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High-resolution x-ray imaging techniques offer a variety of possibilities for studying the nanoscale
structure of biological cells. A challenging task remains the study of cells by x rays in their natural, aqueous
environment. Here, we overcome this limitation by presenting scanning x-ray diffraction measurements
with beam sizes in the range of a few hundred nm on living and fixed-hydrated eukaryotic cells in
microfluidic devices which mimic a native environment. The direct comparison between fixed-hydrated
and living cells shows distinct differences in the scattering signal, pointing to structural changes on the
order of 30 to 50 nm.
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X rays are routinely employed to probe the structure and
the composition of unlabeled soft matter and biological
systems, making use of different techniques like x-ray
fluorescence analysis [1], coherent diffractive imaging
(CDI) [2–5], or scanning x-ray diffraction with micro- or
nanometer-sized beams [6–11]. These methods benefit from
the high penetration depth of (hard) x rays, thereby allowing
for studies of thick samples while avoiding sample section-
ing. Furthermore, the intrinsic small wavelength of x rays
provides the possibility to collect structural information with
a resolution of tens of nm. In particular, for scanning x-ray
diffraction, structural information obtained from individual
diffraction patterns in reciprocal space is combined with
positional information in real space. Because of the recent
availability of small beam sizes in the range of hundreds of
nm and even below [12–14], small sample volumes can be
probed to study the local sample structure.
In the past, in most x-ray studies of cellular samples,

the specimens were investigated in a dried form, with the
advantage of increasing the electron density contrast
between the sample and the surrounding medium, leading
to a stronger scattering signal. However, the natural
environment for most biological systems is aqueous, and
consequently, measurements should ideally be performed
on fully hydrated samples [15]. Keeping cellular samples in
a hydrated environment imposes several challenges on the
measurement. Since the electron density contrast is lower,
high photon flux synchrotron beam lines are needed to
obtain a good signal-to-noise ratio. The sample environ-
ment and window material need to be chosen deliberately
to be x-ray compatible (resistant to the radiation and
avoiding a strong background signal) and suited for cell
culture. Silicon nitride (Si3N4) membranes have proven

to be an excellent growth substrate as well as window
material [16].
Examples for successful use of Si3N4 membranes for cell

research have been presented previously. In the soft x-ray
regime, imaging of fixed-hydrated and (initially) living
eukaryotic cells using scanning transmission x-ray micros-
copy and spectromicroscopy have been demonstrated [17].
Cellular organelles could be identified and near edge x-ray
absorption fine structure spectra were recorded, yielding
different calcium concentrations for different cellular
regions. Recently, CDI measurements on hydrated yeast
cells using 5 keV x rays were presented [15]. Both studies
used sealed wet chambers built of two Si3N4 membranes.
As a further development, we previously presented micro-
fluidic devices employing Si3N4 membrane windows as a
growth substrate for cells and window material for the
x rays [18]. This approach has the advantage that living
cells can be supplied with nutrients during the measure-
ments or manipulating the cells by changing external
conditions like pH or reagent concentration.
Here, we use in situ scanning x-ray diffraction, a label-

free nanoscale imaging technique which—in contrast to
most other nanoimaging techniques—does not require
fixation of the cells as a prerequisite. Therefore, direct
comparison between nanostructures in living and fixed
cells and quantification as a function of momentum transfer
qr is possible. The small beam (on the order of a few
hundred nm) enables us to calculate real space x-ray dark-
field images of the cells, demonstrating the feasibility
of imaging living eukaryotic cells using scanning x-ray
techniques. The scattered signal is further analyzed and
we obtain distinctly different power law exponents for
fixed-hydrated and living cells, respectively. Thus, we
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show an effect of the fixation on the power spectrum which
indicates a change in the nanostructure of the cell. We
observe structural differences between living and fixed-
hydrated cells reaching up to length scales of about 60 nm.
Thus, the combination of nanoscale resolution in real and
reciprocal space provides physical insights which are
otherwise not accessible.
Scanning x-ray diffraction experiments are performed at

