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SUMMARY: 
Presented here is a protocol for cell culture on silicon nitride membranes and plunge-freezing prior to X-ray fluorescence imaging with a synchrotron cryogenic X-ray nanoprobe. When only room temperature nano-analysis is provided, the frozen samples can be further freeze-dried. These are critical steps to obtain information on the intracellular elemental composition.

[bookmark: _Hlk4159355]ABSTRACT: 
Very little is known about the distribution of metal ions at the subcellular level. However, those chemical elements have essential regulatory functions and their disturbed homeostasis is involved in various diseases. State-of-the-art synchrotron X-ray fluorescence nanoprobes provide the required sensitivity and spatial resolution to elucidate the two-dimensional (2D) and three-dimensional (3D) distribution and concentration of metals inside entire cells at the organelle level. This opens new exciting scientific fields of investigation on the role of metals in the physiopathology of the cell. The cellular preparation is a key and often complex procedure, particularly for basic analysis. Although X-ray fluorescence techniques are now widespread and various preparation methods have been used, very few studies have investigated the preservation of the elemental content of cells at best, and no stepwise detailed protocol for the cryopreparation of adherent cells for X-ray fluorescence nanoprobes has been released so far. This is a description of a protocol that provides the stepwise cellular preparation for fast cryofixation to enable synchrotron X-ray fluorescence nano-analysis of cells in a frozen hydrated state when a cryogenic environment and transfer is available. In case nano-analysis has to be performed at room temperature, an additional procedure for freeze-drying the cryofixed adherent cellular preparation is provided. The proposed protocols have been successfully used in previous works, most recently in studying the 2D and 3D intracellular distribution of an organometallic compound in breast cancer cells.

INTRODUCTION: 
Newly designed synchrotron X-ray fluorescence (SR-XRF) nanoprobes allow visualization of the subcellular distribution of elements in a fully quantitative manner. As an example, this analytical capability allows investigation of the uptake of nanoparticles1 or organometallic molecules such as osmium-based complexes2, providing insight into the intracellular uptake of metal-based molecules with potent anticancer properties. As a multielement technique, SR-XRF3 with a nanoprobe provides a way to simultaneously quantify and localize intracellularly most biologically important elements, including phosphorus, sulfur, potassium, calcium, iron, copper, and zinc. Indeed, the use of hard X-rays provides large penetration depth to image whole frozen-hydrated cells in a label-free fashion. Furthermore, providing access to the K-edge of most elements of interest, the X-ray fluorescence is excited most efficiently. The use of cryogenic approaches allows reduction of radiation damage and optimization of the preservation of the cell structure and elemental distribution.
[bookmark: _Hlk4159863]Most available spatially resolved analytical techniques to study metals in cells are surface techniques requiring very thin and flat sections of cells to be produced. This mainly encompasses scanning transmission electron microscopy with energy-dispersive X-ray analysis (STEM–EDX), energy-filtered transmission electron microscopy (EF-TEM), and nanoscale secondary ion mass spectrometry (nanoSIMS). The latter cannot be performed on frozen, hydrated cell sections while cryo-analysis can be done with electron microscopy with unsurpassed spatial resolution but poor elemental sensitivity. Particle-induced X-ray emission (PIXE) has allowed the study of elemental distributions in whole cells. It has the advantage of being fully quantitative with a fair elemental sensitivity at the micron scale and even at submicron resolution4, but suffers from radiation damage and lack of cryogenic capabilities to study frozen-hydrated cells. All these analytical techniques complement each another in the elemental imaging of cells, but for all techniques the sample preparation procedure is a crucial step. It should be kept simple to limit possible contamination as well as elemental redistribution and/or leakage to obtain meaningful results. As demonstrated in electron microscopy, a cryogenic workflow, including cryo-immobilization of the cell and cryotransfer to a cryoscanning stage, allows an optimal elemental preservation at subcellular levels as close as possible to the native state5-10. This understanding has been successfully implemented into the development of synchrotron cryo-soft X-ray microscopy (e.g., full field microscopes and scanning microscopes) to produce ultrastructural imaging of entire frozen-hydrated cells in 2D or 3D. Various cryogenic workflows were developed11 for soft X-ray microscopes at Beamline 2.1 (XM-2) of the Advanced Light Source at Lawrence Berkeley National Laboratory12, beamline U41-XM at the electron storage ring BESSY II (Germany)13, beamline MISTRAL of the ALBA light source (Spain)14, and at Beamline B24 of the Diamond light source15, among others. A similar workflow was recently shown to be the most reliable preparation and preservation method for intracellular elemental analysis using X-ray microprobes16,17.

