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Introduction

Cryo-electron microscopy has become the method of choice for the visualization of cells and their constituents because it preserves biological contents in amorphous ice, close to their native state [START_REF] Dubochet | On the Development of Electron Cryo-Microscopy (Nobel Lecture)[END_REF]. However, there are only a limited number of strategies available that ensure this state throughout the entire process of sample preparation and visualization. One method, Cryo Electron Microscopy of Vitreous Sections (CEMOVIS) relies on the direct transmission electron cryomicroscope (cryo-TEM) visualization of a 50 to 300 nm thin sections of a vitrified sample, produced by diamond knife sectioning under cryogenic conditions. this method provided remarkable insights into biological structures at a high resolution [START_REF] Al-Amoudi | Cryo-electron microscopy of vitreous sections[END_REF]. However, the challenges in CEMOVIS are (1) the difficulty to produce high quality ultrathin cryo-sections devoid of cutting artefacts such as compression and crevasses, (2) the small section size and thickness available for observation and (3) the poor contrast of these sections. The development of Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) allows the milling of samples at low temperatures and the production of ultrathin lamellas that can be transferred to a cryo-TEM for high resolution cryo tomography [START_REF] Rigort | Cryo-focused-ion-beam applications in structural biology[END_REF][START_REF] Marko | Focused-ion-beam thinning of frozen-hydrated biological specimens for cryo-electron microscopy[END_REF]. Combining this technique with selection of regions of interest by scanning electron microscopy is now an alternative to CEMOVIS. However, Cryo-FIB-SEM is also valuable as a tool for image stack acquisition by a slice and view process of cryo fixed biological material in the absence of any heavy metal staining and within the current resolution of the SEM (≈ 1nm). Indeed the technical requisites to observe cellular components of vitrified organisms have been carefully determined [START_REF] Heymann | Site-specific 3D imaging of cells and tissues with a dual beam microscope[END_REF][START_REF] Schertel | Cryo FIB-SEM: volume imaging of cellular ultrastructure in native frozen specimens[END_REF] and applied to different biological systems [START_REF] Schertel | Cryo FIB-SEM: volume imaging of cellular ultrastructure in native frozen specimens[END_REF], Vidavsky et al., 2016b[START_REF] Heymann | Site-specific 3D imaging of cells and tissues with a dual beam microscope[END_REF][START_REF] Jantschke | Anhydrous beta-guanine crystals in a marine dinoflagellate: Structure and suggested function[END_REF][START_REF] Sviben | A vacuole-like compartment concentrates a disordered calcium phase in a key coccolithophorid alga[END_REF][START_REF] Bennet | Biologically controlled synthesis and assembly of magnetite nanoparticles[END_REF].

Nevertheless, further studies are required not only to fully establish cryo-FIB-SEM as a standard method for whole cell imaging of unstained samples but also to gain a better understanding of the images captured using low voltages and to set up strategies to avoid damage to the material during image stack acquisition with the SEM detectors. Keeping this goal in mind we have here examined the possibility to combine electron dense labelling and 3D-cryo-FIB-SEM imaging of human HeLa cells. Previous studies have demonstrated the usefulness of cryo-FIB-SEM for the detection of calcium mineral within a variety of cell compartments by acquiring images with either the backscattered electron detector (EsB) or the InLens SE detector (Vidavsky et al., 2016a, Vidavsky et al., 2016b[START_REF] Vidavsky | Mineral-bearing vesicle transport in sea urchin embryos[END_REF][START_REF] Sviben | A vacuole-like compartment concentrates a disordered calcium phase in a key coccolithophorid alga[END_REF]. However, whether gold particles, widely employed in immunolabelling methods, could be detected was unknown. Thus we investigated the ability to detect internalized gold particles as well as gold labelled proteins using a cryo-FIB-SEM.

Finally, the added value of image processing and machine learning tools to remove milling and other artifacts in view of volume reconstruction as well as that of both manual and semi-automatic segmentation have been assessed.

