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10.1 X-ray Micro- and Nanodiffraction Setup at cSAXS (PSI) &
P10 (PETRAIII)
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Figure 1: left: (a) Photograph of the nano-focus setup GINIX (4, 7) together with far
field images of (b) the direct beam and (c) a representative cellular diffraction signal
recorded at GINIX. right: (d) Photograph of the micro-focus setup together with
far field images of (e) the direct beam and (f ) a representative cellular diffraction
signal recorded at cSAXS (1). The beam profile in focus could be visualized by a
scintillator, see e (inset).

Fig. 1 a shows a photograph of the Göttingen Instrument for Nano-Imaging with
x-rays (GINIX) (4) at the P10-beamline of DESY’s PETRAIII storage ring: A set
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of Kirkpatrick-Baez mirrors (not shown) enabled beam focussing to a size of about
200 nm. The beam left the evacuated tube at 1© impinging the sample (here: a
self-assembled glass-chamber, 4©) about 20 cm downstream from the mirrors. Two
soft-edge apertures 3© block parasitic scattering. The sample was mounted on a
motorized stage 5© enabling sample translation with respect to the beam. An on-
axis video-microscope (OAV, Optique Peter, France) 7© with LED illumination
2© was used for orientation on the substrate. Optionally, cryogenic conditions 6©

could be applied (Cryostream, Oxford instruments, UK). Diffraction patterns were
recorded in ≈ 5.1 m distance by the single photon counting pixelated detector Pila-
tus 300k (Dectris, Switzerland). An evacuated tube 9© minimized absorption. The
primary beam could be blocked by multiple semi-transparent beamstops placed ei-
ther in front of the tube 8© or inside (not shown). The focused photon flux was
I0 = 1.29 ·1011 ph./s as determined by direct beam recordings, see b. A representa-
tive cellular diffraction image is shown in c.
Fig. 1 d shows a photograph of the micro-SAXS data at cSAXS-beamline of the
Swiss Light Source at the Paul Scherrer Institut in Villigen, Switzerland. The x-ray
beam was focused by a Si(111) crystal monochromator in horizontal and a Rh-
coated mirror in vertical direction enabling a spotsize of about 40 µm at the sample
position. The beam left the vacuum tube through a 4 µm-thick mica-window at 10©
impinging the sample 12© about 5 m downstream from the mirrors. Multiple step
motors and a hexapod 11© enabled the translation of the sample with respect to the
beam. An on-axis optical microscope 13© and a camera 16©were used for orientation
on the substrate and the surveillance of the sample. The shape and size of the beam
at the sample position was determined by a scintillator based x-ray microscope 15©.
An evacuated tube 14© of 7 m length spans the distance from the sample to the single
photon counting pixelated detector Pilatus 2M (3). For x-ray measurements the on-
axis microscope was retracted and the flight tube was approached to the specimen.
The focused photon flux was I0 = 1.44 · 1011 ph./s as determined by direct beam
recordings with filters, while the setup provides an extraordinarily clean direct beam
signal, see e. A representative cellular diffraction image is shown in f.

10.2 Sample preparation: Cells
The cells used were obtained from the following sources:
NIH-3T3s (murine embryonic fibroblasts): Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen (DSMZ), DSMZ-no. ACC 59; hMSCs (human mesenchy-
mal stem cells): Lonza, Switzerland, cat.-no. PT-2501; C2C12 (murine myoblasts):
DSMZ, DSMZ-no. ACC 565.
Cells were incubated at 37 ◦C at 5 % CO2 in vent-cap culture flasks and on the day
of splitting were washed at least once with Dulbecco’s phosphate-buffered saline
(DPBS) before trypsinization. Splitting was done every 4th day at most. Muscle-
induced hMSCs (mi-hMSCs) were derived from naive hMSCs and remained at-
tached up to 10 days. The medium was changed to muscle induction medium
(MIM) as reported by Engler et al. (2, SM), more than a week before fixation.
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10.3 Cryogenic protection of freeze-dried samples
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Figure 2: Optical micrographs of the scan areas (a) “5 cell”- and (b) “3 cell”-
arrangement treated in Sec. 3 (main article). (c) First and second dark-field map
of the “3 cell”-arrangement together with the stxm mask of the second scan series.
Scalebar: 20 µm.

