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Abstract

Chemical elements, especially metals, play very specific roles in the life sciences. The implementation
of correlative imaging methods, of elements on the one hand and of molecules or biological structures
on the other hand, is the subject of recent developments. The most commonly used spectro-imaging
techniques for metals are synchrotron-induced X-ray fluorescence, mass spectrometry and
fluorescence imaging of metal molecular sensors. These imaging methods can be correlated with a
wide variety of other analytical techniques used for structural imaging (e.g., electron microscopy),
small molecule imaging (e.g., molecular mass spectrometry) or protein imaging (e.g., fluorescence
microscopy). The resulting correlative imaging is developed at different scales, from biological tissue
to the subcellular level. The fields of application are varied, with some major research topics, the role
of metals in the aetiology of neurodegenerative diseases and the use of metals for medical imaging or
cancer treatment.
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Abbreviations

BSE, backscattered electron imaging; CLEM, correlative light-electron microscopy; DAPNe, direct
analyte-probed nanoextraction; DESI, desorption electrospray ionization; FTIR, Fourier-transform
infrared spectroscopy; HD-MIBI = high-definition multiplex ion beam imaging; HIM-SIMS, helium ion
microscope secondary ion mass spectrometer; IF, immunofluorescence ; IMC, imaging mass
cytometry; LA-ICP, laser ablation inductively coupled plasma; LC, liquid chromatography; MS, mass
spectrometry; MSI, mass spectrometry imaging ; O-PTIR, optical photothermal infrared imaging; PClI,
phase contrast imaging; PIXE, particle induced X-ray emission; gBEIl, quantitative backscattered
electron imaging; SIM, structured illumination microscopy; SIMS, secondary ion MS; SiR, silicon
rhodamine; SN, substantia nigra; SR, synchrotron radiation; SR-FITR, synchrotron-based Fourier
transform infrared spectro-microscopy; STED, stimulated emission depletion microscopy; SXRF,
synchrotron X-ray fluorescence; SXT, soft X-ray tomography; TEM, transmission electron microscopy;
TH, tyrosine hydroxylase; TOF, time-of-flight; XANES, X-ray absorption near edge structure; Zn-STIMO
= simultaneously tracking Zn* in multiple organelles.



Introduction

‘Nature loves to hide’. These elegant words, written by Heraclitus of Ephesus about 2,500 years ago,
can be interpreted in many ways. As researchers, we may recognize the great game of hide-and-seek
that Nature loves to play. The development of new analytical tools has always been a key parameter
to answer the many questions that arise in Biology. Multiple and complementary analytical techniques
are needed to unravel the mechanisms underlying complex biological processes and their pathological
dysfunctions. This is particularly true for the study of metals in Biology. The information about the sole
localization of the metal in tissues or cells is generally not enough to understand the molecular
mechanisms of action. Ideally, metal localization should be compared to the structural organization of
the cell or tissue, and/or to the localization of biomolecules (proteins, nucleic acids, lipids...).

The main techniques for imaging metals in biological samples are based either on X-ray emission
spectrometry e.g. particle induced X-ray emission (PIXE) and synchrotron X-ray fluorescence (SXRF),
on mass spectrometry (MS) e.g. laser ablation inductively coupled plasma MS (LA-ICP-MS) and
secondary ion MS (SIMS), or on fluorescence microscopy of metal specific fluorescent probes (Tables
1 & 2). The characteristics of these imaging techniques in terms of sensitivity, spatial resolution and
guantitative analysis as well as their capabilities to address biological questions have been exhaustively
reviewed [1-5]. On the other hand, the imaging of biological molecules can be achieved by a variety of
instruments available to characterize the biological tissues (Tables 1 & 2), from optical and
fluorescence microscopy (e.g. histological staining, immuno-staining), electron microscopy, infrared
microscopy, and mass spectrometry for organic compounds analysis.

Another important requirement to understand the effects of metals on biological processes is that
different scales of observation are needed, from the tissue level down to the subcellular level.
Depending on the nature of the studied samples, tissue sections or single cells, the sample preparation
may differ drastically (Tables 1 & 2). In this article, we will review the last two years research dedicated
to the imaging of chemical elements and their correlation with biological molecules or structures. We
will first review the state-of-the-art for correlative imaging of biological tissues, as a continuation and
update of the review article from Perry et al. [6] in this journal, and secondly we will present the
correlative imaging at the subcellular level.