Material and Methods

Cell culture

HeLa cells cultured in Dulbecco's MEM with 5% fetal calf serum and 40 µg/ml gentamycin were grown on R2/2 AU 300 mesh EM grids (Quantifoil, Jena, Germany) previously covered with carbon and plasma coated. The cells were then incubated overnight at 37°C. In an alternative procedure, HeLa cells were cultured in plastic dishes and incubated overnight either in the presence of an anti-polymerase II monoclonal antibody (αRNPII) coupled to colloidal gold particles ranging in size between 2.5 and 6 nm (Aurion, Wageningen, The Netherlands) as previously reported (Orlov et al.) or in the presence of glutathion S-transferase coupled gold nanoparticles (AuNP-GST; 2.4 nm) [START_REF] Groysbeck | Synthesis and biological evaluation of 2.4 nm thiolate-protected gold nanoparticles conjugated to Cetuximab for targeting glioblastoma cancer cells via the EGFR[END_REF]. The following day cells were gently scraped from the dishes and pelleted at 1500 g for 5 minutes. Cell pellets incubated with protein-gold conjugates displayed a red color corroborating the presence of the gold particles. Cell pellets were resuspended in fetal calf serum, again pelleted and resuspended in PBS containing a final concentration of 20% dextran and 10 % bovine serum albumin as a cryoprotectant.

High pressure freezing

Cells were drawn into copper tubes and high pressure frozen [START_REF] Studer | Electron microscopy of high pressure frozen samples: bridging the gap between cellular ultrastructure and atomic resolution[END_REF] either in an EM PACT2 apparatus (Leica-Microsystems) or in 200nm deep carriers in a Wohlwend apparatus (Wohlwend GmbH, Sennwald, Switzerland). The samples were then directly transferred into the EM-UC6/EM-FC6 cryo-ultramicrotome (Leica-Microscysystems, Vienna, Austria) to be processed. Alternatively, for cells grown on grids, the grids were manually plunge frozen into liquid ethane [START_REF] Dubochet | Cryo-electron microscopy of vitrified specimens[END_REF].

Cryo-FIB-SEM

Cryo-FIB-SEM investigations were performed on an Auriga 60 Crossbeam (Carl Zeiss Microsystems GmbH, Oberkochen, Germany), a scanning electron microscope combined with a focused gallium ion beam column for serial FIB milling and imaging.

For cryogenic investigations the Leica VCT500 cryo-stage was installed and the cryostage temperature was set at -154 °C.

Plunge frozen HeLa cells grown on a carbon coated EM grid were clipped into autogrids (Thermo Fisher Scientific, Waltham, Mass. USA) and mounted on the 45 degree pre-tilted cryo-holder for autogrids (Leica Microsystems GmbH, Vienna, Austria) in the VCM loading station under cryogenic conditions. Using the VCT500 cryo transfer shuttle the sample holder was transferred into the Leica ACE600 cryosputter coater at a cryo-stage temperature of -155 °C and the sample was coated with a 10 nm thick layer of ????.Thereafter the XXXplatinum coated sample was transferred into the Auriga 60 FIB-SEM using VCT500 cryo transfer shuttle. The cryostage temperature was -154 °C and the system vacuum was ???? mbar. For cold deposition the stage was tilted to 35 deg and the distance between the gas nozzle and the grid center was about 2.5 mm. By opening the gas valve for 30 sec at gas reservoir temperature of ???? °C a several 100 nm thick layer of platinum precursor was deposited. At a stage tilt of 20 deg a cell of interest was brought into the coincidence point for serial FIB slicing and SEM imaging. A stage tilt of 20 degree results in an angle of 9 degrees between the focused ion beam and the 45 degree pre-tilted EM grid. Using the 240pA@30kV FIB probe current 20 nm thick slices of material were removed and the freshly exposed block face was imaged in a consecutive manner at 2.3 kV detecting the Inlens SE signal. For imaging a SEM probe current of ????pA, a dwell time of ????, a pixel size of 6.5 nm and for noise reduction line average with N = ???? was used. This method can be used for targeting the site of interest for TEM preparation by live imaging. . The HeLa cell pellet high pressure frozen in copper tubes were pyramidally trimmed and mounted on a Leica cryo-holder for HPF tubes in the Leica VCM loading station.

