray scattering experiments on
biological samples. Most “classical” cell culture sub-
strate materials like plastics or glass are not suitable,
since they produce a fairly strong background scatter-
ing signal themselves, which tends to overlay the
signal of the biological matter and additionally absorb
much of the scattered intensity. On the contrary,
materials that are traditionally used as substrates in
X-ray experiments like Kapton or Mylar foils do not
enable adhesion of many cells well enough and need
to be either coated with adhesion molecules or
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detector

Figure 1. Preparation of stereocilia samples for X-ray experiments. (a) Schematic representation (not to scale) of the blotting
of stereocilia onto SizN, windows. Top: the silicon nitride window is coated with poly-L-ornithine (orange) to promote
adhesion of the stereocila bundles. The dissected tissue sample is brought into mechanical contact with the window. Center:
when the tissue is removed, the stereocilia remain on the window. Bottom: after fixing and staining for actin with labeled
phalloidin the stereocilia can be visualized by fluorescence microscopy. (b) Example of stained stereocilia on a glass coverslip
(fluorescence micrograph). (c) Example of stained stereocilia (green) on a SisN; window (stitched from several individual
fluorescence micrographs showing different regions of the window) after lyophilization. (d) Sketched geometry (not to scale)
of the setup including the rotation (o) and tilt (3, exaggerated) angles of the sample (thick gray line). (e) Sketch (not to scale) of
the hierarchical structure of the sample. The yellow box (see also b) shows a stereocilia bundle; each individual stereocilium is
3—15 um long. The blue box shows a single stereocilium with a diameter of about 250—300 nm, on the order of the beam
diameter (125 x 200 nm?), and consists of individual actin filaments (red box). Actin filaments are double helices with a
diameter of 7 nm and a helical pitch of 72 nm along the filament axis. The structural details are not shown here for
simplification. The rotation angle y of the stereocilia with respect to their long axis is unknown. The approximate beam size

for the X-ray nanodiffraction experiments is shown in purple for all three hierarchical levels.

chemically treated to decrease hydrophobicity. More-
over, these materials tend to attract strongly scattering
dust particles and debris, which makes identification of
the actual biological system on the substrates very
difficult. It has been shown that cells can be grown on
silicon nitride (SisN,) windows,>>~%® in many cases
even without previous coating with an adhesion protein
like collagen or fibronectin, and these substrates are
furthermore very clean, facilitating the X-ray experi-
ments. A major disadvantage of the windows is their
pronounced fragility, which can be accounted for by
immersing the substrate in a cell suspension and letting
the cells adhere without exerting any mechanical force
or stress.

In the case of the experiments reported here, cell
fragments instead of whole living cells have to be
deposited on the substrate. This aspect makes the
sample preparation more challenging since adhesion
of cellular parts relies only on the intrinsic, passive
adhesiveness of the cell membrane and its constitu-
ents and not on the active component represented by
the cell adhesion molecules like integrins, selectins and
cadherins.?® To improve this passive adhesiveness, we
coat the SisN, windows with poly-t-ornithine prior to
bringing them in contact with the cells. In Figure 1a,
top, the SisN; window (gray) consisting of a thicker
frame and a 1 um thick membrane coated with poly-L-
ornithine (orange) is sketched.

Each stereocilium has a diameter of only about
250—300 nm and a length of about 3—15 um
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(see Figure 1e for a sketch of the hierarchical structure
of the stereocilia). Even though one stereocilia bundle
can contain around 60—100 individual stereocilia, the
total amount of biological material is very small. In
combination with a nanofocused X-ray beam, which is
necessary in order to obtain a high spatial resolution in
direct space, this leads to a very small probe volume
and thus a small number of repeat units. Therefore,
very precise and clean sample preparation is critical. By
collecting only the stereocilia, not the whole cells, on
the SizsN; windows we achieve a situation where actin
filaments from the rest of the cell and other cellular
components are virtually absent in the preparation,
e.g., there is only 1 microtubule-based cilium per
bundle of about 60 actin-based stereocilia, and we
ensure that the scattering signal we detect indeed
arises from the actin filaments in the stereocilia. For
the experiments presented here, we employ plunge-
frozen, freeze-dried samples. The smaller the sample
volume, the more likely it is that during these sample
preparation steps the structure remains intact due to
enhanced heat dissipation.