Correlative elemental imaging at the biological tissue level

Correlative imaging enables the characterization of distinct microscopic features in ex vivo tissues and
comparison with element localization (Table 1). The fields of application are mainly for the
understanding of the homeostatic dysfunction of metals in various pathologies (cancer, tuberculosis,
neurodegenerative diseases...), using human tissues or animal models. A second topic in development
is the use of metals or halogenated compounds (Br, |) as markers for biological molecules such as
antibodies.

Correlation of elemental distribution with tissue structures

The simplest yet most informative way to correlate chemical element maps with the structure of a
biological sample is simply to perform serial sections of the sample and histological staining. One of
the sections is stained for histology. Another section, not stained, is deposited on a support adapted
to the chosen chemical imaging method for comparison of chemical element localization and tissue



organization. This comparison allowed, for example, to define the distribution of platinum in tumors
collected from patients treated with a platinum-based anticancer drug. Histological sections were
compared to time-of flight (TOF) LA-ICP-MS images. The results of this study show strong
heterogeneity of platinum distribution in tumors [7]. It is also possible to obtain information on the
structural organization through electron microscopy. This is the case of bone tissue whose
mineralization can be characterized by quantitative backscattered electron imaging (qBEl) [8], allowing
the histological identification of bone structures and compare with chemical element maps obtained
by SXRF. This methodology was applied to study the potential toxicity of Gd contrast imaging molecules
to the bone structure. Both SXRF and gBEI were performed on the same tissue sections, embedded
with poly(methyl methacrylate) (PMMA), offering a direct unbiased correlative imaging. However, this
protocol is limited to the study of tightly bound elements to the biological matrix, which is the case for
Gd and Ca in bone tissues.

Correlation of elemental distribution with proteins labelled with antibodies

Similarly to histological staining, immunohistochemical labelling is a simple and very informative
alternative for correlating element distributions with well identified regions of biological tissues. For
example, metal analysis was performed by micro-PIXE, micro-SXRF and micro- X-ray absorption near
edge structure (XANES) to determine element distributions and Fe oxidation state in the substantia
nigra (SN) pars compacta and pars reticulata identified by tyrosine hydroxylase (TH)
immunohistochemistry [9]. This study explains how to prepare adjacent facing sections of biological
tissue, mirroring each other, which allows the analysis of two sections by two different imaging
methods but on the two faces of the same specimen. Using a similar methodology, SXRF was combined
to immuno-fluorescence (IF) microscopy on adjacent facing sections to determine the metal content
of Cu,Zn superoxide dismutase aggregates [10]. In another example, histological staining and
immunohistochemistry were applied to identify atherosclerotic plagues and to compare with the
distribution of metal-based contrast agents at different scales, by LA-ICP-MS and SXRF [11].

A recent development of micro-PIXE analysis enables to perform the correlative imaging on the same
tissue section by detecting simultaneously chemical elements and proteins labelled with a Ni-tagged
antibody. Using this original strategy, micro-PIXE element mapping was conducted to quantify Fe in
Parkinson’s disease brains within specific cell types (neurons, oligodendrocytes, microglia, astroglia)
identified by Ni-enhanced immunocytochemical detection [12]. This strategy is similar to the one
developed for imaging mass cytometry (IMC) which uses metal-tags to image proteins by high
resolution LA-ICP-MS offering a very powerful tool for imaging up to 42 antigenic markers on a single
section of tissue [13]. IMC was recently combined to another LA-ICP-MS setup to compare the
immuno-histology with the distribution of endogenous metals (Mg, Cu, Zn) in sections of a 3D model
of lung adenocarcinoma cells [14]. Also with the goal of identifying proteins by immunolabeling with
atoms that can be detected by chemical element imaging, another study proposes the synthesis of an
iodinated derivative of an immunoglobulin G complex conjugated to erythrosine B that can be
detected by both SXRF and immunofluorescence [15]. This bimodal probe enabled to identify
dopaminergic neurons in tissue sections from mice brains.

