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Introduction

Metals essential to life such as manganese (Mn), iron (Fe), copper (Cu) or zinc (Zn) are required in many biological processes, including neurobiological functions and their dyshomeostasis is involved in neurodegeneration [START_REF] Wandt | A matter of concern -Trace element dyshomeostasis and genomic stability in neurons[END_REF]. The study of the biological functions of these metals in neurons remains nevertheless a challenge because their concentration in biological samples is low, and the nature of interactions with biological molecules is often labile. Thus, the imaging of metals at the scale of neuronal structures requires the implementation of analytical methods of very high sensitivity, high spatial resolution, combined to non-denaturating sample preparation methods [START_REF] White | Metals in the Brain[END_REF].

Synchrotron radiation induced X-ray fluorescence (SXRF) imaging is a method well suited to investigate the distribution of metals in the brain [START_REF] White | Metals in the Brain[END_REF][START_REF] Finnegan | Synchrotron XRF imaging of Alzheimer's disease basal ganglia reveals linear dependence of high-field magnetic resonance microscopy on tissue iron concentration[END_REF][START_REF] Ellison | A review of the "metallome" within neurons and glia, as revealed by elemental mapping of brain tissue[END_REF]. SXRF technique gives access to the total content of the elements, which includes for example both labile and bounded metals. SXRF can be performed at nanometric spatial resolution to explore synaptic compartments in neurons [START_REF] Perrin | Zinc and copper effects on stability of tubulin and actin networks in dendrites and spines of hippocampal neurons[END_REF]. In order to derive relevant information from SXRF nanoimaging experiments it is nevertheless necessary to optimize experimental parameters as will be discussed in this article. In particular, we have studied the possibility of comparing the distribution of biological metals with that of proteins of interest, in order to understand the physiological functions of metals. We have developed a methodological workflow combining nano-SXRF imaging and STED (stimulated emission depletion) super resolution fluorescence microscopy applied to the correlative imaging of metals and proteins in cultured primary rat hippocampal neurons [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF][START_REF] Carmona | Imaging the structural organization of chemical elements in growth cones of developing hippocampal neurons[END_REF]. This approach includes maintaining the native distribution of these elements in neuronal compartments. The aim of this article is to present the sample preparation issues to face this challenge and to show results of experimental validation, to discuss future improvements.

Concerning the validation of the correlative nano-imaging approach we checked experimentally the possibility to analyze the same regions of interest by both nano-imaging methods, SXRF and STED. We verified the correct superposition of chemical element and protein images at the level of sub-synaptic compartments. With respect to preservation of cell morphology and native subcellular distribution of chemical elements, we have opted for a protocol based on the use of cryogenic methods of sample preparation based on cryofixation and freeze-drying. These sample preparation methods also have limitations in terms of morphological preservation, but are essential to preserve the distribution of chemical elements. We will discuss possible evolutions to further improvements of these protocols.

Material and methods

Cell culture

Freshly isolated embryonic primary hippocampal neurons from E18 Sprague-Dawley rats were used. Neurons were cultured directly on silicon nitride (SN) membranes in order to perform synchrotron Xray spectro-microscopy. We used SN membranes with silicon frame of 5 mm x 5 mm side, and a frame thickness of 200 µm, with at the center a SN membrane of 1.5 mm x 1.5 mm side and a thickness of 500 nm (Silson, UK). The SN membranes were designed with a marking on the outer edge that serves as a reference for orientation.

The culture of primary neurons on the SN membranes was adapted from protocols to culture neurons on glass coverslips [START_REF] Kaech | Culturing hippocampal neurons[END_REF][START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF]. First, the SN membranes are sterilized with high grade ethanol for 1.5 hour and allowed to dry for two hours. Then they are treated with an adhesion factor, poly-L-lysine. We soak the membranes in poly-L-lysine for 2.5 h and then remove it and add culture medium, leave them at 37°C until use, 2-3 days later. On the day of seeding, the neurons are spread on the membranes at an homogeneous density of 20,000 neurons per cm 2 , and left for two hours in the incubator at 37°C. After this time the membranes are transferred to a culture plate containing a layer of glial cells. Neurons can be used at different DIV (day in vitro) depending on the purpose of the study. For example, we investigated neurobiology of metals in growth cones at DIV3 on the one hand and in dendritic spines at DIV15 on the other hand.

