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SUMMARY:  22 
Here, we present several simple methods for evaluating viability and death in 3D cancer cell 23 
spheroids, which mimic the physico-chemical gradients of in vivo tumors much better than 24 
the 2D culture. The spheroid model, therefore, allows evaluation of the cancer drug efficacy 25 
with improved translation to in vivo conditions.  26 
 27 
ABSTRACT: 28 
Three-dimensional spheroids of cancer cells are important tools for both cancer drug 29 
screens and for gaining mechanistic insight into cancer cell biology. The power of this 30 
preparation lies in its ability to mimic many aspects of the in vivo conditions of tumors while 31 
being fast, cheap, and versatile enough to allow relatively high-throughput screening. The 32 
spheroid culture conditions can recapitulate the physico-chemical gradients in a tumor, 33 
including the increasing extracellular acidity, increased lactate, and decreasing glucose and 34 
oxygen availability, from the spheroid periphery to its core. Also, the mechanical properties 35 
and cell-cell interactions of in vivo tumors are in part mimicked by this model. The specific 36 
properties and consequently the optimal growth conditions, of 3D spheroids, differ widely 37 
between different types of cancer cells. Furthermore, the assessment of cell viability and 38 
death in 3D spheroids requires methods that differ in part from those employed for 2D 39 
cultures. Here we describe several protocols for preparing 3D spheroids of cancer cells, and 40 
for using such cultures to assess cell viability and death in the context of evaluating the 41 
efficacy of anticancer drugs.  42 
 43 
INTRODUCTION: 44 
The use of multicellular spheroid models in cancer biology is several decades old1,2, but has 45 
gained substantial momentum in recent years. In large part, this reflects increased 46 
awareness of how strongly the phenotype of cancer cells is dependent on their 47 
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microenvironment and specific growth conditions. The microenvironment in solid tumors is 48 
fundamentally different from that in corresponding normal tissues. This includes physico-49 
chemical conditions such as pH, oxygen tension, as well as interstitial pressure, 50 
concentration gradients of soluble factors such as nutrients, waste products, and secreted 51 
signaling compounds (growth factors, cytokines). Furthermore, it includes the organization 52 
of the extracellular matrix (ECM), cell-cell interactions and intercellular signaling, and other 53 
aspects of the particular three-dimensional (3D) architecture of the tumor3-6. The specific 54 
microenvironmental conditions in which cancer cells exist, profoundly affect their gene 55 
expression profile and functional properties, and it is clear that, compared to that of cells 56 
grown in 2D, the phenotype of 3D spheroids much more closely mimics that of in vivo 57 
tumors7-11. 2D models, even if they employ hypoxia, acidic pH, and high lactate 58 
concentrations to mimic known aspects of the tumor microenvironment, still fail to capture 59 
the gradients of physico-chemical parameters arising within tumors, as well as their 3D 60 
tumor architecture. On the other hand, animal models are costly, slow, and ethically 61 
problematic, and generally, also have shortcomings in their ability to recapitulate human 62 
tumor conditions. Consequently, 3D spheroids have been applied as an intermediate 63 
complexity model in studies of a wide range of properties of most solid cancers9,11-17. 64 
 65 
A widely employed use of 3D spheroids is in screening assays of anticancer therapy 66 
efficacy9,18-20. Treatment responses are particularly sensitive to the tumor 67 
microenvironment, reflecting both the impact of the tortuosity, restricted diffusion, high 68 
interstitial pressure, and acidic environmental pH on drug delivery, and the impact of 69 
hypoxia and other aspects of the microenvironment on the cell death response9,17. Because 70 
the environment within 3D spheroids inherently develops all of these properties7-11, 71 
employing 3D cell cultures can substantially improve the translation of results to in vivo 72 
conditions, yet allow efficient and affordable high-throughput screening of the net growth. 73 
However, the great majority of studies on the drug response of cancer cells are still carried 74 
out under 2D conditions. This likely reflects that, while some assays can relatively easily be 75 
implemented for 3D cell cultures, many, such as viability assays, western blotting, and 76 
immunofluorescence analysis, are much more conveniently done in 2D than in 3D.  77 
 78 
The aim of the present work is to provide easily amenable assays and precise protocols for 79 
analyses of the effect of treatment with anti-cancer drugs on cancer cell viability and 80 
survival in a 3D tumor mimicking setting. Specifically, we provide and compare three 81 
different methods for spheroid formation, followed by methods for qualitative and 82 
quantitative analyses of growth, viability and drug response.   83 
 84 
PROTOCOL 85 
 86 
1. Generation of spheroids 87 
 88 
1.1. Preparing cell suspensions for spheroid formation 89 
 90 
NOTE: Different cell lines have very different adhesion properties and the most suitable 91 
spheroid formation protocol must be established in each case. It was tested that MCF-7 and 92 
BxPC-3 cells are suitable for spontaneous spheroid formation, while MDA-MB-231, SKBr-3, 93 
Panc-1 and MiaPaCa require the addition of reconstituted basement membrane to 94 
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successfully form spheroids. Only MDA-MB-231 and BxPC-3 cells have been employed for 95 
the hanging drop protocol, however other cell lines are certainly applicable. 96 
 97 
1.1.1. Grow cells as monolayer until 70-80% confluency. 98 
 99 
1.1.2. Wash cells with phosphate buffered saline (1x PBS, 5 mL for a 25 cm2 or 10 mL for a 100 
75 cm2 flask), add the cell dissociation enzyme (0.5 mL for a 25 cm2 or 1 mL for a 75 cm2 101 

flask) and incubate the cells for 2-5 min at 37 C in 5% CO2 and 95% humidity. 102 
 103 
1.1.3. Check the cell detachment under a microscope and neutralize the cell dissociation 104 
enzyme by adding growth medium (6-10% serum depending on the cell line) to a total 105 
volume of 5 mL in a 25 cm2 or 10 mL for a 75 cm2 flask. 106 
 107 
1.1.4. Use a Bürker chamber to count cells (Figure 1A (i)) and count 8 squares in the 108 
chamber per cell preparation to obtain a high reproducibility of the size of the spheroids. 109 
 110 
NOTE: Three protocols each describing a different method for spheroid formation are 111 
presented below. Protocol 1.2 and 1.3 can be used for all the subsequent analytic protocols 112 
presented, whereas protocol 1.4 is best suited for embedding and lysate preparations. 113 
Depending on the cell line, spheroid formation takes 2-4 days, irrespective of the method 114 
used.  115 
 116 
1.2. Spontaneous spheroid formation 117 
 118 
1.2.1. Perform steps 1.1.1-1.1.4.  119 
 120 
1.2.2. Dilute the cell suspension in a 15 mL tube to obtain 0.5-2 x 104 cells/mL (optimal cell 121 
density needs to be determined for each cell line) (Figure 1A (ii)). 122 
 123 
1.2.3. Transfer the cell suspension to a sterile reservoir and, using a multichannel pipette, 124 
dispense 200 µL/well into ultra-low attachment 96-well round bottom plates (Figure 1A 125 
(iii)). Fill the outer ring of wells with 1x PBS or growth medium to reduce evaporation from 126 
the remaining wells. 127 
 128 

