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ABSTRACT: X-ray imaging of intact biological cells is
emerging as a complementary method to visible light or
electron microscopy. Owing to the high penetration depth
and small wavelength of X-rays, it is possible to resolve
subcellular structures at a resolution of a few nanometers.
Here, we apply scanning X-ray nanodiffraction in combi-
nation with time-lapse bright-field microscopy to nuclei of
3T3 fibroblasts and thus relate the observed structures to
specific phases in the cell division cycle. We scan the sample
at a step size of 250 nm and analyze the individual
diffraction patterns according to a generalized Porod’s law. Thus, we obtain information on the aggregation state of the
nuclear DNA at a real space resolution on the order of the step size and in parallel structural information on the order of
few nanometers. We are able to distinguish nucleoli, heterochromatin, and euchromatin in the nuclei and follow the
compaction and decompaction during the cell division cycle.
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Each nucleus in a mammalian cell contains 2 nm-thick
DNA double helices1 with a total length of about 2 m.2,3

The DNA strands are packed in a highly hierarchical
manner into individual chromosomes. During cell division, the
DNA is unpacked, duplicated, and repacked, before copies of
chromosomes are dragged into the two daughter cells such that
each cell is equipped with a full set of chromosomes after
division. The DNA double helix structure has been resolved by
X-ray diffraction already in the 1950s,1,4 and the existence of
nucleosomes, 10 nm fibers, in which the double helices are
wrapped around histone proteins like “beads-on-a-string”,5−8

has been shown in the 1970s. By contrast, less detail is known
about the subsequent structure formation on length scales
above 10 nm.3 The 10 nm fibers are thought to fold into
chromatin fibers with a diameter of 30 nm,9,10 subsequently
forming coiled structures of 300 nm diameter, coiled-coil
complexes of 700 nm size, and finally chromosomes, which
have a size of about 1 μm.11,12 While the 30 nm chromatin
fibers have been observed in vitro,13,14 no clear evidence of such
a structure has been reported in vivo, and its existence is still
debated.2,12,15 Within the cell nucleus, the DNA is not
homogeneously distributed, but in regions of more or less
densely packed DNA referred to as heterochromatin and
euchromatin, respectively. Consequently, euchromatin is tran-
scriptionally active by contrast to heterochramtin that is
transcriptionally inactive due to the higher degree of
condensation.16 Moreover, inside the nucleus, these two
structures are located at different specific regions: hetero-

chromatin is found close to the nuclear envelope and around
the nucleoli, whereas euchromatin is located more centrally.7

Thus, the length scales, on which DNA structure formation
occurs in the nucleus, range between 2 nm and 1 μm.
Consequently, besides direct imaging by electron microscopy
(EM) with better and better resolution,6,13,17 scattering by
neutrons or X-ray photons has been widely employed to study
the hierarchical structural levels. Early on, small angle neutron
scattering (SANS) revealed the structure of chromatin particles
with histones in the centers and DNA wrapped around18 and
small-angle X-ray scattering (SAXS) showed that the histones
play an important role in maintaining the structural order in the
chromatin.19 Nishino et al. employed SAXS in combination
with EM to show that the nucleosomes are irregularly arranged
in the chromatin fibers.20 Most early studies were performed on
isolated in vitro systems, however, experiments on whole cells
or isolated nuclei21 also revealed the existence of a 30 nm
structure which could correspond to chromatin fibers.
In recent years, novel X-ray techniques have been developed

which combine the structural sensitivity of scattering methods
with real space imaging. These imaging techniques complement
EM and fluorescence microscopy by high resolution, due to a
small wavelength, and high penetration power. Innovative
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developments in X-ray focusing optics22,23 have led to beams
focused down to the order of 100 nm that are now routinely
available at specialized synchrotron facilities.24−26 In the past,
we and others have successfully employed scanning X-ray
nanodiffraction on whole cells. Taking advantage of the
nanofocused X-ray beam and thus avoiding spatial averaging
as in standard X-ray scattering, these studies could resolve the
local orientation and structure of the keratin networks in intact,
unstained cells,27−30 the order and orientation of actin filaments
in hair cell stereocilia,31 and the acto-myosin networks in
Dictyostelium discoideum cells32 and mesenchymal stem cells.33

