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SUMMARY:  22 
Presented here is a protocol for labeling membrane proteins in mammalian cells and coating 23 
the sample with graphene for liquid-phase scanning transmission electron microscopy. The 24 
stability of the samples against the damage caused by radiation can also studied with this 25 
protocol. 26 
 27 
ABSTRACT: 28 
A protocol is described for investigating the human epidermal growth factor receptor 2 29 
(HER2) in the intact plasma membrane of breast cancer cells using scanning transmission 30 
electron microscopy (STEM). Cells of the mammalian breast cancer cell line SKBR3 were 31 
grown on silicon microchips with silicon nitride (SiN) windows. Cells were chemically fixed, 32 
and HER2 proteins were labeled with quantum dot nanoparticles (QDs), using a two-step 33 
biotin-streptavidin binding protocol. The cells were coated with multilayer graphene to 34 
maintain a hydrated state, and to protect them from electron beam damage during STEM. To 35 
examine the stability of the samples under electron beam irradiation, a dose series 36 
experiment was performed. Graphene-coated and non-coated samples were compared. 37 
Beam induced damage, in the form of bright artifacts, appeared for some non-coated samples 38 
at increased electron dose D, while no artifacts appeared on coated samples.  39 
 40 
INTRODUCTION:  41 
Analysis of membrane protein function is essential for cell biological research, and for drug 42 
development. A class of important experiments involves the examination of membrane 43 
protein positions in cells. This information can be used to deduce conclusions about the 44 
assembly of proteins in protein complexes and their specific locations in the plasma 45 
membrane, which, via dynamic assembly and disassembly, drives a wide variety of cellular 46 
functions. Among other techniques, light microscopy (LM) and electron microscopy (EM) are 47 
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used for studying protein functions in cells. LM allows the analysis of whole cells in liquid; 48 
however, the resolution is restricted to 200-300 nm for conventional and up to 20 nm for 49 
super resolution fluorescence microscopy under practical conditions1,2. EM provides around 50 
1 Å resolutions3, but conventional sample preparation requires dehydration, metal staining 51 
to enhance image contrast, and embedding in a mounting substance, such as resin, for 52 
transmission electron microscopy (TEM)4. To preserve biological samples in a more native-53 
like environment, cryo-EM techniques can be used5,6. The samples are rapidly frozen into 54 
amorphous ice, and, if needed, sectioned. Another option is freeze-fracturing EM7. 55 
 56 
EM techniques for studying membrane proteins within intact cells in their native, liquid state 57 
have emerged in the past decade8-11. A spatial resolution of 2 nm was achieved on quantum 58 
dot (QD) labeled membrane proteins in whole cells grown on a SiN membrane and enclosed 59 
by a layer of graphene9. 60 
 61 
Here, details of a protocol for protein labeling and graphene coating9,12 are described. The 62 
goal of this protocol is to analyze the spatial distribution of HER2 in the membrane of whole, 63 
fixed cells, while preserving the cells in a hydrated state. Coating with graphene prevents 64 
drying of the cells in vacuum, and also reduces radiation damage13. This method provides 65 
information about labeled membrane proteins within the intact plasma membrane, but the 66 
method is not useful for studying the cellular ultrastructure as is usually done with EM.  67 
 68 
Graphene is the thinnest nanomaterial known, and consists of a single carbon atom thick 69 
crystalline sheet arranged in a honeycomb lattice14. It has unique properties including high 70 
flexibility and mechanical strength. Recent research has shown that defect-free graphene is 71 
impermeable to gases and liquids, but defects allow hydrogen permeation15. This leakage can 72 
be reduced by using multilayer graphene as used here. Bilayer graphene has recently shown 73 
to be useful as a support for cryo-EM samples, improving the homogeneity of the thin ice 74 
layer compared to graphene oxide where only nonuniform layers can be formed16. Graphene 75 
was also shown to reduce beam damage of biological samples during liquid-phase 76 
transmission electron microscopy13,17. As an exemplary experiment, HER2 expressed in the 77 
mammalian breast cancer cell line SKBR3 was labeled with QDs18 and its spatial distribution 78 
recorded using STEM. Cells were seeded on a Si microchip with an electron transparent SiN 79 
membrane19. The microchips were chosen as a support as they are robust, compatible with 80 
LM and EM, and the entire labeling procedure can be performed directly on the microchip19. 81 
After cell attachment, HER2 was labeled with a two-step labeling protocol20. First, a 82 
biotinylated anti-HER2 antibody mimetic compound21 was attached to HER2. The cells were 83 
then chemically fixed to prevent label-induced receptor clustering, and to increase the 84 
stability of the cellular ultrastructure. Streptavidin-coated QDs were subsequently linked to 85 
the HER2-antibody mimetic complex. The bright fluorescence signal and the electron-dense 86 
core of the QDs allowed correlative fluorescence- and electron microscopy (CLEM)20. CLEM is 87 
especially useful because cellular regions of interest for STEM analysis can be selected from 88 
the overview fluorescence microscopy images highlighting the localization of HER2 on the 89 
cells. Cells were analyzed by fluorescence microscopy to identify cellular regions with high 90 
HER2 levels. Thereafter, a 3-5 layer thick sheet of graphene was transferred onto the cells for 91 
coating9,22. Subsequently, the sample was mounted in an EM specimen holder. STEM data 92 
was acquired using the annular dark field (ADF) detector, providing information about the 93 
spatial distribution of HER2 on the cell surface relative to the cell surface location, but giving 94 
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no information about the ultrastructure of the cell. To determine the stability of the sample 95 
under electron beam irradiation, the samples were examined at increasing electron (D) in an 96 
image series. The difference between graphene-coated and non-coated samples was 97 
investigated. Several kinds of radiation damage were evaluated. 98 
 99 
The protocol described here uses the HER2 overexpressing mammalian breast cancer cell line 100 
SKBR3 as a model system for targeting HER223. The protocol includes the preparation of one 101 
graphene-coated sample, and one similar sample but without graphene coating for 102 
comparison. The experiment is prepared in duplicate since the SiN window may break once 103 
every while, and to obtain an experimental duplicate in most cases. The overall yield of the 104 
method is high meaning that microchips with graphene covered cells are usually obtained 105 
with an exceptional error even though not the entire SiN window may be covered with 106 
graphene in all cases. Duplicates are not described in the protocol.  107 
 108 
The labeling protocol (steps 1-5) is comparable to the protocol of the labeling of the epidermal 109 
growth factor receptor in COS7 fibroblast cells published previously24; details in that paper 110 
are referred to regarding the handling of the microchips, and the usage of the well plates. The 111 
following protocol is optimized for labeling HER2, graphene coating9, and examining the 112 
radiation tolerance of the sample.  113 
 114 
PROTOCOL: 115 
 116 
1. Cleaning of microchips and coating with poly-L-lysine (PLL) and fibronectin-like 117 
protein (FLP) 118 
 119 
1.1 Place two microchips with a SiN membrane (2.0 x 2.6 mm) in 50 mL of acetone. Handle 120 
the microchips carefully with the flat side facing up. Avoid breaking the edges by using flat-121 
beak tweezers. Avoid touching the top surface of the microchips when handling with tweezers 122 
to prevent breakage of the SiN window. 123 
 124 
NOTE: One may also use polytetrafluoroethylene coated or carbon tip tweezers to prevent 125 
damage of the microchips. 126 
 127 
1.2 Wash the chips for 2 min by carefully shaking the beaker, watching the microchips do 128 
not flip over. 129 
 130 
1.3 Transfer the microchips to 50 mL of ethanol and wash for 2 min by carefully shaking 131 
the beaker. Ensure that the transfer is quick so that the excess acetone does not dry in. 132 
 133 
1.4 Wash the microchips with 50 mL of water for 10 min. 134 
 135 
1.5 Dip the microchips in a freshly prepared beaker of 20 mL of ethanol. 136 
 137 
1.6 Place microchips onto a cleanroom tissue for drying. 138 
 139 
1.7 Plasma clean the microchips with 11.5 sccm O2 and 35 sccm Ar at 70 mTorr and radio 140 
frequency (RF)-target of 50 W for 5 min. 141 
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 142 
1.8 Place the microchips in a laminar flow hood for sterile cell work. 143 
 144 
1.9 Prepare a solution of 0.01% PLL in water. Prepare a solution of 15 µg/mL FLP in 145 
phosphate-buffered saline (PBS). 146 
 147 
1.10 Prepare a 24 well plate under the laminar flow hood and fill 5 wells individually with 1 148 
mL of the solutions in the following order: well 1 – PLL; well 2 – water; well 3 – water; well 4 149 
– FLP; well 5 – PBS and well 6 – PBS. 150 
 151 
NOTE: Conduct washing steps by dipping a microchip into the indicated 24 or 96 well for a 152 
few seconds using tweezers. Perform incubation steps by incubating the microchips in the 24 153 
or 96 well in the indicated solution for indicated time and temperature. Transfer the 154 
microchips to another well within a few seconds. 155 
 156 
1.11 Incubate the microchips in PLL solution for 5 min. Then wash the microchips in water 157 
twice. 158 
 159 
1.12 Incubate the microchips in FLP for 5 min. Then wash the microchips in PBS twice. 160 
 161 
1.13 Transfer both microchips to wells (one for each microchip) of a new 96 well plate 162 
prefilled with 50 µL of serum-free medium for cell seeding. 163 
 164 
1.14 Incubate the microchips at 37 °C and 5% CO2 until the cell suspension is prepared. 165 
 166 
2. Seeding cells on SiN membrane microchips 167 
  168 
2.1 Set up all supplies and equipment in a laminar flow hood to ensure sterile working. 169 
 170 
2.2 Wash the breast cancer cell line, SKBR3, in a cell culture flask with growth medium 171 
once.  Use Dulbecco’s modified eagle medium (DMEM) containing 10% fetal calf serum (FCS), 172 
and 1% non-essential amino acids (NEAAs) as growth medium. 173 
 174 
2.3 Incubate the cells with 1 mL of the cell detachment solution until the cells detached 175 
from the flask. 176 
 177 
2.4 Add 5 mL of growth medium to the detached cells in the flask. Transfer this suspension 178 
to a centrifuge tube. 179 
 180 
2.5 Pipette 20 µL of the cell suspension into a hemocytometer to obtain the cell 181 
concentration. Use the following formula. 182 
 183 

