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Abstract X-ray chemical element imaging has the poten-
tial to enable fundamental breakthroughs in the under-
standing of biological systems because chemical element
interactions with organelles can be studied at the sub-
cellular level. What is the distribution of trace metals in
cells? Do some elements accumulate within sub-cellular
organelles? What are the chemical species of the elements
in these organelles? These are some of the fundamental
questions that can be addressed by use of X-ray chemical
element imaging with synchrotron radiation beams. For
precise location of the distribution of the elements, identi-
fication of cellular organelles is required; this can be
achieved, after appropriate labelling, by use of fluores-
cence microscopy. As will be discussed, this approach
imposes some limitations on sample preparation. For ex-
ample, standard immunolabelling procedures strongly
modify the distribution of the elements in cells as a result of
the chemical fixation and permeabilization steps. Organelle
location can, however, be performed, by use of a variety
of specific fluorescent dyes or fluorescent proteins, on
living cells before cryogenic fixation, enabling preservation
of element distribution. This article reviews the methods
used for fluorescent organelle labelling and X-ray chemical
element imaging and speciation of single cells. Selected
cases from our work and from other research groups are
presented to illustrate the potential of the combination of
the two techniques.
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Introduction

Knowledge of the distribution of the chemical elements in
organelles may reveal their function in a variety of cellular
processes. Element imaging can be achieved by use of several
micro-analytical techniques, for example histochemical tech-
niques, radioisotope imaging, magnetic resonance imaging,
mass spectrometry imaging, and microprobe X-ray fluores-
cence imaging [1]. Among these, X-ray microspectrometry
methods based on synchrotron radiation have proved their
usefulness for element imaging and speciation analysis in
eukaryote cells [2, 3]. Micro and nano-SXRF (synchrotron
X-ray fluorescence) can be used for imaging element distri-
bution at high spatial resolution (<100 nm) [4—6], and micro-
XAS (X-ray absorption spectroscopy) has quite unique capa-
bility for direct determination of element speciation in cellular
compartments, because it can be used to probe the local
structure of the absorbing element with high chemical sensi-
tivity [7, 8]. The increased spatial resolution of these methods
achieved in recent years now enables imaging of element
distribution within the main cellular organelles, nucleus, Golgi
apparatus, endoplasmic reticulum, vacuoles, lysosomes, mi-
tochondria, and chloroplasts. However, identification by opti-
cal microscopy before X-ray imaging is usually limited to the
larger organelles, i.e. the nucleus, the cytoplasm, and the
vacuole. Differential interference contrast microscopy (DIC)
has, for example, been used to obtain optical images of the
morphology of single cells before their analysis by SXRF [9].
In this work on the function of copper in angiogenesis, DIC
enabled not only follow-up of cellular differentiation process-
es but also location of trace elements in relation to cellular
shape and nucleus position. Another example is the use of
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bright-field microscopy for observation of mice oocytes and
early embryos; in this work SXRF imaging revealed the
critical modification of Zn distribution during meiotic matu-
ration [10]. Combined use of light microscopy and SXRF
imaging has been reported for study of element distributions
in marine protists [11-13]. It has also been used to reveal
nucleolar accumulation of iron in plant cells [14]. The useful-
ness of light microscopy is relevant for basic identification but
is not sufficient when element location must be addressed at
the organelle level. To facilitate comparison of element distri-
bution and organelle location, use of correlative fluorescence
microscopy with X-ray element imaging can be performed, as
proposed by McRae et al. in 2006 [15]. Despite the growing
number of applications in cell biology of synchrotron X-ray
microspectrometry, the correlation of element distribution
with cellular organelles has only been investigated by a few
research teams by use of chloroplast auto-fluorescence
[11-13], mitochondrial dyes [16, 17], nuclear dyes [17, 18],
or, more recently, green fluorescent proteins (GFPs) targeting
a specific organelle, for example the Golgi apparatus [19]. As
will be discussed, organelle immunolabelling may greatly
modify the distribution of elements in cells, because this
procedure involves chemical fixation and permeabilization.
Therefore, preservation of the distribution of elements in cells
requires use of appropriate cryogenic fixation procedures,
avoiding chemical fixation and permeabilization. Organelles
can be identified before these cryogenic steps, by use of
organelle-specific fluorescent dyes or fluorescent proteins on
living cells. The purpose of this article is to review the
methods for organelle-specific fluorescent imaging combined
with chemical element imaging in single cells. The methods
will be described and illustrated with some representative
examples of applications.

Cryogenic cell preparation and X-ray element imaging

Cryogenic methods of fixation are required to preserve the
chemical integrity of the cell and its morphology. In this
section we will describe how cells are processed for SXRF
and XAS analysis, and how organelle fluorescence can be
introduced during the sample-preparation procedure, as sum-
marized in Fig. 1.