Fluorescent labeling of proteins

Two approaches were applied for the fluorescence imaging of proteins. We transfected primary neurons with a plasmid coding for Xph20-eGFP, a fluorescent molecular construct designed to bind the postsynaptic scaffold protein PSD-95 [START_REF] Rimbault | Engineering paralog-specific PSD-95 synthetic binders as potent and minimally invasive imaging probes[END_REF]. The second method is the direct labeling of tubulin and/or F-actin with silicon-rhodamine (SiR) dyes designed for STED microscopy [START_REF] Lukinavičius | Fluorogenic probes for multicolor imaging in living cells[END_REF]. For the transfection, primary neurons were electroporated at DIV0 with the plasmid Xph20-eGFP, then plated on SN membranes. In this case, twice as many neurons are plated (40,000 neurons/cm 2 ) compared to cultures without transfection to compensate for a lower number of neurons adhering to the SN membranes. Neurons were electroporated by Nucleofector® Technology, using a 4D-NucleofectorTM device, a P3 Primary cell solution Kit (Lonza) using 3 µg of DNA per 300,000 neurons following the protocol given by Lonza and the high viability program.

The other approach consisted in a direct labeling using SiR-tubulin and SiR700-actin fluorophores (Spirochrome). In this case, DIV3 neurons for growth cone studies, or DIV15 neurons for dendritic spine studies cultured on SN membranes were removed from the astrocyte culture plate and exposed to 1 µM of the probes diluted in culture medium for 1 hour at 37°C following instructions from Spirochrome manufacturer. The labeling is done just before observation to limit the decrease in fluorescence intensity over time.

STED and confocal microscopy

Confocal and STED microscopy were performed on live neurons with the same inverted microscope, a Leica DMI6000 SP8 X. To observe living cells in the Ludin chamber, SN membranes are placed with the cells facing the objective. We performed dual color microscopy by combining SiR-tubulin with SiR700actin or with Xph20-eGFP. Excitation was conducted with a white light laser 470-670 nm settled at 640 nm (for SiR fluorophores) or 488 nm for GFP. The emission was recorded using a Leica HyD detector (hybrid detector) within the following spectral ranges 650-700 nm for SiR, 720-770 nm for SiR700 and 492-561 nm for GFP. For STED acquisition a 775 nm depletion laser was used. To analyze the same neuron by STED and SXRF, the relative position of the selected neurons is determined with respect to the corners of the silicon frame of the SN membrane and using the orientation marker. The microscope allows to record, for each analysis, the position of the microscope with respect to the sample-stage. Thus, the positions of each imaged neuron and the positions of each membrane edge with respect to the sample stage are recorded. After the STED microscopy, a transformation of the reference system is performed to calculate the new coordinates on the SXRF microscope.

Sample preparation for SXRF analysis

Samples were prepared for SXRF analysis by plunge-freezing and freeze-drying. The structure and chemical element distribution of neurons can be preserved using this cryo-processing approach [START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative elemental imaging using proton or synchrotron radiation focused beams[END_REF][START_REF] Perrin | Zinc and copper effects on stability of tubulin and actin networks in dendrites and spines of hippocampal neurons[END_REF][START_REF] Carmona | Imaging the structural organization of chemical elements in growth cones of developing hippocampal neurons[END_REF]. In brief, after live-cell microscopy, samples were washed with an ammonium acetate buffer solution adjusted to pH 7.4 and 240 mOsm prepared with ultra trace elemental analysis grade water (Fisher Scientific). This washing removes the remaining salts from the Tyrode's solution from the surface of the samples. After washing, excess ammonium acetate solution was blotted by capillarity from the edges of the membrane, avoiding contact with neurons, with ultra-absorbent paper (Whatman). Then the samples were rapidly immersed in liquid methylbutane that had been chilled down to -156°C with liquid nitrogen. The excess of methylbutane on the SN membranes was absorbed with ultra-absorbent filter paper after plunge-freezing, keeping the samples immersed in liquid nitrogen vapors during all the process. After plunge freezing, the samples were freeze-dried at -75°C for 48 hours under a primary vacuum (2.10 -3 mbar) using a Christ alpha 2-4 LD plus freeze-dryer.