Although X-ray nanoprobe techniques are starting to be widely used for cellular elemental analysis, particularly with the advent of cryogenic SR-XRF capabilities, no stepwise protocol has been disseminated so far to the research community. Here, a detailed procedure is provided to prepare cryofixed adherent cells cultured as monolayers on silicon nitride membranes to be analyzed under cryogenic conditions. A freeze-drying step to be applied after the protocol in case the X-ray analysis must be performed at room temperature is also provided. While the proposed protocol has been successfully used with human breast cancer cells MD-MB-2312 and the freeze-drying was demonstrated among others on mouse neurons18,20,21, it can be easily extended to various types of human or animal cells.
[bookmark: _Hlk15985008]
PROTOCOL:
[bookmark: _GoBack]Experimental procedures were approved by the animal care committee of the CEA’s Life Sciences Division (CETEA, A14-006). They were conducted in compliance with the French legislation and the European Community Council Directive of 24 November 1986 (86/609/EEC).

1. Silicon nitride (Si3N4) membrane support preparation

NOTE: Because the membrane is fragile and delicate, its support (200 µm thick silicon frame) has to be handled gently, ideally with a thin carbon tweezers or Dumont Tweezers #5, Straight Self-closing fine tips. This protocol used silicon nitride membranes with a frame of 5 mm x 5 mm and a membrane size of 1.5 mm x 1.5 mm. The membrane should be prepared roughly 12 h before starting the experiment (i.e., cell seeding). Membranes can be prepared at the end of the day and left drying overnight under a Class II laminar flow hood so they are ready to use the next morning. A silicon frame thickness of 200 µm is standard for most companies that sell silicon nitride windows. If the product used in this protocol is not available, a membrane size in the range of 0.5−1.5 mm can be used with a standard frame size of 5 mm x 5 mm. The larger membrane size is preferred when X-ray tomography will be used. TEM grid type silicon nitride windows with a membrane size of 0.5 mm and a thickness of 50 nm can also be used.

1.1. Open the capsule containing the Si3N4 membrane support (Figure 1). Gently squeeze the capsule in order to lightly loosen the support.

1.2. Hold one of the corners of the silicon frame using the thin tweezers. Be careful not to touch the Si3N4 membrane in the center. The 200 or 500 nm thick membrane can be easily damaged.

1.3. Using the thin tweezers, gently place the Si3N4 membrane support in a sterile glass Petri dish, flat surface of the silicon nitride window facing up (i.e., the cavity facing the bottom of the dish).

1.4. Remove the lid of the Petri dish and leave the membranes under UV light for 25−30 min under the laminar flow cabinet.

NOTE: The UVC light (254 nm) is typically set at 200 µW/cm2.

1.5. Put 10 µL of poly-L-lysine on the membrane. The drop should cover the Si3N4 membrane well and can spread a bit over the silicon frame. Leave it at 37 °C for 25 min in the standard tissue culture incubator at 100% relative humidity and 95% air, 5% CO2. 

NOTE: In this case a poly-L-lysine coating was used for the MDA-MB-231 breast cancer cells. Depending on the type of cell line, various coatings can be used, and this step should be optimized accordingly. 

1.6. In a sterile 48 well plate, fill different wells with 200−250 µL of ultra-pure and ultra-trace water filtered through a 0.22 µm sterile filter. Typically, each well can be used to rinse up to 2−3 membranes. Using fine tweezers, pick-up the membrane support at a corner of its silicon frame. Rinse the membrane gently by submerging it vertically 10 s in three successive wells.

NOTE: The membrane supports are taken out of the incubator and can be processed at room temperature, with the temperature and the humidity defined by a Class II laminar flow hood.

1.7. Put the membrane support vertically in an empty well of a sterile 96 well plate, cover it, and let it dry overnight under a Class II laminar flow hood.

2. Cell seeding

2.1. In a sterile 4 well plate, place the membranes with their flat side facing up.

2.2. MDA-MB-231 cells are maintained in a monolayer culture in DMEM with phenol red/Glutamax I, supplemented with 10% fetal calf serum and 1% penicillin and streptomycin at 37 °C in a 5% CO2 air humidified incubator.

2.3.  When the cells reach 60−70% confluency remove the media from the dish or flask.

2.4. Wash 1x with 10 ml of Dulbecco’s phosphate buffered saline without Ca2+ or Mg2+.

2.5. Add 3 mL/T75 flask of 0.05% trypsin/EDTA solution and ensure that the entire monolayer is covered with the trypsin solution.