The first step consists in the cell culture itself, which must
be conducted on specific sample holders dedicated to X-ray
microanalysis. The sample holder must fulfil at least three
important requirements:

1. it must be adapted to the analytical device, which is why,
for instance, analysis cannot usually be performed directly
on cell culture dishes;

2. the sample holder and the backing must be appropriate for
cell culture, meaning it must be non-toxic to cells (Cu
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grids for electron microscopy should be avoided, for
example) and can be prepared under aseptic conditions;
3. the backing must be very pure, containing no detectable
trace elements, which is why, for example, glass slides are
usually avoided because they may contain traces of ele-
ments that can be confused with the cellular elements.

For fluorescent imaging the backing must be transparent, to
enable visualization of the cells, and must not interfere with
the fluorescence of the dyes. The backing must resist the
irradiation and beam damage caused by intense, highly fo-
cused X-ray beams. Finally the backing can be in some cases
treated with adhesion factors to improve cell attachment. In
our experiments, we use a sample holder consisting of a PEEK
polymer frame on to which a thin (2 pm) high-purity polycar-
bonate film is stretched (Fig. 1, top left). Other sample holders,
for example ultralene on thin windows, formvar films on
carbon coated electron microprobe grids, or thin silicon nitride
membranes, can also be used.

Once the cells are in culture on these sample holders
they can be processed in the same way as for any cell-
imaging method. For instance it is possible to perform
immunolabelling during this step but, as will be de-
scribed in the next section, this procedure will result in
extensive redistribution of the elements. The use of live
cell imaging with organelle-specific chemical dyes or
fluorescent proteins can be performed at this stage, be-
fore cryogenic fixation (Fig. 1). Experiments using com-
mercially available organelle fluorescent dyes and the
associated procedures will be described in subsequent
sections. Before cryofixation, the sample holder is rinsed
with buffer and quickly plunged in a cryogenic liquid
(for example isopentane, ethane, or propane) cooled by
thermal contact with liquid nitrogen at approximately
110 K for isopentane, or ideally at a lower temperature
with mixtures of isopentane and propane (80 K), or 77 K
with mixtures of ethane and propane. Mixtures of these
alkanes have the advantages over pure alkanes of re-
maining liquid at liquid nitrogen temperature [20]. At
this stage samples can be maintained in liquid nitrogen
until their analysis, if the sample stage for X-ray spec-
trometry is equipped with a cryogenic holder. In this case
the cells are analysed in a frozen hydrated state, very
close to their native state. This is required for speciation
analysis of the elements by use of micro-XAS, to avoid
any modification of their chemical speciation [16]. This
“fully cryogenic” procedure, meaning that cells are
cryofixed and then analysed under cryogenic conditions,
guarantees preservation of chemical species.

Observing the cells in their frozen-hydrated state is also
preferable, to preserve the 3D structure of the cell, and is
required for high spatial resolution chemical element imaging.
However, SXRF beamlines are not always equipped with a
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Fig.1 Schematic diagram of the procedure for correlative organelle fluorescence microscopy and X-ray chemical element imaging and speciation by use

of micro-SXRF and micro-XAS

cryogenic sample stage; in this case, therefore, specimens
must be freeze-dried after cryofixation, by use of low-
temperature and low-vacuum freeze dryers, to preserve both
cell morphology and element distribution (Fig. 1). The fluo-
rescence is better preserved at cryogenic temperatures [21],
but sometimes the fluorescence is preserved after freeze-
drying, enabling observation of the organelles in freeze dried
cells at room temperature, which greatly facilitates identifica-
tion of the cells of interest before SXRF experiments. The
persistence of the fluorescence must be checked for each
fluorophore and for all experimental conditions. If the fluo-
rescence is not stable sufficiently, the fluorescence microsco-
py observation is performed on living cells before cryofixation
and freeze-drying.

After this sample-preparation procedure, SXRF and XAS
can be conducted on single cells. SXRF and XAS methods,
and their application to single-cell analysis have been already
described in dedicated articles [1-5, 7]. In brief, synchrotron
X-ray fluorescence is a multi-element analytical technique
that enables determination of the distribution of the elements
that compose a specimen. The X-ray beam can be focused at
submicron spatial resolution (<100 nm), down to 30 nm for
facilities offering the utmost in spatial resolution [5]. A nano-
positioner stage moves the sample, and XRF spectra are
recorded pixel by pixel which enables imaging of the distri-
bution of the chemical elements, for example in single cells.
For micro-XAS the X-ray beam in scanned in energy, around
the absorption edge of the element, and the intensity of the
beam is measured, before and after passage through the sam-
ple, for determination of the absorption coefficient. The spec-
tra used to determine the absorption coefficient are divided
into two regions, XANES (X-ray absorption near edge
spectroscopy) and EXAFS (extended X-ray absorption fine

structure) which provide complementary information about
oxidation state and about the chemical nature and bond
lengths of the elements. XAS spectrum can be recorded at
each pixel position for speciation imaging, but this is a time-
consuming modus operandi; usually micro-XAS is performed
on selected pixels, for instance within different organelles. If
the size of the organelle is larger than the beam size, several
point analyses can be performed to analyse the chemical
speciation of the entire organelle. This is particularly useful
to reveal intra-organelle heterogeneity in chemical speciation,
for example within the nucleus [17].

