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Abstract

X-ray microscopy is increasingly used in biol-
ogy, but in most cases only in a qualitative
way. We present here a 3D correlative cryo X-
ray microscopy approach suited for the quan-
tification of molar concentrations and structure
in native samples at nanometer scale. The
multi-modal approach combines X-ray fluores-
cence and X-ray holographic nanotomography
on ‘thick’ frozen-hydrated cells. The quan-
titativeness of the X-ray fluorescence recon-
struction is improved by estimating the self-
attenuation from the 3D holography recon-
struction. Applied to complex macrophage
cells, we extract the quantification of major and
minor elements heavier than phosphorous, as
well as the density, in the different organelles.
The intracellular landscape shows remarkable
elemental differences. This novel analytical mi-
croscopy approach will be of particular interest
to investigate complex biological and chemical
systems in their native environment.

Many elements are essential for life. In par-
ticular, metal ions play a vital role in many key

biological and biochemical cellular reactions as
nearly one third of proteins need to bind met-
als for their function and/or to stabilize their
structure.1 Investigating metal homeostasis and
its dysfunctions is crucial to better understand
the cell functions and the influence on cellu-
lar pathology.2,3 The associated challenge to
analytical chemistry techniques, consists in lo-
cating and quantifying these elements, mostly
present at trace level, within the highly complex
intracellular landscape. The advent decades
ago of transmission electron microscopy (TEM)
and cryo-electron microscopy (cryo-EM) allows
to explore the complex intracellular structure
of cells.4 Coupled to X-ray micro-analysis, it
allows to probe the elemental content on por-
tions of ultrathin cellular sections. The unsur-
passed resolution of TEM allows to resolve or-
ganelles and the finest structures such as mem-
branes or intermediate filaments. Elemental
analysis of cells can now be performed in two
dimensions by several elemental mapping meth-
ods, which mainly differ in sensitivity and spa-
tial resolution attainable,5 but 3D information
is lacking. Complementary, 3D energy-filtered
transmission electron microscopy (EFTEM) al-
lows tomographic chemical maps at nanome-
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Figure 1: (a) Schematic of the experimental setup for cryo correlative X-ray holographic and X-
ray fluorescence nanotomography. An animated video showing the X-ray fluorescence projections
of eight main elements is attached in Video 1. (b) A selected range of the reconstructed X-ray
phase tomography slices. (c) Reconstructed X-ray fluorescence tomography slices of one element
(phosphorous) in the corresponding range.

ter scale of some intracellular compartment on
50-100 nm ultrathin cellular sections.6,7 This
technique, as well as nanoscale secondary ion
mass spectrometry (nanoSIMS), requires how-
ever tedious sample preparation and manipu-
lation.8 Despite many efforts, no electron mi-
croscopy technique was able to provide 3D ele-
mental analysis of entire cells. 3D time-of-flight
secondary ion mass spectrometry (TOF-SIMS)
has been demonstrated to provide 3D molecular
imaging at the single cell level, but at limited
lateral resolution and in a destructive way.9

X-ray tomography techniques offer the poten-
tial to image and quantify ‘thick’ cells and tis-
sues in 3D without excessive sample prepara-
tion. In particular, X-ray fluorescence (XRF)
tomography has been used to quantify the 3D
elemental content in air-dried diatoms.10 Cor-
relative microscopy approaches can obtain the
complementary structural information through
the use of a phase contrast technique. For
this goal X-ray ptychography has been used in
the qualitative evaluation of elemental content
in frozen-hydrated green algae.11 Our group
recently reported the use of correlative syn-
chrotron X-ray holographic and X-ray fluores-
cence nanotomography to quantify the elemen-
tal 3D distribution within fixed or freeze-dried
single cells at room-temperature.12,13 The ma-

jor component of cells is water that is not com-
patible with high resolution elemental analy-
sis due to radiation damage. The gold stan-
dard method uses cryo-preservation in order
to analyse cells in their near-native state, i.e.
frozen hydrated (within vitrified water). In
this study, we use correlative synchrotron X-
ray holographic and X-ray fluorescence nanoto-
mography to obtain the 3D molar concentration
and density in single frozen-hydrated human
macrophage cells. The complex macrophage
cell is characteristic for many biological cases
with trace element concentrations and small
density structural changes. Opposed to a pre-
vious study conducted at a low X-ray energy of
5.5 keV,11 the high X-ray energy used here (17
keV) is crucial to detect essential trace metals
such as Fe-Zn with excellent sensitivity in XRF,
while X-ray holography preserves the structural
information on weakly scattering samples. In-
deed, the role of metal ions such as zinc, copper
and iron in macrophages is still a matter of de-
bate.14–16 In this context, we quantify and cor-
relate the fundamental elements and the mass
density in distinct macrophage organelles.

