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New avenues for the subcellular exploration of the cell

The advent of electron microscopy in the mid 1900s was a formidable tool for the detailed exploration of a cell´s structure at nanoscale resolution. Nowadays, a key challenge in cell biology is to understand the activity and function of organelles and cellular compartments, and their role in the metabolism and physiology of a cell. Omics bulk analyses (e.g. transcriptomics, metabolomics) have greatly improved our understanding on cellular mechanisms, but only provide averaged information of extracted molecules from numerous lysed cells. Hence, spatial information at the subcellular level is a missing dimension to fully interpret the phenotypic state of a cell and assess heterogeneity in a population. Chemical imaging techniques (see Glossary) are now able to reveal the chemical landscape of cells (i.e. the composition and distribution of elements and molecules) at the subcellular level without the need to add or genetically encode fluorescent labels. Probing the elemental and molecular composition in organelles and subcellular structures can reveal fundamental information about the function and physiology of a cell in response to different conditions. The subcellular distribution of some elements (e.g. the macronutrients N, P, S), which are essential building blocks of biomolecules (e.g. DNA, proteins, lipids), can reflect the metabolic roles and needs of organelles [START_REF] Salt | Ionomics and the study of the plant ionome[END_REF]. Trace metals (e.g. Fe, Cu, Zn) play a fundamental role in different biochemical functions of the cell, and their homeostasis and compartmentalization need to be tightly controlled to avoid cell death and severe pathologies.

More particularly, metals are key players in parasitic and viral infections, cancer cells, and neurodegenerative diseases [START_REF] Hackett | Elemental characterisation of the pyramidal neuron layer within the rat and mouse hippocampus[END_REF]. In the biomedical field, the increasing human exposure to exogenous compounds (e.g. metal-based nanoparticles, toxic elements) and use of therapeutic drugs, call for imaging techniques to visualize their fate in tissues and cells, and assess their toxicity and impact on the homeostasis of native elements [START_REF] Veronesi | Visualization, quantification and coordination of Ag + ions released from silver nanoparticles in hepatocytes[END_REF][START_REF] Lehmann | Crumpling of silver nanowires by endolysosomes strongly reduces toxicity[END_REF]. In addition to elements, the localization of metabolites (e.g. sugars, lipids) in cells is also essential to fully understand metabolic processes. Therefore, subcellular mapping of elements and metabolites is becoming indispensable to investigate the physiology and metabolism of healthy and diseased cell types, understand cellular interactions in tissues or with beneficial cells (e.g. symbioses) and pathogens (e.g. viral or bacterial infection), and their adaptive response to abiotic stresses.

Recent technological progress in chemical imaging has substantially improved sensitivity and spatial resolution, allowing disentangling of cellular compartments in a single cell. However, the multiplicity of these complex imaging techniques requires guidance for non-specialists. An overview of the chemical imaging techniques currently available is therefore needed to help biologists integrating the subcellular scale in their studies while being aware of their potential and limitations. Each chemical imaging platform presents experimental specifications that make them more sensitive to some elements or molecules, so different platforms need to be combined to have a comprehensive view of the chemical landscape of a cell. Moreover, since chemical imaging generally provides limited information on the cell ultrastructure, electron microscopy (EM) is often required to interpret the intracellular localization of elements and molecules. Correlation between light microscopy and EM (CLEM) is well established [START_REF] De Boer | Correlated light and electron microscopy: ultrastructure lights up![END_REF][START_REF] Karreman | Intravital Correlative Microscopy: Imaging Life at the Nanoscale[END_REF], but correlation between EM and chemical imaging is less developed. Bridging the data acquired with different high-resolution imaging strategies is the next challenge and will make correlative subcellular imaging a new powerful research tool towards integrative cell biology.

This review aims at presenting the potential and limitations of state-of-the-art chemical imaging techniques for non-specialists who seek to obtain chemical information at the subcellular level.

We aim to guide biologists to the appropriate imaging technique and associated sample preparation to visualize and quantify elements or biomolecules in cells. We also summarize the new developments for correlative subcellular imaging (Figure 1 

Potential and limitations of subcellular chemical imaging platforms and required sample preparation

Multiple chemical imaging instruments are capable of visualizing the molecular, elemental, and isotopic composition of a cell with high lateral resolution [START_REF] Da Cunha | Overview of chemical imaging methods to address biological questions[END_REF]. These microscopes are generally equipped with a high-energy, and focused primary beam of electrons, protons, photons, or ions that raster across the surface of the sample and obtain quantitative information in a spatially resolved manner (Box 1). The instrument and experimental setup need to be carefully chosen according to the research question and the target elements or molecules of interest. Here we focus on the key methodologies that are routinely being used to provide subcellular information. Lower resolution technologies (e.g. MALDI, LA-ICP-MS) will not be discussed in detail here (see review [START_REF] Baker | Recent advancements in matrix-assisted laser desorption/ionization mass spectrometry imaging[END_REF]).

