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SUMMARY:  19 
Presented here is a protocol for cell culture on silicon nitride membranes and plunge-freezing 20 
prior to X-ray fluorescence imaging with a synchrotron cryogenic X-ray nanoprobe. When only 21 
room temperature nano-analysis is provided, the frozen samples can be further freeze-dried. 22 
These are critical steps to obtain information on the intracellular elemental composition. 23 
 24 
ABSTRACT:  25 
Very little is known about the distribution of metal ions at the subcellular level. However, those 26 
chemical elements have essential regulatory functions and their disturbed homeostasis is 27 
involved in various diseases. State-of-the-art synchrotron X-ray fluorescence nanoprobes provide 28 
the required sensitivity and spatial resolution to elucidate the two-dimensional (2D) and three-29 
dimensional (3D) distribution and concentration of metals inside entire cells at the organelle 30 
level. This opens new exciting scientific fields of investigation on the role of metals in the 31 
physiopathology of the cell. The cellular preparation is a key and often complex procedure, 32 
particularly for basic analysis. Although X-ray fluorescence techniques are now widespread and 33 
various preparation methods have been used, very few studies have investigated the 34 
preservation of the elemental content of cells at best, and no stepwise detailed protocol for the 35 
cryopreparation of adherent cells for X-ray fluorescence nanoprobes has been released so far. 36 
This is a description of a protocol that provides the stepwise cellular preparation for fast 37 
cryofixation to enable synchrotron X-ray fluorescence nano-analysis of cells in a frozen hydrated 38 
state when a cryogenic environment and transfer is available. In case nano-analysis has to be 39 
performed at room temperature, an additional procedure for freeze-drying the cryofixed 40 
adherent cellular preparation is provided. The proposed protocols have been successfully used 41 
in previous works, most recently in studying the 2D and 3D intracellular distribution of an 42 
organometallic compound in breast cancer cells. 43 
 44 
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INTRODUCTION:  45 
Newly designed synchrotron X-ray fluorescence (SR-XRF) nanoprobes allow visualization of the 46 
subcellular distribution of elements in a fully quantitative manner. As an example, this analytical 47 
capability allows investigation of the uptake of nanoparticles1 or organometallic molecules such 48 
as osmium-based complexes2, providing insight into the intracellular uptake of metal-based 49 
molecules with potent anticancer properties. As a multielement technique, SR-XRF3 with a 50 
nanoprobe provides a way to simultaneously quantify and localize intracellularly most 51 
biologically important elements, including phosphorus, sulfur, potassium, calcium, iron, copper, 52 
and zinc. Indeed, the use of hard X-rays provides large penetration depth to image whole frozen-53 
hydrated cells in a label-free fashion. Furthermore, providing access to the K-edge of most 54 
elements of interest, the X-ray fluorescence is excited most efficiently. The use of cryogenic 55 
approaches allows reduction of radiation damage and optimization of the preservation of the cell 56 
structure and elemental distribution. 57 
Most available spatially resolved analytical techniques to study metals in cells are surface 58 
techniques requiring very thin and flat sections of cells to be produced. This mainly encompasses 59 
scanning transmission electron microscopy with energy-dispersive X-ray analysis (STEM–EDX), 60 
energy-filtered transmission electron microscopy (EF-TEM), and nanoscale secondary ion mass 61 
spectrometry (nanoSIMS). The latter cannot be performed on frozen, hydrated cell sections while 62 
cryo-analysis can be done with electron microscopy with unsurpassed spatial resolution but poor 63 
elemental sensitivity. Particle-induced X-ray emission (PIXE) has allowed the study of elemental 64 
distributions in whole cells. It has the advantage of being fully quantitative with a fair elemental 65 
sensitivity at the micron scale and even at submicron resolution4, but suffers from radiation 66 
damage and lack of cryogenic capabilities to study frozen-hydrated cells. All these analytical 67 
techniques complement each another in the elemental imaging of cells, but for all techniques 68 
the sample preparation procedure is a crucial step. It should be kept simple to limit possible 69 
contamination as well as elemental redistribution and/or leakage to obtain meaningful results. 70 
As demonstrated in electron microscopy, a cryogenic workflow, including cryo-immobilization of 71 
the cell and cryotransfer to a cryoscanning stage, allows an optimal elemental preservation at 72 
subcellular levels as close as possible to the native state5-10. This understanding has been 73 
successfully implemented into the development of synchrotron cryo-soft X-ray microscopy (e.g., 74 
full field microscopes and scanning microscopes) to produce ultrastructural imaging of entire 75 
frozen-hydrated cells in 2D or 3D. Various cryogenic workflows were developed11 for soft X-ray 76 
microscopes at Beamline 2.1 (XM-2) of the Advanced Light Source at Lawrence Berkeley National 77 
Laboratory12, beamline U41-XM at the electron storage ring BESSY II (Germany)13, beamline 78 
MISTRAL of the ALBA light source (Spain)14, and at Beamline B24 of the Diamond light source15, 79 
among others. A similar workflow was recently shown to be the most reliable preparation and 80 
preservation method for intracellular elemental analysis using X-ray microprobes16,17. 81 
 82 
Although X-ray nanoprobe techniques are starting to be widely used for cellular elemental 83 
analysis, particularly with the advent of cryogenic SR-XRF capabilities, no stepwise protocol has 84 
been disseminated so far to the research community. Here, a detailed procedure is provided to 85 
prepare cryofixed adherent cells cultured as monolayers on silicon nitride membranes to be 86 
analyzed under cryogenic conditions. A freeze-drying step to be applied after the protocol in case 87 
the X-ray analysis must be performed at room temperature is also provided. While the proposed 88 



   