Scanning electron microscopy

In order to verify the cell morphology preservation of cultured neurons after cryofixation and freezedrying, scanning electron microscopy (SEM) was performed at the electron microscopy unit of Bordeaux Imaging Center, with a Zeiss GeminiSEM300 using a 1 kV accelerating voltage. SN membranes with cryofixed and freeze-dried neurons as prepared for SXRF imaging were introduced in the vacuum chamber of the microscope and observed at different magnifications, from low magnification (x660) to identify neuronal cell bodies, to high spatial resolution (x10,000) to observe thin dendritic structures.

SXRF nano-imaging

This experimental validation study presents the results of SXRF analyses performed on two different facilities, the ESRF ID16A Nano-Imaging beamline (Da [START_REF] Silva | Efficient concentration of high-energy x-rays for diffraction-limited imaging resolution[END_REF], and the Bionanoprobe at Argonne National Laboratory's Advanced Photon Source (APS) [START_REF] Chen | The Bionanoprobe: hard X-ray fluorescence nanoprobe with cryogenic capabilities[END_REF].

At ID16 Nano-Imaging beamline, a pair of multilayer-coated Kirk-Patrick Beaz mirrors that are 185 m downstream of the undulator source is used to focus the incident X-ray at the energy of 17 keV. The freeze-dried specimens were measured under a vacuum of 1.10 -7 mbar. Regions of interest were raster-scanned with a beam focal spot of 35 x 57 nm 2 , with a flux of 4.10 11 photons/s, a dwell time of 200 ms and a step size of 40 nm. The sample was placed in normal incidence and a 6-elements silicon drift detector (SGX Sensortech, UK) was aligned within the X-ray focal plane, and located perpendicular to the beam path on the side of the sample to collect the fluorescence signals. The summed spectra from the multi-element detectors were fitted by PyMca software [START_REF] Solé | A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra[END_REF] against the signal derived from a thin film X-ray fluorescence standard (AXO Dresden GmbH, Germany) to obtain quantitative maps of the element distributions.

At the Bionanoprobe beamline, Fresnel zone plates were used to focus 10 keV monochromic X-ray photons on the samples. The pixel size ranged from 85 to 200 nm, with a flux of 10 9 photons/s and a maximum integration time of 2 seconds per pixel. A full X-ray fluorescence spectra was collected at each pixel as the sample was raster scanned across the incident X-ray beam using a 4-elements silicon drift detector (Vortex ME4, Hitachi High-Technologies Science America). The spectra were then fitted and quantified using MAPS software against a standard thin film (RF8-200-S2453, AXO Dresden GmbH) measured in the same conditions [START_REF] Vogt | MAPS: a set of software tools for analysis and visualization of 3D X-ray fluorescence data sets[END_REF].

Results and discussion

Overview of the main steps of the correlative nano-imaging protocol.