Correlation of elemental distribution with MSI

Mass spectrometry imaging (MSI) methods such as desorption electrospray ionization (DESI)-MSI are
now widely used to locate low molecular weight molecules (e.g. metabolites, drugs...) at the scale of a



tissue or an organ. Correlating MSI with chemical element imaging would allow significant progresses
in many research fields. In the already cited study of a 3D model of lung adenocarcinoma cells, IMC,
LA-ICP-MS and DESI-MSI were performed respectively for protein-localization, chemical element
imaging and imaging of metabolites (lactate, glutamine, citrate...) and other low molecular weight
molecules (fatty acids, glutathione) [14]. In this example, the analyses were performed on distinct
tissue sections prepared with protocols suited to each imaging technique. However, the challenge is
to make the sample preparation compatible for applying MSI and elemental imaging on the same
sample. The proof of concept of MSI followed by elemental chemical imaging has been recently
provided [16]. Lung tissue sections from an animal model of tuberculosis were imaged first by DESI-
MSI then by PIXE, on the same section, clearly showing a correlation at the 50-um scale between
specific lipids markers of tuberculosis and some chemical elements such as Fe. An alternative approach
to MSI is liquid extraction surface analysis, where a discrete region of a sample is probed [17]. The
combination of direct analyte-probed nanoextraction (DAPNe) and liquid chromatography (LC)-MS to
identify lipids, and PIXE micro-analysis for element imaging, revealed an association between foamy
macrophage regions and Fe accumulation in a rabbit model of tuberculosis. This study also enabled to
compare the distribution at the tissue level of a Br-containing anti-tuberculosis drug, bedaquiline, that
could be detected both by micro-PIXE and by DAPNe-LC-MS showing for both methods that the drug
concentration was higher in the cellular rim.

Correlation of elemental distribution with FTIR

Fourier-transform infrared spectroscopy (FTIR) imaging is also very frequently used for the chemical
imaging of biological macromolecules in tissue sections and provides key information on chemical
changes during pathogenesis. When combined to elemental imaging, FTIR can contribute to elucidate
pathological mechanisms involving metals. For example, synchrotron radiation (SR) UFTIR and SXRF
were performed on the same areas of human brain sections from Alzheimer’s (AD) disease patients
[18]. SR-PFTIR enabled to locate and distinguish fibrillary and nonfibrillary amyloid plaques. SXRF
revealed that the concentrations of Fe, Cu and Zn were higher in the amyloid plaques. Cu and Zn were
co-located with the amyloid deposits while Fe was associated with the border of the plaques. Fe
concentrations were found higher in fibrillary plaques than in nonfibrillary ones. In addition, XANES at
Fe absorption edge revealed the presence of Fe(ll) and Fe(lll) in the amyloid deposits, with a decreased
content of Fe(ll) in fibrillary plagues vs non fibrillary ones. In another study, the development of a
methodological workflow for the calculation of correlative coefficients between SXRF and FTIR images
of full rat brains sections shows very interesting features (Figure 1). For example, a high correlation
between phosphorous and aliphatic signals could be generally concluded and between Fe signals and
tyrosine residues [19].

Correlation of elemental distribution with TEM

A recent development succeeded in correlating nano-SXRF imaging to transmission electron
microscopy (TEM), a reference method for ultrastructural microscopy [20]. This new achievement was
applied to rat brain tissues in an experimental model of Parkinson’s disease. The mapping of trace
metals using SXRF was performed on 500 nm- thick tissue sections, while TEM was performed on
adjacent 80 nm-thin sections. Trace element concentrations could be quantified unambiguously in
cellular organelles such as the nucleus, nucleolus or cytoplasm.



Correlative elemental imaging at organelle level

The elemental imaging of biological tissues generally uses thin or semi-thin sections, whereas
subcellular imaging often starts from cell cultures as described in the next sections (Tables 1 & 2). It is
also important to note the great heterogeneity of cellular sample preparation methods: cryofixation
and freeze-drying, chemical fixation, fully cryogenic protocols, etc. No standard correlative technique
stands out and the same is true for sample preparation protocols, each solution must be adapted to
the question asked, with its own advantages and limitations.