 
 

protocol has been successfully used with human breast cancer cells MD-MB-2312 and the freeze-89 
drying was demonstrated among others on mouse neurons18,20,21, it can be easily extended to 90 
various types of human or animal cells. 91 
 92 
PROTOCOL: 93 
Experimental procedures were approved by the animal care committee of the CEA’s Life Sciences 94 
Division (CETEA, A14-006). They were conducted in compliance with the French legislation and 95 
the European Community Council Directive of 24 November 1986 (86/609/EEC). 96 
 97 
1. Silicon nitride (Si3N4) membrane support preparation 98 
 99 
NOTE: Because the membrane is fragile and delicate, its support (200 µm thick silicon frame) has 100 
to be handled gently, ideally with a thin carbon tweezers or Dumont Tweezers #5, Straight Self-101 
closing fine tips. This protocol used silicon nitride membranes with a frame of 5 mm x 5 mm and 102 
a membrane size of 1.5 mm x 1.5 mm. The membrane should be prepared roughly 12 h before 103 
starting the experiment (i.e., cell seeding). Membranes can be prepared at the end of the day 104 
and left drying overnight under a Class II laminar flow hood so they are ready to use the next 105 
morning. A silicon frame thickness of 200 µm is standard for most companies that sell silicon 106 
nitride windows. If the product used in this protocol is not available, a membrane size in the 107 
range of 0.5−1.5 mm can be used with a standard frame size of 5 mm x 5 mm. The larger 108 
membrane size is preferred when X-ray tomography will be used. TEM grid type silicon nitride 109 
windows with a membrane size of 0.5 mm and a thickness of 50 nm can also be used. 110 
 111 
1.1. Open the capsule containing the Si3N4 membrane support (Figure 1). Gently squeeze the 112 
capsule in order to lightly loosen the support. 113 
 114 
1.2. Hold one of the corners of the silicon frame using the thin tweezers. Be careful not to 115 
touch the Si3N4 membrane in the center. The 200 or 500 nm thick membrane can be easily 116 
damaged. 117 
 118 
1.3. Using the thin tweezers, gently place the Si3N4 membrane support in a sterile glass Petri 119 
dish, flat surface of the silicon nitride window facing up (i.e., the cavity facing the bottom of the 120 
dish). 121 
 122 
1.4. Remove the lid of the Petri dish and leave the membranes under UV light for 25−30 min 123 
under the laminar flow cabinet. 124 
 125 
NOTE: The UVC light (254 nm) is typically set at 200 µW/cm2. 126 
 127 
1.5. Put 10 µL of poly-L-lysine on the membrane. The drop should cover the Si3N4 membrane 128 
well and can spread a bit over the silicon frame. Leave it at 37 °C for 25 min in the standard tissue 129 
culture incubator at 100% relative humidity and 95% air, 5% CO2.  130 
 131 
NOTE: In this case a poly-L-lysine coating was used for the MDA-MB-231 breast cancer cells. 132 



   

 
 

Depending on the type of cell line, various coatings can be used, and this step should be 133 
optimized accordingly.  134 
 135 
1.6. In a sterile 48 well plate, fill different wells with 200−250 µL of ultra-pure and ultra-trace 136 
water filtered through a 0.22 µm sterile filter. Typically, each well can be used to rinse up to 2−3 137 
membranes. Using fine tweezers, pick-up the membrane support at a corner of its silicon frame. 138 
Rinse the membrane gently by submerging it vertically 10 s in three successive wells. 139 
 140 
NOTE: The membrane supports are taken out of the incubator and can be processed at room 141 
temperature, with the temperature and the humidity defined by a Class II laminar flow hood. 142 
 143 
1.7. Put the membrane support vertically in an empty well of a sterile 96 well plate, cover it, 144 
and let it dry overnight under a Class II laminar flow hood. 145 
 146 
2. Cell seeding 147 
 148 
2.1. In a sterile 4 well plate, place the membranes with their flat side facing up. 149 
 150 
2.2. MDA-MB-231 cells are maintained in a monolayer culture in DMEM with phenol 151 
red/Glutamax I, supplemented with 10% fetal calf serum and 1% penicillin and streptomycin at 37 152 
°C in a 5% CO2 air humidified incubator. 153 

 154 
2.3.  When the cells reach 60−70% confluency remove the media from the dish or flask. 155 

 156 
2.4. Wash 1x with 10 ml of Dulbecco’s phosphate buffered saline without Ca2+ or Mg2+. 157 

 158 
2.5. Add 3 mL/T75 flask of 0.05% trypsin/EDTA solution and ensure that the entire monolayer 159 
is covered with the trypsin solution. 160 

 161 
2.6. Incubate for 3−5 min at 37 °C until the cells begin to detach. Care should be taken to not 162 
over-trypsinize the cells and not force the cells to detach prematurely. 163 

 164 
2.7. Add 8 ml of DMEM supplemented with 10% fetal calf serum and 1% penicillin and 165 
streptomycin or complete media and collect the cells by pipetting. The serum in the media will 166 
neutralize the trypsin. 167 

 168 
2.8. Spin down at 250 x g for 3 min at room temperature. Aspirate the supernatant. 169 

 170 
2.9. Add 8 ml of fresh complete media to the 15 ml tube containing the cell pellet, and pipet 171 
the cells up and down until the cells are dispersed into a single cell suspension. 172 

 173 
2.10. Count the cells using a hemocytometer and dilute to a concentration of 5 x 106 cells per 174 
mL in complete media (DMEM with Phenol Red/1% of a 200 mM L-alanyl-L-glutamine dipeptide in 175 
0.85% NaCl solution supplemented with 10% fetal calf serum and 1% penicillin and streptomycin). 176 



   

 
 

 177 
2.11. Take 10 µL of the MDA-MB-231 cell suspension and deposit it on the membrane. This 178 
corresponds to 50,000 cells/10 µL for MDA-MB-231. The drop should cover the Si3N4 membrane 179 
well and can spread a little bit on the silicon frame. Care should be taken to not touch the Si3N4 180 
membrane with the tip of the micropipette.  181 
 182 
NOTE: Depending on the type of cell line and experiments or measurements, cell density may 183 
vary and should be tested accordingly. Here, the proposed cell density for seeding the Si3N4 184 
membrane was found optimal for the experimental conditions and further SR-XRF nano-analysis 185 
of the MDA-MB-231 cells2. 186 
 187 
2.12. For hippocampal neurons (HN), remove the hippocampus brain tissue from embryonic 188 
day 18.5 mice and digest it in 0.25% trypsin in Hepes-HBSS (5.3 mM KCl, 0.44 mM KH2PO4, 137.9 189 
mM NaCl, 0.34 mM NaH2PO4, 5.56 mM glucose) at 37 °C for 15 min18,19. 190 
 191 
2.13. Using a P1000 pipette with a P1000 tip and a P200 tip, perform the mechanical 192 
dissociation by drawing and releasing the cone content with the pipette several times. During 193 
this step, be careful not to create air bubbles in the medium, because air bubbles are toxic to 194 
neurons. 195 
 196 
2.14. Wait a few minutes until the aggregate settles at the bottom of the tube. 197 

 198 
2.15. Transfer the supernatant containing the dispersed cells to a sterile Eppendorf tube. Leave 199 
~25 µl of culture medium containing the aggregate. 200 
 201 
2.16. Count the dissociated cells using a hemocytometer. Isolated HN neurons are plated at a 202 
concentration of 7 x 104 cells cm-2 on poly-L-lysine (1 mg/mL poly-L-lysine)-coated silicon nitride 203 
membrane. 204 