X-ray fluorescence microscopy relies on the excitation of core electrons of atoms that leads to X-ray emissions, which are specific to elements in the sample (see Glossary and Box 1). The primary probe determines the technique: electrons in Energy Dispersive X-ray Spectrometry (S/TEM-EDS); protons in particle-induced X-ray emission (PIXE), synchrotron-generated photons in synchrotron X-Ray Fluorescence (S-XRF) imaging. These analytical techniques can be used to visualize and quantify the distribution of macronutrients (e.g. P, S), key trace elements (e.g. Mn, Fe, Cu, Zn, Se), toxic heavy metals (e.g. Hg, Pb), and pharmacological compounds (e.g. organometallic compounds based on Pt, Ir, Os, Ru). S/TEM-EDS can provide the highest spatial resolution (sub-nanometre in TEM) with sensitivity of ~1000 ppm (1 mg.g -1 ) [START_REF] Lauwers | An iron-rich organelle in the cuticular plate of avian hair cells[END_REF]. Compared to this, PIXE is less spatially resolved (sub-micron) but is more sensitive (ppm range) [START_REF] Da Cunha | Overview of chemical imaging methods to address biological questions[END_REF]. But overall, synchrotron X-ray Fluorescence (S-XRF) provides arguably the best combination of high spatial resolution capabilities (down to few 10 nm) and high sensitivity (sub-ppm) to light and heavy elements (Figure 2, Box 1) [10,[START_REF] Pushie | Elemental and chemically specific x-ray fluorescence imaging of biological systems[END_REF]. S-XRF has allowed mapping and quantification of metals, such as Fe, Zn, Cu in microalgal and human cells [START_REF] Decelle | Algal Remodeling in a Ubiquitous Planktonic Photosymbiosis[END_REF][START_REF] Kashiv | Imaging trace element distributions in single organelles and subcellular features[END_REF][START_REF] Adams | Copper Uptake, Intracellular Localization, and Speciation in Marine Microalgae Measured by Synchrotron Radiation Xray Fluorescence and Absorption Microspectroscopy[END_REF], as well as silica, drugs, organometallic molecules, and titanium oxide nanoparticles in cancer cells [START_REF] Hackett | Elemental characterisation of the pyramidal neuron layer within the rat and mouse hippocampus[END_REF][START_REF] Ciccotosto | Quantitation and localization of intracellular redox active metals by X-ray fluorescence microscopy in cortical neurons derived from APP and APLP2 knockout tissue[END_REF][START_REF] Gramaccioni | Nanoscale quantification of intracellular element concentration by X-ray fluorescence microscopy combined with X-ray phase contrast nanotomography[END_REF][17][START_REF] Fus | Intracellular Localization of an Osmocenyl-Tamoxifen Derivative in Breast Cancer Cells Revealed by Synchrotron Radiation X-ray Fluorescence Nanoimaging[END_REF][START_REF] Kapishnikov | Mode of action of quinoline antimalarial drugs in red blood cells infected by Plasmodium falciparum revealed in vivo[END_REF]. In combination with XRF imaging, X-ray Absorption Spectroscopy (XAS) can be performed in order to reveal the chemical speciation of a target element. XAS has disclosed the chemical transformations of indium-based nanocrystals, or of osmium-based anticancer drugs in cancer cells [START_REF] Sanchez-Cano | Nanofocused synchrotron X-ray absorption studies of the intracellular redox state of an organometallic complex in cancer cells[END_REF][START_REF] Veronesi | In Vivo Biotransformations of Indium Phosphide Quantum Dots Revealed by X-Ray Microspectroscopy[END_REF]. The modulations of the XAS spectra also allowed mapping the distribution of different chemical states of S (e.g. sulfate esters and inorganic sulfate) in a biological tissue, in order to understand their role in cell differentiation [START_REF] Hackett | Chemical biology in the embryo: In situ imaging of sulfur biochemistry in normal and proteoglycan-deficient cartilage matrix[END_REF].

Secondary ion mass spectrometry (SIMS) instruments are based on the analysis of mass of elements and molecules (see Glossary). Secondary ions are sputtered away from the topmost layer of a sample by a focused primary ion beam and analyzed in a mass spectrometer (Box 1).

NanoSIMS is a SIMS instrument particularly suitable for probing macronutrients and metals in cells at a lateral resolution down to 50 nm (Figure 2) [START_REF] Gyngard | Biological explorations with nanoscale secondary ion mass spectrometry[END_REF][START_REF] Agüi-Gonzalez | SIMS imaging in neurobiology and cell biology[END_REF][START_REF] Malherbe | A new RF plasma oxygen primary ion source on NanoSIMS for improved lateral resolution and detection of electropositive elements at single cell level[END_REF][START_REF] Nuñez | NanoSIMS for biological applications: Current practices and analyses[END_REF]. For instance, P, S, Ca, Fe, Zn, Mn, and Cu have been mapped in cells [START_REF] Decelle | Algal Remodeling in a Ubiquitous Planktonic Photosymbiosis[END_REF][START_REF] Malherbe | A new RF plasma oxygen primary ion source on NanoSIMS for improved lateral resolution and detection of electropositive elements at single cell level[END_REF][START_REF] Weng | In situ subcellular imaging of copper and zinc in contaminated oysters revealed by nanoscale secondary ion mass spectrometry[END_REF][START_REF] Tsednee | Manganese co-localizes with calcium and phosphorus in Chlamydomonas acidocalcisomes and is mobilized in Mn-deficient conditions[END_REF]. Morphological features of the cell can be revealed by secondary electron signal (only in negative extraction mode), and from different secondary ions, such as cyanide ( 12 C 14 N -) and phosphorous ( 31 P -) showing the overall shape and internal compartments of the cell, and the nucleus, respectively. The high mass-resolving power of nanoSIMS can also unveil the isotopic composition of a cell (i.e. being able to distinguish between 12 C 15 N and 13 C 14 N), and so is highly suitable for stable isotope probing (SIP) [START_REF] Mayali | NanoSIMS: Microscale Quantification of Biogeochemical Activity with Large-Scale Impacts[END_REF]30]. SIP-nanoSIMS allows for quantitation of metabolic activities at the subcellular level (e.g. 50 -100 nm), such as C and N assimilation [START_REF] Stryhanyuk | Calculation of single cell assimilation rates from sip-nanosimsderived isotope ratios: A comprehensive approach[END_REF][32][START_REF] Terrado | Autotrophic and heterotrophic acquisition of carbon and nitrogen by a mixotrophic chrysophyte established through stable isotope analysis[END_REF][START_REF] He | NanoSIMS imaging reveals unexpected heterogeneity in nutrient uptake by brown adipocytes[END_REF]. This technique has been used to understand nutrient exchange between cells in symbiotic, pathogenic and virus-host interactions [START_REF] Lekieffre | Inorganic carbon and nitrogen assimilation in cellular compartments of a benthic kleptoplastic foraminifer[END_REF][36][START_REF] Gibbin | Vibrio coralliilyticus infection triggers a behavioural response and perturbs nutritional exchange and tissue integrity in a symbiotic coral[END_REF][START_REF] Martínez-Pérez | The small unicellular diazotrophic symbiont, UCYN-A, is a key player in the marine nitrogen cycle[END_REF][39][START_REF] Worrich | Mycelium-mediated transfer of water and nutrients stimulates bacterial activity in dry and oligotrophic environments[END_REF] and the localization of drug compounds in human cells [41] (Figure 2).