Towards establishing cryoprotection as a tool to preserve the diffraction signal of
freeze-dried samples, two scan series were performed on adherent murine fibrob-
lasts comprising three and two successive scans, respectively. Fig. 2 a-b show the
OAV-images of the respective scan areas. c In agreement with the first scan se-
ries, x-ray dark-field images of the second scan series indicate no significant loss
of scattering signal. In order to investigate the radial intensity profile I(qr), the cor-
responding first scan of both series was masked (see lower right corner) separating
nucleic-, cytoplasmic- and background-regions. This mask was then transferred to
all following scans adjusting translational alterations and differing stepsizes. After
calculating an averaged 2D image for the nucleus-, cytoplasm- and background
of each scan, data were transformed and substracted obtaining the background-
corrected radial intensity profile for each scan, see Fig. 3 a-b. Data were then
fitted by a power law function:

I(qr) = a ·qb
r
+ c . (1)
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Figure 3: (a-b) After calculating a 2D-average signal, the respective background-
corrected radial intensity profiles I(qr) were determined for each scan and fitted to a
power law function fitted to the background-corrected signal of the nucleus (upper
curve) and the cytoplasm (lower curve), respectively.
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10.4 Sample Environment and Chambers
Wet sample experiments
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Figure 4: left: (a) Sketch of a commercial chamber (ibidi, Germany). (b) The
diffraction signal of an equivalent 6-channel geometry sample (ibitreat, channel
height: 400 µm, 6-channel cut) reveals a ring related to the polymer material of
the upper slide. right: (c-d) When replacing the upper slide by highly transmis-
sive Si3N4-windows this signal has vanished (ibitreat, channel height: 400 µm, 1-
channel cut).

The development of sample environments that are simultaneously compatible with
cell culture and x-ray microscopy is challenging. Previous approaches have used
custom-built PMMA based microfluidic chambers in combination with ultrathin
Si3N4-foils as x-ray windows onto which cells could adhere (8). Slides with mi-
crofluidic channels are commercially available for visible light microscopy (e. g.,
ibidi, Germany) and provide various biochemical coatings and physical surface
treatments as well as sufficient gas exchange for the use of carbonate buffer (sketched
in Fig. 4 a). We have tested these slides for the present x-ray nano-SAXS appli-
cations. Transmission at photon energy of Eph. = 13.8 keV was considered satis-
factory, and even at Eph. = 8.7 keV acceptable, but the background of the SAXS
patterns was found to be too high, despite the fact that the main polymer used is
of low residual signal compared to other materials at similar thickness (5). In par-
ticular, our recordings reveal a characteristic peak at qr ≈0.27 nm−1 (shown in b)
caused by the upper slide of the polymer channel with an estimated thickness of
about 1.5 mm. Together with the manufacturer we have developed an x-ray com-
patible design that includes an x-ray transparent and scattering free Si3N4-window
(Silson, UK), replacing parts of the upper slide of the polymer channel (Fig. 4 c-d).
Another chamber type with a sealed volume consists of two coverslips of borosili-
cate glass with an average thickness of≈100 µm as window material and a punched
piece of Parafilm serving as a spacer (not shown).
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Figure 5: (a-b) X-ray dark-field images of murine myoblasts recorded in a commer-
cially available chamber (ibidi, Germany). Scalebars: 10 µm and 20 µm. (c) Naive
hMSC mounted on borosilicate glass and placed in an improvised glass-chamber.
Scalebar: 20 µm.