the Göttingen Instrument for Nano-Imaging with X-rays
(GINIX) [19,20] at the P10 beam line of the storage ring
PETRA III (HASYLAB, DESY, Hamburg, Germany). A
schematic of the setup is shown in Fig. 1 and experimental
details are described in the Supplemental Material [21]. The
radiation is focused by two Kirkpatrick-Baez (KB) mirrors
in horizontal and vertical directions, yielding focus sizes of
700 × 260 nm2 and 390 × 170 nm2, respectively, (FWHM,
horizontal × vertical) for two different experimental beam
times. During the measurements, the fixed-hydrated or
living cells are kept in microfluidic devices, which are
placed in the focus of the x-ray beam. The primary x-ray
beam is blocked by a beamstop and the scattered intensity
is recorded on a two-dimensional detector. A schematic of
the composition of the microfluidic devices is shown in the
inset of Fig. 1. The microfluidic channel is laterally defined
by the UV-curable Norland Optical Adhesive 81 and the top
and bottom of the channel are closed with 8 μm thick
Kapton foil [18]. A hole with a diameter of 3.5 mm is
punched through the device in the center of the channel.
One side of the hole is closed with an empty Si3N4

membrane window and the other side is sealed with a
Si3N4 membrane window on which the cells are grown. As
an example for eukaryotic cells, the cell line SK8/18-2,
which was kindly provided by Rudolf Leube (RWTH
Aachen, Germany), is employed [22–24].

Results of the measurements on living cells are presented
in Fig. 2. Figure 2(a) shows a visible light bright-field
microscopy image of two living SK8/18-2 taken directly
before the Si3N4 membrane window is incorporated into
the microfluidic device. The microfluidic device is then
mounted at the GINIX setup and the cells are inspected
with the beam line microscope to confirm that the cells
are alive at the start of the measurement. During the
measurement, the microfluidic device is flushed with a
CO2 independent medium (PAA Laboratories GmbH,
Pasching, Austria) supplemented with 10% fetal calf serum
(Invitrogen GmbH, Darmstadt, Germany), 100 U=mL
penicillin and 0.1 mg=mL streptomycin (Sigma-Aldrich,
Munich, Germany). The x-ray dark-field image, which is
taken on the marked sample region in Fig. 2(a), is presented
in Fig. 2(b). Here, asymmetric step sizes, i.e., 1 μm in
direction of the fast scan axis (horizontal) and 4 μm in
direction of the slow scan axis (vertical), with an exposure
time of 0.05 s per position are employed. Compared to
taking equal step sizes of 1 μm in each direction, this leads
to a shorter total scan time for covering the same sample
area and a lower average radiation dose per scan point
of about 1.8 × 106 Gy [11,25]. Furthermore, in exposed
regions of the cell, radicals are created. These radicals move
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FIG. 1 (color online). Schematic of the measurement setup at
the P10 beam line at PETRA III. The x rays are focused onto the
sample using two KB mirrors. Microfluidic devices are used as a
sample environment for fixed-hydrated and living eukaryotic
cells. The scattered intensity is recorded using a Pilatus 300K
detector (Dectris Ltd., Baden, Switzerland) (not to scale). The
inset shows a detail of the central part of the microfluidic device.
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FIG. 2 (color online). Scanning x-ray nanodiffraction measure-
ments on living cells. (a) Bright-field image of two SK8/18-2
cells recorded directly before attachment of the Si3N4 membrane
window with the cells to the microfluidic device. (b) X-ray
dark-field image obtained from a two-dimensional mesh
scan with a step size of 1 × 4 μm2 on the marked region in
panel (a). (c) Selection of three different regions of interest [blue
(dark gray): nucleus, light gray: cell body, red (medium gray):
empty region]. (d) Fitting of the radial intensity obtained by
azimuthal integration of the averaged scattering patterns from
different regions of the cell with a single power law function.

