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We present here a correlative X-ray microscopy approach for quantitative single cell imaging of
molar concentrations. By combining the elemental content provided by X-ray fluorescence micros-
copy and the morphology information extracted from X-ray phase nanotomography, we determine
the intracellular molarity distributions. This correlative method was demonstrated on a freeze-dried
human phagocytic cell to obtain the absolute elemental concentration maps of K, P, and Fe. The cell
morphology results showed a very good agreement with atomic-force microscopy measurements.
This work opens the way for non-destructive single cell chemical analysis down to the sub-cellular
level using exclusively synchrotron radiation techniques. It will be of high interest in the case where
it is difficult to access the morphology using atomic-force microscopy, for example, on frozen-
hydrated cells or tissues. © 2018 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/1.5008834

The question of intracellular element quantification is
central in quantitative biology. It is important to know not
only the total content of present elements, but also their spa-
tial distribution. In this paper, we present a multimodal
approach based exclusively on two synchrotron radiation
techniques: hard X-ray Fluorescence Microscopy (XRFM)
and propagation based phase contrast X-ray nanotomography
(X-ray holotomography). XRFM provides the spatial distribu-
tion of different elements simultaneously and has been used
to map trace elements in cells."” XRFM gives the total
amount of selected atoms excited in each illuminated pixel.
However, the most relevant measurement for biological stud-
ies is the concentration or the mass fraction. In this case,
XRFM must be complemented with techniques that give
information on the cell morphology (volume or thickness) or
on the cell total mass. Several papers dealing with this issue
have been published.*® Lagomarsino er al.® and Malucelli
et al.” used atomic-force microscopy (AFM), to obtain the
sample morphology with nanometer spatial resolution. After
adequate data analysis procedures, the combination of XRFM
and AFM allows us to obtain the elemental molarity, which is
the most common quantity used to describe the cell biochem-
ical processes. Both magnesium® and major cell component
(carbon, oxygen, and nitrogen)’ molarity maps have been
obtained. Alternatively, Kosior ef al.® determined the spatial
distribution of mass fractions by combining XRFM and
2D synchrotron radiation phase contrast imaging. The latter
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technique is orders of magnitudes more sensitive than absorp-
tion imaging in the hard X-ray energy range. It relies on the
quantitative determination of the phase shift introduced by
the object, which is, to a good approximation, proportional to
the projection of the mass density. Normalization of the
X-ray fluorescence elemental map with the retrieved phase
map will therefore give access to the spatial distribution of
the element mass fraction.® Different setups allow combining
XRFM and phase sensitive techniques, such as differential
phase contrast,” Zernike phase contrast,' ptychography,'"'?
or holography.'? However, the measurements are rarely com-
bined to obtain quantitative fluorescence data. X-ray fluores-
cence tomography can in principle provide the molarity
directly," but it is not often used because of long scanning
times and radiation damage effects.

In this paper, XRFM was combined with X-ray phase
nanotomography to map the molarity of several elements at
nanoscale spatial resolution, in particular, iron (Fe), potas-
sium (K), and phosphorus (P). The use of phase contrast
imaging in three dimensions is essential to obtain volumetric
information without assuming a constant and known cell
density. The focus on iron here stems from a broader
research project studying the Fe homeostasis in inflamed
cells, in the presence or absence of lactoferrin, which is an
iron-chelating glycoprotein of natural immunity.">~"’

Human macrophage cells were cultured in RPMI 1640
medium (Euroclone, Italy) supplemented with 10% calf

© Author(s) 2018.
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FIG. 1. Schematic of the experimental setup for combined X-ray fluores-
cence microscopy and phase nanotomography.