X-ray imaging has been applied to studying DNA packing in the
nucleus in the past, in particular to Deinococcus radiodurans
cells. By employing ptychography, the electron density was
quantitatively measured34,35 and extended to three dimensions
by holography36 and phase contrast tomography.37 Coherent
X-ray diffraction imaging in combination with visible light
fluorescence microscopy was used to investigate nuclei of
mammalian cells at a resolution of 20 nm, and the 3D
architecture of nuclear substructures such as nucleolus and
chromatin regions could be quantified.38

Thus, extremely valuable information was derived from
studying DNA packing and compaction in the nucleus by X-ray
imaging. An important drawback of the methods, however,
remains that they are static, providing snap shots of certain
stages during the cell division cycle. In order to understand the
temporal evolution of the packing process, it is important to
compare different stages. An interesting approach was taken by
Spagnol et al. by chemically inducing DNA compaction and
decompaction and quantifying the changes by fluorescence
lifetime imaging microscopy (FLIM).16

Here, we employ X-ray nanodiffraction in combination with
visible light phase contrast imaging on intact, freeze-dried
fibroblasts to follow DNA compaction and decompaction
during the different stages in the cell cycle. The correlative
approach enables us to follow morphology and aggregation

state of the DNA in a spatially and temporally resolved manner.
We thus identify nuclear regions of particularly dense material
as nucleoli and heterochromatin, surrounded by euchromatin,
which is less densely packed. During the cell cycle, these
nucleoli/heterochromatin regions are most strongly affected by
DNA (de)compaction and changes in the size of scattering
aggregates. Thus, we present results of a label-free technique to
study important biological processes such as the DNA
compaction and reorganization inside cells.

RESULTS AND DISCUSSION

Assessing Radiation Damage. It is possible to image
hydrated and even (initially) living cells by scanning nano-
diffraction,28,29 but the electron density contrast between
sample and environment is low, preventing sufficient photon
statistics in the individual diffraction patterns. Moreover, in
liquids, the motility of free radicals produced by water
radiolysis39 is very pronounced, leading to severe radiation
damage.39−41 Thus, in the past, we have mostly focused on
freeze-dried samples providing a comparatively high electron
density contrast and reducing the effect of radiation
damage.27,30,31 However, radiation damage still remains a
challenge, and nanoscale defects caused by the radiation have to
be carefully assessed. We have previously shown29 that such
nanoscale changes are observable in average diffraction patterns
and in the related power law decay (Porod exponent). Thus, we
compare different experimental settings for freeze-dried
samples with a few recordings of cryoprotected samples.
Cryoprotection has been shown to reduce the impact of
ionizing radiation,32,42 with the drawback of a more
sophisticated and less versatile experimental setup that includes
the cryostream. One has to be aware, however that both
chemical fixation29 and freeze-drying43 of the cellular samples
likely have an effect on intracellular nanostructure.
In total, we record the signal of 29 intact cells (26 freeze-

dried and three in cryoprotected conditions). For each sample,

Figure 1. (a) Phase contrast image of a chemically fixed cell before freeze-drying. The black box indicates the ROI for the X-ray scan. The
scale bar indicates 50 μm. (b) X-ray dark-field image of the ROI indicated in (a). The scale bar indicates 2.5 μm. (c) ROIs chosen for data
analysis: background (blue), cytoplasm (light gray), euchromatin (red), and nucleoli/heterochromatin (dark gray). (d) Typical single
diffraction pattern within the nuclear region. (e−h) Average signal (intensity versus scattering vector q) derived from the ROIs: (e)
background, (f) cytoplasm, (g) euchromatin, and (h) nucleoli/heterochromatin.
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regions of interest (ROIs) are manually selected by carefully
inspecting the visible light micrographs, and all diffraction
patterns within these ROIs are averaged in order to obtain one
2D pattern for each ROI. An example of a typical scan is
presented in Figure 1. Figure 1a shows a visible light phase
contrast micrograph of the cell for comparison. In the X-ray
dark-field image in Figure 1b, which identifies the total
scattering in each scan point, different regions in the cell are
identified as indicated by the colored ROIs in panel c. Within
the nucleus we distinguish more strongly scattering regions
(yellow to red on the color scale in Figure 1b) and less strongly
scattering regions. The scattering power of a material is directly
related to the electron density, number of scatterers, and their
total volume (see eq 5 discussed further below). As the probed
volume within the nucleus (∼0.35 × 0.43 × 5 μm3) is
approximately constant from one scan point to another, the
dark-field images provide a qualitative measure of the electron
density.
In comparison to the visible light micrograph (Figure 1a),

the globular high intensity regions (indicated by the black
arrows in Figure 1b) can be assigned to nucleoli.44,45 Note that
additional strongly scattering material, which we assign to
heterochromatin (HC), is not seen in the visible light
micrograph. By contrast, we assign the less strongly scattering
material to euchromatin (EC).46−48