Organelle immunofluorescent labelling: high specificity
but important limitations for X-ray element imaging

Immunofluorescence in optical microscopy is important in the
life sciences. Its strengths include the specificity of antibody—
antigen interactions, the commercial availability of a wide
range of primary and secondary antibodies, and the wide-
spread use of microscopes for wide-field and confocal fluo-
rescence imaging. Specific antibodies are available for a large
variety of organelles, targeting a specific protein expressed in
each organelle. It is, therefore, tempting to consider this tech-
nique as a valuable method for correlating the fluorescence
microscopy of organelles with SXRF imaging, despite impor-
tant limitations. Another aspect of the use of antibodies in
combination with SXRF is the possibility of detecting them by
using the X-ray fluorescence of a metal linked to the antibod-
ies in addition to a fluorescent molecule. Secondary fluores-
cent antibodies double-labelled with gold particles have been
used to detect mitochondria and Golgi apparatus by use of
SXREF [6, 15]. Matsuyama et al. [6] reported good correlation
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between the distribution of Au obtained from SXRF imaging
(Au Lo emission) and optical fluorescence microscopy of
mitochondria in NIH/3T3 cells after treatment with fluoresce-
in isothiocyanate (FITC), and gold-tagged secondary antibody
(Fig. 2a). In this work, element maps (Fig. 2b) were obtained
from NIH/3T3 cells fixed with paraformaldehyde (PFA) and
treated for immunolabelling. In 2010, the same authors [22]
emphasized the need for better control of sample preparation
and showed that element distributions are markedly affected
by PFA fixation and/or immunolabelling. They compared
frozen hydrated cells (Fig. 2c) with cells prepared by use of
their previous procedure with PFA fixation and
immunolabelling (Fig. 2b). This comparison showed that K
is distributed uniformly in frozen hydrated cells whereas it
could not be detected in PFA-treated and immunolabelled
cells. P and Ca are also present in the whole cell body of
frozen hydrated cells and not only in the nucleus, as shown
after immunolabelling treatment. The distribution of Fe also
depends on the preparation procedure; although predominant-
ly located in the cytoplasm of frozen hydrated cells they are, in
contrast, concentrated in the nucleus after use of the PFA—
immunolabelling procedure. Cu and Zn are not significantly
affected and are found essentially in the nucleus, but also in
discrete perinuclear structures, after both procedures. McRae
et al. [15] used gold-tagged antibodies to visualize the Golgi
apparatus and mitochondrial network by Au SXRF imaging of
mice fibroblasts and also noticed some limitations: lower
resolution with SXRF than for immunofluorescence micros-
copy, aspecific binding of Au clusters, and concerns about
modification of the concentrations and location of elements
depending on the immunolabelling procedure. Indeed, they

observed a clear decrease of Ca concentration in cells prepared
with permeabilization and washing steps compared with cells
prepared with PFA fixation only.

As illustrated by these studies, the combination of
immunolabelling techniques for correlative microscopy with
X-ray chemical element imaging has important limitations
because of sample preparation. This incompatibility is a con-
sequence of the preparation procedure for immunofluores-
cence microscopy, which drastically modifies the chemical
composition of the sample. The procedure for immunofluo-
rescent labelling of cells grown as monolayers usually in-
volves the following steps:

chemical fixation;
permeabilization;

primary antibody labelling; and
secondary antibody labelling [23].

.

Chemical fixation consists in immobilization of antigens
by use of a solution of 24 % PFA in phosphate-buffered
saline (PBS). When antigens are intracellular, as for organ-
elles, detergents such as triton X-100 or saponin are used to
make cell membrane permeable and enable passage of anti-
bodies. After each step cells are rinsed with PBS. This proce-
dure for immunofluorescent labelling of proteins modifies the
element distribution within cells compared with cryogenic
fixation, as illustrated in Fig. 3.

The SXRF experiments presented in Fig. 3 were conducted
at the European Synchrotron Radiation Facility (ESRF) on
beamline ID22. In this example, in which plunge freezing then
freeze-drying were used, the native distribution of the