Human macrophage cells were cultured in
RPMI 1640 medium (Euroclone, Italy) supple-
mented with 10 % calf serum, and grown on
500 nm thick Si3N4 membranes supported by
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5 x 5 mm2 silicon frames. The cells were stim-
ulated by lipopolysaccharide (LPS)17 that trig-
gers macrophage activation of inflammatory cy-
tokine expression. To safeguard the cellular
structure and elemental content, the cells were
cryofixed by plunge freezing in liquid ethane.18

The acquisition protocol of correlative cryo X-
ray tomography at the ID16A nano-imaging
beamline19 of the ESRF is schematically de-
picted in Figure 1a. First X-ray holographic
nanotomography was performed consisting of
the acquisition using an indirect CCD based de-
tector of four full-field tomography scans with
the sample at different distances downstream of
the nanofocus.20 Phase retrieval allowed to con-
vert the in-line holograms at different defocus
to quantitative phase maps with a pixel size of
40 nm and a field of view of 80 µm. A large
number of these projections at different angles
(1800) were used to reconstruct the real part
of the refractive index decrement using an an-
alytic tomography reconstruction algorithm.21

Under the Guinier approximation valid for low
Z materials,22,23 the refractive index decrement
was converted into local mass density. Fig-
ure 1b shows a number of the obtained virtual
slices through the density distribution of the
cell. X-ray fluorescence tomography was per-
formed next and consists in acquiring 2D X-ray
fluorescence maps at a limited number of an-
gles (30). Each map is acquired on-the-fly while
scanning the sample through the nanofocus and
collecting full X-ray fluorescence emission spec-
tra with one six-element silicon drift diode de-
tector. The maps were converted through a
calibrated fit to areal mass density maps for
fifteen elements. Due to the longer acquisition
time, a coarser pixel size was used for XRF (120
and 130 nm pixel size for the cell shown in Fig-
ure 2 and Figure S2, respectively). 3D elemen-
tal concentration maps were reconstructed us-
ing the iterative tomographic reconstruction al-
gorithm Chambolle-Pock with Kullback-Liebler
data-fidelity,24 and the attenuation correction
approach described in Vigano et al.25 In order
to determine the attenuation of the X-ray fluo-
rescence emission we have segmented the quan-
titative 3D data obtained from the phase imag-
ing modality. This quantification is based on

known approximate compositions of the cell/ice
and of the silicon nitride membrane. Alter-
native multimodal reconstruction schemes have
been proposed.26–28 Figure 1c shows as an ex-
ample the obtained virtual slices through the
phosphorous distribution of the cell. Further
details of the acquisition and reconstruction are
reported in the Supporting Information.