The inner ear of young mouse pups was dissected
according to standard procedures,*® and the intact
utricle—freed from the otolithic membrane—was
carefully separated from the ear. Dissection tweezers
were then used to hold the basal part of the utricle so
that its top with the protruding stereociliary bundles
could be stamped on the surface of the coated SisN,4
window (Figure 1a). To ensure that the maximum
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Figure 2. Ptychographic reconstruction of isolated stereocilia, where the grayscale indicates phase in radians. (a, c) Hair cell
bundles imaged by ptychography and (b,d) the corresponding fluorescence images taken after the X-ray measurement at
60 x magnification. Scale bar is equal for all subfigures. (e) Average phase profile along the stereocilium axis within the orange
box in (a); the abscissa represents the distance in the direction perpendicular to this axis; blue line: measurement, red line:
simulation of a cylinder of 100 nm diameter convoluted with a sinc function of 130 nm resolution; fwhm of the bundle is 145

(£ 15) nm.

number of bundles was collected, the stamping of the
utricle was repeated two to three times on different
regions of the SisN; window. This procedure makes
certain that the stereocilia are positioned flat on the
substrate and the X-rays hit them perpendicularly with
respect to their main axes. In Figure 1b the result of
such a stamping procedure (in this case on glass) is
shown, and Figure 1c shows the stitched image of a
complete SisN, window created from fluorescence
micrographs of different regions of the window.

Immediately after stamping, the immobilized bun-
dles were fixed with formaldehyde, permeabilized with
Triton X-100 (Carl Roth, Karlsruhe, Germany), and
stained with phalloidin conjugated to AlexaFluor 594
(Invitrogen GmbH, Darmstadt, Germany). The high
specificity of phalloidin to F-actin helped us to distin-
guish actin in stereocilia from any other cell fragment
with elongated shape potentially present on the win-
dow. The AlexaFluor dyes are resistant to freeze-drying,
so the presence of actin-based stereocilia on the
frames can be reassessed after lyophilization to ex-
clude loss or spatial rearrangement of stereocilia. We
characterize the stereocilia by fluorescence micro-
scopy. As examples we show in Figure 1c a stitched
image of a whole SisN, window after staining and in
Figure 2b,d and Figure 3a,b representations with high-
er magnification. During the X-ray diffraction experi-
ments we used bright field contrast online at the
beamline to identify stereocilia bundles by shape, as
shown in Figure 3c.

The fixation and lyophilization procedures stabilized
the samples and enabled us to obtain data from
cellular structures in well-preserved structural condi-
tions and at the same time a comparably high electron
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density contrast between the sample and the sur-
rounding air. By comparing the microscopy images
before and after lyophilization, we did not observe any
morphological changes. However, we cannot exclude
a certain degree of degradation that is possibly not
detectable by visual control with the microscope.
Additionally, we have shown previously that chemical
fixation does indeed alter intracellular nanostructure.®

Ptychography and nanodiffraction are complemen-
tary X-ray techniques,®' which are very well suited to
characterize biomolecular assemblies on the relevant
length scales, as they bridge um-resolution in real-
space and nm-resolution in reciprocal space. A great
advantage of hard X-ray methods as compared to
electron microscopy (EM), which also provides nm
resolution, is the high penetration power, allowing
for the study of the internal structure of samples with-
out the need of sectioning.