The methodological workflow developed to correlate STED super resolution microscopy of fluorescently labeled proteins with SXRF mapping of biological metals in cultured primary neurons is schematically represented in Fig. 1. The first step consists of culturing the neurons on SN membranes, which are thin and transparent supports compatible for both STED and SXRF imaging [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF][START_REF] Carmona | Imaging the structural organization of chemical elements in growth cones of developing hippocampal neurons[END_REF]. The next step is to label the proteins of interest with fluorophores using molecules adapted to live cell imaging. The third step consists of performing STED microscopy of fluorescently labeled proteins on living neurons and determining their positions with respect to the membrane edges in order to further perform image correlation. Thanks to the STED super resolution microscopy, the distribution of the proteins of interest is determined with spatial resolutions of the order of tens of nanometers [START_REF] Choquet | Advanced imaging and labelling methods to decipher brain cell organization and function[END_REF]. For our correlative approach one of the advantages of STED microscopy is that it can be performed on living cells, without the need to perform chemical fixation known to modify elemental distributions [START_REF] Roudeau | Correlative organelle fluorescence microscopy and synchrotron X-ray chemical element imaging in single cells[END_REF][START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative elemental imaging using proton or synchrotron radiation focused beams[END_REF][START_REF] Jin | Preserving elemental content in adherent mammalian cells for analysis by synchrotron-based xray fluorescence microscopy[END_REF], and cellular nanostructure [START_REF] Li | The effects of chemical fixation on the cellular nanostructure[END_REF]. The fourth step refers to sample preparation, once the regions of interest are captured by STED microscopy, samples are immediately plunge frozen at low temperature to avoid elemental redistribution, and freeze-dried also at low temperature. The fifth and final step is to perform SXRF spectro-imaging on beamlines that provide nanometric spatial resolution, comparable to STED resolution. Finally, STED and SXRF images are obtained on the same regions of interest and with similar spatial resolution allowing for the direct correlation of proteins and biological metals. 

Validation of the image overlay

For correlative microscopy it is essential to observe the same regions of interest on the sample which can be difficult to achieve when the imaging methods are implemented on different instruments, in this case the STED microscope and the synchrotron radiation beamline. In our case we have opted for a simple image recognition pattern consisting in the overlay of STED and SXRF images based first on an coordinate measurement to locate the regions of interest relatively to the orientation marker of the membrane, followed by a finer correlation relying on specific structures identified on both STED and SXRF images [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF]. An example of correlation between proteins and chemical elements in dendritic areas of hippocampal neurons is shown in Fig. 2. Tubulin and F-actin were labeled with SiRtubulin and SiR-700-actin to perform dual color confocal and STED microscopy using the Leica DMI6000 SP8 X microscope on living neurons (Fig. 2A and 2D respectively). The same region of interest was imaged at the nano-imaging beamline ID16A at ESRF (Fig. 2G). Although STED microscopy is performed on living neurons and SXRF on subsequently cryofixed and freeze-dried samples, the morphology is well preserved and both images can be superimposed (Fig. 2E). It is also important for the correlative microscopy purpose that the images from the different techniques are obtained with a similar spatial resolution to allow a relevant superposition of the images. This is exemplified in Fig. 2F, where it can be seen that confocal microscopy cannot resolve the two thin dendrites in the analyzed area (Fig. 2B) whereas they can be distinguished by STED (Fig. 2C) and by SXRF (Fig. 2E). Some elements such as Fe and Cu are below the detection limit in these very thin dendrites (Fig. 2G). In addition, it is noteworthy that SXRF imaging reveals the appearance of structures on the thin dendrites that are not observed by protein fluorescence microscopy, because these structures do not content the labeled proteins or because the protein labeling is not 100% efficient. 

Validation of element content preservation

The most commonly used sample preparation methods for fluorescent protein imaging are based on chemical fixation of proteins with aldehydes. However, this chemical fixation causes permeabilization of biological membranes and drastic losses of intracellular elements, including biological metals [START_REF] Roudeau | Correlative organelle fluorescence microscopy and synchrotron X-ray chemical element imaging in single cells[END_REF][START_REF] Perrin | Evaluation of sample preparation methods for single cell quantitative elemental imaging using proton or synchrotron radiation focused beams[END_REF][START_REF] Jin | Preserving elemental content in adherent mammalian cells for analysis by synchrotron-based xray fluorescence microscopy[END_REF]. This is why we opted for a live-cell microscopy of fluorescent proteins and probes followed by a cryogenic fixation by fast plunge freezing which allows an excellent structural preservation, in particular of proteins, while preserving the distribution of chemical elements [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF]. However, it is not known whether the protocol of labeling proteins with fluorophores designed for STED microscopy does not cause changes in the distribution of chemical elements. For this reason, we compared SXRF analyses of neurons labeled with SiR-tubulin and SiR700-actin molecules with those of neurons in their native, not labeled, state (Fig. 3). Comparing the images corresponding to fluorescently labeled (Fig. 3A) and unlabeled growth cones (Fig. 3B), we observe that the distribution of the elements is similar in both cases. This result is confirmed by comparing the individual SXRF spectra of multiple analyses (Fig. 3C). SXRF spectra corresponding to 5 individual growth cones from unlabeled samples (blue dotted lines) and from 8 individual growth cones labeled with SiR-tubulin and SiR-actin (red dotted lines) are plotted In Fig. 3C. Individual spectra were normalized to the Si signal coming from the SN membrane, which can be used here as internal standard. The number of X-ray counts is proportional to the thickness of the growth cone, which can slightly vary, explaining the small differences between the spectra. For ease of comparison, we have plotted, as solid line, the mean spectrum for each group. The mean SXRF spectrum corresponding to the unlabeled samples, in blue, is comparable with the one of labeled samples, in red (Fig. 3C). It can be concluded that the STED fluorophores do not induce significant changes in elemental content. Only a slight decrease of Ca content, a highly diffusible element, is observed. 