2.6. Incubate for 3−5 min at 37 °C until the cells begin to detach. Care should be taken to not over-trypsinize the cells and not force the cells to detach prematurely.

2.7. Add 8 ml of DMEM supplemented with 10% fetal calf serum and 1% penicillin and streptomycin or complete media and collect the cells by pipetting. The serum in the media will neutralize the trypsin.

2.8. Spin down at 250 x g for 3 min at room temperature. Aspirate the supernatant.

2.9. Add 8 ml of fresh complete media to the 15 ml tube containing the cell pellet, and pipet the cells up and down until the cells are dispersed into a single cell suspension.

2.10. Count the cells using a hemocytometer and dilute to a concentration of 5 x 106 cells per mL in complete media (DMEM with Phenol Red/1% of a 200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl solution supplemented with 10% fetal calf serum and 1% penicillin and streptomycin).

2.11. Take 10 µL of the MDA-MB-231 cell suspension and deposit it on the membrane. This corresponds to 50,000 cells/10 µL for MDA-MB-231. The drop should cover the Si3N4 membrane well and can spread a little bit on the silicon frame. Care should be taken to not touch the Si3N4 membrane with the tip of the micropipette. 

NOTE: Depending on the type of cell line and experiments or measurements, cell density may vary and should be tested accordingly. Here, the proposed cell density for seeding the Si3N4 membrane was found optimal for the experimental conditions and further SR-XRF nano-analysis of the MDA-MB-231 cells2.

2.12. For hippocampal neurons (HN), remove the hippocampus brain tissue from embryonic day 18.5 mice and digest it in 0.25% trypsin in Hepes-HBSS (5.3 mM KCl, 0.44 mM KH2PO4, 137.9 mM NaCl, 0.34 mM NaH2PO4, 5.56 mM glucose) at 37 °C for 15 min18,19.

2.13. Using a P1000 pipette with a P1000 tip and a P200 tip, perform the mechanical dissociation by drawing and releasing the cone content with the pipette several times. During this step, be careful not to create air bubbles in the medium, because air bubbles are toxic to neurons.

2.14. Wait a few minutes until the aggregate settles at the bottom of the tube.

2.15. Transfer the supernatant containing the dispersed cells to a sterile Eppendorf tube. Leave ~25 µl of culture medium containing the aggregate.

2.16. Count the dissociated cells using a hemocytometer. Isolated HN neurons are plated at a concentration of 7 x 104 cells cm-2 on poly-L-lysine (1 mg/mL poly-L-lysine)-coated silicon nitride membrane.

2.17. Only for membranes with HN, incubate the neurons in first DMEM supplemented with 10% fetal bovine serum. One h after plating HN in DMEM, the medium is changed to neurobasal plating media (200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl solution, and B27 supplement d = 1/50 diluted in Neurobasal)18,19.

2.18. For the MDA-MB-231 cells, put the membrane supports at 37 °C in the incubator (100% relative humidity, 95% air and 5% CO2) for 25 min. This allows the cells to settle and start to attach to the substrate. This may be adapted depending on the cell line used.

2.19. Add 1 mL of the required complete culture medium (DMEM with Phenol Red/1% of a 200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl solution supplemented with 10% fetal calf serum and 1% penicillin and streptomycin) in each well of the MDA-MB-231 cells by putting the pipette tip against the wall of the plastic well and releasing the medium very slowly while it covers the membrane.

2.20. Put the membrane vertical against the wall of the 4 well plate in order to take away any air bubbles trapped in the well cavity of the Si3N4 membrane (Figure 2). To do so, use fine tweezers and push away the bubble very gently, moving parallel to the Si3N4 backside frame to avoid touching and damaging the membrane.	

2.21. Put the membrane back horizontally at the bottom of the well and leave the 4 well plate in the incubator for the required time depending on the growth rate of the cell line used. The MDA-MB-231 cells were incubated overnight.

3. Treatment or medium change

3.1. Remove the medium from the 4 well plate.

3.2. Rinse once with 1 mL of PBS solution at 37 °C. Discard the PBS and add 1 mL of warmed complete fresh medium in presence or in absence (controls) of the desired treatment using a 1 mL pipette tip, releasing the liquid very slowly against the wall of the well plate. The Si3N4 membrane should be slowly submerged without any disturbances to avoid membrane motion or lifting.