Figure 5 shows nano-SAXS results obtained on hydrated fixed cells: In a & b the
corresponding x-ray dark-field images are shown for murine myoblasts, cultivated
in commercial cell culture slides (channel height: 200 µm, collagen IV coated bot-
tom layer) and recorded at a photon energy of Eph. =13.8 keV. Despite the elevated
background and the reduced signal due to a smaller contrast between cells and so-
lution, the cells can be clearly identified in the dark-field images. In c, the x-ray
dark-field image is shown for a naive hMSC in a home built glass coverslip cham-
ber, recorded at a photon energy of Eph. =7.9 keV. The nucleus can be distinguished
by eye, but the signal-to-noise ratio is too low to perform quantitative analysis on
the diffraction data. For such low signals, even the slight intensity variations due
to the top-up mode of the storage ring, i. e. the periodic refill of electrons, become
noticable and must be corrected (not shown).

Frozen-hydrated samples
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Figure 6: X-ray dark-field image of a frozen-hydrated naive hMSC. Scalebar:
20µm.

GINIX provides a cryogenic sample environment. Thus, one can avoid the invasive
last step of freeze-drying eukariotic cells leaving them in a frozen-hydrated state.
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Fig. 6 shows the x-ray dark-field image of a frozen-hydrated naive hMSC. The
nucleus can be clearly distinguished from the cytoplasm. Two cracks show a strong
overall scattering signal with pronounced anisotropy.

10.5 Structural differences among cell lines
Applying x-ray micro-diffraction on freeze-dried samples enables the quantifica-
tion of local structures within a cell and a structural comparison among different
cell lines. In this work, we propose ω obtained by PCA as a local and its respective
mean Ω as a global order parameter describing anisotropy. Ω measures the overall
anisotropic character, leading to relatively high values in case of a strong occur-
rence of parallel structures inside a cell. Data gathered so far indicate structural
differences among cell lines. For a more detailed view, one representative scan for
each cell line is chosen: See Fig. 7 for naive human mesenchymal stem cells, Fig.
6 (main article) for muscle-induced hMSCs, Fig. 8 for murine myoblasts and Fig.
9 for murine fibroblasts. All figures show the on-axis microscopic image (OAV) of
the cell in a and the x-ray dark-field in b. After defining a region of interest, indi-
cated by a black frame, a STXM mask derived from the dark-field image is applied
on the corresponding PCA results, see c, as indicated by a pink contour line in b.
The composite image is shown in d including all principal axes of the respective
diffraction images.
In view of orientational variations within a cell, quantified by the nematic order pa-
rameter s, data reveal relatively low values for naive and muscle-induced hMSCs
and relatively high values for murine myo- and fibroblasts. This finding becomes
apparent when reviewing the PCA results of the representatives chosen. Fig. 10
shows the distribution of structure orientation angles θpa in a histogram. θpa covers
a broad range of angles in case of mesenchymal stem cells while the distibution is
narrow in the case of murine myo- and fibroblasts.

According to Liu et al. (6) s is derived by the second rank tensor Q as follows:

Qαβ =
1

NROI
∑

y,z|ROI

(
2 epa,α (y,z) epa,β (y,z)−δαβ

)

Q =
2

NROI

·


∑

y,z|ROI

(
epa,1(y,z)epa,1(y,z)− 1

2

)
∑

y,z|ROI

epa,1(y,z)epa,2(y,z)

∑
y,z|ROI

epa,2(y,z)epa,1(y,z) ∑
y,z|ROI

(
epa,2(y,z)epa,2(y,z)− 1

2

)


∗
=

2
N
·


∑

y,z|ROI

(
(cos(θpa(y,z)))2− 1

2

)
∑

y,z|ROI

cos(θpa(y,z))sin(θpa(y,z))

∑
y,z|ROI

sin(θpa(y,z))cos(θpa(y,z)) ∑
y,z|ROI

(
(sin(θpa(y,z)))2− 1

2

)


* assuming a general vector~epa(y,z) =
(

e1(y,z)
e2(y,z)

)
=

(
cos(θpa(y,z))
sin(θpa(y,z))

)
showing along the principal axis.