Preservation of cell morphology

The sample preparation protocol requires cryofixation and freeze-drying steps to avoid chemical fixation. We verified that cell morphology was well preserved at the level of synaptic structures using scanning electron microscopy (SEM). Samples prepared following the protocol developed for SXRF imaging, i.e. after cryofixation and freeze-drying under mild conditions, were observed by SEM without any additional preparation steps (Fig. 4). Morphological preservation is of excellent quality, especially on the thinner parts of the cell structures, the dendrites and dendritic spines (Fig. 4B and4C). Minor damage to the morphological structure is observed on the thickest regions of the sample with a relatively flat shape of the soma and some broken branches of dendrites extending from the cell body (Fig. 4A). This is easily explained, the finest structures remain the best preserved because they are cryofixed more quickly and less affected by the collapse of the structure during freeze-drying. On the other hand, on the thicker parts, the structure presents some minor damage because cryofixation is a little slower and especially the shear stresses are more important between the much thicker cell body and the dendrites resulting sometimes in breaks. The preservation remains however suitable for SXRF analysis. Overall, the cryofixation and freeze-drying protocol allows to preserve the cell morphology at the scale of the structures of interest, dendrites and dendritic spines. 

Limitations of the correlative imaging due to sample processing

With our protocol the morphology of cellular structures after freeze-drying is overall well preserved (Fig. 4) but slight differences between the images before and after freeze-drying are nevertheless observed. Freeze-drying is known to alter the cellular morphology at the nanoscale [START_REF] Hempel | The need to freeze-dehydration during specimen preparation for electron microscopy collapses the endothelial glycocalyx regardless of fixation method[END_REF]. We could study morphological modifications by comparing the fluorescence of labeled proteins before and after freeze-drying (Fig. 5). Contrary to fluorescent proteins such as GFP, the fluorescence of inorganic dyes is maintained after freeze-drying [START_REF] Roudeau | Correlative organelle fluorescence microscopy and synchrotron X-ray chemical element imaging in single cells[END_REF]. This is the case for SiR based molecules, their fluorescence can be observed by confocal microscopy after freeze-drying (Fig. 5C), although with a decreased intensity hampering to perform STED. We have used this property of SiR based fluorescent dyes to compare the distribution of tubulin fluorescence before and after freeze-drying showing for example a shrinkage from 1.1 µm to 0.7 µm in dendrite cross-sections (Fig. 5B and5D). This shrinkage is most probably due to the effect of water loss by sublimation resulting in a partial collapse of the cellular architecture in freeze-dried cells compared to living cells. Structural shrinkage is well visible for example in the dendrites, but also in the F-actin rich region in the growth cone. This shrinkage however does not influence notably the compartmentalization of the proteins and of the elements in the subcellular compartments (Fig. 5E). It may also be possible that morphological modifications between living neurons and plungefrozen/freeze-dried ones are the consequence of changes in cellular structures during the elapsed time between STED observation and the plunge-freezing, especially with highly dynamic structures such as growth cones. In our study, this eventuality could be limited by the labeling with SiR-tubulin and SiR700-actin that are based on cytoskeleton stabilizing molecules that will slow down the dynamic changes of the cellular structures.