PRL 112, 088102 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

28 FEBRUARY 2014

088102-2



rapidly through the sample and the concentration decreases
with distance to the site of creation. Thus, we skip damaged
regions by spacing the scan lines (slow scan axis) more
widely. In the x-ray dark-field image, the cells can be
identified and the nuclei can be distinguished from the cell
bodies by a stronger scattering signal, confirming that the
cell morphology remains intact during the whole scan.
For further analysis, we compare the scattering signal in

the three major regions on the scan: the nucleus, the cell
body (of the upper cell), and an empty region as displayed
in Fig. 2(c). The scattering patterns recorded in these three
regions are averaged and integrated in azimuthal direction.
Subtraction of the background signal from the radial
intensity profiles obtained on the cell yields the radial
intensity profiles in Fig. 2(d). Here, the radial intensities are
plotted against the scattering vector qr, which relates to
real-space sizes d as d ¼ 2π=qr. The radial intensity from
the nucleus is higher than the radial intensity from the cell
body, as expected from the x-ray dark-field image. To
quantify the intensity decay, power law functions are fitted
to the radial intensity profile from the nucleus and the
cell body, respectively, and the fit functions are plotted in
Fig. 2(d). The power law exponents obtained from the fits
are in the range of −2.5 to −3.0.
For comparison, we also perform measurements on

fixed-hydrated cells, which are presented in Fig. 3.

Figure 3(a) shows a visible light phase contrast microscopy
image of two SK8/18-2 cells in buffer after fixation with
3.7% formaldehyde solution. During the measurements on
fixed-hydrated cells, the microfluidic device is flushed with
phosphate buffered saline supplemented with 100 U=mL
penicillin and 0.1 mg=mL streptomycin. On the same
sample region, a two-dimensional mesh scan with a step
size of 500 × 500 nm2 and an exposure time of 0.05 s per
position is performed. The average radiation dose per scan
point during this scan is estimated to about 2.9 × 107 Gy.
The corresponding x-ray dark-field image is shown in
Fig. 3(b). The cells and the cell contours can clearly be
identified in the x-ray dark-field image and the cellular
morphology agrees with the phase contrast image.
Furthermore, the nuclei can be distinguished from the cell
bodies. Interestingly, neither the signal from the cell bodies
nor from the nuclei is homogeneous but shows substruc-
tures. Such features can be found in the visible light
micrograph as well, probably corresponding to cell organ-
elles or large vesicles.
In analogy to the measurements on living cells, the

scattering patterns from the nucleus and the cell body of
the upper cell and an empty region of the scan are averaged
and integrated in azimuthal direction. The background-
corrected radial intensity profiles from the cell are
shown in Fig. 3(c). For the fixed-hydrated cells, the
radial intensity profiles exhibit a slight kink at around
0.19 nm−1. Therefore, two power laws are fitted to the
low qr region (0.0989–0.1583 nm−1) and high qr region
(0.1979–0.5092 nm−1), respectively. The fit functions are
plotted in Fig. 3(c) along with the radial intensity profiles.
The power law exponents obtained from the fits are in
the range of −3.0 to −4.0 with smaller values in the
high qr region.
To compare structural features in fixed and living cells,

the same analysis scheme is applied to ten fixed-hydrated
and eight living cells (see Fig. 4). The power law exponents
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FIG. 3 (color online). Scanning x-ray nanodiffraction measure-
ments on fixed-hydrated cells in a microfluidic device. (a) Visible
light phase contrast image of two SK8/18-2 cells after fixation
with formaldehyde. (b) X-ray dark-field image obtained from a
two-dimensional mesh scan with a step size of 500 × 500 nm2 on
the same sample region as shown in panel (a). (c) Fitting of the
high and low qr-value regions of the background corrected radial
intensity profiles from the nuclear region and the cell body with a
power law function. The inset indicates the regions used for
averaging.

FIG. 4 (color online). Comparison of power law exponents
obtained from fits to the background corrected radial intensities
for fixed-hydrated and living SK8/18-2 cells. The error bars
indicate the errors obtained from the fits with a power law
function.
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for the living cells are shown as blue data points, the power
law exponents for the fixed-hydrated cells obtained for the
low qr region are shown in gray, and the ones for the high
qr region in black. The power law exponents obtained for
the cell body are slightly higher than the ones obtained for
the nucleus. For both regions of the cell, the power law
exponents obtained for the living cells are higher than the
power law exponents for the fixed-hydrated cells, clearly
showing differences between the sample types.
To quantify the changes upon fixation, we compare the