Fig.2 (a) Left: Mitochondrial immunofluorescence of NIH/3T3 cells
after treatment with FITC and gold-tagged secondary antibody. The cells
were fixed with PFA before being processed by means of a typical
immunolabelling procedure. Right: Gold distribution of the same cell
imaged by SXRF. (b) Elemental distributions found in PFA/immunolabelled
cells: K is not detectable and most of the elements are concentrated in the
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nucleus; color bars indicate the elemental content (fg). (¢) Elemental distri-
butions found in frozen-hydrated NIH/3T3 cells. Ubiquitous distribution of
K, P, S, and Ca in the cell body whereas Fe is mainly perinuclear, in contrast
with Cu and Zn found predominantly in the nucleus. Scale bars: 10 um.
Figure from original work by Matsuyama et al. [6, 22], reproduced, with
permission, from John Wiley and Sons
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Fig.3 (a) Live imaging of PC12 cells over-expressing the a-synuclein
protein. (b) Same cell after cryofixation and freeze-drying. (¢) SXRF
imaging, in false-colour (see colour bar), showing the ubiquitous distri-
bution of P, S, and K in the cell body and the organelle-specific distribu-
tions of Mn (Golgi apparatus), Fe (cytoplasm), and Zn (nuclei). (d)
Optical imaging of PC12 cells over-expressing the «-synuclein protein

elements was preserved, with P, S, and K being quite
homogeneously distributed in the cell, as expected for
these ubiquitous biological elements, whereas Mn, Fe,
and Zn were located in the Golgi apparatus, the cyto-
plasm, and the nuclei, respectively (Fig. 3c) [19]. In
cells processed for immunofluorescence imaging
(Fig. 3d-f) P, S, and K no longer appear homogeneous-
ly distributed; the Mn image is essentially background,
this element has been fully removed during the sample
processing, Fe distribution seems more like a contami-
nation, and Zn is only faintly apparent in the cell.
Element loss, i.e. P, S, K, Mn, Fe, and Zn, can be
attributed to the permeabilization and rinsing steps, sim-
ilarly to the observations of Matsuyama et al. for NIH/
3T3 cells chemically fixed with PFA and permeabilized
with Triton X-100 [6, 22]. Similarly P, S, CI, and K,
losses have been reported after formalin fixation of
cerebellum brain tissues compared with cryofixed tis-
sues [24]. We have also observed that PFA and/or
solutions of antibodies can contain traces of metals,

after processing for immunofluorescence microscopy. (e) Same cell,
showing the distribution of a-synuclein immunofluorescence in the cy-
toplasm (red) and the fluorescent nuclear dye Hoechst 33342 (blue). (f)
SXRF imaging of the same cell showing that P, S, K, Mn, Fe, and Zn
distributions are altered after immunolabelling. Scale bars: 5 um

for example Fe, that could contaminate the preparation.
Fe contamination has also been reported in a study of
formalin fixation of cerebellum brain tissues [24]. Our
qualitative observations are corroborated by the quanti-
tative element analysis presented in Fig. 4.

In Fig. 4a, b, the number of counts of SXRF spectra
has been normalized to the argon (from air) X-ray
fluorescence signal to enable comparison of analyses
of cells prepared in accordance with the cryogenic or
immunolabelling procedures. A drastic loss of elements
(P, S, CI, K, Cu, and Zn) is observed for cells proc-
essed for immunolabelling compared with cells proc-
essed by cryogenic methods, although Fe content is not
modified, probably because loss is counterbalanced by
input as a result of exogenous contamination, as sug-
gested by the distribution in Fig. 3f. SXRF measure-
ments indicate that chemical element loss as a result of
the immunolabelling procedure is quantitatively very
important, especially for such diffusible intracellular
ions as K", large amounts of which are lost because
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of the permeabilization of the membranes (Fig. 4a).
Other elements, for example S and Zn, which are more
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4 Fig.4 (a) SXRF spectra of low-Z elements obtained from a single cell

after cryofixation and freeze drying (blue) and a cell processed for
immunofluorescence microscopy (red). (b) SXRF spectra of high-Z
elements obtained from the same single cell. (¢) RBS spectra of a single
cell after cryofixation and freeze drying (blue), a cell processed for
immunofluorescence microscopy (red), and comparison with the signal
obtained from the polycarbonate film alone used as backing for the cell
culture. The number of counts has been normalized to the number of
incoming particles (carbon peak) to enable comparison of the analyses.
The procedure for immunolabelling results in large losses of inorganic (S,
Cl, K, Mn, Cu, Zn) and organic (C, N, O) elements

tightly bound to the proteins are lost, but in smaller
proportions (Fig. 4a, b).

Not only are inorganic elements lost; such organic
elements as carbon, nitrogen and oxygen are also lost,
as is apparent from Rutherford backscattering spectro-
metric (RBS) analysis (Fig. 4c). RBS is an analytical
technique that enables measurement of the organic com-
position and thickness of such samples as single cells
[25]. Incoming particles, protons or alpha particles of
MeV energy, are directed on to the sample and the
energy loss is measured at a backscattered angle. The
energy loss depends on the element with which the
interaction occurs and on the depth of this interaction
[25, 26]. Knowing the tabulated cross sections for the
elements, sample thickness and composition can be de-
termined. The RBS spectrum from the immunostained
cells is indicative of large organic element loss com-
pared with cells prepared by the cryofixation procedure
(Fig. 4c); the main contribution to the spectrum is from
the polycarbonate film. Quantitative analysis of RBS
spectra results in areal mass of 70 pg cm > for the
cryofixed cells and 25 pg cm 2 for the immunostained
cells, indicative of 65 % organic mass loss. This is a
surprising result, because one could expect that the
remaining fixed proteins to contribute a higher propor-
tion to the total areal mass, which is not the case.
Soluble cytoplasmic proteins can be lost during the
permeabilization process. Depending on the perme-
abilization conditions, up to 40 % of the total amount
of protein can be released [27].