4. Cryo-immobilization of the cellular preparation by plunge-freezing

NOTE: At the end of the required incubation time, in the presence or absence of treatment, the cells have to be carefully rinsed and cryofixed. Around 30 min before starting to rinse and blot the cellular preparation prior to plunge-freezing, first set-up and cool down the automatic plunge freezer machine. As you manipulate cryogens, the use of appropriate cryogenic gloves, safety glasses, closed shoes, and a laboratory coat are required. Liquid nitrogen must be transported in appropriate Dewars, and the working place should be sufficiently ventilated with the presence of an oxygen monitor. Ideally, a low hygrometry level of 20−30% helps to limit ice contamination of the materials, Dewars, and cryogens, that is detrimental for the vitrification of the samples (i.e., an amorphous ice layer). Ideally, depending on the experience level of the researcher, up to 10−12 samples for a single session can be prepared using the same secondary cryogen liquid ethane cup for vitrification. Between sessions, the automatic plunge freezer requires a 1 h automatic bake-out procedure. Ideally, samples should be processed with identical incubation conditions. Still, controls can be processed first, followed by the samples with a particular treatment condition.

NOTE: For plunge-freezing the following steps apply both to MDA-MB-231 or HN cells.

4.1. Set up the cryoplunger for rapid cryofixation of cells.

4.1.1. Turn on the automatic plunge freezer.

4.1.2. Enter the parameters (e.g., temperature, percent humidity, blotting time if automatic blotting is used, and position for lifting the sample to the surface of the cryogen to facilitate transfer to a cryogenic container) directly from the console and parameters settings menu. In the present case, the parameters of the humidity chamber were set to 37 °C and 80% humidity. 

NOTE: Better vitrification results were obtained for this protocol and X-ray imaging with quick and careful manual blotting. Thus, the protocol does not use an automatic blotting sequence program.

4.1.3. Attach the humidifier chamber and in order to preserve the humidity first fill it using a syringe with 60 mL of double-distilled water, and then 20 mL as called for on the automatic plunge freezer console. 

NOTE: Avoid using ultrapure water because it may damage the vaporizer system. Close the valve and leave the tubing attached on the backside of the humidifier.

4.1.4. Install the black ethane cup into its holder and cover it with the plastic caps.

4.1.5. Fill the Dewar of the cold chamber with LN2, bringing it to the level of the grid within the working area.

4.1.6. Put a dedicated cryo-box to store the membranes after cryofixation in the transfer container held in the dedicated location in the EM-GP working area and close to the ethane cup holder. 

NOTE: The dedicated cryo-box is an in-house development at the nanoprobe beamline ID16A of the European synchrotron radiation in Grenoble. Drawings with specifications are available upon request (Figure 3). They can be stored four at a time in a 50 mL conical tube for long-term storage in an LN2 Dewar. An alternative possibility consists in using a small 0.2 mL regular PCR thin wall tube with dome caps to store a single Si3N4 membrane support. You will need to drill a ~2 mm hole in the top part of the wall tube using a heated syringe needle in order to allow LN2 to fill the tube. 

4.1.7. Fill the transfer container with LN2 and cover it with the dedicated aluminum lid. Continue to fill the cold chamber with LN2 (typically ~2 L is needed) keeping at 100% the LN2 level monitor display on the console. Wait until the final required temperature is reached. 

4.1.8. [bookmark: _Hlk9965020]Remove the plastic cap and cover the ethane cup with the liquefier connected to the ethane bottle. Wait until the temperature of the ethane cup equilibrates to the temperature setpoint. When reached, start to use the secondary cryogen (i.e., liquified ethane).

NOTE: The setpoint used was -180 °C, slightly above the ethane melting point (-182.8 °C). You do not need to precool the ethane liquefier because it can be a source of frost formation and contamination of the ethane cup. 

4.1.9. Open the high-purity ethane bottle main valve and very slowly open the pressure regulator until you get a slow fog of ethane. Keep this very low flow until liquid ethane builds up. Fill the cup to its top edge. Close the pressure regulator and the main valve of the ethane bottle. Remove the Leica liquefier carefully and leave it aside on a small polystyrene support under the fume hood. Keep the working area loosely covered with the black polystyrene cap provided with the machine to prevent frost contamination of the working area and ethane container.

4.1.10. Just before manual blotting of the sample, remove the black polystyrene cap and from the menu of the console press “Lower Chamber”, which brings the environmental chamber in contact with the cryogenic working area.

4.2. Prepare to blot the sample.

4.2.1. Prepare the adequate buffer to remove traces of salts from the culture medium. For this protocol, ammonium acetate buffer was used for rinsing the MDA-MB-231 cells. 