The sample was then transferred into the sputter coater under cryogenic conditions using sample transfer shuttle (Leica-Microsystems). After sputter coating of a ????nm thick layer of gold/palladium the sample was transferred into the Auriga 60 FIB-SEM using the VCT500 sample shuttle. The cryo-stage temperature was ???? °C and the system vacuum was ???? mbar. A cryo-FIB-SEM 3D datastack was acquired to mill 30nm thick slices using the 600pA@30kV FIB probe and a SEM current of ???? pA for imaging. For SEM Imaging an acceleration potential of???? KV, a dwell time of ????, an image pixel size of 6.5 nm, line average with N = ???? for noise reduction was applied and the InLens SE signal was detected.

Andreas, please add the BsE and InLens material and method, thanks

Image processing

The cryo-FIB-SEM stacks were processed to correct for curtaining, drift, local charge imbalance and were denoised as follows.

Curtaining

To correct for the vertical stripes occurring in the stacks, we followed the approach described previously [START_REF] Munch | Stripe and ring artifact removal with combined wavelet -Fourier filtering[END_REF]. Briefly, the image was wavelet decomposed up to a level N so that the vertical striping noise components appear only in the low frequency of the vertical coefficients map. This latter was then 2D-Fourier filtered at every level (using a gaussian of width ) and the destriped image was then calculated by applying an inverse wavelet transform using the 2D filtered vertical coefficient maps. In this work we applied the wavelet decomposition using the coif wavelet family with N=8 and the vertical coefficient map was filtered using =3.

The algorithm was implemented using python 3.7 and based on numpy.

Drift

The image drift was corrected for by using the Fourier shift theorem. We calculated the displacement vector of each image to the previous one (taking the first image of the stack as a reference), d i , using the phaseCorrelate function of OpenCV (v 2.4.7).

Then, the shift of each image with respect to the first one, D i , was calculated as D i =  i d i . The drift correction was applied after removing the curtaining artifacts as the stripes in subsequent images shift horizontally with respect to the image stack.

Therefore, especially if the contrast due to the stripes is large with respect to the one of the features of the objects of interest, the horizontal shift correction could be biaised by the shift of the stripes.

Local charge imbalance compensation

Very often, in cryo-FIB/SEM images, on the side corresponding to the scanning direction of the electron beam, where the local efficiency of secondary electron emissions drops drastically (as for example in correspondence of lipid membrane or droplets) bright horizontal bands can be observed. To correct for this, we performed a morphological reconstruction (erosion), as implemented in the morphology module of the scikit-image collection of algorithms (v 0.16). The original image was subjected to an anisotropic gaussian filtering to produce a mask that was added of an offset value and the seed image was obtained. The corrected image was then obtained by subtracting the eroded image multiplied by a factor to the original one. This process was repeated for every image of the stack using the same values for the offset and the multiplication factor.

Denoising

To improve the signal to noise ratio, the image stacks were denoised using two different approaches. In the first case, we used the DA3D (Data Adaptive Dual Domain Denoising) [START_REF] Pierazzo | Data Adaptive Dual Domain Denoising: a Method to Boost State of the Art Denoising Algorithms[END_REF]. As guides for DA3D we used the original images denoised using the non-local denoising filters of skimage.restoration of the scikit-image python library (v. 0.14.0). As an alternative, we employed an algorithm (noise2void) leveraging the state of the art 2D and 3D deep learning techniques for denoising (Krull et al.). In the latter case, we trained a 3D network using as training set of images a small part of the original stack (40 consecutive images of size 196x196 pixels) containing representative organelles and structures of the whole cell. We chose a network architecture with a kernel size of 3 and a depth of 2. The input training patches size was chosen to be 32x64x64 pixels and 1.6% of the input pixels were manipulated by sampling neighboring pixels according to a gaussian distribution of sigma of 25 pixels. The network was typically trained for 40 epochs with 36 steps per epoch. The filtering algorithms and related parameters were chosen by visually (qualitatively) optimizing the corrected images to obtain the largest noise removal with the lowest information loss.