In conclusion, for this section, the procedure for
immunofluorescent labelling impedes direct imaging or
speciation of chemical elements in immunostained cells.
However, if required, immunofluorescence microscopy
can be performed in parallel, on a different set of
samples, and chemical element mapping can be con-
ducted on untreated samples [28, 29]. For direct correl-
ative microscopy, the procedure for organelle location
must be adapted to the cryogenic procedure for element
imaging. Organelle fluorescent labelling can be per-
formed on living cells, before the cryofixation step, as
described in subsequent sections.
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Organelle-specific organic fluorescent dyes

Subcellular fluorescence imaging can be performed easily
by use of organic fluorescent dyes that selectively react
and associate with organelles. Unlike immunolabelling
techniques, these probes have the advantage of suitability
for use on living cells. It is thus possible to detect the
fluorescent probe without any further chemical fixation
and washing steps (i.e. detergent permeabilization) that
may substantially alter the trace element content of the
cell, as discussed above. A wide variety of fluorescent
stains are available commercially (more than 50 are listed
in the Molecular Probes Handbook [30]) for all organ-
elles: nucleus, mitochondria, endoplasmic reticulum, ly-
sosomes, Golgi apparatus, etc. Moreover, they cover a
wide range of fluorescence and thus facilitate simulta-
neous multicolour labelling of several organelles. The
general mechanism of labelling is based on diffusion
across the plasmic membrane (cell-permeable agents)
and then a selective localization in organelles according
to their reactivity in a specific physicochemical environ-
ment. Fluorescent dyes for mitochondria, for example
rhodamine, are usually lipophilic cations that accumulate
predominantly in mitochondria because of the high mem-
brane potential of this organelle [31]. Retention and ac-
cumulation of Lysotracker (Life Technologies) by lyso-
somes and acidic organelles seems to be because of pro-
tonation of the weakly basic dye in low-pH organelles
[30]. In subsequent sections we present examples of ap-
plications for several organelles and cell types.

Nucleus

Selective accumulation of a fluorescent dye can result
not only from a membrane polarization or modification
of an acid-base equilibrium but also from selective
binding of the dye to a specific component of the
organelle. This is especially true for DNA-binding
molecules in the nucleus. DAPI (4',6-diamidino-2-
phenylindole), and Hoechst stains such as Hoechst
33258 or 33342 that bind the minor groove of DNA
[32, 33] are extensively used for fluorescence imaging
of the nucleus. These bis-benzimide dyes bind the
minor groove of DNA with high specificity, resulting
in blue fluorescence of the nucleus. This staining is, of
course, valuable for recognition of the precise location
of the nucleus but it can, at the same time, also give
precious information about cell-cycle stages (Fig. 5).
McRae et al. [18] used this property to correlate the
mitotic stages of NIH/3T3 cells with the distribution of
trace elements (Fig. 5a). They observed a good corre-
lation between S, Zn, and Cu distribution whereas Fe

had a distinct pattern. Another finding was marked
variation of Zn concentration during the cell cycle.
Direct effects of nuclear fluorescent dyes on trace
element distribution have not been observed [18, 19].

Yeast vacuole

Identifying organelles with fluorescent probes has been used
in our laboratory for microchemical element imaging of yeast
Saccharomyces cerevisiae by use of SXRF. Yeast vacuoles are
relatively large organelles approximately 1 to 3 pm in diam-
eter. Living yeasts were incubated for 15 min with the probe
Arg-CMAC (7-amino-4-chloromethylcoumarin, L-argine am-
ide, and yeast vacuole marker sample kit (Y7531; Life Tech-
nologies) resulting in blue fluorescent staining (Ax=354 nm,
Aem=469 nm) of the vacuolar lumen. This chloromethyl cou-
marin derivative enters the cell easily and is largely seques-
trated in the vacuole. It reacts with free thiols of proteins and
peptides and its fluorescence is activated after cleavage by
vacuolar proteases [30]. This property prevents the washing
step necessary to eliminate the excess of fluorescent probe in
the medium. After labelling, yeasts were placed on 2-um
polycarbonate foil and excess medium was removed immedi-
ately before freezing for 5 min in liquid nitrogen vapour and
drying by sublimation at —35 °C for 48 h. Samples were then
stored at room temperature in a dry environment until syn-
chrotron radiation analysis. This simple sample preparation
procedure was performed because yeast cells do not adhere to
the sample holder and cannot be freeze-plunged into a liquid
cryogen or placed under vacuum for freeze drying at low
temperature and low pressure. Despite this simple processing
for cryofixation and freeze drying, the preservation of Arg-
CMAC fluorescence after freeze-drying enables precise iden-
tification of the freeze-dried yeasts and labelled vacuoles.