NOTE: Ammonium acetate buffer is suitable for most cell types, and it does not add to the X-ray fluorescence signal (considering elements with Z > 9). Some particular cell lines such as neuronal cells may require the use of a dedicated buffer. For example, for primary cortical neurons, a saline solution consisting of 1.8 volume of 0.5 M Na2HPO4 and 1.9 volume of 0.5 M NaH2PO4 can be used15. On the other hand, phosphorus or chlorine contained in the buffer will contribute to the XRF spectrum. This limitation of spurious X-ray emission lines must be kept in mind depending on the elements of interest to be detected.

4.2.2. Prepare a 150 mM ammonium acetate solution from ammonium acetate ultrapure solution and check for pH (7.0–7.3) and osmolarity (270–300 mOsm/kg) 

NOTE: The above mentioned osmolarity is equivalent to Dulbecco's phosphate buffer saline (D-PBS) without calcium and magnesium and can be checked using a micro-osmometer.

4.2.3. Fill in the required number of wells from a 12 well plastic plate with the ammonium acetate buffer.

4.2.4. Cut a quarter of filter paper for blotting, either from No. 1 filter paper with a precut hole, or from manually punched filter paper of a 55 mm diameter with a 15 mm central hole.

4.2.5. Take out the required sample stored in the incubator at 37 °C at the last moment before rinsing and plunge-freezing the membrane.

4.2.6. Unlock the tweezers using the black clamp ring of the quick-release forceps (typically a Dumont clamping ring high-precision medical tweezers) and grab the Si3N4 membrane support from the culture well. 

NOTE: Grab the middle of the silicon frame, keeping the tip of the tweezers near the membrane. Move the black clamp ring down to the first stripes to lock the tweezers.

4.2.7. Immerse the Si3N4 membrane support vertically in the ammonium acetate buffer solution kept at 37 °C for ~5 s. 

NOTE: The support should remain vertical in the buffer. Note that the buffer solution in each well of the plate can be used for up to three membranes for the same incubation conditions.

4.2.8. Blot manually with filter paper to drain out the excess buffer from the membrane rinsing solution (Figure 4) in order to leave a thin and homogeneous layer of ammonium acetate aqueous solution covering the cells. 

NOTE: To do so, first press the backside of the window onto the filter paper to remove nearly all the aqueous buffer remaining in the well and the back of the membrane. Second, blot the front side, starting from both sides of the tweezers, then each side of the frame (Figure 4). Never touch the membrane. The excess of buffer drained can be monitored with the aureole formed on the filter paper.

4.2.9. Open the environmental chamber door and quickly mount the tweezers, sliding it into the forceps interlock, and close the door (Figure 5).

4.2.10. Press “Blot/A plunge”. The tweezers holding the Si3N4 membrane will be quickly plunged into the cryogen.

4.2.11. Remove the lid of the transfer container with precooled forceps.

4.2.12. Press “Transfer”. The Si3N4 membrane will be slightly moved up above the cryogen.

4.2.13. In a single quick movement, disconnect the tweezers by sliding them out of the forceps interlock and slightly tilt out of the interlock to bring directly into an empty slot of the cryo-box in the transfer container filled with LN2. Release the black clamp ring to free the membrane (Figure 5).

NOTE: The transfer container should always be covered with LN2. When a refill is required, cover the ethane cup with the plastic lid provided with the machine to avoid mixing LN2 and ethane.

4.2.14. Cover the transfer container with a lid and use a small white polystyrene cup filled with LN2 to transfer it to a polystyrene box filled with LN2. 

NOTE: The cryo-box or tube containing the membranes can then be stored in 50 mL conical tubes filled with LN2 and transferred to a long-term storage LN2 Dewar. Before starting to plunge freeze the next sample, warm up all cold and frosted tweezers with a hair dryer or a hot plate/cryotools dryer (45 °C) to avoid contamination with ice crystals.

5. Freeze-drying of plunge-frozen cells cultured on silicon nitride membranes

NOTE: For freeze-drying, the following steps apply to both MDA-MB-231 and HN cells. To cool down the freeze dryer, you will need to wait around 40 min to 1 h.

5.1. Set up the freeze dryer

5.1.1. Switch the power on with the rocker switch located on the rear panel of the instrument.

5.1.2. Start to enter the parameters following the LCD menu: Segment 1 = 2 h at -120 °C; Segment 2 = 2 h ramp from -120 °C to -80 °C; Segment 3 = 2 h at -80 °C; Segment 4 = 2 h ramp from -80 °C to ‑50 °C; Segment 5 = 2 h at -50 °C; Segment 6 = 6 h ramp from -50 °C to 30 °C.