 205 
2.17. Only for membranes with HN, incubate the neurons in first DMEM supplemented with 206 
10% fetal bovine serum. One h after plating HN in DMEM, the medium is changed to neurobasal 207 
plating media (200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl solution, and B27 208 
supplement d = 1/50 diluted in Neurobasal)18,19. 209 
 210 
2.18. For the MDA-MB-231 cells, put the membrane supports at 37 °C in the incubator (100% 211 
relative humidity, 95% air and 5% CO2) for 25 min. This allows the cells to settle and start to attach 212 
to the substrate. This may be adapted depending on the cell line used. 213 
 214 
2.19. Add 1 mL of the required complete culture medium (DMEM with Phenol Red/1% of a 200 215 
mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl solution supplemented with 10% fetal calf serum 216 
and 1% penicillin and streptomycin) in each well of the MDA-MB-231 cells by putting the pipette 217 
tip against the wall of the plastic well and releasing the medium very slowly while it covers the 218 
membrane. 219 
 220 



   

 
 

2.20. Put the membrane vertical against the wall of the 4 well plate in order to take away any 221 
air bubbles trapped in the well cavity of the Si3N4 membrane (Figure 2). To do so, use fine 222 
tweezers and push away the bubble very gently, moving parallel to the Si3N4 backside frame to 223 
avoid touching and damaging the membrane.  224 
 225 
2.21. Put the membrane back horizontally at the bottom of the well and leave the 4 well plate 226 
in the incubator for the required time depending on the growth rate of the cell line used. The 227 
MDA-MB-231 cells were incubated overnight. 228 
 229 
3. Treatment or medium change 230 
 231 
3.1. Remove the medium from the 4 well plate. 232 
 233 
3.2. Rinse once with 1 mL of PBS solution at 37 °C. Discard the PBS and add 1 mL of warmed 234 
complete fresh medium in presence or in absence (controls) of the desired treatment using a 1 235 
mL pipette tip, releasing the liquid very slowly against the wall of the well plate. The Si3N4 236 
membrane should be slowly submerged without any disturbances to avoid membrane motion or 237 
lifting. 238 
 239 
4. Cryo-immobilization of the cellular preparation by plunge-freezing 240 
 241 
NOTE: At the end of the required incubation time, in the presence or absence of treatment, the 242 
cells have to be carefully rinsed and cryofixed. Around 30 min before starting to rinse and blot 243 
the cellular preparation prior to plunge-freezing, first set-up and cool down the automatic plunge 244 
freezer machine. As you manipulate cryogens, the use of appropriate cryogenic gloves, safety 245 
glasses, closed shoes, and a laboratory coat are required. Liquid nitrogen must be transported in 246 
appropriate Dewars, and the working place should be sufficiently ventilated with the presence of 247 
an oxygen monitor. Ideally, a low hygrometry level of 20−30% helps to limit ice contamination of 248 
the materials, Dewars, and cryogens, that is detrimental for the vitrification of the samples (i.e., 249 
an amorphous ice layer). Ideally, depending on the experience level of the researcher, up to 250 
10−12 samples for a single session can be prepared using the same secondary cryogen liquid 251 
ethane cup for vitrification. Between sessions, the automatic plunge freezer requires a 1 h 252 
automatic bake-out procedure. Ideally, samples should be processed with identical incubation 253 
conditions. Still, controls can be processed first, followed by the samples with a particular 254 
treatment condition. 255 
 256 
NOTE: For plunge-freezing the following steps apply both to MDA-MB-231 or HN cells. 257 
 258 
4.1. Set up the cryoplunger for rapid cryofixation of cells. 259 
 260 
4.1.1. Turn on the automatic plunge freezer. 261 
 262 
4.1.2. Enter the parameters (e.g., temperature, percent humidity, blotting time if automatic 263 
blotting is used, and position for lifting the sample to the surface of the cryogen to facilitate 264 



   

 
 

transfer to a cryogenic container) directly from the console and parameters settings menu. In the 265 
present case, the parameters of the humidity chamber were set to 37 °C and 80% humidity.  266 
 267 
NOTE: Better vitrification results were obtained for this protocol and X-ray imaging with quick 268 
and careful manual blotting. Thus, the protocol does not use an automatic blotting sequence 269 
program. 270 
 271 
4.1.3. Attach the humidifier chamber and in order to preserve the humidity first fill it using a 272 
syringe with 60 mL of double-distilled water, and then 20 mL as called for on the automatic 273 
plunge freezer console.  274 
 275 
NOTE: Avoid using ultrapure water because it may damage the vaporizer system. Close the valve 276 
and leave the tubing attached on the backside of the humidifier. 277 
 278 
4.1.4. Install the black ethane cup into its holder and cover it with the plastic caps. 279 
 280 
4.1.5. Fill the Dewar of the cold chamber with LN2, bringing it to the level of the grid within the 281 
working area. 282 
 283 
4.1.6. Put a dedicated cryo-box to store the membranes after cryofixation in the transfer 284 
container held in the dedicated location in the EM-GP working area and close to the ethane cup 285 
holder.  286 
 287 
NOTE: The dedicated cryo-box is an in-house development at the nanoprobe beamline ID16A of 288 
the European synchrotron radiation in Grenoble. Drawings with specifications are available upon 289 
request (Figure 3). They can be stored four at a time in a 50 mL conical tube for long-term storage 290 
in an LN2 Dewar. An alternative possibility consists in using a small 0.2 mL regular PCR thin wall 291 
tube with dome caps to store a single Si3N4 membrane support. You will need to drill a ~2 mm 292 
hole in the top part of the wall tube using a heated syringe needle in order to allow LN2 to fill the 293 
tube.  294 
 295 
4.1.7. Fill the transfer container with LN2 and cover it with the dedicated aluminum lid. Continue 296 
to fill the cold chamber with LN2 (typically ~2 L is needed) keeping at 100% the LN2 level monitor 297 
display on the console. Wait until the final required temperature is reached.  298 
 299 
4.1.8. Remove the plastic cap and cover the ethane cup with the liquefier connected to the 300 
ethane bottle. Wait until the temperature of the ethane cup equilibrates to the temperature 301 
setpoint. When reached, start to use the secondary cryogen (i.e., liquified ethane). 302 
 303 
NOTE: The setpoint used was -180 °C, slightly above the ethane melting point (-182.8 °C). You do 304 
not need to precool the ethane liquefier because it can be a source of frost formation and 305 
contamination of the ethane cup.  306 
 307 
4.1.9. Open the high-purity ethane bottle main valve and very slowly open the pressure 308 



   