SXREF distribution maps of P, S, Cl, K, Ca, and Fe in single
yeast cells are presented in Fig. 6. The SXRF experiments
were conducted at the ESRF on beamline ID21. Whereas
distribution S, Cl, and K was homogenous, and representative
of cellular shape, P and Ca were colocalized in the vacuole, as
shown by their superimposing distribution with Arg-CMAC.
These observations are in agreement with vacuolar storage
of P and Ca, because inorganic polyphosphates are able to
trap Ca’" [34, 35].

Mitochondria and lysosomes in mammalian cells

Mitochondria are among the most studied subcellular compo-
nents. These energy-producing organelles are responsible for
ATP synthesis by oxidative phosphorylation and lipid oxida-
tion. They are also known to be an important source of radical
oxygen species (ROS) and are of crucial importance in
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Hoechst

Fig.5 (a) Intracellular elemental redistribution in non-synchronized
NIH/3T3 cells during mitosis: prophase (Pro.), metaphase (Met.), early
anaphase (Early Ana.), late anaphase (Late Ana.), telophase (7el.), and
cytokinesis (Cytokin.). Top row: Fluorescence micrographs of cells
stained with Hoechst 33258, a DNA-selective fluorescent probe that
highlights the chromosome morphology for assignment of the individual
stages of mitosis. 2nd—6th rows: Subcellular distribution of phosphorus
(P), sulfur (S), iron (Fe), copper (Cu), and zinc (Zn) for each cell (top row)
visualized by SXRF raster scans with excitation at 10 keV and 0.3 pm
step size. Scale bars: 10 um. (b) Intracellular element distributions in

apoptosis. Rhodamine 123 is a lipophilic, fluorescent perma-
nent cation that appears yellow—green or red, depending on
the properties of the optical filter. This probe is sequestered by
active mitochondria in a few minutes. Accumulation of rho-
damine by mitochondria is driven by the strong membrane
potential (—180 mV) of the inner mitochondrial membrane,
which attracts cations to the mitochondrial matrix, and by the

a

interphase NIH/3T3 cells. Top row: Confocal fluorescence micrographs
of cells labelled with the cell cycle indicator FUCCI30 for assigning
individual interphase stages (red: G1 phase; mixed red and green: G1/S
phase; green: G2). 2nd—6th rows: Subcellular distribution of phosphorus
(P), sulfur (S), iron (Fe), copper (Cu), and zinc (Zn) for each top row cell
visualized by SXRF raster scans with excitation at 10 keV and 0.3 pum
spatial resolution. All false-colour maps were normalized to the maxi-
mum element density. Scale bars: 20 pm. Figure reproduced from McRae
et al. [18], with permission from the Royal Society of Chemistry

lipophilicity of rhodamine, which greatly facilitates crossing
of the hydrophobic membranes. We used double labelling of
mitochondrial network with rhodamine 123 (A.,=507 nm,
Aem=2529 nm) and lysosome labelling with Lysotracker blue
(L7525; Life Technologies; A\ox=373 nm, A¢,=422 nm), to
investigate arsenic speciation in cells [16, 17]. The micro-
SXRF and micro-XANES experiments presented in Fig. 7

b max r' - =
Ca
min
il
Vacuole (o Ca

C
' .
P +vac. |S+vac. |[Cl+vac. |K+vac. |Ca+ vac.|Fe + vac.

Fig.6 Chemical element imaging of the yeast S. cerevisiae by use of
SXRF. (a) Freeze-dried yeast with Arg-CMAC labelled vacuoles, show-
ing that Arg-CMAC blue fluorescence is preserved after cryofixation and
freeze-drying, The Arg-CMAC signal is shown in false colour (red) for
the purpose of correlative imaging. (b) SXRF distribution maps of
calcium, phosphorus, sulphur, chlorine, potassium, and iron in the same
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single yeast cell; SXRF imaging was performed by use of the ESRF ID21
beamline with a beam size of 0.4x0.7 umz. (¢) Correlative imaging of
SXRF chemical element distribution (green—colour scale modified for
imaging purposes) and Arg-CMAC signal (red) reveals accumulation of
P, Cl, and Ca within the vacuole, as revealed by the yellow colour of the
superposed images, not observed for such other elements as S and K
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min