5.1.3. At the end of the parameter set-up, save the settings, close the chamber lid and press “START”.

5.1.4. The unit will pump down to 1.10-5 mbar. When this pressure is reached, the command line of the display will show “Start Cooling Now, START to continue”.

5.1.5. Fill the liquid nitrogen Dewar regularly to cool down the stage below the temperature triple point setting. 

NOTE: The stage triple point temperature is set to -140 °C. Before loading the sample for this protocol, it is best to wait about 1 h and a temperature stage of -160 °C.

5.1.6. The display will show “Press ENTER” when ready to “Load sample”.

5.1.7. Cool down to liquid nitrogen temperature within an LN2 filled polystyrene Dewar, the sample transfer holder provided by the supplier, and the two additional brass cylindrical Si3N4 membrane holders. 

5.1.8. [bookmark: _Hlk9964279]Mount the Si3N4 membrane brass holder on top of the sample transfer holder provided by the supplier in the polystyrene Dewar (Figure 6A). Keep the level of LN2 to about 1−2 mm below the top edge of the first brass piece.

5.1.9.  Pick up a Si3N4 membrane sample support from the cryo-box or the PCR tube using precooled self-closing tweezers in inox or teflon-coated.

5.1.10. Deposit the membrane with the cells sample side facing up in the brass holder numbered cavity.

5.1.11. Cover the assembly with the second brass piece as a lid (Figure 6C).

NOTE: We designed two brass discs each having a thickness of 5 mm, a diameter of 50 mm, and a central 11 mm diameter hole. The first brass disc has 14 machined rectangular (8 mm x 6 mm) locations to accommodate supports (5 mm x 5 mm). Each slot has a flat and polished well with a depth of 2 mm. The second brass disc is flat to cover the Si3N4 membrane brass support and acts as a cold trap enclosure.

5.1.12. Precool the transfer rod in the LN2 filled polystyrene foam box and use it to lock in the full assembly (Figure 6D,E).

5.1.13. Press “ENTER” on the front panel of the freeze dryer.

5.1.14. The turbo and rotary pumps will stop and the chamber purged with dry nitrogen gas to allow opening the lid of the chamber.

5.1.15. Immediately transfer the sample transfer assembly with the spring-loaded transfer rod into the freeze dryer chamber and clip it on the copper LN2 cold stage. 

NOTE: Leave the full assembly with the transfer rod into the chamber.

5.1.16. Immediately close the lid of the freeze dryer chamber and press “START” to continue with the freeze-drying cycle.

5.1.17. Fill up the LN2 reservoir of the freeze dryer manually every 2 h.

NOTE: An automatic LN2 filling system may be connected to this reservoir.

5.1.18. At the end of the freeze-drying cycle, press “STOP” to vent the chamber, and remove the full assembly to access the freeze-dried samples.

REPRESENTATIVE RESULTS:
A typical optical video microscope view of frozen hydrated MDA-MB-231 cells that were sub-cultured onto a poly-L-lysine coated Si3N4 membrane support is shown in Figure 7A. The optical view of the sample in the vacuum chamber was obtained in reflection mode using the dedicated online video microscope of the ID16A beamline of the ESRF22. While electron or soft X-ray microscopy requires the ice layer embedding the cell to be as thin as possible (typically <0.5 µm), hard X-rays (>10 keV) have the advantage of a much higher penetration depth and lower dose deposition. The ice thickness can therefore be larger, typically <10 µm including the cell so that the ice embedding the cell is a few µm in thickness. This can be estimated through the measured X-ray intensity in transmission compared to the intensity without the sample, taking into account the absorption of the 500 nm thick Si3N4 membrane. This ice thickness can be achieved through manual blotting as described in the present protocol. In the Newton rings region, the ice thickness can be even thinner (not measured). 

The X-ray fluorescence elemental mapping of the frozen hydrated cell is shown in Figure 7B with the representative distributions of physiological elements such as potassium (K), sulfur (S), and zinc (Zn). These maps represent the elemental areal mass (i.e., elemental projected mass). While not done in the present case, such maps can be normalized through X-ray propagation-based phase contrast imaging that provides the estimation of the sample projected mass23. As reported by many studies, the highly diffusible K ion in cells preserved in their near-native state was assumed to be homogeneously distributed throughout the entire cell23,24,16. As shown in the 2D X-ray fluorescence elemental images in Figure 7B, the tightly bound element S was evenly distributed within the cell, similarly to K, and represents a good estimate of the cellular mass profile. The Zn distribution had a higher signal in the nucleus than in the cytosol and clearly outlined the nucleus. It can be noted that small Zn-enriched regions can be detected at the spatial resolution (50 nm) in the nuclear region.