 
 

regulator until you get a slow fog of ethane. Keep this very low flow until liquid ethane builds up. 309 
Fill the cup to its top edge. Close the pressure regulator and the main valve of the ethane bottle. 310 
Remove the Leica liquefier carefully and leave it aside on a small polystyrene support under the 311 
fume hood. Keep the working area loosely covered with the black polystyrene cap provided with 312 
the machine to prevent frost contamination of the working area and ethane container. 313 
 314 
4.1.10. Just before manual blotting of the sample, remove the black polystyrene cap and from 315 
the menu of the console press “Lower Chamber”, which brings the environmental chamber in 316 
contact with the cryogenic working area. 317 
 318 
4.2. Prepare to blot the sample. 319 
 320 
4.2.1. Prepare the adequate buffer to remove traces of salts from the culture medium. For this 321 
protocol, ammonium acetate buffer was used for rinsing the MDA-MB-231 cells.  322 
 323 
NOTE: Ammonium acetate buffer is suitable for most cell types, and it does not add to the X-ray 324 
fluorescence signal (considering elements with Z > 9). Some particular cell lines such as neuronal 325 
cells may require the use of a dedicated buffer. For example, for primary cortical neurons, a saline 326 
solution consisting of 1.8 volume of 0.5 M Na2HPO4 and 1.9 volume of 0.5 M NaH2PO4 can be 327 
used15. On the other hand, phosphorus or chlorine contained in the buffer will contribute to the 328 
XRF spectrum. This limitation of spurious X-ray emission lines must be kept in mind depending 329 
on the elements of interest to be detected. 330 
 331 
4.2.2. Prepare a 150 mM ammonium acetate solution from ammonium acetate ultrapure 332 
solution and check for pH (7.0–7.3) and osmolarity (270–300 mOsm/kg)  333 
 334 
NOTE: The above mentioned osmolarity is equivalent to Dulbecco's phosphate buffer saline (D-335 
PBS) without calcium and magnesium and can be checked using a micro-osmometer. 336 
 337 
4.2.3. Fill in the required number of wells from a 12 well plastic plate with the ammonium 338 
acetate buffer. 339 
 340 
4.2.4. Cut a quarter of filter paper for blotting, either from No. 1 filter paper with a precut hole, 341 
or from manually punched filter paper of a 55 mm diameter with a 15 mm central hole. 342 
 343 
4.2.5. Take out the required sample stored in the incubator at 37 °C at the last moment before 344 
rinsing and plunge-freezing the membrane. 345 
 346 
4.2.6. Unlock the tweezers using the black clamp ring of the quick-release forceps (typically a 347 
Dumont clamping ring high-precision medical tweezers) and grab the Si3N4 membrane support 348 
from the culture well.  349 
 350 
NOTE: Grab the middle of the silicon frame, keeping the tip of the tweezers near the membrane. 351 
Move the black clamp ring down to the first stripes to lock the tweezers. 352 



   

 
 

 353 
4.2.7. Immerse the Si3N4 membrane support vertically in the ammonium acetate buffer solution 354 
kept at 37 °C for ~5 s.  355 
 356 
NOTE: The support should remain vertical in the buffer. Note that the buffer solution in each well 357 
of the plate can be used for up to three membranes for the same incubation conditions. 358 
 359 
4.2.8. Blot manually with filter paper to drain out the excess buffer from the membrane rinsing 360 
solution (Figure 4) in order to leave a thin and homogeneous layer of ammonium acetate 361 
aqueous solution covering the cells.  362 
 363 
NOTE: To do so, first press the backside of the window onto the filter paper to remove nearly all 364 
the aqueous buffer remaining in the well and the back of the membrane. Second, blot the front 365 
side, starting from both sides of the tweezers, then each side of the frame (Figure 4). Never touch 366 
the membrane. The excess of buffer drained can be monitored with the aureole formed on the 367 
filter paper. 368 
 369 
4.2.9. Open the environmental chamber door and quickly mount the tweezers, sliding it into the 370 
forceps interlock, and close the door (Figure 5). 371 
 372 
4.2.10. Press “Blot/A plunge”. The tweezers holding the Si3N4 membrane will be quickly plunged 373 
into the cryogen. 374 

 375 
4.2.11. Remove the lid of the transfer container with precooled forceps. 376 
 377 
4.2.12. Press “Transfer”. The Si3N4 membrane will be slightly moved up above the cryogen. 378 
 379 
4.2.13. In a single quick movement, disconnect the tweezers by sliding them out of the forceps 380 
interlock and slightly tilt out of the interlock to bring directly into an empty slot of the cryo-box 381 
in the transfer container filled with LN2. Release the black clamp ring to free the membrane 382 
(Figure 5). 383 
 384 
NOTE: The transfer container should always be covered with LN2. When a refill is required, cover 385 
the ethane cup with the plastic lid provided with the machine to avoid mixing LN2 and ethane. 386 
 387 
4.2.14. Cover the transfer container with a lid and use a small white polystyrene cup filled with 388 
LN2 to transfer it to a polystyrene box filled with LN2.  389 
 390 
NOTE: The cryo-box or tube containing the membranes can then be stored in 50 mL conical tubes 391 
filled with LN2 and transferred to a long-term storage LN2 Dewar. Before starting to plunge freeze 392 
the next sample, warm up all cold and frosted tweezers with a hair dryer or a hot plate/cryotools 393 
dryer (45 °C) to avoid contamination with ice crystals. 394 
 395 
5. Freeze-drying of plunge-frozen cells cultured on silicon nitride membranes 396 



   

 
 