With the ToF-SIMS (Time-of-Flight-SIMS; see Glossary and Box 1), molecular information can be obtained since the ion probe (polyatomic or gas cluster) is less destructive than in nanoSIMS (monoatomic). The softer ionization conditions, as compared to nanoSIMS, allow for spatially resolved analysis of large molecular fragment species within the range of 1 to ~1000 Da with a typical lateral resolution of 100 nm -5 µm. Different analysis modes exist: spectrometry mode to get high mass resolution, imaging mode to get high lateral resolution, and delayed extraction mode to combine high mass resolution (10000 MRP) with a high lateral resolution (400 nm) [START_REF] Vanbellingen | Time-of-flight secondary ion mass spectrometry imaging of biological samples with delayed extraction for high mass and high spatial resolutions[END_REF].

Delayed extraction is now widely used to image organic samples and lately was shown to achieve a 108 nm lateral resolution to visualize single particle in algal biofilms [START_REF] Benettoni | Identification of nanoparticles and their localization in algal biofilm by 3D-imaging secondary ion mass spectrometry[END_REF][START_REF] Henss | High resolution imaging and 3D analysis of Ag nanoparticles in cells with ToF-SIMS and delayed extraction[END_REF]. ToF-SIMS is a useful method for studying small molecules [START_REF] Raina | Subcellular tracking reveals the location of dimethylsulfoniopropionate in microalgae and visualises its uptake by marine bacteria[END_REF][46][START_REF] Osorio | Investigation of architecture development and phosphate distribution in Chlorella biofilm by complementary microscopy techniques[END_REF] and lipids in cells, especially in lipid-related diseases, such as cancer, Duchenne muscular dystrophy and atherosclerosis (Figure 2) [48,49]. absorbed by an atom: a photo-electron is ejected from a core orbital of the excited atom leaving a vacancy which is then filled by another electron from a higher orbital. This is followed by the emission of a fluorescence X-ray photon whose energy is characteristic of the element. XRF acquisition is often performed by scanning the sample and energy dispersive detectors collect and measure the emitted fluorescence spectrum in each pixel, unveiling the elemental composition. The beam size determines the spatial resolution, from 10 nm up to 1µm. For a thin sample, the intensity of the fluorescence is proportional to the concentration of the elements, which can be calculated using thin standards of known concentration.

Box 1. Principles of subcellular chemical imaging techniques

* SIMS (Secondary Ion Mass Spectrometry): Upon impact of a focused ion beam, sample material is sputtered and about 1% of ejected material is ionized. In nanoSIMS, these ions are extracted in negative or positive modes into a mass spectrometer and separated according to their mass-to-charge ratio (m/z) in the magnetic sector of the mass analyzer. Simultaneous detection of up to 7 secondary ion species (monoatomic ions or small molecular fragments of up to 4-6 atoms) can be achieved. The ion beam can scan a predefined surface area of the cell, therefore providing color-coded cartography of ion counts per pixel. Note that the charge compensation (i.e., compensating the build-up charge on non-conductive surfaces) is available only in negative extraction mode. Therefore, coating the sample surface with a conductive metal (~10 nm) is mandatory to overcome this limitation in positive extraction mode.

In ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry), the ejection and ionization of material relies on a lower ion beam fluence and less destructive cluster ion sources compared to nanoSIMS. With new cluster ion sources (Bin, Arn, Aun, C60), ToF-SIMS provides the possibility of minimizing molecular damages while maximizing molecular ion yields. Small organic molecules within range of 1 to ~1000 Da can be detected with a lateral resolution of around a micron on biological material.

The pulsed operation mode of the primary ion gun and its 45° mounting geometry allows for charge compensation in both extraction polarities while employing the same primary ion species. Yet, the 45° geometry can cause shadowing and lateral displacement effect upon depth profiling or when analyzing a surface with a pronounced topography.

Seeing is believing, but what we see critically depends on the sample preparation. Sample

preparation is one of the most fundamental stepsand should aim to preserve cells as close as possible to their native state -the Holy Grail in cell biology. The ideal method is the one that fixes and conserves both the ultrastructure of the cell and its native chemical composition (Box 2).