 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠
 × 104. 184 

 185 
2.6 Prepare a dispersed cell suspension of 2.5 x 105 cells/mL. Calculate the needed amount 186 
of the prepared cell suspension by:  187 
 188 
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𝑎𝑚𝑜𝑢𝑛𝑡 𝑛𝑒𝑒𝑑𝑒𝑑 =
2.5 × 105 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿

𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 × 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒  189 

 190 
and fill up with growth medium to the desired volume. 191 
 192 
2.7 Add 100 µL of the cell suspension to the two wells of a 96 well plate containing the PLL 193 
and FLP coated microchips with the SiN membrane facing up and 50 µL of serum-free medium 194 
so that each well contains 25,000 cells.  195 
 196 
2.8 Incubate the plate at 37 °C and 5% CO2 for 5 min to wait for the cells to attach to the 197 
microchip. 198 
 199 
NOTE: At this point, cells can detach from the microchip because they have not adhered yet.  200 
 201 
2.9 Check the density of the cells on the microchip with an inverted microscope. Make 202 
sure cells cover the window with sufficient space to flatten out and adhere (see Figure 1A).  203 
 204 
NOTE: More cells can be added at this point if necessary. 205 
 206 
2.10 Transfer the microchips into new wells containing 200 µL of growth medium and 207 
incubate at 37 °C and 5% CO2 overnight. 208 
 209 
2.11 In the afternoon of the next day, transfer both microchips to serum-free medium 210 
(serum starvation medium) if cells have flattened out and adhered to a visually inspected 211 
confluency (i.e., the fraction of the window area covered with cells) of about 2/3 (see Figure 212 
1B). Change to  serum-free medium as needed to bring the cells in a defined starting condition 213 
as needed for comparison between different experiments25.  214 
 215 
2.12 Incubate at 37 °C and 5% CO2 overnight. 216 
 217 
NOTE: Be aware that cell amounts may differ according to growth rates and cell morphology 218 
for other cell lines.  219 
 220 
3. HER2 labeling and fixation 221 
 222 
3.1 Prepare the solutions as described in Supplementary Table 1.  223 
 224 
3.1.1 Work under the laminar flow hood to ensure sterile working. Use a 96 well plate 225 
referred to as labeling plate I, and fill 6 wells per microchip with 200 µL of the labeling plate I 226 
solutions: PBS/BSA, PBS/BSA/GS, antibody mimetic, PBS/BSA, PBS/BSA, PBS/BSA. Use one 227 
row (one letter per row, e.g., A1 to A6) of the well plate per microchip. Warm the labeling 228 
plate to 37 °C. 229 
 230 
3.1.2 Under a fume hood, prepare a 24 well plate referred to as fixation plate, and fill 8 wells 231 
per microchip with 500 µL of the fixation plate solutions: CB, FA, CB, PBS, PBS, PBS, 232 
PBS/glycine, PBS/BSA. 233 
 234 
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CAUTION: CB is acutely toxic by inhalation or oral ingestion and is hazardous to waters. Work 235 
under the fume hood with appropriate protection and dispose CB according to the safety data 236 
sheet (SDS). FA is corrosive and harmful for skin and health. Work under the fume hood and 237 
refer to the SDS for information about handling and disposal. 238 
 239 
3.1.3 Prepare a 96 well plate referred to as labeling plate II and fill 4 wells per microchip 240 
with 200 µL of the labeling plate II solutions: QDs, PBS/BSA, PBS/BSA, PBS/BSA. 241 
 242 
NOTE: Here, a 24 well plate is used to better see the microchips in the wells. To use less 243 
antibody mimetic (step 3.2) and QDs (step 3.4), use 96 well plates for these steps. 244 
 245 
3.2 Label HER2 in the cells. 246 
 247 
3.2.1 Once these plates are ready, start labeling by placing the microchips into the wells of 248 
the first row of labeling plate 1. 249 
 250 
3.2.2 Wash the microchips with PBS/BSA in the 96 well plate marked as labeling plate I. 251 
 252 
3.2.3 Block unspecific sites to prevent unspecific binding of the antibody mimetic by 253 
incubating with PBS/BSA/GS for 5 min at 37 °C and 5% CO2. 254 
 255 
3.2.4 Incubate with 200 nM antibody mimetic for 10 min at 37 °C and 5% CO2. 256 
 257 
3.2.5 Wash microchip three times in PBS/BSA. 258 
 259 
3.3 Fix the cells. 260 
 261 
3.3.1 Transfer the microchips to the 24 well fixation plate in the fume hood. 262 
 263 
NOTE: No sterile work is needed from here. 264 
 265 
3.3.2 Wash once with CB for a few seconds. 266 
 267 
3.3.3 Fix cells with 3% FA for 10 min. 268 
 269 
3.3.4 Wash once with CB and three times with PBS. 270 
 271 
3.3.5 Block free aldehyde groups of FA by incubating with PBS-glycine for 2 min. 272 
 273 
3.3.6 Wash microchips with PBS-BSA once. 274 
 275 
3.4 Attach the QDs. 276 
 277 
3.4.1 Move the microchips to the 96 well labeling plate II. 278 
 279 
3.4.2 Incubate with 20 nM QDs for 12 min. 280 
 281 
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3.4.3 Wash the microchips with PBS/BSA twice. 282 
 283 
3.4.4 Store the microchips in a well containing PBS/BSA. 284 
 285 
4. Light microscopy of the fixed cells 286 
 287 
4.1 Prepare a 3.5 cm diameter glass bottom dish with 2 mL of PBS/BSA solution. 288 
 289 
4.2 Take the first microchips, place it upside down (cells facing down) into the glass 290 
bottom dish and place the dish in the fluorescence microscope. Lower the microchip slowly 291 
into the liquid to prevent damage on the cells. 292 
 293 
4.3 Acquire differential interference contrast (DIC) and fluorescence images of every 294 
microchip with a 40x objective and the appropriate fluorescence channel. 295 
 296 
NOTE: Here, an excitation wavelength of 540-580 nm and an emitting wavelength of 607-683 297 
nm is used to detect QD655.  298 
 299 
4.4 Repeat the procedure for the second microchip. 300 
 301 
5. Post-fixation 302 
 303 
5.1 Perform all steps under the fume hood. 304 
 305 
5.2 Fill 6 wells per microchip of a 96 well plate with 200 µL of the post-fixation solutions: 306 
CB, GA, CB, PBS, PBS, PBS. 307 
 308 
CAUTION: GA is hazardous to waters, harmful for skin, respiratory system, and eyes. Work 309 
under the fume hood and refer to the SDS for information about handling and disposal. 310 
 311 
5.3 Place both microchips in their respective wells with the cells facing up. 312 
 313 
5.4 Wash once with CB. 314 
 315 
5.5 Fix cells with 2% GA for 10 min. 316 
 317 
5.6 Wash once with CB. 318 
 319 
5.7 Wash three times with PBS/BSA. 320 
 321 
NOTE: The first fixation step with FA already fixes the biological structure but a reduced level 322 
of membrane protein diffusion may still occur, possibly leading to label induced clustering 323 
due to the presence of multiple streptavidins per QD. Keep the time of the experimental steps 324 
from FA fixation to GA, therefore, as short as possible to minimize the diffusion of the proteins 325 
in the membrane. 326 
 327 
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5.8 Store in PBS/BSA to prevent osmotic shocks and 0.02% sodium azide (NaN3) to prevent 328 