Ptychography is a coherent diffraction imaging (CDI)
technique in which the sample is illuminated by a
confined, coherent beam at different partially over-
lapping positions. At each position a coherent diffrac-
tion pattern is recorded in the far field with a 2D pixel
detector, and phase retrieval algorithms are then
employed to retrieve the 2D complex-valued transmis-
sivity of the specimen.>?3* An important advantage of
CDl is that lenses are not needed, which is a promising
approach to achieve X-ray imaging of biological speci-
mens with high resolution.>* X-ray ptychography has
previously been used to image freeze-dried***' and
frozen-hydrated>® biological samples.

Ptychography experiments are conducted at the
cSAXS beamline of the Swiss Light Source at the Paul
Scherrer Institute in Villigen, Switzerland, using an
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Figure 3. Scanning nanodiffraction imaging of isolated
stereocilia. (a) Fluorescence micrograph recorded after
freeze-drying the sample. (b) Zoom-in of the region indi-
cated by the box in (a). (c) Image taken with the beamline
microscope prior to the X-ray experiments. (d) X-ray dark
field image of the region indicated by the box in (c). The step
size is 100 nm. Red regions show the highest total intensity,
blue the lowest (background/substrate); scale bar shows
photons/s. The red box indicates the region of interest
which is scanned with a smaller step size, as shown in
Figures 4a,b,d,e.

energy of 8.7 keV. The beam has a size of 4.0 um at the
position of the sample and a flux of ~42 x 108
photons/s. Ptychographic scans cover an area of
24 x 24 um? of the specimen, and ptychographic
reconstructions are performed as described in the
Methods. For each image we estimate that a dose of
about 5 x 10* Gy is imparted on the specimen. The
resolution is estimated by analyzing the radially aver-
aged power spectrum density of the images to be
about 130 nm, probably limited by the dose.

In Figure 2a,c we show two examples of groups of
stereocilia corresponding to regions of interest within
two ptychographic images. More specifically, we show
the phase of the reconstructed image, which has a low
contrast, as expected for thin biological specimens.
Interestingly, we can still image the corresponding
positions in visible light fluorescence microscopy after
the X-ray ptychography measurements, as shown in
Figure 2b,d. This observation promotes ptychography
as a real-space nanoimaging method, which intro-
duces a low dose to the sample compared to the
X-ray diffraction experiments shown below. We note
that the phase in ptychographic images can be directly
related to the projection of the electron density of the
specimen, allowing for a quantitative interpretation of
the image. This provides a complementary tool to
fluorescence microscopy, where the contrast arises
from fluorophores specifically attached to proteins
and is therefore an indirect way of imaging. As an
example, we estimate the diameter of the stereocilium
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marked with an orange box in Figure 2a as shown in
Figure 2e even though the width of the feature is about
145 nm, only slightly larger than the estimated resolu-
tion of 130 nm. For this purpose we model a cylindrical
shaped stereocilium of density 1.35 g/cm?3* calculate
its phase profile, and convolute it with a point spread
function modeled by a sinc function of 130 nm width.
The choice of point spread function is justified because
in CDI the detector serves as the entrance pupil and it
has a square shape, which corresponds to a sinc point
spread function. By fitting this model to the data, con-
sidering both the height and the width of the mea-
sured profile, we obtain a sample diameter of 100 nm.
Whereas this value lies below the value expected from
the analysis of electron micrographs, we note here that
in both cases sample preparation could influence the
absolute length scales observed. In particular, in the
case of our experiments, the freeze-drying process
which dehydrates the samples might lead to shrinkage.
However, the measured diameter lies in the expected
range of a few 10s to 100s of nanometers. Comparing
ptychography and visible light fluorescence micro-
scopy, we observe much more detail for ptychography,
including overlapping of individual stereocilia.