Segmentation

After image processing, IMOD (Kremer et al., 1996) was used to perform a manual segmentation. Different drawing tools were used including local thresholding and manual reconstruction. Small spheres were used to represent the nuclear pores. The thresholding tool was applied locally to segment individual speckles throughout the nucleus. For the endoplasmic reticulum the carving tool of the ilastik software (Ilastik 1.3.2) (Berg and al., 2019) was employed. Since the volume of the image stack is too large to be efficiently processed, the stack was binned in X/Y in order to reduce the noise as well as to reduce the size of the stack. The contrast was then enhanced using the "enhanced contrast" tool from FiJi (set at 50%). Mitochondria, lipid droplet, lysosome, nucleus and endoplasmic reticulum were segmented by placing a seed in the object. This seed expand until it reaches a limiting membrane which is considered as a barrier. Segmented objects were then exported, saved as .obj files and imported in Blender, by using "import object" plugin from Neuromorph (Jorstad, 2018).

Quantification of the volume of the objects were expressed as mean+-sem.

Results

Cryo-FIB-SEM of a HeLa cell on an EM grid

A native HeLa cell grown on a carbon coated EM-grid was examined by cryo-FIB-SEM at low voltage (below 3 kV) using the In-Lens detector to collect the low energy secondary electrons (SE). Under these conditions, secondary electrons, generated at the focal point, have low energy (less than 50eV) and are sensitive to local surface potential thereby creating variable contrast depending the nature of the biological material [START_REF] Schertel | Cryo FIB-SEM: volume imaging of cellular ultrastructure in native frozen specimens[END_REF]. In the case of the HeLa cell examined here (voxel size 6.5 x 6.5 x 30 nm), the nucleus protrudes from the cell flattened on the EM-grid resulting in images generated after milling that are mostly through the nucleus (Figure 1 and supplementary data 1). Imaging another HeLa cell within a cell pellet allowed visualization of a larger cytoplasmic area (see below). The contrast of the section allowed ready visualization of the nuclear membrane with one nuclear pore while being reminiscent of TEM imaging after staining with heavy metal salts despite the fact that none were employed (Figure 1). The contrast of the generated imageswere not inverted as it is usual for SEM imaging of stained material: membranes appeared darker whereas the cytosol is clear like images acquired by Transmission Electron Microscopy. Overall, chromatin displayed homogeneous density, however there were small regions of higher density that could correlate to a distinct chromatin subcompartment such as nuclear speckles. In the cytoplasm we could detect one mitochondrion and two coated pits. As this procedure was carried out to produce a lamella, the results obtained are promising for future investigation of the nucleus as they demonstrate the feasibility of recognizing a region of interest that can subsequently be examined more closely in transmission electron microscopy be cryo electron tomographycryo-TEM.

3D visualization of a HeLa cell pellet

HeLa cells, grown in monolayers and incubated overnight with a colloidal gold conjugated antibody directed against RNA polymerase II (RNPII; see below) were examined by cryo-FIB-SEM. In this case a large region of the cell (15µm x 15 µm x 10 µm) including both the cytoplasm and the nucleus could be visualized (figure 2 and supplementary data 2). At the first sight, the data are difficult to analyze since the contrast is low and there are many stripes along the Y axis that remain in the Z axis of the image stack. Such stripes are probably due to irregularities on the platinumcoated ? surface of the sample that alter FIB processing. In addition, there are some shadows in the and sometime Y axes around specific black spherical intracellular components. These artefacts are probably due to local differences in conductive properties and depend thus on the intrinsic composition of these components. Such stripes and shadows could however be removed by image processing (see below).

Once the eyes are accustomed to the low contrast of the data, one could see that the overall morphology of the cell is very similar to that of a resin embedded HeLa cell and many intracytoplasmic compartments and structures could be visualized. The nuclear envelope was clearly defined with its numerous nuclear pores, ribosomes could be observed on the surface of the ER and there was no difficulty to distinguish the cristae of the mitochondria. It should be noticed that the mitochondria matrix appears extremely dark as compared to the cristae. In addition, a large number of spherical shaped components could be observed within the cytoplasm that were not present in the cell cultured in the presence of gold particles. Some of these spherical components are thought to be derived from the lipid-based antibody delivery agent that has been used.