 397 
NOTE: For freeze-drying, the following steps apply to both MDA-MB-231 and HN cells. To cool 398 
down the freeze dryer, you will need to wait around 40 min to 1 h. 399 
 400 
5.1. Set up the freeze dryer 401 
 402 
5.1.1. Switch the power on with the rocker switch located on the rear panel of the instrument. 403 
 404 
5.1.2. Start to enter the parameters following the LCD menu: Segment 1 = 2 h at -120 °C; 405 
Segment 2 = 2 h ramp from -120 °C to -80 °C; Segment 3 = 2 h at -80 °C; Segment 4 = 2 h ramp 406 
from -80 °C to -50 °C; Segment 5 = 2 h at -50 °C; Segment 6 = 6 h ramp from -50 °C to 30 °C. 407 
 408 
5.1.3. At the end of the parameter set-up, save the settings, close the chamber lid and press 409 
“START”. 410 
 411 
5.1.4. The unit will pump down to 1.10-5 mbar. When this pressure is reached, the command 412 
line of the display will show “Start Cooling Now, START to continue”. 413 
 414 
5.1.5. Fill the liquid nitrogen Dewar regularly to cool down the stage below the temperature 415 
triple point setting.  416 
 417 
NOTE: The stage triple point temperature is set to -140 °C. Before loading the sample for this 418 
protocol, it is best to wait about 1 h and a temperature stage of -160 °C. 419 
 420 
5.1.6. The display will show “Press ENTER” when ready to “Load sample”. 421 
 422 
5.1.7. Cool down to liquid nitrogen temperature within an LN2 filled polystyrene Dewar, the 423 
sample transfer holder provided by the supplier, and the two additional brass cylindrical Si3N4 424 
membrane holders.  425 
 426 
5.1.8. Mount the Si3N4 membrane brass holder on top of the sample transfer holder provided 427 
by the supplier in the polystyrene Dewar (Figure 6A). Keep the level of LN2 to about 1−2 mm 428 
below the top edge of the first brass piece. 429 
 430 
5.1.9.  Pick up a Si3N4 membrane sample support from the cryo-box or the PCR tube using 431 
precooled self-closing tweezers in inox or teflon-coated. 432 
 433 
5.1.10. Deposit the membrane with the cells sample side facing up in the brass holder numbered 434 
cavity. 435 
 436 
5.1.11. Cover the assembly with the second brass piece as a lid (Figure 6C). 437 
 438 
NOTE: We designed two brass discs each having a thickness of 5 mm, a diameter of 50 mm, and 439 
a central 11 mm diameter hole. The first brass disc has 14 machined rectangular (8 mm x 6 mm) 440 



   

 
 

locations to accommodate supports (5 mm x 5 mm). Each slot has a flat and polished well with a 441 
depth of 2 mm. The second brass disc is flat to cover the Si3N4 membrane brass support and acts 442 
as a cold trap enclosure. 443 
 444 
5.1.12. Precool the transfer rod in the LN2 filled polystyrene foam box and use it to lock in the full 445 
assembly (Figure 6D,E). 446 
 447 
5.1.13. Press “ENTER” on the front panel of the freeze dryer. 448 
 449 
5.1.14. The turbo and rotary pumps will stop and the chamber purged with dry nitrogen gas to 450 
allow opening the lid of the chamber. 451 
 452 
5.1.15. Immediately transfer the sample transfer assembly with the spring-loaded transfer rod 453 
into the freeze dryer chamber and clip it on the copper LN2 cold stage.  454 
 455 
NOTE: Leave the full assembly with the transfer rod into the chamber. 456 
 457 
5.1.16. Immediately close the lid of the freeze dryer chamber and press “START” to continue with 458 
the freeze-drying cycle. 459 
 460 
5.1.17. Fill up the LN2 reservoir of the freeze dryer manually every 2 h. 461 
 462 
NOTE: An automatic LN2 filling system may be connected to this reservoir. 463 
 464 
5.1.18. At the end of the freeze-drying cycle, press “STOP” to vent the chamber, and remove the 465 
full assembly to access the freeze-dried samples. 466 
 467 
REPRESENTATIVE RESULTS: 468 
A typical optical video microscope view of frozen hydrated MDA-MB-231 cells that were sub-469 
cultured onto a poly-L-lysine coated Si3N4 membrane support is shown in Figure 7A. The optical 470 
view of the sample in the vacuum chamber was obtained in reflection mode using the dedicated 471 
online video microscope of the ID16A beamline of the ESRF22. While electron or soft X-ray 472 
microscopy requires the ice layer embedding the cell to be as thin as possible (typically <0.5 µm), 473 
hard X-rays (>10 keV) have the advantage of a much higher penetration depth and lower dose 474 
deposition. The ice thickness can therefore be larger, typically <10 µm including the cell so that 475 
the ice embedding the cell is a few µm in thickness. This can be estimated through the measured 476 
X-ray intensity in transmission compared to the intensity without the sample, taking into account 477 
the absorption of the 500 nm thick Si3N4 membrane. This ice thickness can be achieved through 478 
manual blotting as described in the present protocol. In the Newton rings region, the ice thickness 479 
can be even thinner (not measured).  480 
 481 
The X-ray fluorescence elemental mapping of the frozen hydrated cell is shown in Figure 7B with 482 
the representative distributions of physiological elements such as potassium (K), sulfur (S), and 483 
zinc (Zn). These maps represent the elemental areal mass (i.e., elemental projected mass). While 484 



   

 
 

not done in the present case, such maps can be normalized through X-ray propagation-based 485 
phase contrast imaging that provides the estimation of the sample projected mass23. As reported 486 
by many studies, the highly diffusible K ion in cells preserved in their near-native state was 487 
assumed to be homogeneously distributed throughout the entire cell23,24,16. As shown in the 2D 488 
X-ray fluorescence elemental images in Figure 7B, the tightly bound element S was evenly 489 
distributed within the cell, similarly to K, and represents a good estimate of the cellular mass 490 
profile. The Zn distribution had a higher signal in the nucleus than in the cytosol and clearly 491 
outlined the nucleus. It can be noted that small Zn-enriched regions can be detected at the spatial 492 
resolution (50 nm) in the nuclear region. 493 
 494 
The existing X-ray nanoprobes or the ones to be built do not necessarily accommodate cryogenic 495 
capabilities. In this case, the best alternative to get X-ray fluorescence images of cells at sub-100 496 
nm spatial resolutions is to perform a freeze-drying procedure described in this protocol after 497 
plunge-freezing of the cell. Figure 8A shows a typical bright field microscopy view of resultant 498 
freeze-dried primary mouse hippocampal neurons directly cultured on the Si3N4 membrane. In 499 
this case, if stored in a clean desiccated chamber, the samples can be prepared 1−2 weeks in 500 
advance and be observed with an ordinary upright optical microscope for registration of regions 501 
of interest. Care should be taken to prevent exposure to ambient humidity as it may be captured 502 
by the freeze-dried sample and lead to damage under the X-ray nanobeam. This procedure was 503 
applied successfully to very sensitive cells (i.e., neuronal cells) and even better results were 504 
obtained with other more robust types of cells, such as cancer cells. As for plunge-frozen cells, 505 
the X-ray fluorescence images of K, S, and Zn on the entire freeze-dried cell display are similar to 506 
the ones described above. They are representative of the elemental distributions to be found in 507 
various types of freeze-dried cells at 50−100 nm spatial resolution. While freeze-drying whole 508 
cells is an alternative to preserve elemental integrity, it is at the expense of a perfect preservation 509 
of the cell morphology16, particularly cell membranes. 510 
 511 
FIGURE AND TABLE LEGENDS:  512 
Figure 1: Typical sample support for X-ray fluorescence nano-analysis. A Si3N4 membrane 513 
support in its protective capsule. This type of substrate can be used both for room temperature 514 
analysis (plunge-freeze cellular preparation followed by low temperature and low vacuum freeze-515 
drying process) or for cryogenic X-ray fluorescence analysis. 516 
 517 
Figure 2: Schematic view of the silicon nitride windows after cell seeding. The cells are cultured 518 
directly onto the poly-L-lysine coated flat surface of the Si3N4 membrane support. Sometimes air 519 
bubbles can be trapped in the backside cavity of the Si3N4 membrane support and have to be 520 
removed as described in the protocol. 521 
 522 
Figure 3: In-house developed 3D printed cryo-box for long-term storage of plunge frozen Si3N4 523 
membrane supports in liquid nitrogen Dewar. (A) Cryo-box disassembled with the container and 524 
the caps (lower part) and (B) the assembled cryo-box with locked caps. The caps can be 525 
manipulated with the tweezers, opening or locking by rotation. A detailed plan for 3D printing is 526 
available upon request from ESRF ID16A.  The design has been made to accommodate silicon 527 
nitride TEM grids. 528 