X-ray nanodiffraction measurements at EH3 of ID13
at ESRF (European Synchrotron Radiation Facility),
Grenoble, France, were carried out in transmission
geometry at a photon energy of 15.25 keV. The beam
was focused to 125 x 200 nm? (h x v) using a crossed
nanofocusing refractive lens system, yielding a flux of
~3 x 10° photons/s.*>***® The samples were posi-
tioned in the focus of the beam. Figure 3d shows a dark
field image of a coarse mesh-scan with a step size of
100 nm and exposure time of 1 s per scan point, taken
over a sample area of 7 x 7 um?. The diffraction data
were analyzed with self-written software tools.?® 28
The dark field representation shows the integrated
scattered intensity and therefore the amount of biolo-
gical material with nanometer features below 38.1 nm
as spatially distributed in real-space at a resolution
corresponding to the beam size. Note that in this case
the dark field contrast does not provide quantitative
information. The overview scans help to identify cer-
tain regions of interest (ROI) and assign them to the
corresponding fluorescence micrographs. The ROIs are
imaged with a smaller step size of 50 nm, with 10 s
exposure times (Figure 4a).

The stereocilia bundle can clearly be distinguished
from the background despite the small amount of
weakly scattering material. A composite image of the
diffraction patterns corresponding to each position
of the scan (Figure 4b) shows a high degree of orienta-
tion, indicating the presence of highly ordered struc-
tures which by phalloidin staining can be identified as
actin inside the auditory stereocilia. Overlaid with the
dark field image in Figure 4a are the direction and the
degree of orientation in each scan point. For this
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Figure 4. Analysis of diffraction patterns. (a) Dark field image overlaid with black lines indicating the orientation and degree
of ordering of the structure in the sample. This area corresponds to the region indicated by a red square in Figure 3d. The step
size is 50 x 50 nm>. (b) Composite image of the individual SAXS patterns in each scanned pixel. The direct beam is covered by
a beam stop. (c) Examples of individual diffraction patterns from different samples and positions on the samples
corresponding to the radial intensity profiles shown in (f). (d—f) 1D radial intensity profiles of the SAXS patterns averaged
over the two out of eight angular segments aligned with the orientation of the pattern. (d) Adjacent positions on the same
stereocilia bundle. (e) Separate (approximately 150 nm) positions on the same stereocilia bundle. (f) Positions on different

stereocilia bundles and (bright green) on a different sample.

analysis, an ellipse is fitted to each individual diffraction
pattern and the direction of the major axis and the
eccentricity of the ellipse are determined.® In the plot,
the actual direction of the structure in real-space is
shown, which is perpendicular to the major axis of the
scattering signal in reciprocal space. The length of the
lines indicates the degree of orientations, correspond-
ing to the eccentricity of the ellipses. The resulting plot
is comparable to a director field of, e.g., a liquid crystal
and provides a very intuitive way of illustrating the
local ordering within the sample. While the SisN,
window in the background (blue) shows weak total
scattering and negligible and random orientation, the
signal of the stereocilia shows the expected orienta-
tion, which corresponds to the orientation of the actin
filaments inside the bundles, i.e., parallel to the bun-
dles. Comparing this signal to a previous study on
intracellular keratin bundles,?® the degree of orienta-
tion is even stronger, emphasizing the extremely
pronounced order and paracrystalline nature.

In Figure 4c, we show examples of individual diffrac-
tion patterns. The locally different structure, i.e., angle
of oriented signal, degree of orientation, occurrence of
modulation in the signal, and overall strength of the
signal, can clearly be observed. The individual diffrac-
tion patterns provide even more information con-
tained in the radial intensity distribution. We perform
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azimuthal integration on selected representative
diffraction patterns to obtain the intensity distri-
bution versus the scattering vector g,. As shown in
Figure 4a—c, the scattering intensity is highly aniso-
tropic. We therefore divide the pattern into eight
angular segments, azimuthally integrate the intensity,
and average those two segments that are in line with
the major axis of the fitted ellipse.?® The number of
eight segments was determined because splitting the
signal into more segments does not provide additional
information (but lower signal-to-noise), whereas fewer
segments lead to smearing-out of the signal. Parts d—f
of Figure 4 show three different groups of such /(g,)
curves: (d) from positions at most 150 nm apart on the
same stereocilia bundle; (e) from positions more than
150 nm apart on the same stereocilia bundle; and (f)
from positions on different stereocilia bundles and
even on different samples/preparations. We observe
that the structure depends highly on the position.
Adjacent positions lead to very similar X-ray signals,
including peaks at almost identical positions. When
comparing positions with a distance of more than
150 nm, the individual curves differ considerably,
emphasizing the need for high real-space resolution
(i.e., beam diameter and step size) for these studies. In
fact, the difference between these curves (shades of
red, Figure 4e) is similar to the ones for different
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bundles (shades of green, Figure 4f), confirming the
reproducibility of the sample preparation and data
acquisition. At the same time, however, we clearly
observe a pronounced heterogeneity even within
one bundle.