Correlative imaging in sub-synaptic compartments

One of the main objectives of the development of correlative imaging of proteins and metals at high spatial resolution is to be able to study biological structures of submicrometer size, with in the case of neurons a particular interest for the synaptic compartments. We present an example of such achievement in Fig. 6. Primary rat hippocampal neurons were transfected for expression of Xph20-eGFP that binds the post-synaptic density protein PSD-95 [START_REF] Rimbault | Engineering paralog-specific PSD-95 synthetic binders as potent and minimally invasive imaging probes[END_REF]. At DIV15 neurons were labeled with SiR-tubulin and observed by confocal and STED microscopy (Fig. 6A and6B). Postsynaptic compartments identified by STED microscopy on living neurons, such as illustrated in Fig. 6C, were subsequently observed by SXRF imaging at the APS Bionanoprobe on freeze dried samples (Fig. 6D). The arrows in Fig. 6D show the position of a protrusion along the microtubule branching, which corresponds to the position of the fluorescently labeled PSD-95 in Fig. 6C. This image suggest that the post-synaptic compartment of hippocampal neurons contains P, S, K and Zn, sharing a similar distribution, while Cl and Fe display a different distribution compared to the other elements. Calcium distribution is also similar to those of P, S, K and Zn but with a lower intensity in the analyzed postsynaptic compartments compared to other regions along the dendrites that contain higher Ca levels.

A similar example is illustrated in Fig. 7 showing the partial co-localization of chemical elements such as P, S, K, Ca, and Zn with the position of PSD-95 (Fig. 7D). In this example again, Cl and Fe have a different distribution than the previously mentioned elements. Very interestingly, Cu also appears mainly outside the PSD-95 labeled regions. Copper is an important biological relevant metal potentially involved in neuronal signaling, differentiation and synaptic shaping [START_REF] D'ambrosi | Copper at synapse: Release, binding and modulation of neurotransmission[END_REF][START_REF] Hatori | Neuronal differentiation is associated with a redox-regulated increase of copper flow to the secretory pathway[END_REF][START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF]. Cu is a very difficult element to detect even with spectro-imaging techniques of ultimate sensitivity such as SXRF due to its lower concentrations in biological systems compared for example to Fe or Zn [START_REF] Domart | Correlating STED and synchrotron XRF nano-imaging unveils cosegregation of metals and cytoskeleton proteins in dendrites[END_REF][START_REF] Carmona | Imaging the structural organization of chemical elements in growth cones of developing hippocampal neurons[END_REF]. 

Conclusion

Correlative imaging of metals and proteins in synaptic compartments will provide a better understanding of the physiological role of metals in neuronal processes. Such investigations require adapted observation and preparation protocols. We have experimentally validated the methodological approach of correlating STED and SXRF images obtained with a similar spatial resolution, around 40 nm. The chosen imaging sequence consists in first observing the living cells by STED, then imaging by SXRF once plunge-frozen and freeze-dried. The established protocol allows correlative imaging at high spatial resolution but can still be improved. The most limiting step of the protocol is the freeze-drying which can cause shrinkage of cell structures. A way to limit such effects would be to skip the freezedrying step and image directly the samples in their frozen hydrated sate using SXRF in cryogenic conditions, after live-STED microscopy. Ideally, in the future, a fully cryogenic correlative mode of cryofluorescence microcopy and cryo-SXRF would allow to observe the exact same cellular structures.
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Fig. 1 .

 1 Fig. 1. Schematic representation of the different steps required for STED/SXRF correlative nanoimaging. First, primary neurons are cultured onto SN membranes and the proteins of interest are labeled with fluorophores designed for STED microscopy. Fluorescently labeled proteins are localized in cultured neurons using live-cell STED microscopy. Samples are immediately plunge frozen and freeze-dried to preserve the chemical element distribution. Finally, multi-elemental mapping is performed using SXRF nano-imaging on the same regions of interest previously identified by STED microscopy.