The average signal for each of the four ROIs is shown in
Figure 1e−h. Each of these average patterns is azimuthally
integrated, and the 1D curves are background corrected by
subtraction of the signal from the empty region (blue in Figure
1c). The radial intensity curves are plotted against the
magnitude of the scattering vector:

π
λ

θ=q
4

sin
(1)

with the X-ray wavelength λ and the scattering angle 2θ, as
shown in Figure 2a. The curves are then fitted by a generalized
Porod’s law:49

= +αI q Kq B( ) (2)

to derive the Porod exponent α < 0 and the Porod constant K.
B is a constant that accounts for inelastic and incoherent
scattering and small density fluctuations in the sample. The
generalized Porod’s law is not only valid for single particles but
also for densely packed systems, as regarded in this study if we
can assume a well-defined internal surface.50 The Porod
exponent α provides information about the morphology of
the sample.50,51 For an ideally thin rod, α = −1, for a thin sheet,

α = −2, and for a spherical object with a smooth surface, α =
−4. Noninteger values are typical of mass fractals (α between
−1 and −3) and surface fractals (α between −3 and −4).52,53
As can be seen from the dark-field image, the heterochromatin
and nucleoli scatter most strongly and the cytoplasm least
strongly. We find similar exponents α for the three ROIs but
very different values for K.
The exponents α of the investigated samples are shown in

Figure 2b. For the freeze-dried samples (red symbols), two
groups of data points can be identified, α close to −3.6 and α
close to −4, which can almost unambiguously be assigned to
data recorded with the full beam (I0) and to data recorded with
an attenuated beam (I0′ = 0.28 × I0), respectively. We have
plotted the data in the temporal order in which we took them
during the measurement campaign. Thus, for example, the first
group of points (I0′) and the second group (I0) stem from the
same sample. We can thus exclude a mere influence of sample
preparation on the exponents. Therefore, the difference in the
exponent may be caused by radiation damage induced by the
primary beam intensity. Better statistics by recording even more
data sets would be needed to clearly prove this relationship
between the beam intensity and the Porod exponent.
Nonetheless, our hypothesis is supported by a direct
comparison to data recorded from cryoprotected samples
(gray symbols in Figure 2b). Here, we measure values for α
around −4.3, independent of the attenuation. The different
settings are marked by (0) for no attenuation, i.e., a
transmission of I0 and (1) for a transmission of I0′, for each
individual data point. In all experiments presented here, the
exposure time is 100 ms, and the estimated dose27 is calculated
by approximating the cellular constituents with the empirical
average chemical formula54 H50C30N9O10S. Thus, the dose
corresponds to about 2 × 108 Gy for the full beam and about
0.6 × 108 Gy with a transmission of I0′ = 0.28 × I0. We
therefore conclude that with a beam attenuation by a factor of
3.6, the radiation damage is reduced almost to the level also
reached by cryoprotection. A study on polysaccharide starch
granules showed that the Porod exponent increases with the
exposure time due to radiation damage,55 which is in line with
our results. As a consequence of this assessment, in the
following we only consider recordings at an intensity of I0′ from
16 cells.

Temporal Evolution of DNA Nanostructure during the
Cell Cycle. In order to relate the nuclear nanostructure to the
different stages in the cell cycle, each cell needs to be analyzed
according to previous divisions. Thus, we record time-lapse
visible light bright-field microscopy movies (1 image every 5