   

 
 

 529 
Figure 4: Blotting of cells cultured on Si3N4. Prior to plunge-freezing the cell monolayer cultured 530 
onto a Si3N4 membrane needs to be rinsed in ammonium acetate solution (A) and carefully 531 
manually blotted using filter paper (B). 532 
 533 
Figure 5: Automatic plunge-freezing EM-GP machine. (A) The automatic plunge freezer. (B) 534 
Environmental chamber with the tweezers locked in. (C) The ethane cup covered with the Leica 535 
liquefier connected to an ethane bottle. (D) The plunge-freezing enclosure showing the black cup 536 
full of liquified ethane and the cryo-box for further storage in LN2 of the vitrified Si3N4 537 
membranes. 538 
 539 
Figure 6: Sample cryotransfer assembly for freeze-drying procedure. (A) The first brass recipient 540 
for Si3N4 membranes is mounted on top of the sample transfer holder provided by the freeze 541 
dryer supplier. (B) and (C) show that the second flat brass disc is used as a cover and acts as a 542 
cold trap enclosure to be inserted in the vacuum enclosure of the freeze dryer. (D) The full 543 
assembly with the spring-loaded transfer rod. (E) The sample holder carrying the vitrified cellular 544 
preparation grown on the Si3N4 membrane must be further inserted in the LN2-cooled freeze 545 
dryer. All the steps for mounting the assembly are done in LN2 in a Styrofoam box. For clarity, all 546 
the images were produced in the absence of LN2. 547 
 548 
Figure 7: Cryo-X-ray fluorescence images of a frozen hydrated cell using hard X-ray nanoprobe. 549 
(A) Typical online view in reflection mode using the dedicated optical video microscope of the 550 
ESRF ID16A beamline. After manual blotting, a total ice thickness of about 5−10 µm was achieved 551 
that allows a clear view of the frozen hydrated cells. A region with Newton rings indicative of 552 
even much thinner ice is noticeable. (B) Representative cryo-X-ray fluorescence cellular 553 
distributions of physiological elements potassium (K), sulfur (S), and zinc (Zn). 554 
 555 
Figure 8: X-ray fluorescence images of a freeze-dried neuronal cell using hard X-ray nanoprobe. 556 
(A) Typical bright field microscopy view of resultant freeze-dried primary cortical neuronal cells 557 
directly cultured onto the Si3N4 membrane. Scale bar = 200 µm (B) Representative room 558 
temperature X-ray fluorescence images of a single freeze-dried hippocampal neuron showing the 559 
distributions of physiological elements potassium (K), sulfur (S), and zinc (Zn). Scale bar = 2 µm. 560 
 561 
DISCUSSION:  562 
Cryo-electron microscopy (cryo-EM) won the 2017 Nobel Prize in chemistry and as such the 563 
development made by J. Dubochet on vitrification of biological material for the high-resolution 564 
structure determination of biomolecules in solution25. As reported by Dubochet in his Nobel 565 
lecture “Knowing how to vitrify a droplet of water is one thing, preparing a biological sample for 566 
biological observation is another”25. Cryopreparation steps are now considered the standard 567 
technique to mitigate radiation dose damage and study cells close to their native state. The 568 
preparation remains tedious, however. This is because electron microscopy, due to its 569 
unsurpassed spatial resolution, is sensitive to any ultrastructural artifact that occurs during the 570 
sample preparation. The synchrotron cryonanoprobes are now approaching similar difficulties 571 
going down to spatial resolutions as low as 13 nm in the high energy X-ray range26. Hard X-ray 572 



   

 
 

microscopy can analyze entire cells while electron microscopy suffers from the poor penetration 573 
depth of electrons enabling only very thin cell slices to be observed. 574 
 575 
Monolayers of cells are thin enough so that by plunge-freezing in liquid ethane, the required 576 
cooling rates for water vitrification are attained. In theory, cooling rates as high as 108 K/s are 577 
possible using high-pressure freezing27 which allows vitrification of specimens too thick for 578 
plunge freezing. A cooling rate of 105 K/s, required to allow full vitrification of the sample at 579 
ambient pressure28, is reached reproducibly using the automatic plunge-freezing machine and 580 
parameters presented here. This allows a researcher to vitrify thin biological specimens (<10 µm) 581 
such as a monolayer of cells12-15,29,30 by plunge-freezing in liquid ethane. 582 
 583 
An important challenge with this protocol is to also preserve as much as possible the chemical 584 
integrity of the intracellular content to provide reliable elemental distributions within the cell in 585 
2D or 3D. As published elsewhere2,16,17,31, in the case of elemental imaging at the subcellular level, 586 
the analysis of frozen hydrated cells should be considered. Otherwise, the combination of plunge-587 
freezing and freeze-drying of cells can be used for room temperature analysis. For the latter, the 588 
amorphous ice is removed through the process of sublimation, while the bound water molecules 589 
are removed through the process of desorption. This process may be far from ideal compared to 590 
frozen hydrated samples due to the possible alteration of the cellular membranes and the 591 
morphology of some subcellular structures32. Also, for speciation studies, the water extraction 592 
may lead to metal speciation artifacts. Still, it has been successful and the best alternative to 593 
frozen hydrated samples for elemental imaging at sub-100 nm levels2,16-18,20,33-36. 594 
 595 
As it has been reported37, the quality of cryopreserved cellular preparations can be evaluated 596 
through the potassium-to-sodium K/Na ratio. Unfortunately, it cannot yet be determined with 597 
the hard X-ray nanoprobe used here, due to the low energy cut-off of the silicon drift detector 598 
used to detect the X-ray fluorescence photons of the elements (E ≥ 1.3 keV magnesium). Indeed, 599 
a high K/Na ratio (>10) that can be measured using TOF-SIMS, EPMA, or nuclear microprobe 600 
PIXE16,37 is indicative of the preserved chemical integrity of the cell compared to the expected 601 
K/Na of 25 in a living cell37. This can be supported by a concomitant low Cl/K ratio38. Still, 602 
imperfect vitrification, particularly if the speed of sample cooling is too low, can lead to the 603 
formation of large ice crystals that can damage cell membranes and organelles, consequently 604 
altering the distribution of chemical elements. Although there is no routine procedure to monitor 605 
this potential damage and impact on the intracellular distribution, the above elemental ratios 606 
and the possibility to image the cell at high resolution using X-ray phase contrast or cryo-soft X-607 
ray microscopy can be the best approaches to support good preservation of intracellular 608 
compartments with concomitant preservation of the elemental integrity. The combination of 609 
these techniques and the use of newly developed cryocorrelative fluorescence optical 610 
microscopes will help assess to what extent this damage occurs and affects the intracellular 611 
elemental distribution. 612 
 613 
Overall, a detailed and comprehensive protocol to prepare cellular samples for synchrotron X-614 
ray fluorescence nano-analysis is presented. It is a good starting point for the research 615 
community, helping to solve the difficult issue of how to prepare appropriate cellular samples for 616 