1.2.4. Incubate the plate in an incubator at 37 C with 5% CO2, 95% humidity. 129 
 130 
1.2.5. Every 2-3 days acquire light microscopic images of the spheroids.  131 
 132 
NOTE: The images in this paper are taken at 11.5x magnification, which is appropriate for 133 
most spheroids prepared using these protocols. 134 
 135 
1.2.6. Every 2-3 days (after acquiring images) replace 100 µL of medium (remove 100 µL of 136 
the spent medium and replace with 100 µL of fresh medium.  137 
 138 
NOTE: To avoid removing spheroids when replacing medium, it is advisable to tilt the plate a 139 
bit while slowly removing the medium and inspect the aspirated medium in the tips for 140 
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visible spheroids before discarding it. 141 
 142 
1.3. Reconstituted basement membrane-mediated spheroid formation. 143 
 144 
NOTE: Lactose dehydrogenase elevating virus (LDEV)-free reduced growth factor 145 
reconstituted basement membrane (rBM) was used. rBM is temperature-sensitive and 146 

should always be kept on the ice, as it will clot if it reaches 15 C. Thaw the rBM on ice 147 

either overnight at 4 C or 2-4 h at room temperature (RT) before plating. 148 
 149 
1.3.1. Thaw rBM on ice (see Table of Materials).  150 
 151 
1.3.2. Keep plates and reservoirs (if individually wrapped) on the ice before use. 152 
 153 
1.3.3. Perform steps 1.1.1-1.1.4. 154 
 155 
1.3.4. Dilute the cell suspension in a 15 mL tube to obtain 0.5-2 x 104 cells/mL (optimal cell 156 
density needs to be determined for each cell line) (Figure 1A (ii)). 157 
 158 
1.3.5. Place the 15 mL tube containing the diluted cell suspension on the ice (e.g., in glass 159 
beaker) (Figure1A (iia)). 160 
 161 
1.3.6. Transfer the chilled plates and reservoirs to the hood. Rinse plastic containers, fill 162 
them with ice and transfer them into the hood to allow the plates and reservoirs to be 163 
placed on ice during the entire procedure. 164 
 165 
1.3.7. Resuspend rBM gently to ensure a homogenous gel. 166 
 167 
1.3.8. Add 1-2% rBM (optimal concentration needs to be determined for each cell line) to 168 
the chilled cell suspensions (Figure 1A (iib)). 169 
 170 
1.3.9. Invert the 15 mL tube to ensure the proper mixing of rBM and cell suspension before 171 
dispensing the suspension into the plate. 172 
 173 
1.3.10. Transfer the rBM-containing cell suspension to a sterile reservoir and dispense 200 174 
µL/well into chilled ultra-low attachment 96-well plates using a multichannel pipette (Figure 175 
1A (iii)). 176 
 177 
NOTE: If working with several cell suspensions (e.g., more than one cell line), it is essential 178 
to dispense each cell suspension immediately after rBM addition to prevent premature 179 
gelling. 180 
 181 

1.3.11. Centrifuge the plate for 15 min at 750 x g (if possible, at 4 C to keep the rBM fluid 182 
longer but not a requirement for successful spheroid formation), to ensure that the cells are 183 
clustered together when the rBM hardens, facilitating the formation of one single spheroid.  184 
 185 

1.3.12. Incubate the plate in an incubator (37 C, 5% CO2, 95% humidity). 186 
 187 
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1.3.13. Every 2-3 days acquire light microscopic images for evaluation of spheroid growth.  188 
 189 
1.3.14. Every 2-3 days replace 100 µL of medium (remove 100 µL and replace with 100 µL of 190 
fresh medium). 191 
 192 
1.4. Hanging drop spheroids. 193 
 194 
1.4.1. Perform step 1.1.1-1.1.4. 195 
  196 
1.4.2. Dilute cells to obtain a suitable dilution. A practical dilution is 50,000 cells/mL.  197 
 198 
1.4.3. Remove the lid of a 10 cm2 cell culture dish and place it so it faces upwards. Add 6 mL 199 
of 1x PBS to the dish (Figure 1B (i)). 200 
 201 
1.4.4. Pour the cell suspension into a sterile reservoir and carefully place up to 30 drops of 202 
40 µL of cell suspension onto the lid of the cell culture dish using a multichannel pipette 203 
(Figure 1B (ii)), resulting in a concentration of 2,000 cells/drop. Avoid placing the drops too 204 
close to the edge of the lid as these drops are more likely to lose surface tension when 205 
inverting the lid in the following step.  206 
 207 
1.4.5. Invert the lid in a quick but controlled movement and place it on top of the 1x PBS-208 
containing cell culture dish (Figure 1B (iii)).  209 
 210 

1.4.6. Place the dish in an incubator at 37 C with 5% CO2 and 95% humidity without 211 
disturbing the drops and leave them to grow for 4-6 days.  212 
 213 
1.4.7. If to be used for protein lysates or embedding, pool spheroids by removing the lid and 214 
tilt it, in order to wash down the drops with 1 mL of heated media. Transfer the resulting 215 
media containing spheroids to a 1.5 mL tube and allow them to settle to the bottom of the 216 
tube. Proceed as described in 5.4 and 6.2.2 for protein lysates and embedding, respectively.  217 
 218 
2. Drug treatment of spheroids 219 
 220 
NOTE: Long-term drug treatment can be applied to the spheroids in order to screen for 221 
effects of a drug of interest. Before initiating the drug treatment, it is advisable to perform a 222 
dose response experiment of the drug(s), in order to find an appropriate dose for the 223 
experimental treatment. The doses should be based on the determined IC50/Ki of the drug 224 
and range from around 0.2x-10x of this value. 225 
 226 
2.1. Set up 6-12 spheroids per the desired condition as described in 1.2 or 1.3 and place in 227 

the incubator (37 C, 5% CO2, 95% humidity) for 2 days. 228 
 229 
2.2. On day 2, take light microscopic images of the spheroids. 230 
 231 
2.3. Prepare the first treatment doses (after acquiring images).  232 
 233 
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NOTE: The first treatment concentration must be twice the desired final concentration as 234 
the solution will be diluted 1:2 upon addition to the well containing 100 µL medium. 235 
Suggested drug treatment intervals (will depend on drug half-life): Day 2, 4 and 7.  236 
 237 
2.4. Using a multichannel pipette, gently remove 100 µL of medium and replace it with 100 238 
µL of drug containing medium.  239 
 240 