This result demonstrates the strength of the em-
ployed high-resolution technique that can access the
local, internal nanostructure by scanning the sample
through the beam. X-ray nanodiffraction provides real-
space resolution on the order of the beam size com-
bined with higher resolution on the nanoscale, as
defined by the accessible g-range in reciprocal space.
In Figure 4d—f we show the signal up to g,=0.8 nm™",
corresponding to d = 271/q, = 7.9 nm, and therefore on
the order of the diameter of the actin filaments. Higher
g values are not shown due to dominating noise in the
data. The length scales in the system are comparable to
this reciprocal space resolution limit; in real space, the
beamsize is 125 x 200 nm? and the diameter of one
stereocilium is roughly 250 nm (see Figure 1e for a size
comparison of the investigated structure and the beam
size). From EM images we estimate the spacing be-
tween the filaments within a bundle to be about 10 nm,
thus leaving a bit of space between the 7 nm dia-
meter actin filaments. Therefore, perpendicular to the
longitudinal direction of the filaments, we capture
15—20 repeat units, i.e., individual filaments, by the
X-ray beam. By contrast, along the longitudinal axis of
the filaments, the helical pitch of 72 nm leads to only
two to three repeat units, i.e., helical turns, within the
size of the beam. The latter situation is very likely the
reason why—in contrast to data from in vitro experi-
ments with larger beams'®?'—we do not observe a
scattering signal from the 13/6 geometry of the actin
filaments. Note, however, that the sample preparation
for EM as well as for our experiments can lead to
changes on these length scales.

The observed heterogeneity within the signal from
one bundle and between several bundles is not ne-
cessarily in contradiction with the requirement for
identical thickness and build-up for all stereocilia of
the same type to be reliable sensors for proprioception
and hearing. Given the tiny probe volume, the usual
“powder-averaging” as known from in vitro experi-
ments where every possible orientation of the ran-
domly distributed crystalline or liquid-crystalline do-
mains is captured by a rather large X-ray beam cannot
be applied here. Consequently, our diffraction signals
do show peaks, but indexing them unambiguously
is not possible in a straightforward way. From EM
studies® we assume the individual filaments in the
bundle to be oriented in a hexagonal array with
short-range order. The sample preparation method
ensures that the bundles lie flat on the substrate, but
we cannot control the rotation around the long axis of
the filament, i.e., the angle y in Figure 1e. Moreover, a
small rotation of the sample plane around both
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directions defining this plane, which are the angles o
and S in Figure 1e, is inevitable as we place the sample
into the setup by hand. This circumstance leads to a tilt
of the lattice planes of the hexagonal filament assem-
bly with respect to the incoming X-rays.

The existence of peaks in different scan positions,
reproducibly for different samples, points at a highly
ordered structure. From comparison to visible light
microscopy images, we can correlate the strongly
anisotropic signal to the orientation perpendicular to
the filament. In analogy to diffraction on gratings this
signal corresponds to a characteristic length scale in
the orientation perpendicular to the filament axis. We
see no considerable signal perpendicular to this pri-
mary orientation, for reasons explained above.