Elemental imaging techniques used for correlative studies

Recent publications show a certain homogeneity in the techniques used for elemental imaging at the
subcellular level. In correlative mode SXRF imaging is widely used, followed by SIMS and finally by an
example of structured illumination microscopy (SIM) (Table 2). SXRF was employed to identify the
organelles of manganese accumulation in parkinsonism, revealing Mn-rich nano-vesicles in the Golgi
apparatus [21, 22]. Another example of SXRF application is the identification at high spatial resolution
(pixel size 25-50 nm) of Fe/S-rich cytoplasmic granules in the SN of Parkinson's disease model in rats
[20]. In a neuronal model of AD, Fe clusters detected by SXRF colocalized with amyloid B-sheet
structures [23]. Correlative SXRF imaging has also been used to study uranium neurotoxicity with
formation of cytoplasmic aggregates in dopaminergic cells [24], the distribution of elements (P, S, Cl,
K, Ca) and metals (Fe, Zn) in the growth cones of developing neurons [25] and the mitochondrial
localization of silver in hepatocytes exposed to silver nanoparticles [26]. Correlation at the
molecular/macromolecular scale is now possible. SXRF nano-imaging beamlines reach resolutions of
30 nm, comparable to the resolutions of super-resolution optical microscopy techniques. This allowed
the identification of copper and zinc associated with cytoskeletal proteins in dendritic spines [27].
Correlating the distribution of trace elements with the localization of organelles could ideally be done
at the SXRF step. Thus, several publications report the development of rhenium or bromine-based
organelle trackers (turn-on fluorescent probes) for SXRF imaging of mitochondria [28, 29]. Another
approach is the construction and expression of fusion proteins with a lanthanide binding motif
(europium, erbium). Cytosolic or membrane proteins tagged with lanthanide are then directly
detectable by the X-ray fluorescence of these heteroatoms [30].

There are very few recent examples of correlative 3D SXRF imaging at the subcellular scale, probably
due to the difficulties of implementing these techniques, sample preparation constraints, acquisition
time and data processing. Nevertheless, two publications present the state of the art and directions
for 3D correlative SXRF imaging of eukaryotic cells. Conesa and colleagues performed 3D mapping of
the intracellular distribution of an anticancer drug (iridium metallodrug) with a step size of 70 nm and
precisely demonstrated its localization in the mitochondria of breast cancer cells (Figure 2) [31].
Another 3D study focused on subcellular imaging and local quantification of elements (P, S, Cl, K, Ca,
Mn, Fe, Zn) in entire macrophage [32]. These two studies were conducted in fully cryogenic mode.
Finally, SXRF tomography was also successfully used to image a membrane protein on the surface of
E. coli [30].

Nano-SIMS imaging offers a spatial resolution of approximately 50-100 nm and allows elemental and
isotopic analysis. Nano-SIMS imaging has been used in 'dual’ correlation with correlative light-electron
microscopy (CLEM) to analyse the isotopic composition (}N, 2C, 31p, 32S) of organelles in Hela cells
[33]. In another study, NanoSIMS was correlated with TEM to demonstrate the subcellular distribution
of a platinum-based drugs in the nucleus and nucleoli of human colon cancer cell lines [34], and Hela



cells [35] with 30 nm lateral resolution. NanoSIMS was also used in correlation with TEM, as well as
helium ion microscope secondary ion mass spectrometer (HIM-SIMS) in correlation with backscattered
electron (BSE), for high-resolution intracellular Fe imaging in macrophages, with a spatial resolution
down to 20 nm for HIM-SIMS showing Fe accumulation within mitochondria and vacuole-like
organelles [36]. Finally, apart from SXRF and Nano-SIMS techniques, there is an example of correlative
imaging of the labile zinc pool at super resolution based on structured illumination microscopy (SIM)
with a specific turn-on Zn?* fluorescent probe designed for the simultaneous tracking of Zn in multiple
organelles (Zn-STIMO) [37].

Organelle imaging techniques used for correlative studies

The techniques used for organelle imaging are divided into three main categories: fluorescence light
microscopy, SR-based methods and electron microscopy. Through the diversity of these approaches,
all organelles can be located, as well as proteins in some cases (Table 2). In fluorescence light
microscopy (epifluorescence, confocal, or super-resolution), correlation is investigated by the use of
organelle-specific trackers of the subcellular compartments: nucleus [22, 24], lysosomes and
mitochondrial network [28-30, 33], or of multiple organelles [37]. Organelle localization can also be
achieved by expression of fluorescent fusion proteins (e.g. GFP, RFP tag) with targeting sequence to
the Golgi apparatus, endosomes, lysosomes, or endoplasmic reticulum [22, 24]]. Direct labelling of
cellular proteins is also possible and has been used in stimulated emission depletion (STED) super-
resolution microscopy for actin and tubulin labelling with silicon-rhodamine (SiR) fluorophores [25, 27,
38]. By using STED microscopy and SXRF on the same sample with a similar spatial resolution, below
40 nm, it was possible to discriminate between thin cellular structures such as microtubules in cultured
neurons that could not be separated by confocal microscopy [38].