2.5. Place the 96-well plate back in the incubator at 37 C with 5% CO2 and 95% humidity 241 
and repeat 2.3 and 2.4 on the chosen days of treatment but now without doubling the dose 242 
to obtain correct final dose.  243 
 244 
2.6. On the final day of the protocol/treatment schedule, one or several of the following 245 
assays can be performed. 246 
 247 
3. Cell viability assay for spheroids 248 
 249 
3.1. Set up 4-6 spheroids per the desired condition as described in 1.2 or 1.3 and place in 250 

the incubator at 37 C with 5% CO2 and 95% humidity.  251 
 252 
NOTE: In this case, the cell viability assay was performed on day 7 or 9, after having 253 
monitored spheroid growth every 2-3 days by light microscopy as described above (point 254 
1.2.5 and 1.3.13). 255 
 256 
3.2. Thaw the viability assay reagent (see Table of Materials) and let it equilibrate to RT 257 
prior to use.  258 
 259 
3.3. Mix gently by inverting to obtain a homogeneous solution. 260 
 261 
3.4. Before performing the assay, remove 50% of the culture medium from the spheroids 262 
(100 µL).  263 
 264 
3.5. Add cell viability reagent to each well at a 1:3 ratio to the amount of medium present in 265 
the well (Figure 2A (i)) For a 96-well plate, add 50 µL of reagent to 100 µL of medium. 266 
 267 
3.6. Mix the contents vigorously for 5 min to induce cell lysis (Figure 2A (ii)). 268 
 269 
3.7. Incubate for 25 min at RT to stabilize the luminescent signal (Figure 2A (iii)).  270 
 271 
3.8. Record the luminescent signal (Figure 2A (iv)). 272 
 273 
4. Propidium iodide (PI) staining of spheroids 274 
 275 
4.1. Set up 3-6 spheroids per desired the condition as described in 1.2 or 1.3 and place in 276 

the incubator at 37 C with 5% CO2 and 95% humidity.  277 
 278 

4.2. In a sterile cell culture lab, heat 1x PBS to 37 C.  279 
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4.3. Make a PI solution of 4 µM by diluting stock solution in 1x PBS: Dilute a 1 mg/mL 280 
aqueous stock of PI 1:350 in 1x PBS.  281 
 282 
NOTE: This concentration will be further halved upon addition of the solution to the wells 283 
giving a final concentration of 2 µM. 100 µL of this solution is needed for each well 284 
containing a spheroid.  285 
 286 
CAUTION: Propidium iodide (PI) must be handled in a fume hood and wearing gloves. PI is 287 
light sensitive. Protect from light when handling.  288 
 289 
4.4. Remove 100 µL of the medium from each well in the 96-well plate without removing 290 
the spheroids.  291 
 292 
4.5. Wash out the remaining medium by adding 100 µL of heated 1x PBS to all wells 293 
followed by removing 100 µL of the liquid in the wells. Repeat this washing step 3 times.  294 
 295 
4.6. Add 100 µL of the PI solution to each well, cover the plate in aluminum foil and place it 296 

in an incubator at 37 C with 5% CO2 and 95% humidity for 10-15 min.  297 
 298 
4.7. Repeat the 3 washing steps described in 4.5 to wash out PI solution, in order to diminish 299 
background signal when imaging. 300 
 301 
4.8. Use an epifluorescence microscope to image the spheroids. To evaluate the viability of 302 
cells in the spheroid core take z-stacks to get images with varying depths of the spheroid.  303 
 304 
NOTE: A step size around 18-35 µm between each slice depending on spheroid size is 305 
advisable, giving approximately 11-18 stacks per spheroid. Z-stacks can be processed in 306 
ImageJ using the z-projection function, which can combine all z-stacks into one final picture, 307 
giving an overview of the staining throughout the spheroid (for further guidelines on the use 308 
of ImageJ for this purpose, see (https://imagej.net/Z-functions).  309 
 310 
5. Preparing protein lysates for western blotting from 3D spheroid cultures 311 
 312 
NOTE: When collecting the spheroids, it is advisable to use a P200 pipette and cut the end of 313 
the tip to allow a bigger opening and hence an easier capture of the spheroids without 314 
disturbing their structure. 315 
 316 
5.1. For each condition, pool a minimum of 12, ideally 18-24 spheroids (depending on 317 
spheroid size) in a 1.5 mL tube (avoid 2 mL tubes, as the next steps will become more 318 
difficult due to their less pointy bottom). 319 
 320 
NOTE: If the amount of medium exceeds 1.5 mL before having collected all the spheroids, 321 
allow the collected spheroids to settle at the bottom (happens very quickly, centrifugation 322 
not necessary) and discard half the volume of the tube before continuing collecting the 323 
remaining spheroids. 324 
 325 
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5.2. Place tubes on ice and allow the spheroids to settle at the bottom of the 1.5 mL tube. 326 
 327 
5.3. Move from the sterile cell laboratory to the regular laboratory. 328 
 329 
5.4. Wash spheroids twice in 1 mL of ice-cold 1x PBS. Let spheroids settle before removing 330 
1x PBS between each washing step. 331 
 332 
5.5. Aspirate as much 1x PBS as possible without disturbing or removing the spheroids. 333 
 334 
5.6. Add 5 µL of heated lysis buffer (LB) with phosphatase- and protease inhibitors, per 335 
spheroid (e.g., 10 spheroids = 50 µL LB). 336 
 337 
5.7. Repeat intervals of vortex followed by spin down until spheroids are dissolved. Perform 338 
a cycle of vortexing for 30 s followed by centrifugation (a quick spin using a tabletop 339 
centrifuge is sufficient) for 10 s for approx. 5-10 min depending on the size and the 340 
compactness of the spheroids. 341 
 342 

NOTE: The protocol can be paused here. Keep the lysates at -20 C until proceeding with 343 
sonication, homogenization and protein determination as in a standard 2D protein lysate 344 
protocol, followed by western blotting using standard protocols. 345 
 346 
6. Embedding of 3D spheroids 347 
 348 
6.1. Prepare the agarose gel into which the spheroids are embedded (only necessary first 349 
time performing the protocol). 350 
 351 
6.1.1. Mix 1 g of bactoagar in 50 mL of ddH2O. 352 
 353 
6.1.2. Heat slowly in microwave oven until the bactoagar has dissolved and a homogenous 354 
gel has formed. Do not allow the gel to boil. 355 
 356 

6.1.3. Keep it warm in a water bath at 60 C.  357 
 358 

6.1.4. Keep at 4 C between experiments. 359 
 360 
6.2. Embedding of spheroids. 361 
 362 
6.2.1. On day 1, for each condition, pool a minimum of 12 spheroids in a 1.5 mL tube.  363 
 364 
6.2.2. Wash once with 1 mL of ice-cold 1x PBS.  365 
 366 
6.2.3. To fix the spheroids, add 1 mL of 4% paraformaldehyde. 367 
 368 
6.2.4. Let them incubate for 24 h at RT. 369 
 370 
6.2.5. On day 2, heat the agarose gel carefully by placing it in a water-filled beaker in a 371 
microwave oven. Ensure that the gel does not boil! Keep warm in a benchtop heating plate, 372 
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at 60 C until use. 373 
 374 
6.2.6. Wash spheroids twice with 1 mL of ice-cold 1x PBS. 375 
 376 
6.2.7. Aspirate most of the 1x PBS (leaving approximately 100 µL at this point is practical for 377 
handling the spheroids). 378 
 379 
6.2.8.  Prepare a 20 µL pipette by cutting the pipette tip at an incline to obtain a pointier tip 380 
with a larger hole (see illustration). 381 
 382 
NOTE: The next part has to be done quickly to ensure optimal spheroid transfer and to avoid 383 
solidification of gel drop. If no heating block is available, it is recommended to first catch the 384 
spheroids and then make the agarose drop (i.e., switching the order of points 6.2.9 and 385 
6.2.10). 386 
 387 
6.2.9. Make an agarose gel drop on a microscope slide. Place the slide on a warm heating 388 
block to prevent the agarose from solidifying. 389 
 390 
6.2.10. Using the modified pipette tip (see 6.2.8), catch as many spheroids as possible in a 391 
volume of 15-20 µL.  392 
 393 
6.2.11. Carefully inject the 15-20 µL spheroid-containing 1x PBS into the center of the 394 
agarose gel drop without touching the microscope slide.  395 
 396 
NOTE: This is a slightly difficult point. The spheroids will be lost if the pipette tip touches the 397 
microscope slide when injecting the spheroids into the gel drop. It is advisable to practice 398 
the whole process of making the agarose drop and injecting the spheroids by injecting a 399 
colored liquid into the drop. This will allow visualization of a potential penetration through 400 
the drop, as the colored liquid will be leaking out onto the slide.  401 
 402 