However, sample preparation is highly specific to both the sample and instrument(s) being used, and compromises have to be made at each experiment (Table 1).

Box 2. Sample preparation for subcellular imaging

The sample preparation workflow depends on the sample, imaging platform, and targeted compound (e.g. molecule, element, isotope). Because of the high vacuum conditions in most EM and chemical imaging instruments, live cells cannot be directly analyzed but generally need to be fixed, dehydrated, and sectioned/milled to access subcellular structures (Table 1). For fixation, the use of aldehydes at room temperature can alter the ultrastructure and chemistry of the cell since diffusible mobile ions and small molecules (e.g. free amino acids, lipids) can be redistributed and/or washed out from the cell. Therefore, rapid freezing methods (high-pressure freezing and plunge freezing) are superior in preserving nativestate cell structure and chemistry at a fast rate (scale of milliseconds compared to minutes with chemical fixation). Then, freeze substitution is a dehydration step where ice of the vitreous cell is slowly replaced by an organic solvent at very low temperature (from -90°C to -30°C) with retention of elements and metabolites possible, provided the substitution protocol is carefully chosen [START_REF] Kashiv | Imaging trace element distributions in single organelles and subcellular features[END_REF][START_REF] Moore | Combined NanoSIMS and synchrotron X-ray fluorescence reveal distinct cellular and subcellular distribution patterns of trace elements in rice tissues[END_REF]. Chemical fixatives, such as osmium , tannic acid, aldehydes, can be used during this step to stabilize cellular structures [START_REF] Zhou | Reproducibility and quantitation of amplicon sequencing-based detection[END_REF].

A resin-embedding step is then necessary in order to obtain thin sections and access the cell´s interior.

Cryo-dehydration can also be performed by freeze-drying, but this method can cause ultrastructure modification and elemental redistribution. However, freeze-drying is particularly powerful for drying ultrathin frozen-hydrated sections for room temperature analysis. After sample preparation, chemical preservation of the cell can be assessed by visualizing the most diffusible elements (K + , Na + , Ca 2+ , Cl -) that move rapidly across membranes and within the cytoplasm, thus representing a relevant rule-ofthumb criterion for chemical preservation [START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative elemental imaging using proton or synchrotron radiation focused beams[END_REF]. Overall, it remains difficult to be certain that the chemical environment within a cell is a true representation of normal physiology, and each step of the preparation can be debatable. We recommend more methodological development and comparisons in the future to optimize sample preparation and assess putative artefacts. This is a challenge since access to cuttingedge microscopes is generally difficult for that methodological purpose. Compared to freeze-substituted and resin-embedded cells, analyzing frozen-hydrated cells (or vitreous cells) is obviously superior for chemical preservation (Table 1). However, this leads to many challenges that need to be tackled in the future (further discussed in this review): i) cryo-sectioning, ii) the need for a cryo-transfer system and a cryo-stage in the imaging platform, iii) difficulty to undertake correlative studies across different platforms; iv) inherent lack of contrast for sample visualization.

Sample preparation steps

Strategy

Pros Cons 

Correlated subcellular imaging towards integrative cell biology

Correlation between morphology and chemical imaging. Since chemical imaging provides little morphological information, combination with light/electron microscopy is required in order to unambiguously elucidate the localization of elements and molecules within a cell. Yet, the challenge is the trade-off between ultrastructure and chemistry preservation of the cell during the sample preparation, and the ability to transfer and analyze the same cells on different imaging platforms. Some imaging techniques, such as SIMS, are destructive, meaning that morphological imaging must generally take place before. Here we propose different strategies that can be adopted to analyze the same cellular region of interest with multimodal imaging (Figure 1).

Organelles can be labeled and observed with fluorescence microscopy before the entire cell is subjected to chemical imaging. For instance, the accumulation of Mn in the Golgi apparatus of dopaminergic cells was revealed using green fluorescent proteins targeting the organelle followed by S-XRF imaging in cryogenic conditions [START_REF] Das | Manganese Mapping Using a Fluorescent Mn 2+ Sensor and Nanosynchrotron X-ray Fluorescence Reveals the Role of the Golgi Apparatus as a Manganese Storage Site[END_REF][START_REF] Carmona | Mapping Chemical Elements and Iron Oxidation States in the Substantia Nigra of 6-Hydroxydopamine Lesioned Rats Using Correlative Immunohistochemistry With Proton and Synchrotron Micro-Analysis[END_REF][55]. More recently, correlation between superresolution stimulated emission depletion microscopy of proteins and S-XRF imaging of trace metals were performed with 40 nm spatial resolution on neurons [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils the cosegregation of metals and cytoskeleton proteins in dendrites[END_REF].