bacterial growth at 4 °C until graphene coating in a new well plate. Seal well plate with 329 
paraffin film to prevent drying. The microchips and cells are stable up to 2 weeks when stored 330 
at 4 ˚C. 331 
 332 
CAUTION: NaN3 is hazardous to waters and acutely toxic by oral ingestion, for skin and the 333 
respiratory system. Work under the fume hood and refer to the SDS for information about 334 
handling and disposal. 335 
 336 
6. Cleaning and transferring graphene onto salt crystals  337 
 338 
6.1 Remove poly(methyl methacrylate) (PMMA)-graphene from PMMA-graphene-on-339 
polymer (Figure 2A). 340 
 341 
6.1.1 Pipette a few droplets of water on the polymer around the PMMA-graphene. 342 
 343 
NOTE: Ensure that the PMMA-graphene easily comes off the supporting polymer as it floats 344 
on the water surface. 345 
 346 
6.1.2 Immerse the PMMA-graphene-on-polymer into water with an angle of 30-45° to 347 
release the PMMA-graphene. 348 
 349 
NOTE: The polymer should only be slightly wetted. Pipetting too much water on the polymer 350 
will lift up and possibly fold the PMMA-graphene. 351 
 352 
6.2 Etch copper-based contaminants using a sodium persulfate solution (Figure 2B). 353 
 354 
NOTE: Commercial graphene grown on copper foil often contains sub-micrometer copper 355 
residues, which can be removed with a copper etchant solution22. 356 
 357 
6.2.1 Prepare a 50 mL solution of 0.42 M sodium persulfate in water. 358 
 359 
6.2.2 Transfer PMMA-graphene into the sodium persulfate solution with the graphene side 360 
down using a standard glass slide. PMMA-graphene will float on top of the solution. 361 
 362 
6.2.3 Leave the PMMA-graphene in the sodium persulfate solution overnight. 363 
 364 
6.2.4 Remove the PMMA-graphene from the sodium persulfate solution and place it on top 365 
of clean water using a glass slide. Let it float on the water for half an hour. 366 
 367 
6.2.5 Repeat the previous step a total of three times to remove all sodium persulfate 368 
residues from the PMMA-graphene. 369 
 370 
6.3 Transfer the PMMA-graphene onto a sodium chloride (NaCl) crystal. 371 
 372 
6.3.1 Prepare a saturated solution of NaCl in water in a Petri dish. 373 
 374 
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6.3.2 Transfer the PMMA-graphene on top of the NaCl solution with the graphene side 375 
down using a glass slide. 376 
 377 
6.3.3 Hold a NaCl crystal with tweezers and pick up the floating PMMA-graphene. 378 
 379 
NOTE: The size of the NaCl crystal should be slightly larger than the size of the PMMA-380 
graphene to avoid folding the protruding graphene at the edge of the salt or contacting the 381 
graphene with tweezers. In these experiments NaCl crystal of 12 mm x 12 mm x 0.5 mm is 382 
used for picking up a 10 mm x 10 mm graphene sheet and supporting it afterwards. 383 
 384 
6.3.4 Hold the PMMA-graphene-on-salt vertically for 2 min to let excess water flow out.  385 
 386 
6.3.5 Let the PMMA-graphene-on-salt dry at room temperature for 30 min and bake it in an 387 
oven at 100 °C for 20 min to completely remove water. 388 
 389 
6.4 Remove PMMA using an acetone wash (Figure 2C). 390 
 391 
6.4.1 Preheat acetone in a glass Petri dish to ~50 °C on a hotplate in the fume hood. Watch 392 
the temperature carefully to avoid fire. 393 
 394 
6.4.2 Immerse the PMMA-graphene-on-salt into the Petri dish filled with acetone and leave 395 
it to dissolve the PMMA for 30 min. 396 
 397 
6.4.3 Repeat the previous step a total of three times with new, clean acetone. 398 
 399 
6.4.4 Let the graphene-on-salt air-dry thoroughly before using it for sample preparation. 400 
 401 
7. Graphene Coating  402 
 403 
NOTE: The graphene coating procedure is schematically shown in Figure 3A. 404 
 405 
7.1 Wash one microchip prepared with fixed cells and labeled HER2 in pure water to 406 
remove any residues of salt from the buffer. Place the microchip on a filter paper. The cells 407 
are visible as dark spots (Figure 3B). 408 
 409 
7.2 Cut the multilayer graphene on NaCl crystal into a piece that fits the SiN window of a 410 
microchip using a razor blade. 411 
 412 
7.3 Prepare a beaker of pure water and remove the graphene from the NaCl crystal by 413 
tilting the crystal about 45° angle with respect to the water surface and touching the water. 414 
The graphene will float onto the water surface (Figure 3C). 415 
 416 
7.4 Catch the graphene with a metal loop from the surface of the water. The graphene 417 
will float within the droplet below the loop (Figure 3D). 418 
 419 
7.5 Touch the upper surface of the microchip with the lower loop surface. The microchip 420 
will stick to the metal loop. The graphene can be seen on top of the microchip (Figure 3E).  421 
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 422 
7.6 Under a stereomicroscope, use filter paper to remove the remaining water from the 423 
microchip, so that the graphene covers all cells on the SiN window. 424 
 425 
NOTE: The graphene will move when blotted. Make sure the graphene stays on the top of the 426 
window by touching the microchip just with the edge of the filter paper. 427 
 428 
7.7 Use tweezers to remove the microchip from the metal loop and place it onto a filter 429 
paper. The graphene is visible as a purple shimmer on the microchip (Figure 3F). 430 
 431 
7.8 Transfer the microchip from the paper to a compartment Petri dish. 432 
 433 
7.9 Pipette a droplet of water into one of the free compartments and close the lid to 434 
provide a water-saturated atmosphere.  435 
 436 
7.10 Seal the compartment dish with paraffin film and store in the fridge at 4 °C if required 437 
for further measurements. 438 
 439 
8. STEM 440 
 441 
8.1 Adjust the STEM at 200 kV beam energy using an alignment/test sample for a probe 442 
size of at least 0.2 nm by adjusting the condenser lenses, a probe current I = 180 pA 443 
(information about the probe current for different microscope settings is provided by the 444 
manufacturer within 5% accuracy) and a beam convergence semi-angle of 13.2 mrad by 445 
inserting an aperture. Set the ADF STEM detector opening semi-angle range (inner and outer) 446 
to 68-280 mrad by adjusting the projector lens settings. Set the STEM image size to 2048 x 447 
2048 pixels, and the pixel dwell time t = 6 µs. 448 
 449 
8.2 Load the microchip with graphene-coated cells in a standard specimen holder for TEM 450 
in such a way that the cells are facing up. 451 
 452 
8.3 Load the holder into the electron microscope. 453 
 454 
8.4 Acquire an overview picture at magnification (M) = 800x (Figure 4) using the settings 455 
in step 8.1.  456 
 457 
8.5 Identify a region of interest on a cell. 458 
 459 
8.6 Image the QDs with an ADF detector at M = 80,000x at a pixel size d = 1.3 nm (Figure 460 
4) using the settings in step 8.1. 461 
 462 
8.7 Acquire an image of the area after exposure with a lower magnification (here, M = 463 
50,000x) to show the exposed area (Figure 4). 464 
 465 
8.8 Calculate the electron dose 466 
 467 