Figure 2. (a) Background corrected radial intensities corresponding to the ROIs shown in Figure 1 and fit by a generalized Porod’s law (eq 2).
More examples are shown in Figure S1 of the Supporting Information. (b) Porod exponents α of all investigated samples, i.e., intact cells in
freeze-dried and cryoprotected conditions. I0 corresponds to the full beam and I0′ = 0.28 × I0 to the attenuated beam.
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min, duration 15−25 h) of the cells grown on silicon-rich
nitride membranes. In Figure 3a, a sketch of the cell cycle is
shown. During the gap 1 (G1) and gap 2 (G2) phase, cells and
nuclei grow in volume,2,56,57 and we observe an increase of the
projected area. In between, during the synthesis (S) phase, the
DNA is replicated.58,59 During the mitosis (M) phase, cell
division takes place. By analyzing the movies, we estimate the
time between two consecutive divisions (M-phases) for 33 cells,
as shown in the histogram in Figure 3b. We find an average cell
cycle time length of 14.7 ± 3.0 h. Figure 3d shows individual
movie frames at selected time points with the cell tracked in
this example marked by the blue arrows.
Additionally, we extract the cell area and plot it against time

as shown in Figure 3c. We define the time point t = 0 as the
first movie frame where two daughter cells are distinguishable
and track one of the daughter cells over time. The increase in
cell area is characterized by three major phases: a lag phase (L),
a fast expansion phase (E), and a slower spreading phase
(Sp).60 L-phase is regulated by complex actin filament
assembly, and the cells are spherical.61 In the E-phase the
cells flatten and form thin disks.61 It is characterized by a fast
growth of the cell area. Subsequently, cell growth slow downs
and finally reaches a plateau at the end of the Sp-phase, and the
cell prepares for mitosis. Cell growth phases (L, E, Sp) and cell
cycle phases (G1, S, G2, M) and in particular cell area growth
and nuclear area growth are strongly correlated as shown, for
example, for algae cells.62

Note that after identifying the influence of radiation damage
on the Porod exponent, we here only consider cells recorded
with an attenuated beam, thus average Porod exponents
between −4.2 and −3.8. For our data analysis, we identify

four groups of samples: (i) cells in the E-phase (corresponding
to G1), (ii) cells in the early Sp-phase (corresponding to late
G1 and early S), (iii) cells in the intermediate Sp-phase
(corresponding to late S and early G2), and (iv) cells in the late
Sp-phase (corresponding to G2). Note that in Figure 3e we
include two additional subgroups (G1/S and S/G2) for cells
that could not unambiguously be assigned to one group. For
each cell, A(t) is investigated in order to reveal the approximate
stage of the cell in the cell cycle at the time point of fixation and
subsequent X-ray measurement. For 16 samples, the Porod
exponent of the whole nucleus is determined using eq 2. Figure
3e shows the data plotted against the estimated cell cycle time
point. We observe an increase of the Porod exponent from G0
to G1. Subsequently α decreases along the cell cycle. These
findings agree with our expectations: Cells in G0-phase are
small, and thus the DNA is more compacted than for G1, when
the cell and nucleus have grown. Indeed, as can be seen in
Figure 3c, the cell area at the end of the E-phase is about 4
times larger compared to the area at t = 0. Subsequently, the
size of the cells increases slowly, and the DNA content in the
nucleus is doubled leading to a more compact state, in
agreement with the decrease in the Porod exponent.63,64 The
fact that there is only a single cell scanned in G0 phase reflects
the biological particularities of this stage: (i) this stage is very
short and (ii) cells that have just divided have fewer adhesion
points, hence these cells have a tendency to detach during the
fixation and washing steps.

Spatially Resolved Analysis of DNA Nanostructure.
We record a full diffraction pattern in each scan point (step size
250 nm × 250 nm). Therefore, in addition to the temporal
evolution of DNA nanostructure during cell division as

Figure 3. (a) Sketch of the different phases in the cell cycle. (b) Histogram of the cell cycle duration measured between two consecutive
mitoses. (c) Area A(t) of the cell marked in panel d plotted against time. Three growth phases are represented, the lag phase (L), the
expansion phase (E), and the slow or steady spreading phase (Sp). (d) Snap-shot images of visible light phase contrast tracking of a cell over
time. t = 0 corresponds to the time when the two daughter cells separate; the sample is chemically fixed after 15.3 h of time-lapse recording.
Blue arrows mark the cell that is tracked. The scale bars indicate 50 μm. (e) Porod exponents from all 16 cells plotted against the cell cycle
time points, error bars indicate the standard error derived from curve fitting.
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reported above, we have access to local information at a real
space resolution of 350 × 430 nm2. Figure 4 shows an example,
where, as in Figure 1a,b, the cytoplasm as well as two nuclear
regions (high intensity and low intensity in X-ray dark-field
contrast) can be distinguished (panel a). Instead of averaging
the patterns as above, we analyze each pattern individually
according to eq 2. Both the Porod exponent α and the Porod
constant K are plotted as maps in Figure 4b,d, respectively.
As stated above, the value of the Porod exponent α allows to

retrieve the architecture of the sample. Experimentally, a value
of −3.7 was found for DNA helices and −1.7 for DNA coils.63