To obtain high-resolution cellular context, it is also possible to analyze cell sections in S/TEM followed by S-XRF, providing an unambiguous spatial origin of elements in subcellular compartments (Figures 3 and4) [START_REF] Sanchez-Cano | Synchrotron X-Ray Fluorescence Nanoprobe Reveals Target Sites for Organo-Osmium Complex in Human Ovarian Cancer Cells[END_REF]. Osmium tetroxide (OsO4) can be used to fix and stain cellular compartments (Table 1), providing morphological contrast not only in EM, but also in S-XRF,

where Os fluorescence reveals the ultrastructure of the cell (Figures 2 and3; [START_REF] Decelle | Algal Remodeling in a Ubiquitous Planktonic Photosymbiosis[END_REF]. The drawback is that the XRF emission lines of Os interfere with those of phosphorous and some trace metals (e.g. Cu and Zn), increasing their detection limit. In order to obtain structural and elemental/isotopic information from a single cellular region, it is possible to perform TEM followed by NanoSIMS (Figure 3). Usually it would require the use of a specific TEM grid with coordinates or fiducial markers to find the same regions of interest in both instruments (Figures 3 and4) [START_REF] Lekieffre | Inorganic carbon and nitrogen assimilation in cellular compartments of a benthic kleptoplastic foraminifer[END_REF][START_REF] Gibbin | Vibrio coralliilyticus infection triggers a behavioural response and perturbs nutritional exchange and tissue integrity in a symbiotic coral[END_REF][START_REF] Clode | Situ Mapping of Nutrient Uptake in the Rhizosphere Using Nanoscale Secondary Ion Mass Spectrometry[END_REF][START_REF] Kopp | Subcellular Investigation of Photosynthesis-Driven Carbon Assimilation in the Symbiotic Reef Coral Pocillopora damicornis[END_REF]. With the recent advent of sensitive backscatter detectors in the modern SEM it is also possible to acquire structural information from sections using SEM before nanoSIMS and S-XRF analyses, on the same sample or on consecutive sections [START_REF] Decelle | Algal Remodeling in a Ubiquitous Planktonic Photosymbiosis[END_REF]41,[START_REF] Hu | Release of cholesterol-rich particles from the macrophage plasma membrane during movement of filopodia and lamellipodia[END_REF].

Correlation between fluorescence and nanoSIMS using element labeling. The coupling between fluorescence microscopy and nanoSIMS can be a powerful approach to unveil the functional identity of a cell and organelles. This relies on targeted probing of DNA, RNA and proteins by coupling fluorescent dyes to elements usually absent from cell's natural composition, such as halogens (fluorine, bromine), gold, and boron. A specific exogenous element (detectable by nanoSIMS) can be associated/linked to fluorescent dyes, antibodies, or nanobodies, allowing correlative microscopy between fluorescence in situ hybridization (FISH), immunocytochemistry or click chemistry approaches with nanoSIMS [START_REF] Gyngard | Biological explorations with nanoscale secondary ion mass spectrometry[END_REF]61,[START_REF] Saka | Correlated optical and isotopic nanoscopy[END_REF]. For example, the nucleotide analogue, bromo-deoxyurine (BrdU), which is incorporated into replicating DNA during cell division, can be detected by fluorescence immunohistochemistry but also as bromine ions (e.g., 79 Br, 81 Br) by nanoSIMS in the same cells [START_REF] Lau | Development of a new bimodal imaging methodology: a combination of fluorescence microscopy and high-resolution secondary ion mass spectrometry[END_REF]. Fluorine ( 19 F) labelling of proteins using 19 F-azide probe [64] or by conjugation to nanobodies (e.g. GFP-like proteins and antibodies) can enable correlated fluorescence and nanoSIMS imaging [START_REF] Kabatas | Fluorinated nanobodies for targeted molecular imaging of biological samples using nanoscale secondary ion mass spectrometry[END_REF] (Figure 2). Similarly, 197 Au can be conjugated to an antibody to recognize cellular actin and synaptophysin proteins by coupled immunofluorescence and nanoSIMS [START_REF] Thiery-Lavenant | Detection of immunolabels with multi-isotope imaging mass spectrometry[END_REF], while antibodies tagged with isotopically-pure elemental metal reporters (i.e. lanthanides) have been utilized to image protein expression in human breast tumor tissue sections [START_REF] Angelo | Multiplexed ion beam imaging of human breast tumors[END_REF]. Recently, boron linked to proteins or to nanobodies binding to proteins have been used for simultaneous protein identification and elemental mapping by correlative fluorescence microscopy and nanoSIMS [68]. These studies suggest that exogenous elements with a small mass and size are suitable for probing DNA and proteins in the complex cellular environment and can be used in correlated nanoSIMS studies.

Correlation between more than two subcellular imaging platforms. The combination of multiple subcellular imaging platforms can provide a comprehensive view of the ultrastructure, concentration and distribution of elements (macronutrients and metals) and isotopic ratios, and molecules from a single region of interest in the cell (Figure 3). This can be performed by analyzing different consecutive resin sections from the same cell on different platforms [START_REF] Decelle | Algal Remodeling in a Ubiquitous Planktonic Photosymbiosis[END_REF][START_REF] Kashiv | Imaging trace element distributions in single organelles and subcellular features[END_REF][START_REF] Sanchez-Cano | Synchrotron X-Ray Fluorescence Nanoprobe Reveals Target Sites for Organo-Osmium Complex in Human Ovarian Cancer Cells[END_REF]. This flexible strategy allows one to choose the required thickness and support (e.g. wafer, grid, Si window) for each section, and detailed ultrastructure can be obtained with EM. Thus, the morphological and different chemical features can be superimposed. Yet, collecting serial sections of different thicknesses to target the same cellular region or organelle is a challenge.

Integrated correlative instruments.

A correlative approach can be facilitated when morphological and chemical information from exactly the same area can be acquired in the same instrument. One of the best examples is TEM-EDS and EFTEM. The TEM offers the highest possible resolution for both imaging and element analysis. Provided samples are thin (usually ~150 nm -200 kV) and the elements of interest can be preserved, simultaneous structural and elemental information can be obtained at the nanoscale (Figure 3) [START_REF] Ismagulova | A new simple method for quantification and locating P and N reserves in microalgal cells based on energy-filtered transmission electron microscopy (EFTEM) elemental maps[END_REF]. However, molecular information is not available and absolute quantitation can be difficult. Using synchrotron X-rays nanoprobes, the combination between X-ray phase contrast tomography and X-ray fluorescence microscopy can provide the morphological information and quantification of elements, respectively (Figure 3).