 𝐷 =  
𝐼 × 𝑡

𝑒 × 𝑑²
  468 
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where e is the elementary charge. With the settings given in the above,  469 
 470 

𝐷 =  
1.75×10−10 × 6×10−6

1.6×10−19 ×(1.3×10−9)²
 = 39 e-/ Å² 471 

 472 
and an error of 5%. 473 
 474 
8.9 Acquire 20 images for a dose series with the same settings, but with t = 60 µs resulting 475 

in an accumulated dose of 𝐷 = 20 × (39 ± 2) = (7.8 ± 0.4) × 103 𝑒−/Å2. 476 
 477 
8.10 To confirm the presence of graphene, switch the microscope to TEM at M = 1,200x, 478 
select a region near a cell, and switch to diffraction mode. Record a diffraction pattern at an 479 
exposure time of 0.5 s, 2048 x 2048 x 3 pixels, and a selected area aperture of 50 µm (Figure 480 
4). 481 
 482 
8.11 At the end of the session, remove the sample from the microscope, place the 483 
microchip back into the compartment dish, seal the dish with paraffin film, and store it in the 484 
fridge at 4 °C if required for further measurements. 485 
 486 
8.12 Select the second microchip prepared in the same way as the first microchip but 487 
without graphene coating.  488 
 489 
8.13 Repeat steps 8.2-8.11 but now for this sample. Record a diffraction pattern with the 490 
same settings as in the above, as comparison (Figure 4). 491 
 492 
9. Analysis 493 
 494 
NOTE: For automated detection of QD positions in a STEM image, the analysis uses a plugin 495 
of local design for ImageJ (NIH), as described elsewhere20. The plugin is available upon 496 
request. 497 
 498 
9.1 The software automatically applies the following steps to detect particles in a STEM 499 
image: 500 
 501 
9.1.1 Apply a Gaussian filter to reduce pixel noise. 502 
 503 
9.1.2 Apply a Fast Fourier Transform (FFT) bandpass filter to obtain nanoparticles only. 504 
 505 
9.1.3 Set a threshold to binarize the image. 506 
 507 
9.1.4 Use a particle diameter of 10 nm with a tolerance factor of 2 for particle detection. 508 
 509 
9.1.5 Detect particle positions. 510 
 511 
9.2 Measure the center-to-center distance between ten pairs of QDs per series. Here, 10 512 
distances with varying size were measured per series. 513 
 514 
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9.3 Calculate the relative change in particle distance by comparing each particle distance 515 
to the distance in the first image using:  516 
 517 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 = (
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑖𝑚𝑎𝑔𝑒

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑓𝑖𝑟𝑠𝑡 𝑖𝑚𝑎𝑔𝑒
 ×  100) − 100. 518 