An exponent of −3.5 was reported corresponding to sponge-
like structures.65 We find Porod exponents between −3.8 and
−4.2. Interestingly, the Porod exponent map shows that α is
fairly homogeneously distributed within the investigated area
(nucleus and cytoplasm) as shown in Figure 4b, and no
pronounced differences between the different nuclear regions
and between nucleus and cytoplasm are observed. Figure 4c
shows histograms for each region (cytoplasm in red, nucleoli/
heterochromatin in blue and euchromatin in orange) of the
Porod exponents derived from the analysis of the individual cell
shown in Figure 4. The distributions are fitted by Gaussian
functions (see Figure S3 in the Supporting Information),
revealing a mean on the order α = −4 for all regions, whereas
the standard deviation is slightly increased for the cytoplasm,
indicating an increased structural heterogeneity as compared to
the nucleus. Table 1 summarizes these results. As we found
noninteger α values, typical of fractals or nonparticulate
systems, other fit models such as the Beaucage model are
commonly used for these systems.66,67 This model has the
advantage that it unifies the low q values (Guinier region) and
the high q values (Porod region). Example fits of the Beaucage
model are shown in Figure S4 in the Supporting Information.
Both models (Porod and Beaucage) show good agreement with
the experimental data. Here, we have focused on the Porod

model because it provides an easier access to other SAXS
parameters.
In addition to the Porod exponent, which has been widely

analyzed for cell samples in the past,29,32,33 eq 2 gives rise to the
Porod constant K, shown in Figure 4d as a 2D map and in
panel e as histograms. The spatial distribution resembles the
dark-field image, with regions of higher and lower values in the
nucleus. Table 1 shows distinctly different values for the three
ROIs, where K is highest for the nucleoli/heterochromatin and
lowest for regions located in the cytoplasm. In order to
interpret the Porod constant K in a physical way, we recall that
it is directly related to the specific surface or surface-area-to-
volume ratio Sv = SAi/Vi, where SAi is the surface-area of object
i and Vi is the volume of object i:68,69

π ρ= ΔK S2 ( )2
v (3)

where Δρ is the excess scattering length density defined as Δρ
= ρsample − ρsolvent. Here we have defined the Porod constant
such that it is proportional to the number of scatterers N. Sv
provides information about the compactness and the size of the
probed objects. Larger values of Sv are expected for (i) smaller
and (ii) less compact or aggregated objects. These two
situations are schematically depicted in Figure 5c. As shown

Figure 4. (a) Dark-field image of a cell; the color bar indicates the number of scattered photons. The scale bar indicates 2.5 μm. (b) Map of
the Porod exponent α of the cell in (a) using a generalized Porod’s law as described in eq 2 and (c) histogram of all individual Porod
exponents from (b). (d) Map of the Porod constant K of the cell in (a) and (e) histogram of all individual Porod constants from (d). f) Map of
the surface-area-to-volume ratio Sv (see Figure S2 in the Supporting Information for an example of another cell).

Table 1. Means and Standard Deviations of the Porod
Exponent α and Constant K Distributions of Three ROIs
within the Cell Shown in Figure 4

ROI mean std

nucleus HC −3.98 0.16
Porod exponent α nucleus EC −3.99 0.15

cytoplasm −4.04 0.21

nucleus HC 14.3 × 10−4 5.5 × 10−4

Porod constant K nucleus EC 8.7 × 10−4 5.1 × 10−4

cytoplasm 2.0 × 10−4 2.6 × 10−4
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by eq 3, however, K is also directly related to the square of the
electron density contrast of the sample. Thus, increased values
of K either indicate higher electron density contrast, a higher
number of particles, a less compact system, or smaller particle
size.
From the dark-field images, Δρ is not quantitatively

accessible. However, by the use of other SAXS quantities, it
is possible to obtain an approximation of Sv. The Porod
invariant Q is given by