   

 
 

2D and 3D elemental imaging at (cryo) hard X-ray nanoprobes. These approaches can be merged 617 
with optical fluorescence and electron microscopy capabilities for in-depth correlative chemical 618 
and structural imaging of cells. 619 
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Name of Material/ Equipment Company Catalog Number

Ammonium Acetate solution, BioUltra, for molecular biology, ~5M in H2O SIGMA 09691-250mL

B27 supplement,50x 

Life 

Technologies, 

Invitrogen

17504-044

Dulbecco’s Phosphate Buffered Saline, DPBS, ([-] CaCl2, [-] MgCl2) GIBCO 14190-094

DMEM with Phenol Red/Glutamax I (Medium ATCC modification) GIBCO 21885025

Dulbeccos modified Eagle medium (DMEM)

Life 

Technologies, 

Invitrogen

31966-02

Dumont Tweezers #5, Straight Self-closing, 0.05x0.01mm Tips, Biology
World Precision 

Instrument
501202

Emitech K750X Peltier-Cooled EM Freeze Dryer 
Quorum 

Technology
EK3147

Ethane N45 Air Liquid p0505s05r0a001

Fetal Bovine Serum, Performance Plus, certified One Shot format, US origin GIBCO A31604-02

HBSS 10x 

Life 

Technologies, 

Invitrogen

14185-052

Leica GP quick-release forceps Leica 16706435

MDA-MB-231 cell line, an epithelial, human adenocarcinoma breast cancer cell ATCC ATCC HTB-26

Neurobasal medium

Life 

Technologies, 

Invitrogen

21103-049

Nunc 4-Well Plate Thermo Fisher 176740

Osmo1 Single-Sample Micro-Osmometer 
Advanced 

Instruments
Osmo1

Penicillin-Streptomycin SIGMA P4333
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poly-L-lysine SIGMA P4707

Plunge freezing robot Leica EM GP main unit Leica 16706401

Silicon nitride membrane (Si3N4) Silson Ltd. SiRN-5.0(o)-200-1.5-500-NoHCl 

Trypan blue solution 0.4% GIBCO 15250061

Trypsin-EDTA, 0.05% GIBCO 25300-054

Ultratrace Elemental Analysis Grade, Ultrapure Water
Fisher 

Chemicals
W9-1

Whatman No. 1 filter paper with precut hole Leica 16706440



Comments/Description

One can prepared the required solution from high-grade ammonium 

acetate powder and ultrapure water, pH and osmolarity needs to be 

adjusted anyway

for hippocampal neuron culture

cell culture

cell culture

for hippocampal neuron culture

C2H6 > 99,995 %

cell culture

for hippocampal neuron culture

cell culture

for hippocampal neuron culture

cell culture

Alternative can be found at Fisher scientific (Wescor Inc.  VAPRO® Vapor 

Pressure Osmometer)
cell culture



Other type of coating can be used that is dependent of the cell type to be 

cultured on the membrane, other adhesion factors such as fibronectin, 

collagen, polyornithine… at can be tested accodingly. Cell  can be cultured 

directly on silicon nitride membrane, but the later are slighly hydrophobic 

and adhesion factors are recommended unless the membrane are 

processed to be hydrophilic (glow plasma discharged...)

Alternative for automated plunger are the Vitrobot Mark IV (FEI), 

CryoPlunge 3 (Gatan), MS-002 Rapid Immersion Freezer (EMS). Manual 

home-made system can be used but an environment-controlled chamber 

is an asset for plunge-freezing.

The proposed silicon nitride membrane type is optimised for analysis at 

ID16A ESRF X-ray nanoprobe, The 500 nm thickness of the membrane was 

chosen being more robust for cellular manipulation and cryofixation 

detailed within this protocol. Membrane with thickness of 200 nm or 

below can also be used although quite fragile, and other design of silicon 

nitride membrane can be purchased (for example TEM compatible 

membrane...) from Sislon or other company such as Norcada, SPI supplies, 

Ted Pella, EMS, LabTech, Neyco...

cell culture

cell culture

MilliQ water can be used but has to be tested for trace element level of 

contamination using for example ICP-MS analysis
Alternative filter paper may be used and must have an outer diameter of 

55 mm, the Punch for filter paper system from Leica (ref.16706443) can be 

use 
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Answer to the Reviewers and Editorial comments: 

Dear reviewers, we thank you all for your helpful and constructive comments and for considering 

our manuscript for publication. We have revised the manuscript according to the 

recommendations and comments from the Reviewers. 

All the changes and corrections made in the main manuscript are highlighted in green 

 

 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the 

submitted revision may be present in the published version. 

The manuscript has been proofread accordingly 

 

2. Please sort the Materials Table alphabetically by the name of the material. 

The Material Table has been sorted alphabetically as requested 

 

3. Please rephrase the Summary to clearly describe the protocol and its applications in complete 

sentences between 10-50 words: “Here, we present a protocol to …” 

We have rephrased the summary as requested 

 

4. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 

remove all commercial language from your manuscript and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials and Reagents. 

For example: Dumont, Leica, Emitech, etc. 

We removed all commercial language from the manuscript 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Answer to the
Reviewers and Editorial coments.docx
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5. Please do not abbreviate journal titles. 