 519 
REPRESENTATIVE RESULTS: 520 
Figure 1A shows cells seeded in such a way that the window is covered but with sufficient 521 
space to allow them to flatten out and adhere, leading to confluency of about 2/3rd (Figure 522 
1B). In case too many cells are seeded on a microchip (Figure 1C), there is insufficient space 523 
for all cells to adhere to the microchip. Figure 1D shows the same microchip after 24 h. More 524 
than half of the cells didn’t flatten. On the other hand, if too few cells are seeded (Figure 1E), 525 
the SiN window will end up with a large empty space after 24 h as seen in Figure 1F. Figure 526 
1G shows the DIC image of the cells in Figure 1A and Figure 1B. Figure 1H shows the 527 
corresponding fluorescence image false colored in yellow indicating successful labeling of 528 
HER2. 529 
 530 
Representative STEM data is shown in Figure 4. Graphene-coated (left column) and non-531 
coated (right column) SKBR3 cells were investigated. Figure 4A,B show M = 800x overview 532 
images of the cells on the window. The areas shown as insets were imaged at M = 80,000x 533 
during the dose series, see Figure 4C,D. The QDs are visible as bright spots here. Figure 4E 534 
and Figure 4F show M = 50,000x magnified images acquired at the locations of the rectangles 535 
in Figure 4C,D. Both images were recorded after the acquisition of a dose series with D = (7.8 536 
± 0.4) x 103 e-/Å². The dose series was recorded at M = 80,000x. The exposed areas can be 537 
recognized as rectangles, whereby the rectangle was clearly visible for the non-coated sample 538 
(Figure 4F). 539 
 540 
To verify the presence of graphene, diffraction patterns of areas without cells, but with or 541 
without graphene on the SiN window were acquired. The hexagonal structure of the graphene 542 
was observed in the diffraction pattern of the graphene-coated sample (Figure 4G), while it 543 
was absent for the non-coated sample (Figure 4H). The diffraction pattern of single crystal 544 
graphene will have six-fold symmetry due to highly ordered hexagonal structure of graphene. 545 
So, the hexagonal structure indicates the presence of graphene on the samples. 546 
 547 
To investigate the effect of electron beam illumination on the sample, STEM images were 548 
acquired in an image series with an accumulating electron dose. Representative results for 549 
non-coated and graphene-coated samples are shown in Figure 5A-D and Figure 5E-G, 550 
respectively. All data were acquired at the edge of the cell, where the cell is the flattest, and 551 
the observed structure is thus the closest to the SiN membrane. The exposure of a non-coated 552 
samples led to bright structures appearing on the cell surfaces at D = (1.9 ± 0.1) x 103 e-/Å²  553 
(Figure 5B). These structures became larger with higher doses, so they were clearly visible in 554 
the last image of the series at D = (7.8 ± 0.4) x 103 e-/Å² (Figure 5C,D). These spots did not 555 
appear on any of the graphene-coated samples (Figure 5E-G). 556 
 557 
Additional microchips were prepared and examined using the protocol described in the 558 
above. Six coated and seven non-coated samples were investigated in total. Two out of seven 559 
non-coated samples showed these artifacts. None of the coated samples showed any 560 
additional bright spots. 561 