∫ π
= =

∞
Q I q q q

I
V

( ) d
2

0

2 0
(4)

where I0 is the zero angle (forward) scattering and V the
volume of the scatterers. In any real experiment, the SAXS
signal is only collected for q values between qmin and qmax. Thus,
the values at low angles from 0 to qmin are determined by

Guinier’s approximation =Q
I q

Guinier 3
0 min

3

and the values at high

angles between qmax to q∞ are extrapolated using Porod’s law

leading to =Q K
qPorod

max
(see Supporting Information for a

detailed mathematical description).70 On the other hand, the
background corrected scattering intensity is defined as

ρ= Δ ̃I q NV F q S q( ) ( ) ( ) ( )2 2 2
(5)

where N is the number of particles, and F(q), and S ̃(q) are the
form and structure factors, respectively, that is, the Fourier
transforms of the shape and spatial arrangement of the system.
In order to obtain an expression for Sv, we combine eqs 3, 4,
and 5:

∝ ̃S F q S q I
K

I q Q
( ) ( )

( )v
2

0
2

2
(6)

We can evaluate this expression in an approximative way from
our data. The form factor F(q), which describes the geometry
of the scatters, is similar for all positions, as we found similar
values of α values with a small standard deviation (0.16 for the
nucleus of the cell shown in Table 1), indicating that the
average probed structures at different positions have similar
morphologies. Note that in this analysis, we refer to the spatial
variation of the local structure from one scanning point to
another, but for the same cell, i.e., in the same cell cycle time
point. By contrast, in the previous section we have shown that
different cells have different α values during different time
points in the cell cycle. The structure factor S ̃(q) can be
neglected in the Porod regime (i.e., at high q values S ̃(q) ≃
1);50 this aspect is further supported by the fact we do not see
features stemming from intraparticle structure. In order to take
into account the scattering intensity at different q values, we
define the dark-field signal as IDF = ∑q∈R I(q), where R is the
probed radial range.71 Thus, we arrive at an approximation for
the surface-area-to-volume ratio:

=S C
K

I Qv
DF

2
(7)

where C is a constant including I0, F(q), and S ̃(q) and
accounting for the summation over all q. Note that because of
the factors included in C, Sv is evaluated in arbitrary units.
Using this relation, we derive an approximated map of Sv

from the maps of K and of IDF for one cell (see the Supporting
Information for another example of a different cell), as shown
in Figure 4f. We observe regions of lower values that

Figure 5. (a) Means and standard deviations of the distributions of Porod exponents α and (b) Porod constants K for the cells analyzed in
Figure 3e, plotted separately for the three distinguished regions (nucleoli/heterochromatin as blue squares, euchromatin as orange stars, and
cytoplasm as black diamonds). Each data point corresponds to one cell. (c) Schematic of the effect of aggregation (left) and structure size
(right) on Sv: the sample is depicted in blue, the background in gray.
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correspond to the high intensity in the dark-field contrast, thus
supporting the qualitative result from the dark-field images. It
should be noted, however, that our approach presented here is
only an approximation and other X-ray imaging methods may
provide more precise information beyond the estimate we use
here. By employing, for example, ptychography,34,35 holog-
raphy,36 or phase contrast tomography,37 Δρ may be directly
accessed and used in eq 3. In our data, the nucleoli/
heterochromatin regions show the lowest values of surface-
area-to-volume ratio Sv, thus indicating an increased compact-
ness and size of the probed scatterers. The euchromatin region
still shows considerably larger, more compact scatterers than
the cytoplasm. These results indicate a more aggregated,
compacted state of the DNA found in the nucleoli/
heterochromatin compared to the euchromatin. As expected,
the cytoplasmic components, such as cytoskeletal proteins, are
less aggregated. Note that this is not in contradiction to our
discussion of the Porod exponent above; even though the
morphology of the scatterers is mostly the same between the
different ROIs, the degree of compaction is different.
In an effort to capture both the temporal evolution and the