serum and grown on SizN, membranes held by 5 x 5mm?
silicon frames. Freeze-dried samples were prepared to mini-
mize the preparation artifacts for measurements at room tem-
perature. This is accepted to be the most reliable room
temperature specimen preparation method with a volume
reduction of only 10%-15% and nearly no shrinkage
between most of the cellular compartments.'® The X-ray
measurements were carried out at the Nano-Imaging beam-
line ID16A-NI at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). This 185 m long beam-
line is equipped with a multilayer monochromator and a mul-
tilayer coated crossed Kirkpatrick-Baez mirror system,
focusing the beam down to 25 x 37nm* (HxV). Two dis-
crete energies, 17keV and 33.6keV, are offered by the
beamline. The selected energy for our measurements was
17 keV, for better fluorescence excitation of the elements of
biological interest. The samples were measured in high vac-
uum (1077 mbar). This environment is compatible with cryo-
genic operation, avoids air scattering, and optimizes the
detection of low Z elements.

XRFM measurements were carried out by continuous
scanning of the sample through the focus with a pixel size of
100nm and a dwell time of 50 ms. The X-ray fluorescence
spectra were collected by a pair of 6-element silicon drift
detectors (RaySpec Ltd., UK) positioned perpendicular to
the incoming beam (see Fig. 1). For quantitative analysis, the
fluorescence spectra were fitted using the open source PyMCA
program.'® The fundamental parameters of the experimental
setup were calibrated with a thin film standard (AXO Dresden,
GmbH). The areal density maps of phosphorus, potassium, and
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iron deduced from the fluorescence K-emission lines are
shown in Fig. 2.

For X-ray phase nanotomography acquisition, the same
sample was placed in the cone beam at a distance z; down-
stream of the focus. The 2D detector (a FReLoN charged-
coupled device with binned 2048 x 2048 pixels array) was
placed at a distance z, downstream of the sample, achieving
a magnification M = (z; + z,)/z; and an effective propagation
distance D =z,/M. The magnification was set to achieve a
pixel size of 50nm in the phase images. For better phase
reconstruction,20 acquisition has been made at four different
focus-to-sample distances (specifically at 29, 30, 34, and
44 mm), as shown in Fig. 1. At each distance, a tomography
scan was acquired consisting of 600 projections spanning
half a turn. Due to the sample geometry (a Si;N, membrane
on a silicon frame), a range of angles was obscured leading
to a missing wedge problem. The phase maps of the sample
were retrieved via holographic reconstruction?’ based on the
Fresnel diffraction patterns at different effective propagation
distances. This allows overcoming the zero crossings in the
frequency domain inherent in the contrast transfer functions.
The retrieved phase maps are projections of the refractive
index decrement, which is proportional to the electron den-
sity and to a good approximation the mass density. The pro-
jections were used for 3D tomographic reconstruction using
the filtered back projection algorithm implemented in the
ESRF PyHST software package.?!

Volume renderings of the cell density obtained by phase
nanotomography are shown in Figs. 3(a) and 3(b), as well as
virtual slices through the volume in Fig. 3(c) (Multimedia
view). Detailed morphological features are revealed thanks
to the high sensitivity of multiple distance phase retrieval.
To obtain the thickness map, we carried out a morphological
segmentation of the cell, based on the values of the elec-
tronic density, obtaining binary masks of slices which were
summed up along the normal to the surface of the substrate.
The resulting thickness map in Fig. 4(a) is compared with
the measurement on the same cell with AFM in Fig. 4(b).
The comparison shows a very good agreement in both the
general morphology and in the absolute thickness values (see
also supplementary material, S2), with an average cell thick-
ness of 0.26 um and 0.23 um, respectively, according to
nanotomography and AFM. One can recognize the presence
of some large and deep pores in the tomographic data. These
pores result probably from the freeze-drying process leading
to ice crystal formation or from the osmotic changes upon
rinse using biological buffers. These pores are less or not
visible in the AFM data because AFM only measures the

c

FIG. 2. X-ray fluorescence areal den-
sity maps (ng/mmz) of (a) iron, (b)
potassium, and (c) phosphorus.
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topology of the cell, whilst the 3D volume information in
tomography can reveal the inhomogeneity below the surface
as well. The thickness map is registered with respect to the P
fluorescence data using the FLIRT software of the FSL tool. >
After registration, the concentration map of a given element
Ce1 1s obtained by normalizing the areal density map D, pixel
by pixel with the thickness map T using the expression