This has been recently performed on a freeze-dried human phagocytic cell [START_REF] Gramaccioni | Nanoscale quantification of intracellular element concentration by X-ray fluorescence microscopy combined with X-ray phase contrast nanotomography[END_REF] and human red blood cells infected with the malaria parasite Plasmodium falciparum [START_REF] Yang | Three-Dimensional Correlative Imaging of a Malaria-Infected Cell with a Hard X-ray Nanoprobe[END_REF]. An alternative to phase contrast imaging is ptychography [START_REF] Dierolf | Ptychographic X-ray computed tomography at the nanoscale[END_REF], which can be combined with XRF tomography to obtain the 3D localization of elements in cells, such as bacteria in [START_REF] Victor | X-ray Fluorescence Nanotomography of Single Bacteria with a Sub-15 nm Beam[END_REF].

New instruments that offer simultaneous morphological and molecular information are emerging

but are yet to be applied to biological specimens. For instance, the HIM-SIMS (Secondary Ion Mass Spectrometry in the Helium-Ion Microscopy) can combine high-resolution morphological images with elemental and isotopic maps from SIMS [START_REF] Wirtz | Imaging and Analytics on the Helium Ion Microscope[END_REF]. In contrast to EDS on an SEM, HIM-SIMS provides better detection limits for elements (including the very light ones) and differentiation between isotopes. However, using HIM-SIMS for stable-isotope labelling experiments will require a significant improvement of the mass resolution. Overall, the combination of high-resolution secondary electron images and mass-separated sputtered ion distributions has high potential to answer open questions in cell biology.

Image processing for multimodal correlative imaging. Upon acquisition on different imaging platforms, micrographs need to be processed to correlate or even overlap information from the same cellular region. Multimodal 2D microscopy requires registration algorithms that can analyze the same region but at different fields-of-views and resolutions from images acquired with different excitation probes (e.g. photons, electrons and ions) as well as different detectors.

Compared to monomodal images processing, more sophisticated approaches are needed for multimodal images since the pixel-intensity of features is not comparable or do not even occur in both images. The additional challenge in multimodal data sets is the shape of the object that might be different because of preparation steps or different probing depths of the microscopes.

Distortions may also be introduced when subsequent sections, representing different depth layers of the sample, are used for correlative imaging. In this context, the ImageJ-based software Correlia has been recently developed for the registration of 2D-2D multi-modal microscopy data-sets (available on request).

Perspectives and future challenges for multimodal subcellular imaging. Chemical information in 2D is insufficient to fully describe the compartmentalization of an element/molecule throughout an entire cell, especially when information comes from a single thin section (60-300 nm thickness) of a cell. Techniques to acquire 3D structural information at the subcellular level are readily available (e.g. FIB-SEM) but it is difficult to couple these with analytical information. Synchrotron-based coherent X-ray scattering techniques such as holotomography or ptychography have both demonstrated constant improvements toward ultrastructural 3D characterization of a cell architecture [START_REF] Deng | Correlative 3D x-ray fluorescence and ptychographic tomography of frozenhydrated green algae[END_REF]. We therefore foresee a bright future in the coupling between these techniques with X-ray fluorescence tomography for 3D elemental imaging.

Subcellular mapping metabolites in cells.

Visualization of the compartmentalized distribution of metabolites in cells is

The down side of high-resolution chemical imaging is the low throughput, which precludes for robust statistical analyses. We can expect that ultra-high-speed scanning strategy and highly efficient detection will be the next steps to foster on the instrumentation side. For example, extremely brilliant X-ray synchrotron source and high-rate scanning strategies become reality with the upgrade of the synchrotrons, such as the European Synchrotron Radiation Facility (ESRF) [77].

Finally, future developments need to integrate a biologically-relevant temporal dimension into the correlative imaging workflow towards 4D imaging. Because probing elements and molecules of live cells at the nanoscale level remain very challenging, there is a need to capture multiple snapshots of a phenotypic state of a cell over time to follow and better understand dynamic cellular processes following exposure to abiotic or biotic stress. One single snapshot may provide a biased vision of the phenotypic response of a cell if imaging analysis occurs on the inappropriate timescale. Temporal resolution can be obtained by the coupling with live imaging (fluorescent and super resolution microscopy) and developing microfluidic devices [START_REF] Gibbin | Using NanoSIMS coupled with microfluidics to visualize the early stages of coral infection by Vibrio coralliilyticus[END_REF], or rapid cryo-fixation strategies [79]. For instance, dynamic fluorescent light microscopy can be rapidly followed by cryo-immobilization in few seconds for CLEM studies thanks to new tools (e.g. CryoCapsule), and could be extended to chemical imaging in the future [START_REF] Heiligenstein | The CryoCapsule: Simplifying Correlative Light to Electron Microscopy[END_REF]. In addition, recent advances in superresolution fluorescence microscopy (e.g. Stimulated emission depletion -STED -microscopy) [START_REF] Sigal | Visualizing and discovering cellular structures with super-resolution microscopy[END_REF] and future development of new fluorescent element-specific probes will potentially provide a dynamic view of labile elements (e.g. Ca 2+ , Fe 2+/3+ , Zn 2+ ) in live cells at 10-50 nm resolution [START_REF] Ackerman | Analytical Methods for Imaging Metals in Biology: From Transition Metal Metabolism to Transition Metal Signaling[END_REF].