spatial variability of the DNA nanostructure, we plot the data of
the different ROIs for 16 individual cells in Figure 5a,b in a cell
cycle time point-dependent manner. Each symbol depicts the
mean from all individually analyzed diffraction patterns within
one ROI (nucleoli/heterochromatin, euchromatin, or cyto-
plasm, respectively) for one individual cell. The error bars
denote the corresponding standard deviations. An increase in
the Porod exponent during G1 phase is observed for the
nuclear regions (blue squares and orange stars) but is almost
negligible for the cytoplasm (black diamonds). This agrees with
our expectations, as the cytoplasm and cytoskeletal constituents
should not compact considerably during the cell cycle. For the
16 cells, we found an average standard deviation of 0.21, 0.21,
and 0.27 for the nucleoli/heterochromatin, euchromatin, and
cytoplasm, respectively. Thus, we observe an increased
heterogeneity for the cytoplasm as compared to the nuclei, as
expected.
The Porod constant (Figure 5b) provides information about

the surface-area-to-volume ratio as well as the electron density
contrast Δρ. Our measurements show a strong increase for the
nucleoli/heterochromatin regions, during G1 phase and to a
lesser extent for the euchromatin, whereas the values from the
cytoplasm are constant. Consistently, however, for all the 16
cells, K is highest in the high intensity parts of the nucleus and
smallest for the cytoplasm.

CONCLUSIONS
Imaging biological samples at nanometer resolution while
keeping them in a close-to-native state remains challenging. X-
ray techniques such as scanning nanodiffraction offer the
possibility to image intact, unsliced, and unstained cells at
nanometer spatial resolution. By combining visible light
microscopy time-lapse recordings with the nanodiffraction
data, we additionally obtain access to the temporal evolution of
the DNA compaction during the different cell cycle stages.
After carefully assessing radiation damage, we use an imaging
modality, which keeps the cellular nanostructure intact to a
high degree. Individual X-ray diffraction patterns are recorded
at a real space resolution of 350 × 430 nm2, and we analyze
data according to a generalized Porod’s law (eq 2). Thus, we
derive three independent quantities, the total scattering from
the dark-field analysis, the Porod exponent α, which gives rise

to structure morphology and compactness, and the Porod
constant K, which provides a qualitative measure for the
surface-area-to-volume ratio of the scatterers, thus providing
information about the size and aggregation state of the probed
biological material. Comparing the cell nucleus with the
surrounding cytoplasm, we find an increased aggregation and
material density, as shown by a stronger overall scattering in the
dark-field images, a higher Porod constant, and a decreased
surface-area-to-volume ratio. More specifically, we identify
particularly dense and aggregated regions within the nucleus as
the nucleoli and surrounding heterochromatin. Interestingly,
the Porod exponent distribution within both nucleus and
cytoplasm is not correlated with these distinguished regions.
With regard to different cell cycle time points, between G0 and
G1 phases, when the cell grows but the DNA is not doubled
yet, we observe a pronounced decompaction of the DNA by an
increase of the Porod exponents of the nuclei. Upon doubling
of the DNA content, which occurs during S phase, the DNA
compacts, and the Porod exponent decreases to its original
value. Furthermore, we derive direct information about the
aggregation state of the DNA in the nucleoli/heterochromatin
and the euchromatin. Interestingly, the euchromatin is not very
strongly affected during the cell cycle stages, as observed by
only slight changes in the Porod constant. By contrast,
however, the nucleoli/heterochromatin shows a strong increase
for the Porod constant, in line with a decrease in size of probed
aggregates during DNA decompaction. Thus, we present a
method to study DNA compaction and decompaction during
different time points in the cell cycle on intact cells and in a
temporally and spatially resolved manner. Future experiments
combining X-ray nanodiffraction with either a second imaging
technique (e.g., ptychography or holography) or live
fluorescence microscopy, providing quantitative electron
density contrast or information about cell cycle time points,
respectively, will enable us to gain even more precise
information on the nanostructure within cellular components.
Given the rapid advancement of synchrotron sources, X-ray
optics, and data analysis, it may even in the future become
possible to identify stages in the cell cycle by SAXS
measurements only avoiding the “detour” via optical micros-
copy.