 13 

 562 
As another measure of radiation damage, the distance between QDs was examined. If 563 
structural damage were to occur, one would expect distances between QDs to change. 564 
Changes in distances were measured for different pairs of QDs with accumulating D for a 565 
range of pair distances. Figure 5H shows that the relative change of the particles for non-566 
coated samples stayed below 1.3% on average, while the average relative distance remained 567 
below 0.8% for the coated samples. One can, therefore, conclude that the graphene coating 568 
stabilized the sample but the dried-in samples without graphene coating was also remarkably 569 
stable.  570 
 571 
FIGURE AND TABLE LEGENDS: 572 
Figure 1: Cell seeding on a SiN window of a silicon microchip and HER2 labeled. (A) 573 
Exemplary image of a SiN window region with SKBR3 cells 5 min after seeding on the 574 
microchip. (B) The same cells spread on the same SiN window after 24 h. (C) SKBR3 cells on a 575 
Si microchip 5 min after seeding. (D) Same cells as in (C) after 24 h. Cells didn’t flatten properly 576 
as there were too many cells on the chips upon seeding. (E) Cells on a microchip 5 min after 577 
seeding. (F) Only few cells were visible on the window because too few cells were seeded on 578 
the microchip. (G) DIC image of the same SKBR3 cells after QD labeling of HER2. (H) Overlay 579 
image of DIC and corresponding fluorescence image of labeled SKBR3 cells with HER2-QD655 580 
(false colored in yellow). 581 
 582 
Figure 2: Cleaning and transferring of graphene onto NaCl crystals. (A) PMMA-graphene-on-583 
polymer is immersed in pure water to release PMMA graphene. PMMA-graphene can be 584 
caught with a glass slide. (B) Copper-based contaminations were etched using sodium 585 
persulfate solution. To clean the graphene, it was transferred to a beaker containing 586 
deionized water. These steps were repeated 3 times. The PMMA-graphene was then 587 
transferred to saturated solution of NaCl in pure water. A NaCl crystal was used to pick up the 588 
graphene from the salt solution. (C) The PMMA-graphene on NaCl crystal was dried out for 589 
30 min at room temperature. PMMA was removed by incubating the block in acetone for 30 590 
min. 591 
 592 
Figure 3: Graphene coating of cells seeded on a Si microchip. (A) Procedure of graphene 593 
coating. Graphene on NaCl crystal is released onto the water surface. The graphene piece is 594 
then caught with a metal loop and transferred onto the Si microchip. (B) Microchip (2.0 x 2.6 595 
mm) with a SiN window of dimensions 400 x 160 μm without graphene. SKBR3 cells were 596 
visible as dark spots. (C) Graphene (red circle) floating on the surface of a beaker filled with 597 
water. (D) Graphene caught with a metal loop. (E) The microchip attached to the water 598 
droplet so that the graphene was on top of the SiN window. (F) Microchip after graphene 599 
coating. The graphene was visible as a purple shimmer. 600 
 601 
Figure 4: STEM of graphene coated and non-coated SKBR3 cells on SiN window. (A) STEM 602 
image of a graphene coated sample acquired at a M = 800x. (B) STEM image of a non-coated 603 
sample acquired at M = 800x. (C) M = 80,000x image recorded at the position of the blue 604 
rectangle in A. Yellow lines represents examples distances measured within particle. (D) M = 605 
80,000x image recorded at the position of the blue rectangle in B. Yellow line represents 606 
examples distances measured within particles. (E) M = 50,000x image of the same region as C 607 
exposed to D = (7.8±0.4)x103 e-/Å². (F) M = 50,000x image of the same region as D and exposed 608 
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to D = (7.8±0.4)x103 e-/Å². The exposed area were clearly seen. (G) Diffraction pattern of a 609 
graphene-coated sample from an area without cells. The six-fold symmetry of the graphene 610 
is visible as bright spots. (H) Diffraction pattern of a sample without graphene showing no 6-611 
fold bright spots. 612 
 613 
Figure 5. Artifacts arising on samples without graphene coating. (A) First images of regions 614 
on samples without graphene coating acquired at M = 80,000x, and exposed to D = (0.39 ± 615 
0.02) x 102 e-/Å². (B) Images with the first artifacts arising at D = (1.94 ± 0.1) x 103 e-/Å² (yellow 616 
arrows). (C, D) Last image of the series acquired with D = (7.8 ± 0.4) x 103 e-/Å². Artifacts were 617 
visible as bright spots. (E-G) Graphene coated samples without arising artifacts. (E) D = (0.39 618 
± 0.02) x 102 e-/Å² (F) D = (1.94 ± 0.1) x 103 e-/Å² (G) D = (7.8 ± 0.4) x 103 e-/Å². (H) Relative 619 
change in particle distances for graphene coated and non-coated samples. Two of the non-620 
coated samples showing artifacts, one of which shown in (A-C), and the last image of the 621 
second sample in D, as well as three coated samples were analyzed (one is shown in E-G). In 622 
total, ten QD pairs were examined per sample with distances ranging between 250 nm and 3 623 
µm. The relative change reflects the average of all measurements in one group. 624 
 625 
Supplementary Table 1: Recipes for solutions and buffers. 626 
 627 
DISCUSSION: 628 
To better understand protein function, it is important to obtain information about protein 629 
locations in the plasma membrane of intact cells. Methods for obtaining this information 630 
include super-resolution fluorescence microscopy1,2. Although super-resolution microscopy 631 
has further developed over the past years, its resolution is still limited to about 20 nm for 632 
practical conditions of cell experiments, while typical receptor proteins have sizes in the range 633 
of 1-10 nm. The imaging of proteins on single cell and single molecule level with sufficient 634 
resolution to visualize proteins is possible with EM. But due to sectioning, conventional EM 635 
methods typically do not leave the cell intact26, which leads to the loss of important 636 
information about the context and the spatial distribution of proteins in the plasma 637 
membrane. Methods for whole cells with cryo-TEM have been developed6, it is feasible to 638 
combine protein labeling with cryo-EM27, also cryo-STEM has been demonstrated28. However, 639 
cryo-EM workflows are optimized for studying the cellular ultrastructure and protein 640 
structure, and not so much for analyzing membrane protein spatial distributions. Critical point 641 
drying is another whole cell preparation method but the samples are subjected to several 642 
drying steps, and the technique is highly time-consuming29. Membrane proteins have also 643 
been examined via freeze fracture7. In this method, cells are fixed, frozen, and fractured. The 644 
fractured parts are replicated by carbon and platinum layers, and the biological sample is 645 
removed. The replicas can then be analyzed with EM30. Whole cell analysis is impossible with 646 
freeze fraction because information about the distribution of proteins in the membrane 647 
within context of the whole cell is lost.  648 
 649 
The method presented here allows the cell membrane to be studied without needing to thin-650 
slice the specimen9,31. The cells are kept intact so that the localization of the membrane 651 
proteins is visible from the fluorescence images, which are correlated with the EM images. 652 
Studying proteins at the single cell and single molecule level within intact cells in hydrated 653 
state has shown to be possible with a resolution of 2 nm using STEM of QD labeled proteins 654 
using this graphene enclosure method9. Keeping cells in their native state is crucial, as it 655 
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preserves the spatial distribution of membrane proteins such that analyses are possible at the 656 
single cell and single molecule level, which is important for understanding protein functions, 657 
and developing new drugs for therapy approaches. 658 
 659 
Another critical aspect of imaging biological samples with EM is the radiation damage of the 660 
samples caused by the electron beam. Solutions often include the reduction of the electron 661 
dose as much as possible or various coating methods, such as encapsulating the specimen 662 
between thin layers of carbon32. Our method shows that graphene coating reduces beam-663 
induced artifacts that emerge on the cell surface for non-coated samples. Examination of the 664 
chemically fixed, and graphene coated biological samples is possible under electron beam 665 
irradiation at 200 keV beam energy up to D = (7.8±0.4)x103 e-/Å² without radiation damage, 666 
such as bright spots, appearing on the sample. Compared to other EM methods that involve 667 
elaborate sample preparation, for example, staining, embedding, (cryo-) sectioning, 668 
fracturing, etc., the method described here is less time consuming. Labeling of the proteins is 669 
performed within a few hours, and graphene coating only requires about 15 min for trained 670 
researchers. The sample preparation is comparable with the procedures needed for 671 
fluorescence microscopy. 672 
 673 
The protocol can be modified in some steps. The graphene on the microchip can also be air-674 
dried to make sure that the graphene does not move when blotted with a filter paper. If the 675 
graphene is contaminated with salt, it is possible to let it float on the surface of water for 676 
about one hour to dissolve the salt and thus minimize contamination. Occurring copper or 677 
PMMA contamination on the graphene can be reduced by extending the corresponding 678 
etching steps in the protocol. Other graphene coating methods have been described where, 679 
for example, graphene-PMMA was directly deposited on cells, and the PMMA was removed 680 
by washing in acetone afterwards33. In our method, PMMA was removed before coating to 681 
avoid any possible damage to the cells caused by additional acetone washing steps. NaCl was 682 
chosen as a substrate here because it is flat, so it does not wrinkle the graphene, and it 683 
dissolves in water to release the graphene9. Besides, it can be cut into the desired size and no 684 
substrate residues are left on the graphene. But taking those criteria in consideration, other 685 
substrates like potassium chloride can possibly be used as well. 686 
 687 
To reduce the chance of potential label-induced clustering, the GA fixation step can be 688 
implemented directly after FA fixation, after which all membrane proteins are immobilized. 689 
The first fixation step with FA already fixes the biological structure but a reduced level of 690 
membrane protein diffusion may still occur34, possibly leading to label induced clustering due 691 
to the presence of multiple Streptavidin per QD. Fixation with GA may lead to an 692 
autofluorescence signal during LM, and is, therefore, done after LM in the described protocol 693 
but can be reduced as described elsewhere34. Cacodylate buffer is quite toxic, and other 694 
fixatives can be used as well, but cacodylate is used here as it is a commonly used buffer for 695 
EM protocols, avoids precipitates, prevents the growth of bacterial and fungi, and is 696 
compatible with calcium ions that are needed to preserve the ultrastructural integrity of lipid 697 
membranes35. If needed, osmium tetroxide can be used as additional fixation for stabilizing 698 
the lipids. This would help to enhance contrast of the cell structure, but also add another 699 
metal to the system and reduce the contrast obtained on the QDs. 700 
 701 
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The protocol described here contains many steps that require good instruction. Some training 702 
is required before handling microchips to avoid scratching the SiN surface of the microchips 703 
and to prevent breakage. As mentioned before, it is recommended to prepare microchips in 704 
duplicates as the SiN window can break from time to time. Obtaining the required number of 705 
cells on a microchip also requires some experience. Coating the cells with graphene needs 706 
some training as it can be difficult to find the right tilting angle to float graphene on water. 707 
When catching the graphene from water, it may also be difficult to see the thin graphene. As 708 
soon as the graphene is on the microchip, excess water needs to be blotted off with a filter 709 
paper. This should only be done with the tip of a filter paper such to avoid removing the 710 
graphene from the microchip. 711 
 712 
Graphene coating prevented artifacts from appearing on the sample. But for D < 4 x 102 e-/Å² 713 
also no artifacts emerged for the non-coated sample, and artifacts appeared for 2 non-coated 714 
samples only. Thus, examinations of non-coated cells also seem possible, although it would 715 
be better to use graphene and avoid the risk of artifact formation. The composition of those 716 
artifacts can be analyzed in the future to give hints about how to prevent their formation. 717 
Regarding the structural stability of the cells only a minor improvement of the graphene 718 
coating was observed. The fixed cells were apparently stabilized in the examined thin areas, 719 
where their structure was in close proximity of the SiN membrane. What we did not examine 720 
here, however, were drying artifacts that are known to occur for cellular samples when 721 
exposed to vacuum4. Drying of the cells would lead to shrinkage of the cells so that also the 722 
QD distances would change as a consequence. For the electron dose used here, the distance 723 
of QDs of graphene-coated and non-coated samples remained stable. Further studies are 724 
needed to examine the effect of graphene coating on the cells for EM. 725 
 726 
One limitation of this method is that the chemical fixation of the cells is necessary; therefore, 727 
no life cell experiments can be performed. But in case the labeling is not needed and cells 728 
with a higher structural stability are used, for example bacteria, then unfixed cells can be 729 
enclosed in graphene for EM36 albeit with a different electron dose tolerance. Also, the 730 
proteins are not directly detectable, so QDs are needed to visualize the proteins. The method 731 
would benefit from smaller labels. A point of discussion is whether it is good or bad that the 732 
ultrastructure is not clearly visible. Our method is similar to that of fluorescence microscopy 733 
where only selected proteins are visible37. Increasing the visibility of the ultrastructure would 734 
also add much more information to the image, and then at some point prevent detection of 735 
the individual label positions. Furthermore, the method described here is for one protein 736 
species, and additions of the protocol are needed to be able to label multiple proteins. Last, 737 
the method works when a small high affinity specifically binding molecule such as antibody 738 
mimetic21 or nanobody38 is available. Commonly used antibodies are much larger and would 739 
prevent the detection of the functional state of the protein subunits into oligomers.  740 
 741 
Our method is useful for studying protein function on whole cells using EM while keeping the 742 
cells in hydrated state. It is readily possible to examine series of cells. Other type of cells and 743 
proteins can be studied as well. If protein labeling is not needed, a subset of the protocol can 744 
be used for graphene coating of wide variety of biological specimens. The ability to study 745 
whole cells is relevant in cellular research for understanding correlations of membrane 746 
protein function at the molecular level. 747 
 748 
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Name of Material/ Equipment