Focusing on the nucleus, we noticed the nuclear membrane with its characteristic pores. The nucleus displays regions of variable density throughout, one region of higher density could correspond to interchromatin granule clusters also known as nuclear speckles [START_REF] Galganski | Nuclear speckles: molecular organization, biological function and role in disease[END_REF]. The nucleolus is well defined as commonly observed in chemically fixed samples; it displayed subdomains that could correspond to regions previously characterized in chemically fixed samples as the fibrillary center, the dense fibrillary component or the granular component. Interestingly, such a contrasted nucleolus has so far not been reported in CEMOVIS sections.

Segmentation

To better understand the ultrastructural organization of the cell and to assess the possibility of 3D quantification on such a dataset, cellular components have been segmented using both iMod and ILastik. The first, tool relies on the contouring of the objects in 2D whereas the second tool is based on a waterflow algorithm that allows a semi-automatic segmentation of the object by the propagation of a seed that grows until it reaches a limiting membrane. The first strategy is without any doubt very precise, it relies only on the user and it could be achieved on a conventional computer. After removing stationary noise, local thresholding could be done more easily than in the raw dataset thus allowing the detection of new features or providing stronger evidence for structures such as nuclear pores or speckles within the nucleus (figure 3 or 4). The segmentation of mitochondria (red), lipid droplets (yellow) and lysosomes (orange) shows different distributions and numbers throughout the cell.

The mitochondria are more polarized on one side of the cell whereas nuclear pores appear equally distributer throughout. The full network of mitochondria, lipid droplets, lysosomes, nucleus, nuclear pores, nucleoli and speckles inside the nucleus was reconstructed (Figure 3 The second strategy requires powerful computer resources since it works in 3D. It was quite effective on large and well defined structures like mitochondria or lysosomes, but was less effective for the segmentation of the ER since the morphology of the structures is more complex and the thickness of the compartment is close to the voxel size (6,5 x 6,5 x 30 nm 3 ). In addition, the membranes of these compartments sometimes leak and the propagation of the seed is thus no longer limited by the membrane.

However, segmentation of the ER shows that it is well developed throughout the cell and many contacts with mitochondria could be observed. The spherical structures have been segmented and at least three populations could be described. One population did not have a surrounding membrane, their mean size is 415.1 +-13.1 nm and are thought to be lipid droplets. Other spherical structures appeared totally black with the secondary electron detector, their mean diameter is about 557 nm +-16 nm (n=?). A shadow around them was observed both in the X and Y axes and some charging effects seems to appear in the bottom of the rim. There are also dark membrane compartments of the same size with a surrounding membrane, their mean diameter size is 626 nm (+-30 nm n=?) and their core is often clear. Though it is difficult to clearly identify theses compartments based only on the morphology, such organization is characteristic of lysosomes.

Image processing

Because of the conditions under which they are acquired, the images of the serial surfaces of a cryo-FIB/SEM stack typically suffer several artifacts (severe distortions ? ). The most important are the presence of vertical curtaining, the drift between consecutive images and the presence of horizontal bands associated large contrast changes due to local charge imbalance induced by the scanning electron beam. Furthermore, they are characterized by a low signal to noise ratio. To improve the readability (interpretation) of the image stack and to allow for a precise (and possibly semi-automated) segmentation, these effects have to be corrected for. Figure 3 shows the typical image processing workflow where A displays a region of one of the original images belonging to the stack (supplementary data 2). The curtaining artifacts (visible on the rightmost part of panel A) are effectively removed using a combined wavelet decomposition and Fourier filtering approach (Figure 3B). Note that using this approach, the removal of the vertical stripes does not introduce any other artifact nor result in any loss of contrast with respect to the original image.

Afterwards, the images of the stack were aligned using the Fourier shift theorem and ready to be 3D denoised. To this aim, we employed the 3D version of noise2void, a denoising algorithm based on machine learning that does not require clean ground truth data. The algorithm allows for an efficient removal of the statistical noise in the image without any substantial loss in the spatial resolution (compare insets in figure 3B and3C). Alternatively, similar results can be achieved combining DA3D with nonlocal denoising filters (see Materials and Methods). Finally, to at least partially correct for the horizontal bright bands appearing on the right side (i.e. the side of the scanning direction) of regions with lower secondary electron generation efficiency (i.e. darkest regions of the image), we used a grayscale morphological reconstruction approach (Materials and Methods). This way, regional maxima in the images can be computed starting from a blurred version of the original image (the mask) which is used to limit the morphological erosion of a seed image. In this case we used as a seed the mask image to which an offset value was added. The computed regional maxima can then be subtracted to the original image and a partially corrected image can be obtained (Figure 3D). The results obtained after applying these tools to entire cell slices are also illustrated in figures 1 and 2.