Fig. 2 .

 2 Fig. 2. Correlation of STED microscopy and nano-SXRF images obtained at ID16A beamline (ESRF) in dendrites. (A) Confocal microscopy view of tubulin (red, labeled with SiR-tubulin) and F-actin (green, labeled with SiR-700-actin) in living cells. (B) Live-cell confocal microscopy images of tubulin from the white square region in A. (C) Live-cell STED microscopy of tubulin in the same area as B showing the higher resolving power of STED vs confocal microscopy. (D) Live-cell STED microscopy images of tubulin (red) and F-actin (green) corresponding to the white square region in A. (E) Merged images of STED microscopy in living cells (tubulin and actin) and SXRF mapping in freeze-dried cells (Zn map). (F) Plot profile intensities across the white line labeled in B, C and E to compare confocal, STED and SXRF spatial resolution. (G) SXRF images of chemical elements from the white square region in D, after plunge freezing and freeze-drying. Color scale bar: min-max values. Scale bars: (A) 10 µm, (B, C, D, E) 2 µm, (G) 0.5 µm.

Fig. 3 .

 3 Fig. 3. Comparison of the SXRF signal of neurons labeled with SiR fluorophores vs not labeled neurons. A) SXRF elemental maps from a growth cone labeled with SiR probes. B) SXRF elemental maps from a growth cone not labeled. C) SXRF spectra from different growth cones; Blue single points represent the SXRF spectra from five unlabeled growth cones, and the solid blue line the mean spectrum of these five single analyses. Red single points represent the SXRF spectra from eight SiR-labeled growth cones, and the solid red line the mean of them.

Fig. 4 .

 4 Fig. 4. Scanning electron microscopy of a neuron cultured on a SN membrane after cryofixation and freeze-drying. The freeze-dried sample was observed in SEM as prepared for SXRF analysis without any further processing steps. The sample shows an excellent morphological preservation as illustrated by SEM at different magnifications especially of the thinner structures. Minor alterations of the cell morphology are observed, indicated by arrows, with a relatively flat structure of the soma and breaks between the soma and some dendrites. (A) Soma and dendrites (x660). (B) Large and thin dendrites enlarged from the region framed in A (x1,500). (C) Thin dendrites at high magnification from the framed region in B (x10,000).

Fig. 5 .

 5 Fig. 5. Comparison of protein distributions before and after plunge-freezing/freeze-drying. (A) Live-cell confocal microscopy of a growth cone from a DIV3 neuron labeled with SiR-tubulin and SiR-700-actin. (B) Plot profile of the fluorescence intensity of tubulin along the white line shown in A. (C) Confocal microscopy of SiR-tubulin and SiR-700-actin in the same growth cone after plunge-freezing and freezedrying. (D) Plot profile of the fluorescence intensity of tubulin along the white line shown in C. (E) SXRF images of chemical elements (P, S, Cl, K, Ca, Fe, Cu and Zn) from the growth cone in shown in C, after plunge freezing and freeze-drying. Color scale bar: min-max values. Scale bars: A) and C) 2 µm, E) 1 µm.It may also be possible that morphological modifications between living neurons and plungefrozen/freeze-dried ones are the consequence of changes in cellular structures during the elapsed time between STED observation and the plunge-freezing, especially with highly dynamic structures such as growth cones. In our study, this eventuality could be limited by the labeling with SiR-tubulin and SiR700-actin that are based on cytoskeleton stabilizing molecules that will slow down the dynamic changes of the cellular structures.

Fig. 6 .Fig. 7 .

 67 Fig. 6. Correlation of STED microscopy and nano-SXRF images obtained at the BioNanoprobe (APS). (A) Confocal microscopy view of tubulin (red, labeled with SiR-tubulin) and PSD-95 (green, labeled with Xph20-eGFP) a marker of the post-synaptic compartments, in living cells. (B) Live-cell STED microscopy images of tubulin (red) and PSD-95 (green) corresponding to the white square region in A. (C) Zoom in the region of the white square shown in B, corresponding to the sample's area imaged by SXRF. (D)
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