Acetone for HPLC (min. 99.8 %)

AL54 analytical balance
Albumin Fraction V, biotin-free, ≥ 98 %, for molecular 

biology

Anti-HER2 Affibody Molecule, biotin conjugated 20 µM

atomic resolution analytical microscope JEM-ARM200F

Boric Acid

Cacodylic acid sodium salt trihydrate ≥ 98 %

Cell Culture Flasks, PS, treated, sterile, Filter screw cap 

50ml
Cell Culture Flasks, PS, treated, sterile, Filter screw cap 

250ml

Cell Culture Multiwell plates, treated, 24-well

Cell Culture Multiwell plates, treated, 96-well

CELLSTAR Cell Culture Flasks TC treated, 250 ml

CELLSTAR Cell Culture Multiwell Plates 96-well

CELLSTAR Centrifuge Tubes 15 ml sterile

CELLview cell culture dish, PS, 35/10mm, glass bottom, 

1 compartment

Centrifuge 5418

Centrifuge Tubes 50 ml sterile

Corning CellStripper non-enzymatic cell dissociation 

solution

D(+)-Saccharose min. 99,7 %, powdered

Disposable Hemocytometer C-Chip Neubauer 

improved

Easypet

Eppendorf Research plus pipettes variable, 0.1 - 2.5 µl

Eppendorf Research plus pipette variable, 2 -20 µl

Eppendorf Research plus pipette variable, 10 - 100 µl

Table of Materials Click here to access/download;Table of
Materials;JoVE_Materials (1).xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1218235&guid=7519584a-add9-4203-87c8-e6bbbeb3c0bb&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1218235&guid=7519584a-add9-4203-87c8-e6bbbeb3c0bb&scheme=1


Eppendorf Research plus pipette variable, 100 - 1000 

µl

Ethanol absolute for HPLC (min. 99.9 %)

Fibronectin-like engineered protein*poly mer-plus

Fluorescence Microscope Leica DMI6000

Gibco Dulbecco's Modified Eagle Medium (DMEM), 

high glucose, GlutaMAX Supplement, pyruvate

Gibco Fetal Calf Serum (FCS)

Gibco Goat Serum, New Zealand origin

Gibco Phosphate buffered saline (PBS), pH 7.4

Galaxy 48R CO2 Incubator

Gatan Model 950 Solarus— Plasma Cleaner

Glutaraldehyde solution Grade I, 25% in H2O, specially 

purified for use as an electron microscopy fixative 

Glycine ≥ 98.5 % Ph.Eur., USP, BP

Inverted Laboratory Microscope Leica DM IL LED

Hot plate

MEM non-essential Aminoacids (NEAAs) 100x W/O L-

Glutamine

Microscope glass slides 76 mm x 26 mm

micro tubes (1.5 ml, 2 ml) non-sterile

MSc-Advantage— Class II Biological Safety Cabinet

Ocean Microchips SiN window 400x150 µm, 200 nm 

spacer

Omnifix Single-use syringe Luer Lock Solo (10 ml, 20 

ml, 50 ml)

Oven

Parafilm

Paraformaldehyde 16 % solution, EM grade

Perfekt-Kescher with handle



Pipette tips with aerosol barrier in racks, non-sterile

Pipette tips with aerosol barrier in racks, sterile

Poly-L-Lysine 0.01 % solution mol.WT.70.000 - 150.000

Qdot 655 Streptavidin Conjugate 1 µM

Razor blade, Gem Uncoated 3 Facet, Steel Back, 

Degreased
round filter paper, ashless, Grade 589/3 blue ribbon, 

diam. 150mm

Routine stereo Microscope Leica M60

Serological ROTILABO pipettes, sterile (1 ml, 2 ml, 10 

ml)

Serological pipettes, sterile, (1 ml, 2 ml, 10ml)

Serological pipettes, sterile, (5 ml, 25 ml, 50 ml)

Shaking water bath SW22

Sodium chloride
Sodium chloride crystals, cleaved 12 mm x 12 mm x 0.5-

1 mm
Sodium tetraborate decahydrate, ACS reagent, ≥ 99.5 

%

Sodium persulfate

syringe filters ROTILABO PES, sterile 0.22 µm

Trivial Transfer Graphene 3-5layers, 1 cm x 1 cm



Tweezers Dumoxel 03

Tweezers Inox 02

Tweezers, plastic replaceable tip

Water ROTISOLV HPLC gradient grade



Company
Catalog 

Number

Comments/

Description

Th. Geyer GmbH + Co. KG, Renningen, Germany 2626-1L

Mettler-Toledo GmbH, Giessen, Germany 30029077

Carl Roth GmbH + Co KG, Karlsruhe, Germany 0163.2

Affibody, Solna, Sweden
10.0817.02.0

001

JEOL (Germany) GmbH, Freising, Germany

Sigma-Aldrich, Merck, Darmstadt, Germany B6768-500G

Carl Roth GmbH + Co KG, Karlsruhe, Germany 5169.1

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany
7696781

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany 7696782

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany
7696792

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany
7696794

Greiner Bio-One GmbH, Frickenhausen, Germany 658170

Greiner Bio-One GmbH, Frickenhausen, Germany 655180

Greiner Bio-One GmbH, Frickenhausen, Germany 188271

Greiner Bio-One GmbH, Frickenhausen, Germany 627861

Eppendorf, Wesseling-Berzdorf, Germany 5401000010

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany
7696705

Corning, NY, USA 25-056-CI 

Th. Geyer GmbH + Co. KG, Renningen, Germany 9286.1

Carl Roth GmbH + Co KG, Karlsruhe, Germany
PK36.1

Eppendorf, Wesseling-Berzdorf, Germany 4430000018

Eppendorf, Wesseling-Berzdorf, Germany 3123000012

Eppendorf, Wesseling-Berzdorf, Germany 3123000039

Eppendorf, Wesseling-Berzdorf, Germany 3123000047



Eppendorf, Wesseling-Berzdorf, Germany 3123000063

Th. Geyer GmbH + Co. KG, Renningen, Germany 2222-1L

Th. Geyer GmbH + Co. KG, Renningen, Germany F8141

Leica Microsystems GmbH, Wetzlar, Germany

FisherScientific, Hampton, NH, USA 31966021

FisherScientific, Hampton, NH, USA 10099141
lot number: 