The existing X-ray nanoprobes or the ones to be built do not necessarily accommodate cryogenic capabilities. In this case, the best alternative to get X-ray fluorescence images of cells at sub-100 nm spatial resolutions is to perform a freeze-drying procedure described in this protocol after plunge-freezing of the cell. Figure 8A shows a typical bright field microscopy view of resultant freeze-dried primary mouse hippocampal neurons directly cultured on the Si3N4 membrane. In this case, if stored in a clean desiccated chamber, the samples can be prepared 1−2 weeks in advance and be observed with an ordinary upright optical microscope for registration of regions of interest. Care should be taken to prevent exposure to ambient humidity as it may be captured by the freeze-dried sample and lead to damage under the X-ray nanobeam. This procedure was applied successfully to very sensitive cells (i.e., neuronal cells) and even better results were obtained with other more robust types of cells, such as cancer cells. As for plunge-frozen cells, the X-ray fluorescence images of K, S, and Zn on the entire freeze-dried cell display are similar to the ones described above. They are representative of the elemental distributions to be found in various types of freeze-dried cells at 50−100 nm spatial resolution. While freeze-drying whole cells is an alternative to preserve elemental integrity, it is at the expense of a perfect preservation of the cell morphology16, particularly cell membranes.

FIGURE AND TABLE LEGENDS: 
Figure 1: Typical sample support for X-ray fluorescence nano-analysis. A Si3N4 membrane support in its protective capsule. This type of substrate can be used both for room temperature analysis (plunge-freeze cellular preparation followed by low temperature and low vacuum freeze-drying process) or for cryogenic X-ray fluorescence analysis.

Figure 2: Schematic view of the silicon nitride windows after cell seeding. The cells are cultured directly onto the poly-L-lysine coated flat surface of the Si3N4 membrane support. Sometimes air bubbles can be trapped in the backside cavity of the Si3N4 membrane support and have to be removed as described in the protocol.

[bookmark: _Hlk15420952]Figure 3: In-house developed 3D printed cryo-box for long-term storage of plunge frozen Si3N4 membrane supports in liquid nitrogen Dewar. (A) Cryo-box disassembled with the container and the caps (lower part) and (B) the assembled cryo-box with locked caps. The caps can be manipulated with the tweezers, opening or locking by rotation. A detailed plan for 3D printing is available upon request from ESRF ID16A.  The design has been made to accommodate silicon nitride TEM grids.

Figure 4: Blotting of cells cultured on Si3N4. Prior to plunge-freezing the cell monolayer cultured onto a Si3N4 membrane needs to be rinsed in ammonium acetate solution (A) and carefully manually blotted using filter paper (B).

Figure 5: Automatic plunge-freezing EM-GP machine. (A) The automatic plunge freezer. (B) Environmental chamber with the tweezers locked in. (C) The ethane cup covered with the Leica liquefier connected to an ethane bottle. (D) The plunge-freezing enclosure showing the black cup full of liquified ethane and the cryo-box for further storage in LN2 of the vitrified Si3N4 membranes.

Figure 6: Sample cryotransfer assembly for freeze-drying procedure. (A) The first brass recipient for Si3N4 membranes is mounted on top of the sample transfer holder provided by the freeze dryer supplier. (B) and (C) show that the second flat brass disc is used as a cover and acts as a cold trap enclosure to be inserted in the vacuum enclosure of the freeze dryer. (D) The full assembly with the spring-loaded transfer rod. (E) The sample holder carrying the vitrified cellular preparation grown on the Si3N4 membrane must be further inserted in the LN2-cooled freeze dryer. All the steps for mounting the assembly are done in LN2 in a Styrofoam box. For clarity, all the images were produced in the absence of LN2.

[bookmark: _Hlk11250689]Figure 7: Cryo-X-ray fluorescence images of a frozen hydrated cell using hard X-ray nanoprobe. (A) Typical online view in reflection mode using the dedicated optical video microscope of the ESRF ID16A beamline. After manual blotting, a total ice thickness of about 5−10 µm was achieved that allows a clear view of the frozen hydrated cells. A region with Newton rings indicative of even much thinner ice is noticeable. (B) Representative cryo-X-ray fluorescence cellular distributions of physiological elements potassium (K), sulfur (S), and zinc (Zn).