SR methods can be used to reveal the 3D cellular ultrastructure by cryo soft X-ray tomography (cryo-
SXT) which is based on the measurement of the local intracellular density. Organelles are segmented
based on these density differences. The volume resolution is excellent (50 nm) and the technique
requires a fully cryogenic protocol to maintain frozen hydrated cells at cryogenic temperature in a
near-native state [31] (Figure 2). Another 3D SR-based technique is X-ray holographic
nanotomography. Used in correlation with SXRF in entire frozen-hydrated macrophage cells
(resolution 20 nm for SXRF, 40 nm for holograms), it allows to measure the local mass density and to
precisely quantify the molar concentration of major and minor elements taking into account X-ray self-
absorption [32]. SXRF imaging has been correlated with phase contrast imaging (PCl) to locate dense
subcellular structures [27, 39] or with SR optical photothermal infrared (O-PTIR) imaging to
characterize amyloid structures [23].

A correlative method of choice for the ultrastructural study remains TEM. It has been used alone or in
combination (CLEM) as a complement to 2D elemental analyses conducted in SXRF [20, 26, 31, 33].
The preparation of TEM samples remains restrictive (chemical fixation, contrast agents, substitution,
sections, etc.) and disturbs the distribution of diffusible elements, which may compromise the
generalization of its use in correlation with elemental analysis on the same section. Finally, correlations
between elements and very fine subcellular structures can also be established in NanoSIMS using
antibodies tagged with specific isotopes (*°F, Br, 171, 1’Au). This high-definition multiplex ion beam
imaging (HD-MIBI) approach enabled to correlate Pt distribution from the chemotherapeutic agent
cisplatin to subnuclear structures, at 30 nm spatial resolution in 3D [35].



Perspectives

Correlative imaging of metals and biological molecules and/or structures allows to allocate specific
activities to certain regions of a biological tissue or cell. Studies that will integrate multi-scale
approaches in addition to multimodal imaging should provide a better understanding of the
mechanisms of action of metals in biology. Regions of metal compartmentalization at the tissue level,
for example in the brain, are often highlighted and constitute the first step before moving to a finer
resolution to identify the subcellular or molecular actors of this compartmentation. A multimodal
characterization, not only bimodal, is desirable to obtain the most exhaustive information possible but
is often hampered by the incompatibility of preparation methods for each analysis technique. Work is
needed today to improve the compatibility of imaging techniques. Another possible improvement will
be to perform multimodal imaging, with the same instrument, to identify and localize both the metal
and the biological molecules of interest. This objective seems to be achievable by several approaches,
for example SXRF or SIMS imaging, by labelling biological molecules with exogenous atoms while
maintaining the localization of endogenous elements.
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Table 1. Correlative elemental imaging studies of tissues (2019-2022)