6.2.12. Let the agarose gel drop harden by incubating for 5-10 min at RT or at 4 C. Once the 403 
gel drop has solidified somewhat (but still rather soft), carefully push the gel drop from the 404 
microscope slide into a plastic tissue cassette with a scalpel. 405 
 406 
6.2.13. Cover the plastic tissue cassettes in 70% ethanol.  407 
 408 
NOTE: At this point the spheroids can be used directly or stored for months. 409 
 410 
6.2.14. Embed the agarose-embedded spheroid in paraffin, section into 2-3 µm thick layer 411 
slides and stain with hematoxylin and eosin or subject to immuno-histological staining. 412 
 413 
REPRESENTATIVE RESULTS 414 
Spheroid growth assays based on the spheroid formation protocol schematically illustrated 415 
in Figure 1A and Figure 1B, were used as a starting point for analysis of the effects of anti-416 
cancer drug treatments in a 3D tumor mimicking setting. The ease with which spheroids are 417 
formed is cell line specific, and some cell lines require supplementation with rBM in order to 418 
form coherent spheroids22. The concentration of rBM added can profoundly affect the 419 
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morphology of the spheroids. As shown in Figure 1C and Figure 1D, varying the 420 
concentration of rBM between 0 and 4% alters the compactness and morphology of the 421 
spheroids in a cell type dependent manner. Figure 1C demonstrates how the addition of up 422 
to 2.5% rBM allows spheroid formation in SKBr-3 breast cancer cells, with no further effect 423 
at concentrations above 2.5% rBM. In contrast, BxPC3 pancreatic ductal adenocarcinoma 424 
(PDAC) cells, which exhibit an epithelial morphology, spontaneously form small, compact 425 
spheroids (Figure 1D, upper, left panel). In this cell type, increasing rBM concentration to 426 
1.5% or above elicits a distinct morphological change from spheroid to more convoluted 427 
structures with protrusions and invaginations, reminiscent of ductal tubular structure 428 
formation. Conversely, the addition of rBM to two other PDAC cell lines, MiaPaCa and Panc-429 
1, which have a more mesenchymal phenotype, allows the loose cellular aggregates to 430 
become tighter and form more compact spheroids (Figure 1D, middle and lower panels). 431 
These results show that the precise amount of rBM resulting in optimal spheroid formation 432 
must be titrated for each cell line and condition.  433 
 434 
A quantitative assessment of cell viability within the spheroids upon drug treatment was 435 
necessary to evaluate the effect of anti-cancer drug treatments. The assay described here is 436 
a luciferin-luciferase-based assay, which measures ATP released from live cells within 437 
spheroids. The principle of the assay is illustrated in Figure 2A. The luminescent signal 438 
generated in this assay is easily recorded by a plate reader (Figure 2A) and correlates well 439 
with viability measured by other methods23. The linear relation between ATP concentration 440 
and luminescence in the relevant concentration range is shown in Figure 2B, while Figure 2C 441 
shows the ability of the assay to assess cell death in 3D spheroids treated with anti-cancer 442 
therapy. In order to further evaluate the linearity of the assay in the relevant range, 443 
experiments to establish standard curves of the luminescent signal as a function of the 444 
number of cells were carried out (Figure 2D and Figure 2E). These results indicate that the 445 
assay is suitable for estimating cell viability in 3D spheroid cultures and that it is applicable 446 
for investigating drug-induced loss of cell viability. 447 
 448 
A combination of light microscopic images acquired every two to three days, during the 449 
treatment period and a final quantitative assessment of cell viability allows close 450 
supervision of spheroid growth and morphology as well as the assessment of optimal 451 
treatment dose. The latter is exemplified in Figure 3A and Figure 3B, where a dose-response 452 
experiment was performed to determine the dose necessary for 50% reduced cell viability in 453 
MDA-MB-231 breast cancer spheroids. Treatment effects on spheroid morphology are 454 
visualized in Figure 3C and Figure 3D for MDA-MB-231 and MCF-7 spheroids, respectively. 455 
During treatment with the chosen chemotherapeutic cocktail, the compactness of MDA-456 
MB-231 spheroids increases, while during treatment with tamoxifen, MCF-7 spheroids 457 
become increasingly frayed and uneven. In both cases, a clear drop in cell viability is visible 458 
after 7 (MDA-MB-231) or 9 (MCF-7) days of treatment (Figure 3E and Figure 3F). This 459 
demonstrates the need for both a visual and a quantitative assessment of treatment-460 
mediated effects on spheroid cell viability and morphology as well as that these parameters 461 
are highly cell- and treatment-type specific.    462 
 463 
As a supplement to the cell viability assay, staining of dead cells with PI, which cannot cross 464 
the membrane and therefore only stains necrotic or late apoptotic cells with compromised 465 
membrane integrity, allows for a quick spatial evaluation of dead cells in response to 466 
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treatment, without the time-consuming protocol of embedding, sectioning and IHC. As 467 
illustrated in Figure 4A the spatial arrangement of dead cells upon an increasing 468 
concentration of an inhibitor, in this case, the Na+/H+ exchanger 1 (NHE1) inhibitor 5-(N-469 
ethyl-N-isopropyl)-amiloride (EIPA), can be visualized. As seen, control and vehicle spheroids 470 
show a limited necrotic/late apoptotic core, whereas the dead cells are distributed 471 
throughout the spheroid as the concentration of EIPA is increased.  472 
 473 
In order to quantify the relative induction of apoptotic stress following different treatments, 474 
spheroids were lysed and subjected to SDS-PAGE gel electrophoresis and western blotting 475 
for full-length and cleaved poly (ADP-ribose) polymerase (PARP). Representative results are 476 
shown in Figure 4B and Figure 4C. In this experiment, spheroids were prepared from MDA-477 
MB-231 cells in which the lactate-proton cotransporter MCT4 or the Na+, HCO3