radial intensity profiles of fixed-hydrated and living cells.
The background corrected radial intensity profiles for the
nuclear region and the cell body of each sample type (fixed-
hydrated or living) are averaged, yielding the profiles
shown in Fig. 5(a). The two sets of curves (fixed-hydrated:
black, left-hand axis, lower curves, and living: blue, right-
hand axis, upper curves) are shifted with respect to each
other to improve visibility. Here, we use the profiles of six
fixed-hydrated and eight living cells recorded with the same
experimental parameters, i.e., during the same beam time.
Interestingly, from a biophysical point of view, the higher

intensities at high qr values indicate a higher imaging
resolution for living than fixed-hydrated cells.
The average radial intensity profiles for fixed cells are

subtracted from the corresponding profiles for living cells,
resulting in the curves presented in Fig. 5(b). Here, the
difference curves are plotted against the qr value on a linear
scale (bottom axis) and against the corresponding real-
space sizes (top axis). Thus, we can specify different
regions in the accessible size range. In the difference plot,
positive values denote length scales which are more
pronounced in the living cells, whereas negative values
represent structures that emerge upon fixation. Therefore,
aggregates larger than about 40 or 60 nm for the nucleus
and the cell body, respectively, are formed as a consequence
of the chemical fixation with formaldehyde, which
leads to a cross-linking of the proteins in the cells [26].
Additionally, we observe maxima in the difference curves
at about 0.18 and 0.14 nm−1 corresponding to real-space
structural sizes of about 35 and 45 nm, respectively.
Towards smaller values for d, the difference curves decay,
and below about 15 nm, no difference is observed.
Comparing cell nucleus and body, both the signals show

the same trend. However, the total intensities are shifted to
higher values for the nucleus which is likely to be due to the
higher packing density of biological matter in the nucleus
and the increased amount of material probed by the x rays
at the position of the nucleus. In addition to this shift
towards higher intensities, the difference curves for living
and fixed cells in Fig. 5(b) are shifted towards higher qr
values (smaller characteristic length scales d) for the
(thicker) nucleus as compared to the cell body.
The complex structural arrangements within biological

cells cannot be modeled in a straightforward way. A precise
and in-depth interpretation of the power law exponents as
for solution small-angle x-ray scattering experiments is,
therefore, not possible at this time. However, structural
differences between living and fixed-hydrated cells reaching
up to length scales of about 60 nm are clearly apparent.
As high-resolution visible light microscopy advances,
techniques such as stimulated emission depletion (STED)
[27,28] can also access these length scales. In STED
microscopy, contrary to our approach, specific cellular
components are labeled with a fluorescent dye, often after
chemical cell fixation, and only these components are
visualized. Given the results presented here, the structural
alterations upon cell fixation may potentially become
apparent in such experiments and might even influence
the result or conclusion as compared to living cells.
In summary, we present a novel combination of micro-

fluidics and x-ray nanodiffraction for measurements on
whole (living) cells. We demonstrate the utility of the
method by imaging eukaryotic cells, providing structural
information in real space by x-ray dark-field contrast and in
reciprocal space when analyzing the individual diffraction
patterns. The alliance of microfluidic devices used for cell

FIG. 5 (color online). Averaged radial intensity profiles for
living and fixed hydrated cells. (a) Averaged radial intensity
profiles of living and fixed hydrated cells for the nucleus and
the cell body after background correction. The two sets of data
curves are shifted with respect to each other to improve visibility.
(b) Difference of the averaged radial intensity profiles for living
and fixed hydrated cells (profile for living cells minus profile for
fixed cells).
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culture and fast scanning techniques allows for label-free
in situ and in operando measurements on living cells,
opening up the possibility to perform time-resolved studies
and combine cell manipulation and investigation in a
straightforward way. The specific application presented
here, in addition to providing a solid basis for cellular
imaging at high temporal and spatial resolution, shows
direct consequences for established experimental methods,
such as visible light microscopy. We directly and quanti-
tatively observe that on length scales between about 15 nm
and up to at least 60 nm, cellular nanostructures are altered
by chemical fixation using formaldehyde which is a widely
used technique in visible light fluorescence microscopy.
Consequently, fixation may introduce artifacts. Since recent
advances have pushed the resolution limit in visible light
fluorescence microscopy well into the size range discussed
here, we suggest avoiding chemical fixation if possible or
cross-checking potential changes by employing different
fixatives when investigating nanometer-sized structures in
high resolution visible light fluorescence microscopy.
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