Parkinson's disease

Application Sample Elemental imaging techniques and | Correlative techniques and Spatial resolution Sample preparation Reference
analytes analytes
Cancer Human brain LA-ICP-TOFMS : Mg, P, S, Ca, Fe, Cu, | Optical microscopy (histology) : LA-ICP-TOFMS : 10 pm Paraffin-embedded tumor [7]
chemotherapy with | tumors Zn, Gd, Pt hematoxylin and eosin staining Optical microscopy = 2 pm sections (5 um)
metallodrugs
Gadolinium toxicity Human bones SXRF: Gd, Ca gBEI: tissue mineralization SXRF : 20 um PMMA-embedded tissue [8]
qBEI: 1 um sections (3 um)
Metal Mice brain PIXE, SXRF : P, S, Cl, K, Ca, Mn, Fe, Immuno-histochemistry : tyrosine PIXE: 2 um Fresh frozen tissue sections [9]
dyshomeostasis in Cu, Zn hydroxylase SXRF and XAS: 4 um (20-50 um)
Parkinson’s disease XANES: Fe(Il)/Fe(lll)
Metal Human brain SXRF: K, P, S, Fe, Cu, Zn IF: superoxide dismutase; a- SXRF : 100 nm Fresh frozen tissue sections (20 | [10]
dyshomeostasis in synuclein Immuno-fluorescence: 2 um um)
Parkinson’s disease X-ray ptychography: tissue X-ray ptychography: 13.5 nm
structure (aggregates)
Contrast agent for Rabbit aortic SXRF: P, S, Ca, Fe, Gd Immuno-histochemistry: smooth SXRF: 0.6 x 0.8 um? Formalin fixation, paraffin [11]
atherosclerosis arch LA-ICP-MS: Fe, Eu, Gd muscle cells, actin, macrophages. LA-ICP-MS: 20 pm embedded sections (5 um and
diagnostic 20 um for elemental imaging).
Fe dyshomeostasis Human brain PIXE : Fe Immuno-p-PIXE : Ni-tagged 2D Chemically fixed sections (2 [12]
in Parkinson’s antibodies for protein markers of PIXE: 2 um um)
disease brain cells Immuno-p-PIXE: 2 um
Metal 3D cell cultures, LA-ICP-MS : Mg, Cu, Zn DESI : metabolites, fatty acids, LA-ICP-MS : 6 um Chemically fixed sections (10 [14]
dyshomeostasis in lung glutathione. DESI-MS : 30 pm um)
carcinogenesis adenocarcinoma IMC: metal-tag antibodies targeting | IMC:1 um
protein markers for tumors.
Analytical Mice brain SXRF: iodine Immunofluorescence: tyrosine SXRF: not mentioned Chemically fixed sections (30 [15]
development hydroxylase Immuno-SXRF: not mentioned um)
Metal Rabbit lung PIXE:S, Fe, Zn DESI : lipids PIXE : 2 um Fresh frozen tissue sections (10 | [16]
dyshomeostasis in tissue DESI : 75 pum um)
tuberculosis
Metal Rabbit lung PIXE: Cl, K, Fe, Br DAPNe-LCMS: lipids, bedaquiline PIXE : 2 um Cryosections (10 pm) [17]
dyshomeostasis in tissue (anti-tuberculosis drug) DAPNe-LCMS : 5 um
tuberculosis
Metal Human brain SXRF: Fe, Cu, Zn SR-FTIR: B sheet SXRF: 90 nm Formalin fixed brain tissues. [18]
dyshomeostasis in XANES: Fe(l1)/Fe(lll) aggregation XANES: 0.4 x 0.9 um? Frozen sections (8 um).
Alzheimer’s disease SR-FTIR: 6 um
Analytical Rat brain SXRF: PSS, Cl, K, Ca, Fe, Cu, Zn FTIR: chemical bounds SXRF: 100 x 200 pm? Fresh-frozen cryosections (20 [19]
development FTIR: 100 um um)
Metal Rat brain SXRF: P, S, Ca, Fe TEM: nucleus, nucleolus, SXRF : 25-50 nm Freezing, resin embedding, [20]
dyshomeostasis in cytoplasmic granules TEM: 1.5 nm adjacent sections




Table 2. Correlative elemental imaging studies of subcellular organelles (2019-2022)

imaging of zinc in
multiple organelles

lysososmes,
endoplasmic reticulum

SIM and Zn-STIMO : 100
nm

Application Sample Elemental Correlative technique Organelles or 2D/3D, spatial Sample preparation Reference

imaging subcellular analytes resolution (pixel size)

technique
Parkinsonism and Hela cells SXRF Epifluorescence Golgi apparatus, 2D SXRF: cryofixation, +/- freeze-drying | [22]
accumulation of Mn endoplasmic reticulum, SXRF : 50-500 nm (air vs cryo)
in the Golgi nucleus, GFP-Mn-
apparatus transport-protein
Imaging Mn storage HEK293T cells SXRF Epifluorescence Golgi apparatus, 2D cryofixation, freeze-drying [21]
in Golgi apparatus nucleus, Mn-sensor SXRF : 300 nm
3D intracellular MCF7 line (breast SXRF tomography | SXT, TEM Nucleus, dense vesicles, 3D TEM: fixation, resin embedding, thin | [31]
imaging and cancer cells) lipid droplets, vacuoles, SXRF : 70 nm sections 70 nm, U, Pb
quantification of mitochondria, cell SXT : 50 nm Epifluorence, Cryo SXT Cryo SXRF:
iridium-based drug membrane, acidic cryofixation (fully cryogenic))