Results of the correlative tomography ap-
proach are shown in Figure 2 on the central
slice through the macrophage cell. An ani-
mated video showing volume renderings cor-
responding to Figure 2b and c is attached in
Video 4. Compared to the individual 2D pro-
jections (see Figure S1) a striking gain in spa-
tial resolution can be noted thanks to the depth
information provided by the tomographic re-
construction. Furthermore, elements with low
concentrations such as Mn (0.8 mM maximum)
and Ca (4 mM maximum) are clearly localized
in space, while they are hardly detectable in
the individual projections. As a result, the mo-
lar concentration distributions of major and mi-
nor elements can be compared and colocaliza-
tions can be investigated. Furthermore, these
elemental distributions can be correlated with
the mass density distribution through the en-
tire cell. Very heterogeneous distributions are
found for several elements associated with the
different organelles. We performed a man-
ual 3D segmentation with the Fiji29 Segmen-
tation Editor plugin dividing the cell in differ-
ent compartments: vacuoles and nucleoli using
the density map, cytoplasm, ‘endoplasmic retic-
ulum including Golgi’ (ERGolgi), nucleus, nu-
clear membrane using the P map, ‘Golgi’ us-
ing the Zn map. The identification of the ER
and Golgi compartments is hypothetical as the
spatial resolution does not allow to resolve the
fine organelle structures. A comparison of the
central slice of respectively the density, the Zn
concentration, the P concentration and the seg-
mented cell compartments is reported in Figure
S3, as well as the animation Video 5 showing all
slices. Based on this segmentation, the average
and standard deviation of the molar concentra-
tions and density in the different compartments
are presented in Figure 3. Extended numeri-
cal values of the organelle quantification are re-
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Figure 2: Correlative cryo X-ray tomography applied to a macrophage cell. (a) Central tomography
slice of the molar concentration for eight main elements. An animation video with all molar
concentration slices is attached in Video 2. (b) Composite tomography slice combining the P,
Zn and K concentrations. (c) Corresponding tomography slice of the mass density distribution. An
animation video with all density slices is attached in Video 3.
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ported in Tables S3-S11. A volume rendering
using the UCSF Chimera software30 of the seg-
mented organelles is shown in Figure 3b. The
reconstruction of the intracellular Fe distribu-
tion is strongly perturbed by the presence of
extracellular Fe from the cell culture. The asso-
ciated hotspots and the general Fe background
of the experimental environment hampers the
detection of diffuse Fe signals in specific or-
ganelles. For this reason the Fe quantification
is not shown in Figure 3. The P molar con-
centration shows highest levels in the nucleoli
and around the nucleus with an increase of 70-
85 % compared to the cytoplasm, while the ER-
Golgi and Golgi compartments show an increase
of about 40 %. The phosphorus distribution
is indicative of mainly nucleic acids, phospho-
rylated proteins and phospholipids of the nu-
cleus.31 The observed distribution of phospho-
rus is similar to that reported on ultrathin cellu-
lar sections using nano-scale secondary ion mass
spectrometry: while P-rich and S-rich common
regions indicate nucleoli regions, P-rich but not
S-rich regions in the nucleus are indicative of
the chromatin regions.32 The P-ring around the
nucleus is interpreted as the chromatin rim that
is connected to the nuclear envelope.33 The S
distribution is rather homogeneous inside the
cell with increased levels in the nucleoli (24 %)
and Golgi compartment (19 %) compared to
the cytoplasm. Similarly, the Cl distribution
is homogeneous except for increased levels in
the Golgi compartment (21 %). As visible in
Video 2, small Cl-rich vesicles, with a diameter
of about 250 nm, stand out in the cytoplasm.
They show Cl concentrations up to 0.11 M com-
pared to the cytoplasm average of 0.019 M. It
has been shown that Cl plays a role in cell
growth and differentiation but also in the reg-
ulation of pH and in cell processes regulating
cell volume.34 Indeed, chloride channels have
been found in various major organelles such as
the endoplasmic reticulum and the Golgi, mi-
tochondria, endosomes and lysosomes, nucleus,
and cell vesicles.35 Chlorine being involved in
the acidification of organelles and the small size
of the observed Cl-rich vesicles suggest that it
could correspond to lysosomes having a typi-
cal diameter of 200 - 300 nm.36 While homo-

geneous at coarser resolutions, the K distri-
bution shows some heterogeneity in the nucle-
oli (35 % increase) and the nuclear membrane
(29 % increase). The trace elements Ca and
Mn are particularly absent from the cytoplasm
and are mainly located in the ER and the Golgi
compartments. While Mn has identical lev-
els in ER and Golgi, Ca shows more than two
times higher concentrations (1.6 mM) in the
compartment identified as Golgi compared to
the ER with Golgi. The Golgi apparatus is
known to participate in the regulation of cy-
tosolic Ca2+ and being an important intracel-
lular Ca2+ store with relatively high concentra-
tion in the 1-2 mM range.37 This agrees well
with the total Ca concentration we report here,
as well as in ER where values in the 10−4 range
are reported.38 Mn is known to be present in the
Golgi and of particular importance for the cor-
rect glycosylation of the secretory proteins.39