(Del - Del,bg) T
Ael T+ 717

min

)]

Cel =

with the atomic weight A.; and the minimum cell thickness
Tmin- The background of the areal density Dy, is deter-
mined as the average outside the cell where T < T,;,,. The
last term in expression (1) is similar to a Wiener deconvolu-
tion and handles the singularity when T ~ 0. T,,;, is set to
100 nm, twice the pixel size in the phase nanotomography
data. The concentration maps in molarity of iron, potassium,
and phosphorus are shown in Fig. 5. From the comparison of
Figs. 2 and 5, one can see that after the normalization, at the
level of 100 nm spatial resolution, the potassium concentra-
tion is roughly uniform throughout the cell while phosphorus
shows clearly a higher intranuclear concentration mainly

Appl. Phys. Lett. 112, 053701 (2018)

FIG. 3. Volume rendering of the cell
density obtained by X-ray phase nanoto-
mography in (a) front and (b) lateral per-
spectives and (c) slice through the
macrophage cell obtained by X-ray phase
nanotomography. Multimedia ~ view:
https://doi.org/10.1063/1.5008834.1

FIG. 4. Cell thickness map (um)
obtained by (a) holotomography and
(b) AFM.

related to nucleic acids (DNA and RNA). The average potas-
sium concentration inside the cell is 0.84 M. While the potas-
sium concentration depends on the cell type and the
preparation procedure,2 our value agrees well with the value
of 0.6M reported for human macrophage monocytes.”’
Similarly, our average phosphorus concentration is 1.46 M in
reasonable agreement with the range of 0.6-0.7 M reported
in the literature.” Tt should be noted that the measured con-
centrations are somewhat overestimated compared to the
fully hydrated state as the freeze-drying necessarily leads to
a volume reduction. The average iron concentration of
1.2mM is very low, but the Fe concentration reaches values
of up to 0.03M in hotspots located outside the nucleus.
These Fe hotspots can be assigned to the presence of ferritin,
the main iron storage protein in cells and particularly macro-
phages.?* The brightest hotspot of Fe in Fig. 2 contains per
pixel about 1.3 x 10° atoms or 43 ferritin molecules assum-
ing an average of 3000 Fe atoms per molecule.> The con-
centration values are averaged over the footprint of the beam
and the sample thickness.?®

In conclusion, we demonstrate the feasibility of a correl-
ative “whole X-ray” approach to determine quantitatively
the intracellular molar concentration of a single macrophage

(c)

FIG. 5. Concentration maps [M]
obtained by normalizing the fluores-
cence areal density maps with the
thickness obtained by X-ray phase
nanotomography. (a) Iron, (b) potas-
sium, and (c) phosphorus.
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cell at nanoscale spatial resolution by combining hard X-ray
fluorescence and X-ray phase nanotomography measurements.
This method employed the strengths of these techniques: the
high elemental sensitivity and the improved 3D electron den-
sity contrast. The non-destructive method can reveal absolute
concentration variations at the sub-cellular level, such as the
organelles with a high precision. This proof of principle was
performed on freeze-dried cells in order to compare with
AFM measurements. However, more importantly, the poten-
tial of the method can be explored when the morphology
information of the sample, especially in 3D, cannot be easily
accessed, e.g., in frozen-hydrated cells. This work illustrates
the power of the hard X-ray nanoprobe developed at beamline
ID16A-NI, ESRF, with access to both structural and composi-
tional information through correlative X-ray microscopy.

See supplementary material for further information, in
particular, thickness profiles obtained by AFM and X-ray
phase nanotomography.
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