Alternatively to a structure factor, the modulation in
the signal could also stem from the form factor of
characteristic features in the sample. Fitting the form
factor of a cylinder to the data we obtain a diameter of
75 nm, corresponding well to the diameter value of
100 nm we obtain from the ptychography data. The
same length scale is reflected in the peak width Ag,
which provides information about the grain or domain
size Ad involved. In the example in Figure 4d, Ag ~
0.1 nm~ ', so Ad = 2/Aq ~ 62 nm.

In the X-ray nanodiffraction experiment we esti-
mate that doses of 1.1 x 10% Gy and 4.4 x 10° Gy are
imparted to the specimen for the overview scan in
Figure 3d and for the scan in Figure 4a, respectively,
which are several orders of magnitude higher than
the dose estimated for the ptychographic images in
Figure 2a,c. This is not surprising given the fact that in
the X-ray nanodiffraction experiment we gain informa-
tion about nanoscale features down to 7 nm, while the
X-ray ptychography experiment has a resolution of
130 nm. According to ref 34, the maximum tolerable dose
for imaging with X-rays at a resolution of 7 nm is 10° Gy.
However, in the current X-ray nanodiffraction experiment
we only detect signal up to this length scale, for which it is
possible that the sample tolerates a higher dose.

CONCLUSIONS

We demonstrate that hair cell stereocilia bundles
can be directly imaged by X-ray ptychography and
structural information in reciprocal space can be ob-
tained by scanning X-ray nanodiffraction. The comple-
mentary X-ray methods are applied to carefully pre-
pared samples of intact strerocilia taking into account
the high complexity of any biological system as com-
pared to purified in vitro systems.

We make use of the ability of X-rays to probe
micrometer-thick samples and thus provide structural
information and quantitative phase contrast from
within the stereocilia without the need for sectioning
or labeling. Thus, the presented combination of X-ray
techniques provides a very suitable complement to
high resolution real-space techniques such as EM or
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atomic force microscopy which are used to image the
surface of the sample. The study of freeze-dried sam-
ples is a necessary first step toward investigating
hydrated, unfixed cellular samples by X-rays.

The use of a small X-ray beam probing a small
sample volume enables us to classify and quantify
the local, internal structure including direction and
degree of orientation and characteristic length scales
of the nanoscale biomolecular assemblies at high
spatial resolution on the order of 100 nm in real-space
and down to about 7 nm in reciprocal space. An
important conclusion is that the nanoscale structure
of the system shows considerable heterogeneity on
real-space distances of about 150 nm, approximately
corresponding to the diameter of one stereocilium,
as well as between different bundles. This heteroge-
neity may include translational as well as rotational
contributions. Techniques like TEM have displayed an
apparently even distribution of filaments inside stereo-
cilia, but the 8 and y isoforms of actin, which have both
been detected in stereocilia,””’ >° could potentially
generate local heterogeneities inside stereocilia. Such
heterogeneities could be due to differences in isoform
appearance time, single filament geometry, twist, dif-
ferential association with ABPs or ions, and cofactors.***!

X-ray nanodiffraction now permits the study of
native, noncrystallized biological systems with unpre-
cedented structural resolution without averaging out
such heterogeneities. From a biological point of view,
the extremely pronounced anisotropy of the individual
scattering patterns and distinctness of the peaks in the
1D radial intensity profiles are of interest as these fea-
tures are more pronounced than for, e.g., intracellular