- 478 
cotransporter NBCn1 were knocked down using siRNA. The knockdown was evaluated by 479 
western blotting for MCT4 and NBCn1 (unpublished data). As seen, the knockdown of 480 
MCT4, but not of NBCn1, robustly increases PARP cleavage, consistent with our previous 481 
demonstration that stable knockdown of MCT4 in MDA-MB-231 cells decreases tumor 482 
growth in vivo24. 483 
 484 
To further analyze the effects of treatment and obtain information on the specific signaling-, 485 
growth arrest, and death pathways activated, the spheroids can in addition to western blot 486 
analysis be embedded and subjected to immunohistochemistry (IHC) analysis. IHC analysis 487 
of the spheroid sections allows the use of specific antibodies or markers of cell proliferation, 488 
cell cycle and programmed cell death, and facilitates a visualization of the spatial 489 
arrangement of proliferative and apoptotic cells in the spheroid. 490 
  491 
A schematic figure of the embedding protocol for IHC analysis of spheroids is presented in 492 
Figure 5A. A representative light microscopic image of an approx. 3 µm thick microtome 493 
section of an embedded spheroid is shown in Figure 5B, and an immunofluorescence image 494 
of a spheroid stained for the tumor suppressor protein p53 (nuclei stained using DAPI), is 495 
shown as Figure 5C. Examples of DMSO and chemotherapy-treated spheroids stained for 496 
the cell proliferation marker Ki-67 or for p53 are shown in Figure 5D and Figure 5E, 497 
respectively. Consistent with the antiproliferative effect of the chemotherapy treatment, 498 
the number of Ki-67 positive cells are greater in the DMSO control than in the 499 
chemotherapy-treated spheroid (Figure 5D). In contrast, p53 expression is increased during 500 
conditions of cell stress, apoptosis and growth arrest, and consequently, the number of p53-501 
stained cells is substantially higher in the chemotherapy-treated spheroids compared to 502 
DMSO controls (Figure 5E). 503 
  504 
These results illustrate examples of how spatially resolved (PI staining, IHC) or quantitative 505 
(western blotting) information on drug treatment effects in 3D spheroids can be obtained.506 
   507 
FIGURE LEGENDS:  508 
Figure 1. Spontaneous and rBM-mediated spheroid formation. (A) Schematic 509 
representation of spheroid formation using ultra-low attachment 96-well round bottom 510 
plates, with optional use of rBM. Individual steps marked by (i-iii). (B) Schematic 511 
representation of spheroid formation using the hanging drop method. Individual steps are 512 
marked by (i-iii) (C) Representative images of rBM-mediated spheroid formation of SKBr-3 513 
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cells. Cells were seeded in ultra-low attachment 96-well round bottom plates with 514 
increasing concentrations of rBM and grown for 9 days. Scale bar: 100 µm. n=3. (D) 515 
Representative images of BxPC-3, MiaPaCa and Panc-1 cells seeded for spheroid formation 516 
in ultra-low attachment 96-well round bottom plates with concentrations of rBM from 0.5-517 
2.5 %. Spheroids were grown for 4 days. Scale bar: 250 µm. n=3. 518 
 519 
Figure 2. Principle and evaluation of the cell viability assay. (A) Schematic representation 520 
of the 3D cell viability assay. Individual steps denoted by (i-iv). (B) Luminescent signal as a 521 
function of ATP concentration. Dilutions of ATP were plated in a 96-well plate and cell 522 
viability reagent added to each well. Luminescence was recorded after 30 min at 405 nm. 1 523 
n. (C) Viability, measured as luminescence, of control and chemotherapy-treated MCF-7 524 
spheroids. MCF-7 cells were seeded in ultra-low attachment round-bottom plates and were 525 
grown for 7 days. Chemotherapy treatment (5 μM Cisplatin, 5 μM Doxorubicin and 30 nM 5-526 
FU) was applied on day 2 and 4. Bars represent mean values with SD. 1 n. (D) Luminescent 527 
signal as function of the number of MCF-7 cells seeded. MCF-7 cells were seeded in 96-well 528 
plates at the indicated cell number and allowed to grow for 48 h, after which cell viability 529 
was measured. Error bars represent SD. 1 n. (E) As described in D for MDA-MB-231 cells.        530 
 531 
Figure 3. Effects of treatment regimens on spheroid morphology and cell viability. (A) 532 
Representative images of MDA-MB-231 spheroids on day 2, 4 and 7. MDA-MB-231 cells 533 
were seeded in ultra-low attachment round bottom 96-well plates. Treatment with 534 
increasing doses of chemotherapy was started on day 2, at which time all spheroids were of 535 
similar size. Rows show spheroids at increasing doses of chemotherapy, and columns show 536 
spheroids representative of size at day 2, 4, and 7 at the indicated dose. The lowest dose 537 
was 18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM 5-Fluorouracil (5-FU) and this 538 
dose was doubled for each image shown, resulting in a maximal dose of 0.3 µM Cisplatin, 539 
0.3 µM Doxorubicin and 2 nM 5-FU. Scale bar: 100 µm. 2 n. (B) Viability of MDA-MB-231 540 
spheroids, measured as luminescence, after 7 days of chemotherapeutic treatment. The 541 
bars represent mean values with SEM. 2 n. (C,D) Representative images of MDA-MB-231 (C) 542 
and MCF-7 spheroids (D) on day 2, 4, 7 and for MCF-7 spheroids 9. Cells seeded as in (A) and 543 
treated with either chemotherapy (Chemo, 18.75 nM Cisplatin, 18.75 nM Doxorubicin, 544 
0.0625 nM 5-FU) on day 2 and 4 (C) or with 2 µM Tamoxifen (Tam) on day 2, 4 and 7 (D). 545 
Scale bar: 100 µm. 4 n and 3 n, respectively. (E,F) Viability, measured as luminescence, on 546 
day 7 and 9 for (C) and (D), respectively. To test for statistically significant difference 547 
between conditions an unpaired Student’s t-test was performed. **** denotes p < 0.0001. 548 
 549 
Figure 4. Propidium iodide staining and western blot analysis of spheroids. (A) 550 
Representative images of PI-stained MCF-7 spheroids after 9 days of treatment. MCF-7 cells 551 
were seeded in ultra-low attachment 96-well plates grown for 9 days and treated with 552 
increasing concentrations of EIPA on day 2, 4 and 7. On day 9, the spheroids were stained 553 
with PI and images were acquired on an epifluorescence microscope. Scale bar: 200 µm. 1 n. 554 
(B) Representative western blots of MDA-MB-231 cells after knockout/knockdown of acid-555 
base transporters. NHE1 was knocked out by CRISPR/Cas9 in MDA-MB-231 cells 12 and the 556 
cells were subsequently transiently transfected with siRNA against MCT4 or NBCn1, and 557 
grown as spheroids for 9 days before being lysed and subjected to western blotting using an 558 
antibody recognizing total and cleaved (c)PARP. (C) Quantification of the ratio of cPARP to 559 
PARP protein level, normalized to loading control (β-actin). 1 n. 560 
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 561 
Figure 5. Fixing, embedding and immunohistochemistry analysis of spheroids. (A) 562 
Schematic representation of the protocol for embedding of spheroids. Individual steps are 563 
marked as (i-vii). (B) Image of embedded MDA-MB-231 spheroid. Scale bar: 50 µm. (C) 564 
Representative image of chemotherapy-treated MDA-MB-231 spheroid subjected to IHC 565 
analysis with antibodies against p-53. Dashed lines show the circumference of the spheroid. 566 
Scale bar: 20 µm. (D,E) Representative images of DMSO- or chemotherapy-treated (upper 567 
and lower panels, respectively) MDA-MB-231 spheroids. MDA-MB-231 cells were seeded in 568 
ultra-low attachment 96-well plates, grown for 7 days and treated with chemotherapy on 569 
day 2 and 4. On day 7, the spheroids were embedded followed by analysis by IHC with 570 
primary antibodies against Ki-67 (D) and p53 (E). White boxes represent zoom images. Scale 571 
bar: 20 µm in both magnifications, n=3.  572 
 573 
DISCUSSION 574 
The use of 3D cancer cell spheroids has proven a valuable and versatile tool not only for 575 
anticancer drug screening, but also for gaining mechanistic insight into the regulation of 576 
cancer cell death and viability under conditions mimicking those in the tumor 577 
microenvironment. This is particularly crucial as the accessibility, cellular uptake, and 578 