Figure 8: X-ray fluorescence images of a freeze-dried neuronal cell using hard X-ray nanoprobe. (A) Typical bright field microscopy view of resultant freeze-dried primary cortical neuronal cells directly cultured onto the Si3N4 membrane. Scale bar = 200 µm (B) Representative room temperature X-ray fluorescence images of a single freeze-dried hippocampal neuron showing the distributions of physiological elements potassium (K), sulfur (S), and zinc (Zn). Scale bar = 2 µm.

DISCUSSION: 
[bookmark: _Hlk11866149]Cryo-electron microscopy (cryo-EM) won the 2017 Nobel Prize in chemistry and as such the development made by J. Dubochet on vitrification of biological material for the high-resolution structure determination of biomolecules in solution25. As reported by Dubochet in his Nobel lecture “Knowing how to vitrify a droplet of water is one thing, preparing a biological sample for biological observation is another”25. Cryopreparation steps are now considered the standard technique to mitigate radiation dose damage and study cells close to their native state. The preparation remains tedious, however. This is because electron microscopy, due to its unsurpassed spatial resolution, is sensitive to any ultrastructural artifact that occurs during the sample preparation. The synchrotron cryonanoprobes are now approaching similar difficulties going down to spatial resolutions as low as 13 nm in the high energy X-ray range26. Hard X-ray microscopy can analyze entire cells while electron microscopy suffers from the poor penetration depth of electrons enabling only very thin cell slices to be observed.

Monolayers of cells are thin enough so that by plunge-freezing in liquid ethane, the required cooling rates for water vitrification are attained. In theory, cooling rates as high as 108 K/s are possible using high-pressure freezing27 which allows vitrification of specimens too thick for plunge freezing. A cooling rate of 105 K/s, required to allow full vitrification of the sample at ambient pressure28, is reached reproducibly using the automatic plunge-freezing machine and parameters presented here. This allows a researcher to vitrify thin biological specimens (<10 µm) such as a monolayer of cells12-15,29,30 by plunge-freezing in liquid ethane.

An important challenge with this protocol is to also preserve as much as possible the chemical integrity of the intracellular content to provide reliable elemental distributions within the cell in 2D or 3D. As published elsewhere2,16,17,31, in the case of elemental imaging at the subcellular level, the analysis of frozen hydrated cells should be considered. Otherwise, the combination of plunge-freezing and freeze-drying of cells can be used for room temperature analysis. For the latter, the amorphous ice is removed through the process of sublimation, while the bound water molecules are removed through the process of desorption. This process may be far from ideal compared to frozen hydrated samples due to the possible alteration of the cellular membranes and the morphology of some subcellular structures32. Also, for speciation studies, the water extraction may lead to metal speciation artifacts. Still, it has been successful and the best alternative to frozen hydrated samples for elemental imaging at sub-100 nm levels2,16-18,20,33-36.

As it has been reported37, the quality of cryopreserved cellular preparations can be evaluated through the potassium-to-sodium K/Na ratio. Unfortunately, it cannot yet be determined with the hard X-ray nanoprobe used here, due to the low energy cut-off of the silicon drift detector used to detect the X-ray fluorescence photons of the elements (E ≥ 1.3 keV magnesium). Indeed, a high K/Na ratio (>10) that can be measured using TOF-SIMS, EPMA, or nuclear microprobe PIXE16,37 is indicative of the preserved chemical integrity of the cell compared to the expected K/Na of 25 in a living cell37. This can be supported by a concomitant low Cl/K ratio38. Still, imperfect vitrification, particularly if the speed of sample cooling is too low, can lead to the formation of large ice crystals that can damage cell membranes and organelles, consequently altering the distribution of chemical elements. Although there is no routine procedure to monitor this potential damage and impact on the intracellular distribution, the above elemental ratios and the possibility to image the cell at high resolution using X-ray phase contrast or cryo-soft X-ray microscopy can be the best approaches to support good preservation of intracellular compartments with concomitant preservation of the elemental integrity. The combination of these techniques and the use of newly developed cryocorrelative fluorescence optical microscopes will help assess to what extent this damage occurs and affects the intracellular elemental distribution.

Overall, a detailed and comprehensive protocol to prepare cellular samples for synchrotron X-ray fluorescence nano-analysis is presented. It is a good starting point for the research community, helping to solve the difficult issue of how to prepare appropriate cellular samples for 2D and 3D elemental imaging at (cryo) hard X-ray nanoprobes. These approaches can be merged with optical fluorescence and electron microscopy capabilities for in-depth correlative chemical and structural imaging of cells.
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