MATERIALS AND METHODS
Cell Culture and Sample Preparation. We used 3T3 fibroblasts

(NIH strain) from Swiss albino mouse embryos,72 whose nuclei have a
diameter of about 25 μm. The cells were grown in cell culture dishes in
low glucose (1.0 g/L) Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with L-glutamine and 10% (v/v) FCS, 100 units/mL
penicillin, and 0.1 g/L streptomycin at 37 °C in a water-saturated
atmosphere with 5% CO2. When the cells reached about 80%
confluence, they were detached from the culture dishes using 0.25%
(v/v) trypsin and resuspended onto a fresh culture dish into which
silicon-rich nitride membranes (frame size 5 × 5 mm2, window size 1.5
× 1.5 mm2, thickness 1 μm, Silson Ltd., Blisworth, England) had been
placed. After 12 hours, the windows were placed in a stage-top
incubation chamber, with identical culture conditions, and the
incubation chamber was mounted on the sample stage of an inverted
visible light microscope (IX81, Olympus, Hamburg, Germany). In
order to obtain a large field of view, a 4× objective was employed, and
bright-field images were recorded every 5 min for about 15 to 25 h.
Afterward, the samples were washed with phosphate buffered saline
(PBS), fixed with 3.7% formaldehyde solution supplemented with 1%
methanol for 15 min, and washed three times for 5 min with PBS.
Phase contrast microscopy images using 10× and 20× objectives were
taken of each window. Samples were plunge-frozen and freeze-dried, as

ACS Nano Article

DOI: 10.1021/acsnano.6b05034
ACS Nano 2016, 10, 10661−10670

10667

http://dx.doi.org/10.1021/acsnano.6b05034


described previously,27,29,31−33 and inspected by bright-field and phase
contrast microscopy at different stages of the sample preparation to
identify possible artifacts from the preparation.
Scanning X-ray Nanodiffraction. We performed the X-ray

nanodiffraction experiments at the coherence applications beamline
P10 at the PETRAIII storage ring (DESY, Hamburg, Germany) and
used the Göttingen Instrument for Nano Imaging with X-rays
(GINIX).73,74 The beam was delivered by a 5 m long undulator,
directly followed by a cryo-cooled double crystal monochromator (Si-
111) at an energy 8.0 keV. The beam was then focused by two
Kirkpatrick−Baez (KB) mirrors (in cross geometry), as sketched in
Figure 6a. The beam was focused to 350 × 430 nm2 with a flux of 1011

photons/s and cleaned by apertures before reaching the sample. The
sample was mounted on a piezoelectric stage allowing for fine
translations down to 1 nm. The sample was aligned with an on-axis
visible light microscope (reflectivity mode). Directly after the sample, a
first beam stop (tungsten, 100 μm thickness, size 800 × 800 μm2) was
employed to block the primary beam. Subsequently, the scattered
signal passed through a vacuum flight tube of 5 m length. The
scattering signal was recorded using a single photon counting, high
dynamic range Pilatus 300 K detector (487 × 619 pixels, pixel size:
172 × 172 μm2; Dectris Ltd., Baden, Switzerland) or a Pilatus 1 M
detector (981 × 1043 pixels, same pixel size as the 300 K), placed at
the end of the flight tube. Due to the relatively high intensity of the
beam, attenuators made out of aluminum were placed in front of the
sample to reduce the beam intensity and to prevent severe radiation
damage.
We first performed coarse scans of step size 2 × 2 μm2 and exposure

time of 50 ms to localize the cell. Subsequently, we performed fine
scans on the nuclear region of the cell, with step sizes of 250 nm in
both directions and an exposure time of 100 ms.
Data Analysis. The intensity recorded on the detector stems from

the square modulus of the amplitude of the specimen’s exit wave field,
corresponding to the Fraunhofer far-field. In order to visualize the cell
in real space, we computed X-ray dark-field images by integrating the
full 2D diffraction patterns and plotting this integrated value at the
position of the scan point. Furthermore, we analyzed the individual
diffraction patterns. The 2D patterns were reduced to 1D radial
intensity curves I(q) by azimuthal integration. The curves were plotted

against the scattering vector = +q q qy
2

z
2 (eq 1). With our setup

characteristics, we had access to a q-range of about [0.08, 1.04] nm−1,
thus accessing real space structures of about 6−80 nm. All diffraction
patterns were corrected for exposure time and transmission of the filter
used to reduce the primary beam intensity. Additionally, the beam
current was used to normalize each scan point in order to account for
variations of the beam intensity. The radial intensity curves were then
fitted to a generalized Porod’s law (eq 2). All the curves were fitted in

the q range [0.12, 1.03] nm−1 by a nonlinear least-squares
minimization.
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