Zn is present in relatively low concentrations
with a cell average of 0.28 mM, but it clearly
stands out in the nucleus with an increase of
120 % compared to the cytoplasm. Further-
more, Zn-rich 250 nm sized features are spot-
ted in the nucleus, outside the nucleoli, with a
concentration up to 1.2 mM compared to the
nuclear average of 0.52 mM. They are likely as-
sociated to zinc finger proteins.40 An increase
in Zn concentration by 41 % compared to the
cytoplasm is observed as well in the Golgi com-
partment. The mass density changes are small,
but noticeable. Compared to a density of ex-
actly 1 g/cm3 in the cytoplasm, the highest
density is found in the nucleus (5 % increase),
in particular in the nucleoli (9 % increase).
Many vacuoles can be observed inside the cy-
toplasm. They stand out with a slightly higher
density (2 % increase), whereas they are de-
pleted in most elements compared to the other
cell compartments. The mass density recon-
structions show some sample preparation arte-
facts at the boundary of the vacuoles due to
too slow freezing of the cells.18 These artefacts
are due to manual plunge-freezing. They can
be avoided with standard fast freezing using an
automatic plunge-freezing robot, that will in-
crease the plunge velocity and enhance the vit-
rification quality. Despite, artefacts are regu-
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larly observed depending on the cell thickness
and the amount of blotting, which is of utmost
importance to get a thin layer of vitreous ice
embedding the cell.

The proposed technique provides 3D intracel-
lular total molar elemental concentrations. Re-
ported data of this kind are scarce, as intra-
cellular concentrations for metal free ions are
most often reported. For comparison, total cel-
lular zinc amounts to 10−4 M in average that
contrasts to the fM intracellular free Zn ions
value.41 This total Zn concentration is in agree-
ment with our measured value in a macrophage
cell (0.28 mM). To our knowledge, no values
were reported for macrophages but only for
phagosomes42 and thus cannot be compared
to our results. The measured cytosolic val-
ues remain in the expected average cellular ele-
mental concentration range.43 Typical cytosolic
concentrations of potassium (K+) and chlorine
(Cl−) were reported in the range of 140-155 and
5-15 mM respectively,44 that are similar to the
values reported here (121 and 19 mM respec-
tively). Our Ca cytosolic concentration is very
likely overestimatedcompared to the expected
range of 10−4 mM. This is attributed to imper-
fections in the deconvolution of the overlapping
potassium Kβ and calcium Kα fluorescence sig-
nal.

In summary, we have demonstrated the com-
bined use of cryo X-ray holographic and X-ray
fluorescence nanotomography to reconstruct
the 3D distributions of mass density and molar
concentration of major and minor elements in
entire frozen-hydrated macrophage cells. The
quantification on a per organelle basis shows
remarkable heterogeneity in the intracellular
landscape. The correlative structural informa-
tion provided by a phase contrast method on
the same instrument is particularly relevant
to interpret the elemental content in its cel-
lular environment. This modality will bene-
fit of further improvements in spatial resolu-
tion and sensitivity. In this context, the on-
going upgrade of the ESRF and future upgrade
of other synchrotron facilities to higher spec-
tral brightness is of particular interest.45,46 In
combination with faster detector and nanopo-
sitioning technology, the 3D correlative quan-

titative approach will be routinely applied to
many cells, while preserving optimum resolu-
tion in 3D. This will foster many scientific ap-
plications in biology, such as metal homeostasis
and drug transport, as well as in heterogeneous
chemistry and catalysis.

Acknowledgement The ESRF is acknowl-
edged for providing beamtime and support for
the experiments at the nano-imaging beamline
ID16A in the frame of proposal LS-2551.

Supporting Information Avail-

able

The supporting materials provide: (i) Anima-
tion video 1 showing projections for elements
P-S-Cl-K-Ca-Mn-Fe-Zn; (ii) Animation video 2
showing slices of the molar concentration for el-
ements P-S-Cl-K-Ca-Mn-Fe-Zn; (iii) Animation
video 3 showing slices of the mass density; (iv)
Animation video 4 showing volume renderings
of the mass density distribution (gray), molar
concentration of K (yellow), P (Samoan) and
Zn (orange); (v) Animation video 5 comparing
the reconstructed slices of the density, the Zn
and P concentration, and the segmented com-
partments of the cell; (vi) Document on exper-
imental setup, sample preparation, reconstruc-
tion of X-ray holographic nanotomography, re-
construction of X-ray fluorescence nanotomog-
raphy, supplementary correlative cryo X-ray to-
mography results, and extended numerical val-
ues of the organelle quantification.
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