Full title have been used for all journal in references section. 

 

 

Reviewers' comments: 

Reviewer #1: 

 

Manuscript Summary: 

 

The manuscript by S. Bohic et al. entitled "Cell Culture on Silicon Nitride Membranes and cryo-

preparation for Synchrotron X-ray Fluorescence Nanoanalysis" provides a detailed workflow to 

prepare cryo-fixed cells without staining for synchrotron based X-ray fluorescence microscopy 

especially at the ESRF beamline ID16A. 

 

The title and abstract describes well the presented method. 

All materials and equipment needed are listed in the table. Following the clearly explained steps 

would lead to similar outcome. 

No steps are missing in the procedure and critical steps are highlighted as requested. The results 

presented are reasonable and useful for the reader. The list of references is adequate and gives some 

useful additional information to the readers. 

 

Major Concerns: 

In the introduction (line 66-94) the available spatially resolved analytical techniques are discussed, 

but all the work related to cryo soft X-ray microscopy (full field microscopes and scanning X-ray 

microscopes) are missing. For these techniques some publications are available given similar 

workflows. For sure the present manuscript is a more step by step description. 

We totally agree with reviewer1, we apologize for this oversight and we cited important reference 

on cryo soft X-ray microscopes that were already imaging full frozen hydrated cells years ago. The 

change made are highlighted in green 

 

Minor Concerns: 

 

some additional information might be helpful: 

- line 99: please give the lateral size of the frame and the lateral size of the membrane 

As requested, we provide in the text the size of the membrane we use for our experiments 

 

- line 101: what is the reason that the membrane should be prepared 12 hours before cell seeding. Is 

there a restriction to do it much earlier or may be later? 

The 12h is more for convenience, so far, we leave membrane drying overnight, but one can 

organize differently so far you leave the membrane drying over a period equivalent to overnight. 

We have added detail in the text following the recommendation of the reviewer1 

 

- line 111: conditions for the UV light: intensity, spectrum? 



This has been added to the text 

 

- line 120-124: should the membrane still at 37°C or should it be cooled down to room temperature? 

Membrane can be left at room temperature. This point has been added as NOTE. 

  

- line 126: is the temperature and humidity defined by Class II for a laminar flow hood? 

Yes; this point has been added as NOTE. 

 

- line 171: if you are using the same liquid ethane for 10 - 12 samples: could contamination by 

particles lost from the previous sample be a problem? 

It can be a problem you are right and ideally one should process sample with same incubation 

conditions. Still, controls can be processed first and further sample with a particular treatment 

condition. 

 

- line 254: what is the reason for the precut hole in the filter paper in this step? 

There is no particular reason by default we are using the commercially available filter papers 

provided with the machine that have precut hole. A tip of whatmann paper could also be used. 

 

- Figure 3: do you need a special tool for closing and opening the boxes? 

the caps can be manipulated with the tweezer rotating it movement to open or lock it. This point has 

been added to the legend of figure 3. 

 

- Could you also use a high pressure freezing method for the used sample supports? Could you use 

normal TEM grids? 

 

Yes design has been made for TEM grids and will be designed for high-pressure freezing sample 

support if required. 

 

 

Reviewer #2: 

 

Manuscript Summary: 

This manuscript describes the preparation of plunge frozen cells on silicon nitride windows for 

elemental analysis by X-ray fluorescence. The method is of high interest, as it can be used to measure 

the concentration of metal ions with sub-cellular localization. A major strength of the technique 

described here is that cryo-preparation leaves the cells in a hydrated state that is very near to native. 

No additional treatment with chemicals that could interfere with the XRF is required. A second 

aspect of the paper describes freeze-drying of the cryofixed cells, which the authors had previously 

used for studying the intracellular distribution of organometallic compounds at room-temperature. 

This workflow is useful to a broader community, not only because some beamlines only provide 

room-temperature capabilities. In addition, working at room-temperature is attractive due to the 



greater simplicity of all aspects of the experiment, including the sample transfer steps and numerous 

other practical details. There is a trade-off, of course, between the greater accessibility and the risk 

of artefacts in the room-temperature protocol. However, this is adequately discussed in the current 

manuscript. 

 

Major Concerns: 

Overall, the manuscript is well written and sufficiently detailed. A few improvements could still be 

made, but I would consider them to be minor concerns. 

 

Minor Concerns: 

 

1. It would help to state some bounds and preferred values for the dimensions of the silicon nitride 

windows and the silicon frames (chip size and thickness, window size, membrane thickness). Giving a 

range would help the reader if the original product is not easily available. 

As requested, we provided some range for membrane dimensions 

 

2. The recommended protocol for preparing primary mouse cortical neurons should be presented in 

adequate detail (analogous to the protocol for MDA-MB-231). 

Steps for primary mouse hippocampal neuron has been added in the protocol with required 

references, we apologize for our mistake on cortical instead of hippocampal. 

 

3. Regarding step 4.2.8 (manual blotting): Are special precautions required to prevent trapping of 

water by the tweezers? 

 

The tweezer is dried before used and the room has an environment with low humidity % (<30%) to 

minimize trapping of water. 

 

4. In the discussion, starting on line 473, the authors claim that "Monolayers of cells are thin enough 

so that by plunge-freezing ... the required cooling rates for water vitrification are attained." I find this 

hard to believe. The reference 21 cited as evidence does not support this claim. Reference 21 is 

about high-pressure freezing and not plunge-freezing. Quoted rates for plunge-freezing therein refer 

to a 100 nm layer and not to a monolayer of cells, which may be 100 times thicker near the nuclei. 

Claims of vitrification should be supported in this context, either by experimental evidence or 

adequate references. 

We apologize for the mistake for the reference 21, we modified the text in order to provide 

necessary information to support vitrification and particularly references, of note cryo soft X-ray 

microscopy has demonstrated using similar procedure for plunge-freezing that entire cells can be 

vitrified and that at 20-30 nm level organelles, nuclear membranes… are well preserved and imaged 

through tomography. 

 

5. I would be interested in a short discussion about the significance of imperfect vitrificaiton for the 

usefulness of the method. How would ice crystallization affect the distribution of metal ions that is 

being studied, and at which magnification would such damage become noticable? 

Accordingly, a few sentences has been added to the text as required by the reviewer. 
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 
CORRESPONDING AUTHOR 
Name:    
 
Department:   
 
Institution:  
 
Title:   
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site 
2. Fax the document to +1.866.381.2236 
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 

 

 

 

 

 

 

 

 
21/06/2019

BOHIC

INSERM UA07, Synchrotron Radiation for Biomedicine

INSERM

PhD