Cryo-FIB-SEM detection of protein-gold conjugates

In a previous study we used FIB-SEM imaging to localize RNA polymerase II (RNAPII) within the nucleus of HeLa cells by immunolabelling live cells with a colloidal gold-conjugated monoclonal antibody directed against RNAPII [START_REF] Orlov | Live cell immunogold labelling of RNA polymerase II[END_REF]. However, these experiments were carried out on resin embedded fixed cells at room temperature conditions and required a silver enhancement step to visualize ultra-small gold conjugates. Here we wished to examine the feasibility of labelling cells with protein-gold conjugates and subsequent processing under cryogenic conditions where silver enhancement of gold particles could not be carried out. For this purpose we incubated HeLa cells with 2.4 nm GST-gold particle conjugates overnight then scraped the cells from the culture dish and recovered them by centrifugation. No washing step was performed deliberately to ensure the presence of gold particles either outside or inside cells. The cell pellet appeared red due to the presence of the gold particles.

Images acquired with the EsB detector displayed a dark background with accumulation of bright white clusters or in some instances isolated bright white dots which are better defined in panel A and B that had a higher resolution then in panel C and D. It is noteworthy that the clusters and dots in A and C overlapped the white clusters and dots that appeared surrounding cells or within cells on images B and D acquired with the InLens ES detector (Figure 5). Therefore we concluded that the clusters and dots corresponded to the gold particles that were either on the outside of cells or had penetrated. It is noteworthy that gold particles were visualized in endocytic compartments, which are presumably part of the main pathway of their uptake into cells (Figure 6). These results indicate that it should be possible to visualize antibody coupled gold conjugates using the cryo-FIB-SEM method.

Having demonstrated the possibility to identify gold particles by cryo-FIB-SEM, we next examined cells that have been incubated in the presence of an antibody delivery agent with slightly larger 2-7 nm gold particles conjugated to an RNAP II antibody. In this case cell pellets were washed prior their processing to remove any extracellular particles that were not bound to cells. Here we could also detect round white particles using the InLens SE detector in endo-lysosomal compartments like multivesicular bodies and lysosomes that probably correspond to gold particles or, more likely, gold clusters (figure 6). A series of eight sections through a lysosome containing gold clusters allowed an estimation of the size of the cluster in the range of 150 nm, gold cluster appearing in 5 images out of 8 corresponding of ~ 5 x 30 nm (thickness of the FIB slicing). No clusters were visible within the nucleus where presumably they had gained access by virtue to their binding to RNAP II as previously demonstrated using other methods [START_REF] Orlov | Live cell immunogold labelling of RNA polymerase II[END_REF] but this failure will most likely be overcome in further investigations with higher resolutions.

Discussion

Cryo-FIB-SEM has provided a means to access cell and tissue structure under close to native conditions without any artefactual staining or embedding of biological material. From a practical standpoint, the two distinct methods of preparation of cells in pellets or on grids as well as the two methods used for high pressure freezing have provided equivalent results with respect to the organelles observed and contrast. The workflow of image processing tools applied in this study is particularly powerful to correct for many of the distortions induced during acquisition. When examining images produced with these methods it's important to confront the results to those obtained with more traditional methods. Interestingly, the gray scale images obtained with the SE detector, which are considered to be due to differences in surface potential of chemically distinct elements, turn out to be reminiscent of traditional TEM images with excellent contrast of the general architecture of the cell and its known constituents, after using image processing tools.