intracellular effects of chemotherapeutic drugs are profoundly impacted by the physico-579 
chemical conditions in the tumor, including pH, oxygen tension, tortuosity, and physical and 580 
chemical cell-cell interactions9,17. For example, the acidity of extracellular pH, which can 581 
reach values as low as 6-6.5 in many solid tumors25-29, causes weakly basic 582 
chemotherapeutic compounds, such as doxorubicin, mitoxantrone and the zwitterion 583 
paclitaxel, to be charged. This reduces their uptake into the tumor cells and can influence 584 
the activity of multidrug resistance proteins such as p-glycoprotein30-32. Also the cell 585 
proliferation, which is pivotal to the effect of most chemotherapeutic compounds, is 586 
generally reduced in 3D compared to 2D conditions and hence is likely better mimicked in 587 
tumor spheroids than in 2D cell culture8,33,34. Finally, the dense tumor microenvironment is 588 
the origin of numerous physical and soluble signaling cues directing intracellular signaling 589 
pathways regulating cell growth, survival and death. Thus, when analyzing drug efficacy, 3D 590 
culture systems are a pivotal step before embarking on in vivo models. A major drawback of 591 
3D culture is, however, the increased complexity of analysis compared to that of 2D culture. 592 
We have described here simple and relatively inexpensive techniques for spheroid 593 
formation using a variety of cancer cell types. We have shown examples of how spheroid 594 
formation must be optimized for each cell type studied and have described how to obtain 595 
quantitative data on cell viability, cell death, and associated signaling pathways, in such 596 
spheroids. There is no obvious growth- or morphological differences between the three 597 
models described here. In our hands, the variation in morphology may be slightly greater 598 
using the hanging drop method, yet an advantage of this method is that rBM is not needed. 599 
We have focused here on spheroids produced from a single cancer cell type. The spheroid 600 
model is, however, also amenable to co-culture, for instance of cancer cells with fibroblasts, 601 
monocytes/macrophages, endothelial cells, and/or adipocytes35-37. Other advanced 602 
applications of this model include the combination with 3D printed fluidic devices allowing 603 
dosing through a semipermeable membrane, followed by harvesting for quantitative 604 
proteomic profiling38. 605 
    606 
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While, as noted above, the phenotype of cells grown in 3D spheroids generally mimics that 607 
of in vivo tumors much better than do cells grown in 2D, the extent to which such spheroids 608 
are in fact relevant models of the corresponding in vivo tumors is dependent on numerous 609 
factors and has to be carefully evaluated. Parameters which will impact how well such 610 
spheroids mimic the in vivo condition include the cellular composition of the tumor and its 611 
relative ECM composition. For instance, the rBM which we have employed as ECM in the 612 
protocols provided here is a good choice for mimicking early stages of epithelial cancers, 613 
around the time of breaching the basement membrane, other ECM compositions will be 614 
more relevant for certain tumor types and -stages. Furthermore, the capacity for cell-cell 615 
adhesion differs widely between cancer cell lines, depending on their expression of cell-cell 616 
and cell-matrix adhesion proteins such as cadherins and integrins22.   617 
 618 
As described here, spheroid growth and morphology can easily and non-invasively be 619 
monitored every 2-3 days using a light microscope with low magnification optics and a large 620 
field of view. However, because the cytotoxic stress, such as chemotherapy treatment, 621 
affects spheroid morphology very differently and, in a manner, depending on the cell type 622 
and treatment scheme, it is not enough to rely on the morphology and circumference alone 623 
for evaluating treatment effect. For instance, spheroids may become looser with treatment 624 
and emerging cell death, or all death may occur in the necrotic core, while the surface is not 625 
detectably affected. In both cases, the result may be an erroneous impression that the 626 
number of live cells in the spheroid is not reduced by the treatment. Quantitative- and 627 
whole-spheroid techniques are therefore essential for evaluating treatment effect. For 628 
quantitative evaluation of cell death, the acid phosphatase assay, which as the name implies 629 
measures the activity of cytosolic acid phosphatase has been employed21. However, in our 630 
hands, while this assay generally nicely reflects the number of cells seeded, it does not 631 
adequately capture rapid treatment-induced cell death (data not shown), likely because the 632 
acid phosphatase remains active for some time after cell death. Furthermore, this assay 633 
requires complete removal of the medium, which increases error especially with fragile, 634 
chemotherapy-treated spheroids. The cell viability assay described here, which is based on 635 
cellular ATP content, was chosen based on its simple and time efficient protocol and high 636 
reproducibility. Furthermore, this assay does not require complete removal of culture 637 
medium which is an advantage when working with spheroids. As shown in representative 638 
results, this assay captures well both cell number and expected chemotherapy treatment 639 
effects. However, a pitfall of this technique is, obviously, that metabolic changes reducing 640 
intracellular ATP content may erroneously be recorded as a lower cell number. Hence, 641 
parallel assessment of spheroid volume and morphology, or PI staining, is advisable to 642 
validate results.  643 
 644 
Spheroid lysis followed by western blotting can provide semi-quantitative insight into the 645 
state of signaling processes, cell death-, growth- and viability pathways. The use of western 646 
blotting is complicated when rBM is used to prepare the spheroids, since this will comprise a 647 
substantial fraction of the lysate protein content, and more importantly, its fractional 648 
contribution will increase with decreasing cellular content during chemotherapeutic cell 649 
death. It is in principle possible to remove the rBM by centrifugation; however, this is a 650 
critical step, as it is difficult to completely remove all rBM, and this will preclude 651 
quantitative comparison between conditions. For such spheroids, and in general for spatially 652 
resolved assessment of death pathways and relevant signaling parameters, embedding and 653 
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IHC are strong tools. Other approaches may be considered: live confocal imaging of 654 
(relatively small) intact spheroids39. Another interesting property of spheroids is that given 655 
their rather regular “ball” shape, they lend themselves well to iteration between 656 
mathematical modeling and wet lab experiments, to increase the understanding of the 657 
importance of the above-mentioned gradients of oxygen, pH, and nutrients within 658 
spheroids, and, by extrapolation, tumors40,41. Thus, although important 3D tumor models of 659 
much greater complexity are emerging, including a wide range of organotypic and organoid 660 
cultures based on complex biological as well as inert scaffolds, and, not least, patient-661 
derived xenografts42, spheroids remain an important tool because of their superior 662 
biological relevance compared to 2D culture, combined with relative ease of handling.   663 
 664 
In summary, we present here a series of simple methods for analysis of anti-cancer 665 
treatment-induced changes in cancer cell viability and death in 3D culture. The composition 666 
of the spheroids can be modified depending on the properties and biology of the cells 667 
employed, and the quantitative and qualitative analyses presented are useful both for 668 
assessing dose-response relationships and for gaining insight into the signaling- and death 669 
pathways involved.  670 
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Name of material/equipment Company Catalog Number Comments/Description