Correlation with chemical imaging will open new perspectives for bridging temporal and spatial resolution [83].

Thus, the development of time-resolved 3D subcellular imaging in cryo-conditions will be a major breakthrough in cell biology to capture dynamic subcellular processes in a native-state cell.

Outstanding Questions

-Is it possible to preserve the native physiological state of a cell from sample preparation to subcellular imaging? How can structural and chemical preservation of the cell be carefully assessed and artefacts identified to avoid misleading results?

-Can we resolve the chemical landscape (composition and distribution of elements and molecules) of a cell with high spatial resolution, in three dimensions and over a relevant temporal scale? What would be the analytical workflow to implement for 4D subcellular imaging?

-What are the methodological and technological strategies to analyze the same subcellular region of interest across different subcellular imaging techniques?

-How can we include cryo-analysis in the workflow of correlative subcellular imaging, from sample preparation to obtain vitreous cells, to transfer and imaging across different platforms? Can it be applied to different types of cells from a tissue or isolated in culture or the environment?

-How can the throughput of chemical imaging techniques be increased to observe large numbers of biological samples and perform robust statistical comparisons?

-Can we enhance the mass and spatial resolution of SIMS imaging instruments in order to visualize a large number of different metabolites in the cell?

Concluding Remarks

Subcellular chemical imaging techniques are constantly improving and becoming ever-more powerful tools for quantitative visualization of elements, isotopes, and molecules in cells.

However, untangling their complex requirements and capabilities is a vital step in ensuring that researchers can apply such methods to outstanding research questions and problems. With this, appropriate sample preparation and suitable imaging platform(s) need to be selected according to the sample, spatial resolution, and targeted elements/molecules. In this review, we have outlined the principles of key analytical instrumentation, discussed strategies for sample preparation, and highlighted the potential for correlative electron microscopy and chemical imaging to accumulate structural and chemical information from a single region of a cell. Correlated morphological and chemical imaging has the potential to spur a rapid expansion in different fields, such as cell biology, biomedicine, ecophysiology, pharmacology, toxicology, biogeochemistry. In the near future, we do not foresee a technique that would encompass all the capabilities to explore the chemical/molecular/isotopic composition and ultrastructure of a cell. Thus, the development of integrative studies and dedicated analytical correlative workflows, from sample preparation to multimodal imaging and image processing, will be a major contribution towards a full comprehension of the physiology of a cell at the subcellular level.

Glossary

-Chemical imaging: spatial characterization of the chemical composition of a sample (isotopes, elements, molecules). This can be achieved by multiple high-resolution imaging platforms, using different physical processes to interrogate subcellular information (e.g. X-ray fluorescence, ionization)

-Chemical landscape: Composition and distribution patterns of elements, isotopes and molecules in a sample (e.g. cell). Its visualization cannot be obtained with a single imaging platform but different techniques need to be used in a correlative way.

-Correlative electron microscopy and chemical imaging: workflow to prepare samples, obtain micrographs from different complementary imaging platforms, and overlap morphological and chemical (elements/molecules) information from the same region of a specimen.

-HybridSIMS: [Bi]n (n=1, 3, 5, 7) or [Ar]n (n~1000) gas-cluster ion source are used for analysis of large molecular ions. The OrbiTrap analyzer provide a MRP of ~10E5 that enables a precise compound identification.

-Multimodal imaging: Microscopy observations of the same sample using more than two imaging platforms to obtain complementary morphological and chemical information (e.g. light and electron microscopy, nanoSIMS and S-XRF).

-nanoSIMS: single-atomic Cs+ or O-primary ions are used for both sputtering and analysis, the ionized material is then analyzed by a Mattauch-Herzog mass spectrometer that allows for the parallel detection of max 7 masses. The high energy of the primary ions causes a strong fragmentation of molecules down to single-atomic ions allowing for quantitation of changes in isotopic composition.

-SIMS: secondary ion mass spectrometry whereby secondary ions are sputtered away from the topmost layer of a sample by a focused primary ion beam and analyzed in a mass spectrometer. NanoSIMS, ToF-SIMS and HybridSIMS are SIMS imaging techniques with primary ion beams of different sources and energies, and with different mass spectrometers to probe elements, isotopes and small molecules.

- -Vitreous cell: Frozen hydrated cell with amorphous ice (i.e. without crystals that can alter the ultrastructure and chemical composition of cells). Vitreous cell can be obtained using highpressure freezing or plunge freezing machines.

-X-ray fluorescence microscopy (XRF): physical process consisting on the emission of Xrays from a specimen following the excitation of core electrons of atoms; the analysis of the emitted X-rays allows the identification of the elemental content of the specimen. The excitation of electrons can be achieved by a beam of electrons, protons or photons.

-X-ray phase contrast tomography: Tomographic technique sensitive to refraction of Xrays in matter, leading to phase variations of the X-rays depending on the sample's electron density, and particularly adapted to reveal weakly absorbing features like those present in biological samples. (F) Direct correlation between X-ray phase contrast and X-ray fluorescence tomography on a malaria-infected cell. The 3D mass density volume is obtained as after tomographic reconstruction (on the left). Subsequent X-ray fluorescence scanning measurements were performed on the same sample showing the 3D mass concentration volumes of iron, sulfur, and phosphorous (on the right).