Fig.7 SRXF imaging and uXANES subcellular speciation of As in
isolated HepG2/A cell. (a) Live cell imaging of HepG2/A cell observed
under a light microscope. (b) Same HepG2/A cell with multicolour
labelling of mitochondria (rhodamine 123, green) and lysosomes
(Lysotracker blue, blue). (¢) and (d) SXRF distribution maps of potassium
and arsenic. White bars indicate the location and size of the beam during
subcellular uXANES measurements. (e) uXANES spectra of subcellular

were carried out at the ESRF on beamline 1D22; a liquid
nitrogen cryostream was used to perform both methods at
cryogenic temperatures. In this work, lysosomes were labelled
after arsenic exposure, cells were incubated with Lysotracker
blue (1.25 pmol L") in culture medium at 37 °C, with 5 %
CO,, for 30 min. Rhodamine 123 (25 pmol L™ in PBS) was
added for 10 min. The live-cells were then washed twice with
PBS, pH 7.4, and imaged in less than 20 min under fluores-
cence microscopy with a water-immersion objective before
cryofixation. A predominance of As(IIl) species was observed
in the cytoplasm, mitochondrial network, and lysosomes of
HepG2/A cells exposed to As(OH); with, in the nucleus, a
mixture of trivalent and pentavalent species [17].

Organelle specific proteins tagged with fluorescent
proteins

Green fluorescent proteins (GFPs) can be targeted to a
variety of intracellular locations [36, 37]. A method for
organelle labelling on the basis of baculovirus gene
transfer into mammalian cells, named BacMam technol-
ogy, is commercially available [38]. BacMam technology
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compartments, cytoplasm, mitochondrial network, nucleus, and lyso-
somes. The dashed line indicates the absorption edge of As(Ill), the
dotted line that of As(V). Use of a liquid nitrogen cryo-stream enabled
analysis of the cell in its frozen hydrated state at 150 K, on beamline
ID22 at ESRF. Figure reproduced from Ortega et al. y, with permission
from Royal Society Publishing

for fluorescence imaging involves expression of
autofluorescent proteins targeted to specific subcellular
organelles. The reagent contains a baculovirus express-
ing a fusion protein of an organelle marker and a fluo-
rescent protein. BacMam products are available for la-
belling of organelles including cytoplasm, endoplasmic
reticulum, Golgi apparatus, lysosomes, mitochondria,
nuclear envelope, nucleus, peroxisome, plasma mem-
brane, and synaptophysin [37, 38].

By use of the BacMam procedure organelles can be located
on living cells before cryofixation (Fig. 1) and samples can be
further processed in accordance with procedures adapted to
SXRF element imaging and speciation. For example, by use
of BacMam technology we have shown that manganese ac-
cumulates predominantly within the Golgi apparatus of PC12
cells [19]. This specific organelle content was identified ow-
ing to the correlation of fluorescence microscopy of GFP-
Golgi proteins with SXRF imaging of manganese distribution.
We were also able to probe Mn oxidation state in the Golgi
apparatus of PC12 cells by using micro-XANES on frozen
hydrated cells [19]. Both SXRF and XANES experiments
were performed at ESRF on beamline ID21. For Golgi appa-
ratus location, PC12 cells were transduced with Organelle
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Light reagent (036215; Invitrogen) expressing the fusion of a
Golgi-targeting sequence (N-acetylgalactosaminyl-transfer-
ase-2 enzyme) and a fluorescent protein (green, red, or orange;
GFP in our work). The procedure was performed, in accor-
dance with the manufacturer’s instructions, 24 h after cells
were plated and before Mn addition. Fluorescence of the
Golgi apparatus and nucleus labelled with Hoechst stain so-
lution was observed in living cells by use of an
epifluorescence microscope before cryofixation. After live
cell observation, cells were cryofixed and maintained in liquid
nitrogen vapor throughout the experiment, and micro-XANES
was performed at cryogenic temperature. The element distri-
bution obtained by SXRF indicated that Mn was located
within the Golgi apparatus, and micro-XANES speciation of
the oxidation state of Mn revealed it was present as Mn(Il) in
the cytoplasm and the Golgi apparatus (Fig. 8) [19]. Recently,
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Fig.8 (a) SXRF distribution maps for P, S, and Mn, obtained from frozen
hydrated PC12 cells, and fluorescence images of the location of the Golgi
apparatus (green, GFP-BacMam) and nucleus (b/ue, Hoechst stain solu-
tion) in live cultured cells. (b) XANES spectra at the Mn absorption edge
of the cell presented in (a), within the Golgi apparatus (blue line), and
within the cytoplasm (red line), showing that Mn is present in the Mn(II)
oxidation state as compared with the Mn(II) standard sample (black line).
SXRF and XANES were conducted on hydrated cells cooled by thermal
contact with the cryo-stage at liquid nitrogen temperature (77 K), on
beamline ID21 at ESRF
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in a SXRF study of the dynamic distribution of trace elements
during cell division, McRae et al. [18] reported the use of this
technology (Premo FUCCI cell cycle sensor; Invitrogen) to
follow the cell cycle, owing to co-expression of two cell-cycle
regulators fused to GFP and red fluorescent protein (RFP). For
this correlative comparison, cells were fixed with 3 % PFA
after FUCCI sensor expression, observed by confocal fluores-
cence microscopy, and then prepared for SXRF imaging at the
single-cell level (Fig. 5b).