We then determined the eigenvalues s1,2 of the equation:

Q ·~b = s ·~b

using Wolfram Mathematica 8 (Wolfram Research, IL, USA). The nematic order
parameter is the positive eigenvalue s1∨2 > 0.

s1∨2 =
1

2NROI

−2NROI + ∑
y,z|ROI

2(cos(θpa(y,z)))2

+

√√√√√4

 ∑
y,z|ROI

2cos(θpa(y,z))sin(θpa(y,z))

2

+

 ∑
y,z|ROI

2
(
cos(θpa(y,z))

)2− ∑
y,z|ROI

2
(
sin(θpa(y,z))

)2

2

+ ∑
y,z|ROI

2
(
sin(θpa(y,z))

)2

)
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(1)
=

1
2NROI


√√√√√4

 ∑
y,z|ROI

2cos(θpa(y,z))sin(θpa(y,z))

2

+

 ∑
y,z|ROI

2
(
cos(θpa(y,z))

)2− ∑
y,z|ROI

2
(
sin(θpa(y,z))

)2

2


(2),(3)
=

1
2NROI

√√√√√4

 ∑
y,z|ROI

sin(2θpa(y,z))

2

+

 ∑
y,z|ROI

4cos(2θpa(y,z))

2

=
1

NROI

√√√√√
 ∑

y,z|ROI

sin(2θpa(y,z))

2

+

 ∑
y,z|ROI

cos(2θpa(y,z))

2

�

The results presented in section 6 (main article) are based on the datasets presented
in Fig. 11 showing the OAV-image in the 1st and the x-ray dark-field image in the
2nd column. PCA results of the entire scan are separated showing the results of
the order parameter ω in the 3rd and the orientation axis in the 4th column. The
STXM mask used for statistical evaluation is depicted in the 5th column. Special
attention was drawn on masking single cells which is important for determination
of the nematic order parameter s. Parameters of each scan are listed in Tab. 1.
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Figure 7: (a) OAV-image of freeze-dried naive hMSCs right before recording.
(b) X-ray dark-field image using the micro-SAXS setup with a photon energy of
Eph.=8.7 keV). Scalebar: 40 µm. (c) PCA results of the marked region after apply-
ing a STXM mask, indicated as a pink contour line in b. (d) Composite image of the
scan area shown in c. By PCA, two basis vectors are computed for every diffraction
image.
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Figure 8: (a-d) equivalent arrangement as in Fig. 7, here on a murine myoblast.
Scalebar: 10 µm.
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Figure 9: (a-d) equivalent arrangement as in Fig. 7, here on a murine fibroblast.
Scalebar: 10 µm.

10



0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

co
un

ts

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

co
un

ts

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

co
un

ts

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

co
un

ts

 

 

0.3lin. scale0.0

a b

c d

 

 

0.3lin. scale0.0

 

 

0.3lin. scale0.0

 

 

0.3lin. scale0.0

naive hMSC muscle-induced hMSC

murine myoblast murine fibroblast

[1] [1]

[1][1]

pa[°]θpa[°]θ

pa[°]θpa[°]θ

Figure 10: Histograms showing the distribution of structure orientation angles θpa in
(a) a naive and (b) muscle-induced hMSC, (c) a murine myoblast and (d) a murine
fibroblast.
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Figure 11: Overview of the datasets taken into account for statistical analysis show-
ing the OAV-image in the 1st, the x-ray dark-field in the 2nd, the PCA order pa-
rameter and orientation in the 3rd and the 4th as well as the STXM masks for cells
(red) in the 5th column. Note, that for presentation reasons individual limits were
set for colorbars (not shown), so that a direct comparison between dark-fields is not
applicable.

cell type naive hMSC C2C12 NIH-3T3 mi-hMSC
scan no 1 2 3 4 5 6 7 8 9 10 11 12 13 14
∆y in µm 8 10 10 5 5 5 5 5 5 5 5 5 5 5
∆z in µm 8 10 10 5 5 5 5 5 5 5 5 5 5 5

Table 1: Scan step sizes for data shown in Fig. 7 (main article). All cells were
grown on 1 µm-thick Si3N4-membranes, cryoprepared at alive state and then freeze-
dried. All scans were performend at an energy of Eph. = 8.7 keV with a dwell time
of tdwell =0.5 s and a flux of I0 = 1.44 · 1011 ph./s using the instrumentation of the
cSAXS endstation.
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