Reproduced with permission from [START_REF] Yang | Three-Dimensional Correlative Imaging of a Malaria-Infected Cell with a Hard X-ray Nanoprobe[END_REF]. 

  , Key Figure), highlight the role of such combinatory techniques to disentangle biochemical processes of a cell and discuss future challenges and directions in the field.
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  one of the most promising research avenues in biology. Recently, laser-based ionization mass spectrometry techniques have been successfully used in single-cell metabolomics profiling experiments, but the lateral resolution precludes imaging subcellular chemistry[START_REF] Baumeister | Live single-cell metabolomics with matrix-free laser/desorption ionization mass spectrometry to address microalgal physiology[END_REF]. Mapping metabolites at subcellular level can be now envisioned with the revolutionary SIMS instrument Hybrid SIMS (3D OrbiSIMS, IONTOF) that combines the speed and high lateral resolution imaging capabilities of ToF-SIMS with unprecedented mass resolution (240K), mass accuracy (sub-ppm), dynamic range (S/N ratio~10 5 ), and MS/MS capabilities of the Orbitrap Q-Exactive[75]. The instrument has been used to map the distribution of lipids and neurotransmitters in the hippocampal region of the mouse brain at the cellular and subcellular level. The 3D imaging capabilities were used to visualizing the accumulation of amiodarone in single lung macrophage cells, and assessing its toxic effect by correlating drug concentration with the levels of phospholipids and cholesterol[75].Future improvements needed to probe cells in their native state and in four dimensions. The future of chemical imaging largely relies in the development of cryo-analyses and associated correlative workflows to allow multiscale chemical analysis of cells in their native state across multiple instruments. Currently, cryo-analyses present limitations in regard to the suitability of samples for cryo-preservation and their transfer between different platforms without ice contamination. In most cases, frozen cells must be sectioned/milled in order to visualize the interior. Future expansion in this area will require improvements in preparation of quality cryosections (e.g. cryo-FIB-SEM), development of cryo-enabled instrument platforms (e.g. nanoSIMS), and the capability to transfer samples seamlessly between these. Additional challenges associated to cryo-imaging are the low contrast of vitrified cells and possible devitrification under irradiation from the probe (e.g. ions, X-rays).

  ToF-SIMS: pulsed [Bi]n (n=1, 3, 5, 7) or [Ar]n (n~1000) cluster ion sources are mainly used for analysis while Ar [n] cluster, Cs+ or O-can be used as sputtering sources. The use of cluster ions for analysis reduces the fragmentation upon impact, leading to the preservation of molecular species. The Time-of-Flight mass spectrometer allows the simultaneous detection of all masses.
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 2 Figure 2. The potential of chemical imaging to unveil the chemical landscape of a cell: composition and distribution of elements, isotopes and molecules at the nanoscale. (A-B-C) NanoSIMS images showing the distribution of the macronutrients nitrogen (A; 12 C 14 N -), phosphorous (B; 31 P -), and sulfur (C; 32 S -) inside a microalgal cell. (D) NanoSIMS image showing the uptake of 13 C incorporated in proteins ( 13 C 14 N) in cells after incubation in 13 C-labelled bicarbonate (SIP-nanoSIMS). (E) NanoSIMS image acquired on macrophages treated with the drug Iodine-containing amiodarone. The overlay of 31 P -(blue) and 127 I -(purple) secondary ions map provides

Figure 3 .

 3 Figure 3. Examples of correlated electron microscopy and chemical imaging.
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 4 Figure 4. How to visualize metals in cells? Decision flowchart to guide users for probing metals in a single cell at high resolution and sensitivity..

  

  

Table 1 . Detailed procedures of the sample preparation for EM and chemical imaging, and considerations (Pros and cons) for each step.

 1 

		Chemical fixation	Easy to use in the field or for pathogenes (human parasites)	Ultrastructure and chemical composition can be greatly modified
	Fixation of cell	Cryo-fixation under high pressure	Excellent preservation of the ultrastructure and chemistry of the cell	Thickness of the sample must be less than 200 µm, requires bulky laboratory-based equipment
				Maximum sample thickness
		Cryo-fixation with plunge freezing in a liquid cryogen	Can be done in the field or the laboratory	to maintain vitreous ice formation is ~5µm, some ice crystal formation in thicker
				samples
		Chemical dehydration at room temperature	Can be done in the field or the laboratory	Structural and chemical preservation are not guaranteed
	Dehydration	Freeze-drying	No use of chemicals or solvents, ideal for drying ultrathin frozen hydrated sections for room temperature analysis	Likelihood of movement of target ions (particularly diffusible elements) or metabolites, especially in highly vacuolated tissues
		Freeze-substitution	Dehydration at very low temperature allows for good structural and chemical preservation	Use of solvents can extract materials of interest; long process (days -weeks)
			Membranes are fixed, and	Highly toxic, Interfere with
		Osmium	osmium provides contrast for EM investigation and structural	some molecules and elements for XRF and ToF-
	Use of chemical		information in XRF	SIMS analysis.
	fixative during the			Toxic, no contrast for EM
	freeze substitution	Aldehydes	Proteins are fixed, maintaining structural preservation	investigation, cannot be prepared as anhydrous (therefore loss of any water-
				soluble material).

Jiang, H. et al. (2017) High-resolution sub-cellular imaging by correlative NanoSIMS and electron microscopy of amiodarone internalisation by lung macrophages as evidence for drug-induced phospholipidosis. Chemical Communications 53, 1506-1509
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