Nanoparticle-based methods

Modified nanoparticles can also be used to target organelles.
Paunesku et al. [39] developed TiO, nanoparticles linked to
oligonucleotides with a DNA sequence targeting mitochon-
drial or nucleolar DNA. Several cell lines were transfected
with these structures and SXRF confirmed the presence of Ti
in the nucleus and mitochondria, depending on the oligonu-
cleotide sequence. A modified version of nanoconjugates with
gadolinium attachment—a useful element tag because it is not
normally found in cells—has also been investigated by use of
SRXF, which revealed possible nuclear accumulation [40].
Later, Thurn et al. [41] reported a method of rendering
TiO,—DNA nanocongugates optically fluorescent, enabling
direct comparison of the Ti signal from SXRF with images
obtained from fluorescent optical microscopy. This kind of
modified nanoparticle, initially developed for therapeutic pur-
poses, may be useful for direct SXRF identification of organ-
elles; they are, however, limited to nucleus and mitochondria,
and DNA-matching conditions make them highly dependent
on cell line species. To target the nucleus, Yuan et al. [42] used
nanoparticles of Fe;O4 core and TiO, shell conjugated to
peptides binding the epidermal growth factor receptor
(EGFR). High-resolution SXRF imaging and tomography
was then conducted to study the distribution of the nanopar-
ticles in the cytoplasm and nucleus. Quantum dots have been
used to selectively label cellular organelles [43]; this might
have applications in fluorescence and X-ray correlative mi-
croscopy of cellular organelles. This principle has been vali-
dated with quantum dots—secondary antibody conjugate to
label the cancer marker HER2 (human epidermal growth
factor receptor 2) on the surface of SKOV3 cancer cells [44].

Conclusion and perspectives

Combination of organelle fluorescence microscopy with
SXRF and XAS gives direct information, ideally without
sample modification, about the chemical element composition
of organelles, and the speciation of these elements. This
information will enable better understanding of physiological
and toxicological mechanisms involving trace elements at the
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cellular level, revealing, for instance, nuclear or mitochondrial
interactions or detoxification pathways through specific or-
ganelles, for example the Golgi apparatus or lysosomes. Fluo-
rescence immunolabelling procedures do not seem to be fully
compatible with the X-ray chemical element imaging, because
of the large effect of chemical fixation and permeabilization
on element concentration and distribution. However, the high
specificity and wide range of antibodies available make them
a complementary and comparative tool to be applied in paral-
lel to samples different from those analysed by SXRF. Label-
ling of living cells with organic fluorescent dyes and/or fluo-
rescent proteins, before cryogenic fixation, has been com-
bined with correlative organelle fluorescence microscopy
and X-ray chemical imaging. This approach has the advantage
of being compatible with live cell imaging, an indication of its
relatively low effect on ion homeostasis. Sometimes the fluo-
rescence is stable over time and can be observed even after
freeze-drying. However, the best procedures rely on imaging
of frozen hydrated cells, because the fluorescence is more
stable at cryogenic temperatures and the cellular and organelle
structures are better preserved than for freeze-dried samples.
This trend is well illustrated by the development of correlative
cryo-fluorescence and cryo-electron microscopy [21, 45, 46],
and correlative cryo-fluorescence and soft X-ray cryo-
microscopy [47-49].

One of the principal objectives of this article is to
advocate the more systematic use of organelle fluores-
cence labelling. Many recent articles reporting SXRF or
XAS imaging at the single-cell level would have benefit-
ted substantially from this simple procedure for identifi-
cation of the organelles in which elements are located.
The procedure is also compatible with other chemical
element imaging methods, for example electron X-ray
microanalysis or micro-PIXE (particle-induced X-ray
emission). Another capability that has not yet been fully
investigated is the combination of organic fluorophores
with different colours and/or expression systems with
GFP, RFP, YFP (red and yellow fused proteins) to identify
several organelles simultaneously. From the perspective of
instrument development, at the time of writing this article,
the authors know no of hard X-ray microscope equipped
with an epifluorescence microscope enabling correlative
imaging on-line. Such implementation, already available
for soft X-ray cryo-microscopes [48], would simplify
identification of cells and organelles of interest and would
result in time saving during X-ray imaging experiments,
because only the most interesting cells would be analysed.
A distinct and more direct way of obtaining information
about element distribution in organelles would be to com-
bine SXRF and high-resolution X-ray microscopy, as has
been implemented for soft X-ray microscopy to visualize
detailed cellular ultrastructures in 2D [50] and 3D [51],
and recently developed for hard X-ray microscopes using

phase contrast imaging techniques [5, 52]. Finally, anoth-
er appealing development would be correlative fluores-
cence combined with X-ray element 3D microscopy.
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