1751893

FisherScientific, Hampton, NH, USA 16210064
lot number: 

1788320

ThermoFisher Scientific, Waltham, MA, USA 10010015
New Brunswick, Eppendorf, Wesseling-Berzdorf, 

Germany CO48310001

Gatan GmbH, München, Germany

Sigma-Aldrich, Merck, Darmstadt, Germany G5882

Carl Roth GmbH + Co KG, Karlsruhe, Germany T873.1

Leica Microsystems GmbH, Wetzlar, Germany DM IL LED
Heidolph Instruments GmbH & CO. KG, 

Schwabach, Germany
MR 3002

Biowest, Nuaillé, France X0557-100

DWK Life Sciences GmbH, Wertheim/Main

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany

1.5 ml: 

7696751, 2 

ml: 7696752
ThermoFisher Scientific, Waltham, USA

DENSsolutions, Delft, The Netherlands

B. Braun Melsungen AG, Melsungen, Germany

10 mL: 

C542.1       20 

ml: T550.1

purchased 

via Carl 

Roth 

GmbH&Co. 

KG, 

Karlsruhe

Memmert GmbH + Co. KG, Schwabach, Germany VO 200

VWR, Darmstadt, Germany #291-0057

Electron Microscopy Sciences, Hatfield, PA, USA 15710

Plano GmbH, Wetzlar, Germany T5112

https://de.vwr.com/store/catalog/product.jsp?catalog_number=291-0057


Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany

2-200µl: 

7695892

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany

0.1-10 µl: 

7695880               

2-100 µl: 

7695883           

100-1000 µl: 

7695886        

1250 µl XL: 

7695887

Th. Geyer GmbH + Co. KG, Renningen, Germany P4707

Invitrogen, ThermoFisher Scientific, Waltham, MA, 

USA
Q10121MP

Personna, AccuTec Blades, Verona, VA, USA 94-0451

Schleicher & Schuell, Dassel, Germany 300212

Leica Microsystems GmbH, Wetzlar, Germany M60

Th. Geyer GmbH + Co. KG, Renningen, Germany

1 ml: N231.1       

2 ml: N236.1      

10 ml: 

ET30.1

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany

1ml: 

7695550 

2ml: 

7695551 

10ml: 

7695553

Labsolute, Th. Geyer GmbH + Co. KG, Renningen, 

Germany

5 mL: 

7695552 

25ml: 

7695554 

50ml: 

7695555
Julabo GmbH, Seelbach, Germany 9550322

Carl Roth GmbH + Co KG, Karlsruhe, Germany HN00.1
International Crystal Laboratories, Garfield, NJ, 

USA
9750

Sigma-Aldrich, Merck, Darmstadt, Germany S9640-500G

carl Roth GmbH + Co KG, Karlsruhe, Germany 4365.2

Carl Roth GmbH + Co KG, Karlsruhe, Germany P668.1

ACS material, Pasadena, CA, USA TTG30011



Manufactures D’Outils Dumont SA, Montignez, 

Switzerland
0103-7-PO

Manufactures D’Outils Dumont SA, Montignez, 

Switzerland
0102-7-PO

Ideal-tek SA, Balerna, Switzerland 5SVR.SA

Carl Roth GmbH + Co KG, Karlsruhe, Germany A511.2
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Phosphate buffered saline PBS

Bovine serum albumine BSA

Goat serum GS

Anti-HER2 Affibody molecule biotin conjugatedAffibody

Cacodylate buffer CB

Formaldehyde FA

Streptavidin-QuantumDots 655QDs

Glutaraldehyde GA

Sodium Azide NaN3

Labeling plate I PBS/BSA

Blocking solution PBS/BSA/GS

Affibody

Fixation plate CB

FA

Blocking solution PBS/glycine

Labeling plate II 20nM QDs

Post-fixation GA

PBS/BSA/NaN3

Abbreviations
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Prepare a solution with 1% bovine serum albumine (BSA) in PBS. Sterile-filter the solution using a 0.2 µm pore size filter.

Prepare a solution 1 % GS in PBS/BSA. Sterile-filter with a 0.2 µm pore size filter.

Dilute Affibody stock solution (20 µM) 1:100 in PBS/BSA/GS to a final concentration of 200 nM.

Prepare 0.1 M CB pH 7.4, containing 0.1 M sucrose. 

Dilute stock solution of 16 % FA (EM-grade) to a 3 % solution in CB.

Prepare a solution of 0.1 M glycine in PBS.

Centrifuge QD stock solution (1 µM) at 8,000 x g for 4 min, take from the supernatant and dilute 1:3 in borate buffer (BB) 40 mM pH 8.3 to prevent clustering, and add PBS/BSA up to the desired volume.

Dilute GA stock solution (25 %) (EM-grade) to a 2 % solution in CB.

Dilute stock solution of sodium azide (NaN3) (8 %) to 0.02 % NaN3 in PBS/BSA.



NOTE: A solution with 1% BSA is not enough to stimulate cells, where usually 5-10% is used.

CAUTION: CB is acutely toxic by inhalation or oral ingestion and is hazardous to waters. Work under the fume hood with appropriate protection and dispose CB according to the safety data sheet. 

CAUTION: FA is corrosive and harmful for skin and health. Work under the fume hood and refer to the SDS for information about handeling and disposal.

The stock solution is diluted in BB. To first dilute in BB and fill up with PBS/BSA then prevents agglomeration of the QDs.

CAUTION: GA is hazardous to waters, harmful for skin, the respiratoy system and eyes. Work under the fume hood and refer to the SDS for information about handeling and disposal.

CAUTION: NaN3 is hazardous to waters and acutely toxic by oral ingestion, for skin and the respiratory system. Work under the fume hood and refer to the SDS for information about handeling and disposal.



CAUTION: CB is acutely toxic by inhalation or oral ingestion and is hazardous to waters. Work under the fume hood with appropriate protection and dispose CB according to the safety data sheet. 

CAUTION: FA is corrosive and harmful for skin and health. Work under the fume hood and refer to the SDS for information about handeling and disposal.

The stock solution is diluted in BB. To first dilute in BB and fill up with PBS/BSA then prevents agglomeration of the QDs.

CAUTION: GA is hazardous to waters, harmful for skin, the respiratoy system and eyes. Work under the fume hood and refer to the SDS for information about handeling and disposal.

CAUTION: NaN3 is hazardous to waters and acutely toxic by oral ingestion, for skin and the respiratory system. Work under the fume hood and refer to the SDS for information about handeling and disposal.



CAUTION: NaN3 is hazardous to waters and acutely toxic by oral ingestion, for skin and the respiratory system. Work under the fume hood and refer to the SDS for information about handeling and disposal.