While the major cell organelles (nuclei, nucleolus, mitochondria, endoplasmic reticulum, Golgi apparatus) are clearly recognized, the clear cut identification of some cellular constituents must await more detailed investigations. For instance, whether the variable nuclear densities noticed in the cryo-SEM images correspond to distinct nuclear areas (euchromatin, heterochromatin or nuclear speckles) or as yet undefined regions remains to be clarified. Cryo-TEM of lamella selected after careful milling and imaging of samples to target a region of interest should help to solve some of these issues. In addition, datasets with smaller pixel size and slice thickness will be particularly valuable to gain a better insight into large macromolecular complexes. Similarly, the identification of some compartments requires specific labelling to confirm the morphological clues. In this respect the strategy initiated in this report, should provide a useful tool. Although small immunogold particles measuring a few nanometers are close to the limit of detection of the microscope, clear-cut signal corresponding to gold particles could be observed in an endolysosomal compartment as expected. However, such a signal was hard to detect in the nucleus where the target of the antibody is localized, a full assessment of this strategy thus still needs to be carried out.

3D segmentation has enabled an overall view of the major HeLa cell organelles in their native distribution, size and shape so as to set up a native cell atlas. Such segmentation could be obtained by contouring the objects and by using a waterflow algorithm but in any case the process tends to be time consuming. Clearly, further work needs to be done to train algorithms so that recognition of specific organelles imaged by cryo-FIB/SEM can be done semi-automatically. Interactions between segmented objects will be one of the most promising perspectives that could be reached with this cryo-FIB method. Indeed, this strategy makes it possible to visualize dynamic events in a native state, in 3D in its cellular context and in a very short time. So far this is the only technique that combines all of these advantages. Of course, CEMOVIS allows a higher resolution of dynamic events, but the thickness of the sample cannot exceed 300 µm, the cellular context is thus restricted. Although FIB SEM at room temperature allows such a 3D cell architecture, one can not discard the hypothesis that artefacts could be induced by the cryosubstitution step; moreover, this strategy requires a large amount of time to achieve both the cryo substitution and the polymerization of the sample.

In the future it will be interesting to focus on small regions to get higher throughput and higher resolution. In addition, cryo FIB SEM 3D imaging could be combined with lamellae production in order to specifically target the region of interest that could then be analysed by cryo tomography using a transmission electron microscope.

Being able to compare the cryo-FIB-SEM method to other methods employing a variety of treatments and sample preparations should help to better understand the living state of the cell and procedures that interfere with cell functions. 
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Figure 1 :

 1 Figure1: HeLa cells grown on grid (one or several cell slices): A slice through a HeLa cell stack displaying a raw SEM image (A) or the same cell slice after image processing (B). A black line highlights the nuclear membrane and mostly the inner leaflet when the outer one is apparent, a black circle highlights a nuclear pore, S (nuclear speckles), M (mitochondrion), CP (coated pit).

Figure 2 :

 2 Figure 2: FIB-SEM of a HeLa cell pellet: Two selected slices within the HeLa cell stack display a region close to the cell periphery (A and B) or a region obtained after milling more deeply into the cell (C and D). A and C display raw SEM images while B and D display respectively the same cell slices after image processing. The black circle in B highlights a nuclear pore cut transversally, the area in D surrounded in blue highlights a dense region within the nucleus corresponding to the nucleolus, ER (endoplasmic reticulum), M (mitochondria), V (vacuoles).

Figure 3 :

 3 Figure 3: Typical cryo-FIB-SEM image processing steps. A) A typical raw image of a cryo-FIB-SEM stack showing lipid droplets, mitochondria, nuclear membrane and other cellular vesicles. B) vertical curtaining stripes have been removed using a combined wavelet decomposition and Fourier filtering approach. C) image in B denoised using 3D noise2void after drift correction. D) The denoised image in C after greyscale morphological reconstruction.

Figure 4 :

 4 Figure 4: 3D Reconstruction of native HeLa cell: Different organelles distributed throughout the cell: A) Mitochondria (red). B) Lipid droplets (yellow) and lysosomes (orange). C) Nuclear pores (blue spheres), nucleus (transparent turquoise), nucleoli (transparent blue), nuclear speckles (purple). D) All segmented objects. Scale bar, 2 µm.

Figure 5 :

 5 Figure 5: Cryo-FIB-SEM of a HeLa cell incubated overnight with GST-gold conjugates;

Figure 6 :

 6 Figure 6: Cryo-FIB-SEM of a HeLa cell incubated with gold conjugated anti RNAII pol antibody. Selected regions of different section through the HeLa cell stack. A display
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