METHODS

Blotting of Stereodilia. Dissection of P4 (postnatal day 4)
mouse ears was performed under a stereo-microscope
(Olympus, Hamburg, Germany) in cold saline solution (HBSS,
Hank's Balanced Salt Solution, Sigma-Aldrich, Minchen,
Germany) buffered with 10 mM HEPES to pH 7.4. The apical
surfaces of the vestibular sensory epithelia were exposed by
mechanical removal of the otolithic membrane after 5 min
incubation in 0.1 mg/mL protease XXIV (Sigma-Aldrich). After
removal of the utricle, its stereocilia were isolated by blotting
the whole tissue gently onto 5 x 5 mm? SizN, frames with a
membrane size of 0.25 x 0.25 mm? and 1 um thickness (Silson
Ltd., Blisworth, England). The frames had been previously
coated for 20—40 min with poly-L-ornithine (Sigma-Aldrich;
0.1 mg/mL in H,0) on the etched side of the frame to
promote adhesion of the stereocilia (see Figure 1a). For test
purposes and to obtain optimal imaging properties, stereocilia
were also blotted on glass coverslips cleaned with 70% ethanol
and by plasma treatment for several minutes. All experiments
complied with national animal care guidelines and were ap-
proved by the University of Gottingen board for animal welfare
and the animal welfare office of the state of Lower Saxony.

Staining of Stereocilia. Isolated stereocilia were fixed in 4%
formaldehyde solution in HBSS at room temperature, rinsed
with HBSS, and stained with AlexaFluor 564-phalloidin (Invitro-
gen GmbH, Darmstadt, Germany; 1 unit of 5 L in 200 uL) in a
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keratin bundles, which we previously studied in a
comparable setting.?® This finding stresses hair cell
stereocilia as a prime example of biomolecular self-
assembly showing an exceptional order and degree of
orientation of individual actin filaments inside the
stereocilia, reflecting their function in the organism
to act as a mechanical force sensor.

X-ray ptychography quantitatively visualizes stereo-
cilia bundles in phase contrast without any prior label-
ing or staining procedures. Thus, as compared to EM or
fluorescence microscopy, we employ a direct imaging
method and therefore determine the geometry of the
individual stereocilia. This structural information could
become even more informative in 3D by acquiring 2D
projection images at different incident angles and
reconstructing the 3D electron density of the sample
with tomographic reconstruction methods.

Thanks to the high structural resolution, X-rays could
potentially also be employed to detect changes in
stereocilia structure caused by noise damage. Further-
more, measurements on fresh, unfixed stereocilia may
provide additional information about the molecular
composition of rootlets and the spatial distribution of
populations of filaments inside them.**** Apart from
these sample-specific results on a highly relevant bio-
logical system, our study demonstrates the potential of
the presented high-resolution X-ray techniques to be
applied to many other biological and soft matter sys-
tems while maintaining an acceptable level of sample
integrity throughout preparation. We therefore foresee
that these complementary techniques will bring new
insights concerning biological systems while disturbing
the native structure and assembly as little as possible.

0.2% solution of Triton X-100 (Carl Roth, Karlsruhe, Germany) in
HBSS. After 30 min staining at room temperature, stereocilia
were repeatedly rinsed with abundant HBSS.

Mapping of Stereocilia. Stained stereocilia blotted on SizN,
frames were successively imaged with an Olympus IX71 epi-
fluorescence microscope (Olympus, Hamburg, Germany) equip-
ped with a 10x and a 20x objective. The “MosaicJ)” stitching
plug-in of FUJI was used off-line for creating a map of the
fluorescent objects in relation to the frame, with the goal of
facilitating sample localization during the subsequent experi-
ments at the synchrotron. The sample regions imaged by
ptychography were additionally imaged afterward at 60x
magnification using an oil immersion objective.

Freeze-Drying of the Samples. Mapped frames were then pro-
cessed for lyophilization. Before plunge-freezing, the samples
were briefly washed in ultrapure water to avoid excessive salt
precipitation on the membrane. The freezing step was carried
out with a Leica EM GP plunge freezer (Leica, Vienna, Austria).
The samples were then placed in a custom-made freeze-drier
and removed after approximately 40 h under vacuum (pres-
sures ranging from 2 x 1072 to 4 x 10~® mbar). The tempera-
ture was then increased from —197.6 to 20 °C either by venting
the samples with N, overnight or by letting them equilibrate
slowly at room temperature.