2-(4-amidinophenyl)-1H -indole-6-carboxamidine (DAPI) Invitrogen # C10595 For staining nuclei

5-Fluorouracil (5-FU) Sigma-Aldrich #F6627 Component in chemotherapeutic treatment

5-(N-ethyl-isopropyl) amiloride (EIPA) Life Technologies #E3111 Inhibitor of NHE1

Antibody against PARP and cPARP Cell signaling #9542 Used in western blotting

Antibody against Ki-67 Cell signaling #9449 Used for IHC

Antibody against p53 Cell Signaling #2524 Used for IHC

Antibody against β-actin Sigma A5441 Used in western blotting

Bactoagar BD Bioscience #214010 Used for agarose gel preparation

Benchmark protein ladder Invitrogen #10747-012 Used for SDS-PAGE

Bio-Rad DC Protein Assay kit Bio-Rad Laboratories #500-0113, #500-0114, #500-0115  Used for protein determination from lysates

Bürker chamber Marienfeld 610311 For cell counting 

BX63 epifluoresence microscope Olympus Used for fluorescent imaging

CellTiter-Glo 3D Cell Viability Assay Promega #G9681 Used for the cell viability assay

Cisplatin Sigma-Aldrich #P4394 Component in chemotherapeutic treatment

Corning Spheroid Microplate, 96 well, Black with clear round 

bottom,  Ultra-low attachment, With lid, Sterile
Corning #4520

Used for growing spheroids with luminescence 

measurements as end point

Corning 96 well, clear round bottom,  Ultra-low attachment 

microplate, With lid, Sterile
Corning #7007

Sufficient for spheroid growth without 

luminescence measurements as end point

Criterion TGX Precast Gels Bio-Rad 5671025 Used for SDS-PAGE

Doxorubicin Abcam #120629 Component in chemotherapeutic treatment
FLUOStar Optima Microplate reader BMG Labtech Used for recording luminescence 
Formaldehyde VWR Chemicals #9713.1000 Used for cell fixation
Geltrex LDEV-Free Reduced Growth Factor Basement 

Membrane Matrix
Gibco #A1413202

Keep at 4 °C to prevent solidification. Referred to 

as rBM in the protocol.

Heat-inactivated FBS Sigma #F9665 Serum for growth media

ImageJ NIH Scientific Image analysis

Medim Uni-safe casette Medim Histotechnologie 10-0114 Used for storage of embedded spheroids

Mini protease inhibitor cocktail tablets Roche Diagnostics GmBH # 11836153001 Used for lysis buffer preparation

MZ16 microscope Leica Used for light microscopic images

NuPAGE LDS 4x Sample Buffer Invitrogen #NP0007 Used for western blotting

Pierce ECL Western blotting substrate Thermo scientific #32106 Used for western blotting

Ponceau S Sigma-Aldrich #P7170-1L Used for protein band staining

Prism 6.0 Graphpad Scientific graphing and statistical software

Propidium iodide (1mg/ml solution in water) Invitrogen P3566 Light sensitive 

Sterile reservoirs, multichannel SPL lifesciences 21002 Used for seeding cells for spheroid formation

Superfrost Ultra-Plus Adhesion slide Menzel-Gläser #J3800AMNZ Microscope glass slide used for embedding

Tamoxifen Sigma-Aldrich #T5648 Used as chemotherapeutic treatment

Trans-blot Turbo 0.2 µm nitrocellulose membranes Bio-Rad #170-4159 Used for western blotting

Tris/Glycine/SDS running buffer Bio-Rad #161 0732 Used for SDS-PAGE

Trypsin-EDTA solution Sigma #T4174 Cell dissociation enzyme
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Manuscript Rolver et al JoVE59714 

 

Point-by-point response to editor and reviewers 

 

We thank the editor and reviewers for their constructive comments. A point-by-point response 

detailing the actions taken for each query is found below. A red-tracked version of the manuscript 

has been uploaded for review purposes, in addition to the clean, revised manuscript.  

 

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. 

 

2. 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: Falcon tubes, Geltrex, Matrigel, ULA 96-well plates, Eppendorf, CellTiter-Glo 3D, 

etc. 

Done 

 

3. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For 

example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from 

using bullets or dashes. 

Done 

 

4. Please revise the text to avoid the use of any personal pronouns in the protocol (e.g., "we", "you", 

"our" etc.). 

Done 

 

5. Please ensure that all text in the protocol section is written in the imperative tense as if telling 

someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 

described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 

such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” However, notes should be concise and 

used sparingly. 

Done 

 

6. The Protocol should contain only action items that direct the reader to do something. 

We have rephrased to ensure that all protocol steps are action points 

 

7. We cannot have non-numbered steps in the protocol. These should be either converted to a note 

or numbered action steps in imperative tense. 

Done 

 

8. Please provide volume and concentration of all the solutions used in the study. 

Done 
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Rolver et al JoVE59714.docx
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9. Software steps must be more explicitly explained ('click', 'select', etc.). Please add more specific 

details (e.g. button clicks for software actions, numerical values for settings, etc.). 

For microscope settings we consider this meaningless as it would only be relevant for the precise 

microscope used. For ImageJ, we have added a link to the relevant protocol.  

 

10. Please add more details to your protocol steps. Please ensure you answer the “how” question, 

i.e., how is the step performed? 

Done  

 

11. 1.1. What kind of cells or specific cell lines are used in the protocol? 

Since the protocols are applicable for a wide range of cell lines, rather than specify directly in the 

protocol we have now added a note (p. 3-4), specifying which cell lines are, in our hands, most 

suited for each of the methods provided.  

 

12. 1.2.5: How do you acquire the images? What magnification? 

We have now added (p. 4) the Note: The images in this paper are taken at 11.5x magnification, 

which is appropriate for most spheroids prepared using these protocols. 

 

13. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 

Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies 

the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the 

most cohesive story of the Protocol. 

Done 

 

14. Each Figure Legend should include a title and a short description of the data presented in the 

Figure and relevant symbols. Please include a one liner title for all the panels combined in the 

figure legend. 

Done. 

 

15. For figure panels containing images from microscope, please include a scale bar and define it in 

the figure legend. 

Done 

 

16. Please obtain explicit copyright permission to reuse any figures from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial 

policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial 

Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has 

been modified from [citation].” 

Not relevant, all figures are new. 

 

17. As we are a methods journal, please revise the Discussion to explicitly cover the following in 

detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 
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18. Please do not abbreviate the journal title in the references section. 

19. Please alphabetically sort the materials table. 

All the specific issues in query 17 have been addressed. 

Reviewers' comments: 

 

Reviewer #1: 
Manuscript Summary: 

In the present article, the authors described Three-dimensional (3D) spheroids of cancer cells are 

important tools for both cancer drug screens and for gaining mechanistic insight into cancer cell 

biology 

They present here a series of simple methods for analysis of anti-cancer treatment-induced changes 

in cancer cell viability and death in 3D culture. The composition of the spheroids can be modified 

depending on the properties and biology of the cells employed, and the quantitative and qualitative 

analyses presented are useful both for assessing dose-response relationships and for gaining insight 

into the signaling- and death pathways involved. The efficacy of the protocol has been 

demonstrated, the authors show representative results analyzing pancreas mesenchymal phenotype 

and cell viability upon drug treatment. Thus, I recommend this manuscript for JoVE publication. 