organelles

Correlative imaging Primary rat SXRF Confocal, STED, PCI Dendritic spines, actin, 2D STED: live imaging [27]
of metals and hippocampal neurons tubulin SXRF : 40 nm SXRF: cryofixation, freeze drying
cytoskeleton STED : 25 nm
proteins in dendrites
and spines
3D subcellular Macrophage cells SXRF X-ray holographic Vacuoles, nucleus, 3D SXRF, X-ray holographic [32]
imaging and nanotomography cytoplasm, Golgi SXRF : 120 nm nanotomography: cryofixation (fully
quantification of apparatus, endoplasmic Holograms : 40 nm cryogenic)
elements in entire reticulum, nuclear
cells membrane
Element Alzheimer’s disease- SXRF O-PTIR Fibrillary forms of 3D Fixation, freeze drying [23]
colocalization with like neurons amyloid-B proteins, SXRF : 200-500 nm
amyloid B-sheet, lipids O-PTIR: 300-500 nm
lipids
Nano-imaging of Dopaminergic SXRF TEM Nucleus, nucleolus, 2D Freezing, resin embedding, adjacent | [20]
elements in neurons from rat cytoplasm, cytoplasmic SXRF : 25-50 nm sections
Parkinson's disease substantia nigra granules TEM: 1.5 nm
model
Cytoplasmic SH-SY5Y cells SXRF Epifluorescence Lysosomes, endosomes, | 2D Cryofixation, freeze-drying [24]
aggregation of (dopaminergic) nucleus, specific protein | SXRF : 300 nm)
uranium
Super-resolution Hela cells SIM, Zn-STIMO SIM, Zn-STIMO Mitochondria, 2D, 3D Live imaging [37]




Isotopic composition | Hela cells NanoSIMS CLEM Mitochondria, dense 2D Freeze substitution, resin [33]
of cellular granules, euchromatin, Epifuorescence : 320 nm embedding, sections
components heterochromatin TEM : 22 nm
NanoSIMS : 164 nm
Subcellular Human colon cancer NanoSIMS TEM Nucleus, nucleolus, 2D High-pressure freezing, resin [34]
distribution of cell lines mitochondria, NanoSIMS : 80 nm embedding, adjacent sections
platinum-based drug endosmes, lysosomes.
and of its isotope
labeled moieties
Subcellular Hela cells NanoSIMS NanoSIMS, HD-MIBI Nucleolus, 2D, 3D NanoSIMS compatible protocol with | [35]
localization of transcriptionally NanoSIMS : 30 nm permeabilisation
proteins and active/silent chromatin, (lateral), 5 nm (axial)
molecules using centromeres,
heteroatoms and subnuclear structures,
isotopes mitochondria
Mitochondria A549 (epithelial SXRF Epifluorescence Mitochondria 2D SXRF: fixation (PFA), air drying [28]
trackers for SXRF human lung SXRF : 500 nm
imaging and optical carcinoma cells)
fluorescence
microscopy
Subcellular imaging HepG2 cells SXRF TEM Mitochondria, nucleus 2D Fixation (PFA, glutaraldehyde), [26]
and quantification of | (hepatocytes) SXRF : 50 nm 0s04, resin embedding, sections
silver after AgNP
exposure
Imaging lanthanide E. coli SXRF, SXRF, tomography Proteins (cytosolic vs 2D/3D bacteria embedded in NaCl micro [30]
tagged proteins tomography membrane) SXRF : 40 nm crystals
using SXRF
Mapping of Primary rat SXRF Confocal, STED Actin, tubulin 2D, cryofixation, freeze-drying [25, 38]
chemical element in hippocampal neurons SXRF 85-200 nm (SXRF),
developing neurons STED : 40 nm
Mitochondria CCD-19Lu cells SXRF Confocal Mitochondria 2D SXRF: fixation (PFA), air drying [29]
trackers for SXRF (fibroblasts), HelLa SXRF : 300 nm

imaging and optical
fluorescence
microscopy

cells
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hyperspectral datacubes, based on whole sample area [19]. Reproduced with permission.



Figure 2. Unambiguous intracellular localization and quantification of a potent iridium anticancer
compound by correlative 3D cryo X-Ray imaging. Conesa et al. performed cryo SXT and cryo SXRF
tomography in MCF7 cells to precisely locate an iridium-based compound in the mitochondrial
network. (a) SXT image is overlaid with epifluorescence signal from mitochondria (green) and acidic
organelles (red). (b) Iridium distribution and quantification on same region. (c) mitochondria (green)
and iridium signal (purple). (d) reconstructed slices from the cryo-SXT and the SXRF tomography
(yellow square) and iridium density. (e) and (f) are slices across mitochondria confirming the location
of iridium. (g) 3D rendering after segmentation of organelles (cryo SXT). The iridium signal (SXRF
tomography) found in mitochondria is represented as a yellow mesh [31]. Reproduced with
permission.
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