Postlyophilization Mapping. Contrary to most genetically en-
coded fluorophores, AlexaFluor retains most of its fluorescence
even after lyophilization. Therefore, additional micrographs of
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the frames were taken to document possible stereocilia loss or
morphological change during the freeze-drying steps.

X-ray Ptychography Experiments and Reconstructions. X-ray ptycho-
graphy experiments were performed at the cSAXS beamline at
the Swiss Light Source at the Paul Scherrer Institute in Villigen,
Switzerland. The energy used was 8.7 keV, and the beam was
focused by a coherently illuminated Fresnel zone plate made of
Au with an outermost zone width of 100 nm and a diameter of
150 um.** The sample was placed at 2.8 mm downstream of the
focus, where the beam had a diameter of 4.0 um. A Pilatus 2 M
detector®® with 172 um pixel size, placed at 7.525 m down-
stream of the sample, was used to record the data. Coherent
diffraction patterns were recorded at 323 positions distributed
in a grid of concentric circles with a radial step of 1.2 um, as
described elsewhere,*® and covering a field of view of 24 x
24 um?. We note that under these experimental conditions the
beam is significantly larger than the 3.1 um required for Nyquist
sampling. However, the overlapping of the illumination on the
specimen at adjacent scanning positions in our experiment,
determined by a shell step size of 1.2 um in the circular
ptychographic scan, is sufficient to compensate for a sampling
on the detector smaller than the Nyquist sampling, as reported
in ref 47. The acquisition time at each position was 0.2 s, and
each scan took 129 s including overhead time due to sample
positioning with a piezoelectric stage. For sample alignment
prior to the X-ray measurements, a visible light microscope was
moved into the beam path. For ptychographic reconstructions
192 x 192 pixels of the detector were used, leading to a pixel
size of 31.47 nm in the reconstructions. The reconstructions
were performed with 10 iterations of the difference map
algorithm*3#° followed by 200 iterations of a maximum like-
lihood optimization algorithm.*® For the reconstructions we
used an initial probe determined from a previous ptychographic
experiment with a strong scattering object consisting of a test
pattern, since this has been proven to be crucial for ptycho-
graphic reconstructions of weakly scattering specimens.*®

X-ray Nanodiffraction Experiments. X-ray nanodiffraction experi-
ments were performed at the experimental hutch Il of the
beamline ID13 at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The exact setup and method used are
described in detail elsewhere.?® Briefly, an X-ray beam (photon
energy 15.25 keV, flux 3 x 10° photons/s) was focused®?** to a
spot size of about 200(h) x 125(v) nmZ2 The sample was scanned
through the beam with nanometer precision and the diffraction
signal was recorded using a Maxipix detector (ESRF, Grenoble,
France) at a sample-to-detector distance of about 0.9 m. For
sample alignment prior to the X-ray measurements, a visible
light microscope was moved into the beam path. Scanning step
sizes were 100—200 nm with exposure times of 1 s per pixels for
coarse overview scans and 50 nm with exposure times of 10 s
per pixel for finer ROI (region of interest) scans. Total number of
steps and thereby total scan time was adjusted to the size of the
region to investigate. The data shown here stem from two
different samples (different mice and different preparations)
and from different positions on these samples. The good
agreement between the results corroborates our assumption
that they are sample-independent.

Data Analysis. Data analysis was performed using self-written
Matlab (The Mathworks, Natick, MA) tools as described pre-
viously.?® The data were further processed using the commer-
cial software Origin (OriginLab, Northampton, MA).

Dose Estimation. The dose D imparted on the specimen has
been estimated as D = uNoe/p, where u is the linear attenuation
coefficient of the specimen, Ny is the number of photons
incident on the specimen per unit area, ¢ is the photon energy,
and p is the mass density of the specimen, assuming that the
sample is composed of a protein of empirical formula
Hs0C30Ns010S; and density 1.35 g/cm>3*
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