 

 

Reviewer #2:  
Manuscript Summary: 

Overall, this is a good JOVE manuscript describing spheroid formation techniques. I would 

recommend it for publication with minor clarification changes listed below. 

 

Major Concerns: 

None. 

 

Minor Concerns: 

-in the paragraph from line 85-96 I think that the authors should mention how spheroids or their 

proposed analysis assays fix these problems. 

This point has now been clarified in this part of the introduction. 

 

-line 111 state at what temperature, etc? 

Now added (p. 4) 

 

-line 114 growth medium with what percent serum? Growth medium without serum would not 

work to neutralize and growth medium with lower concentrations of serum might require more 

medium to neutralize.  

6-10% serum depending on the cell line – now added in the protocol (point 1.1.3, p. 4). 

 

-line 136 does "replace" mean that old medium is removed and fresh medium is added (as 

mentioned in several steps later in the protocol), or does it simply mean add fresh medium? This 

should maybe be clarified, since adding fresh medium on top of old medium without removing any 

could suffice as well. 

The meaning has now been clarified at first mention (p. 4., 1.2.6), which now reads: “replace 100 

µL medium (remove 100 µl and replace with 100 µl fresh medium)”. 

 

-line 141 define LDEV 
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Done. 

 

-line 165 be sure to define ULA as ultra-low attachment upon first mention of ultra-low attachment 

Now done 

 

-line 184/218 clarify what is meant by "replace" as mentioned for line 136 

Has now been specified 

 

-line 228 it is unclear which spheroid generation technique this analysis is based on. This is true for 

all analysis methods described in this paper. The authors should state that analysis techniques are 

described for "spheroid formation method 1" or "spheroids formed with ULA plates" or something 

like that because adding 100 uL of drug solution to a hanging droplet could be problematic. 

Thank for pointing this out, this has now been specified throughout the protocols. 

 

-For adding drug, why is it added at multiple time points? If one drug addition is not sufficient, 

clarify why. 

This will depend on drug half-life, now specified (p. 7) 

 

-line 262 do you wait for spheroids to settle, or do you spin them down? 

They settle very quickly, centrifugation is not necessary. This has now been added to the text as a 

Note (page 8) 

 

-line 268 what is meant by "if relevant"? When is it relevant and/or when is it not relevant? 

Always relevant – now rephrased.  

 

-line 270 how long does it take to settle? Why not centrifuge? 

See above (line 262). 

 

-line 279 does spin speed matter? 

No, a quick spin using a tabletop centrifuge is sufficient. This has been added to the protocol (point 

5.7, p. 9). 

 

-line 300 reword "half to the volume" 

Has been reworded 

 

-line 306 is it necessary to cover while you incubate at room temp since (can light exposure affect 

luminescence readings?) 

No, this is not necessary  

 

-line 336 room temp should be defined as RT at first use 

Done 

 

-line 334 add "to fix" to this step in case a reader doesn't know the function of 4% 

paraformaldehyde 

Now done 

 

-line 340 in microwave or in the water bath 

Has been rephrased 
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-line 330 clarify - each condition in a separate tube if that is the case 

Thank you – has been clarified 

 

-Section 5.2.8 is hard to follow. My comments on the section are as follows: 

The whole section has been revised for clarity – see below for specific points. 

 

-The step that needs to be done quickly should not include the cutting of the pipet tip as that could 

be done immediately before the time sensitive step, before time becomes an issue. 

We agree, this point has been moved up (now 6.2.8, p. 10).  

 

-Does PBS come into play in step II.? If so, please state in step II. 

The spheroids are still in PBS at this step, but no additional PBS is used.  

 

-"objective glass" is the glass on a microscope objective, in my understanding. Based on the 

corresponding figure I recommend rewording as "microscope slide" or "microscope glass" 

Corrected 

 

-If it is best to do step III. prior to step II., then step III and step II. should be swapped. 

We agree – done.  

 

-Wouldn't it be better to prop pipet vertically in a stand to minimize spheroids sticking to the side of 

the pipet tip? Wouldn't horizontal pipet placement encourage spheroids to settle onto the side of the 

tip due to gravity? 

Because we, on your suggestion, have changed the order of steps II and III (albeit renumbered in 

the revised ms), this note is no longer necessary and has been removed.  

 

-for step IV. It sounds like the authors mean to not penetrate the drop at all, but the corresponding 

figure suggests that they mean to not penetrate so far that the glass is hit. Please clarify.  

This has been rephrased. 

 

-line 371 couldn't this also happen if gelation is not complete? 

Actually it would be impossible to push the drop off in this case.  

 

-line 374 how long can/should they be stored in 70% EtOH? 

Months, now added. 

 

-line 385 1x or 10x PBS or does it not matter? 

1xPBS – now added 

 

-line 392 you should pre-warm it so you don't have to wait at this step 

Agree, and this is actually what we do - corrected 

 

-line 404 do you mean step 6.4? 

Corrected (but numbering differs in the revised ms) 

 

-step 6.7.II How is live/dead quantified from the z-projection? Is this done in ImageJ/Fiji? If so, 

what steps are taken in the software to accomplish this analysis? is the image exported to MATLAB 
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or something for analysis/quantification? Provide more details for this step so that readers can 

replicate. 

We do not quantify the PI staining, as it is used for qualitative assessment of the localization of cell 

death. For quantitative analyses we use the described viability assay. To facilitate analysis for the 

reader, we have added a link to the relevant ImageJ instructions (p 8).  

 

-line 435 this sentence should be the last sentence of the previous paragraph. 

Corrected 

 

-line 487 this sentence should be the last sentence of the previous paragraph. 

Corrected 

 

-Figure 4C/D Do you have lower magnification images for these showing the whole spheroid? it 

seems like the cells are very disperse and makes it look like these are stains of 2D culture instead of 

spheroids. Even if you just have the lower magnification images as an inset, might help make it 

clearer that you stained the embedded spheroids. Are scale bars correct (50 um in B and 20 um in 

C)? are both scale bars in C the same? Please clarify the scale bars in the phase and IF images. 

Yes the scale bars are correct. The description in the figure legend has now been clarified.  

 

-line 603-605 couldn't the matrigel contamination be fixed with a no spheroid matrigel control from 

the same batch of matrigel? Doesn't IHC also capture matrigel in the analysis? 

In principle yes, but in our hands this is extremely difficult to control precisely enough to obtain 

sufficiently evenly loaded Western blots. In IHC this is not a problem unless of course specifically 

staining for matrix components.  

 

Reviewer #3: 

 

Manuscript Summary: 

Three-dimensional (3D) culture of cancer cells better mimic the tumor microenvironment compared 

to two-dimensional (2D) culture and is an attractive tool to look at drug screening, cell proliferation, 

and protein expression in a 3D context, as opposed to traditional 2D plate culture. This manuscript 

describes three methods to grow cancer cells as 3D spheroids: 1. Hanging drop spheroids, 2. 

Spontaneous spheroid, and 3. Reconstituted basement membrane-mediated spheroids. In proof-of-

concept examples, the authors demonstrate the applicability of 3D spheroids to look at drug 

penetration, cell proliferation/death (e.g. PI staining) and the ability to embed cultures in agar, 

 

There is strong motivation and need for this protocol for the scientific community—can be an 

extremely helpful tool for those new to 3D culture. In general, the explanations and graphics are 

very easy to understand and well communicated. I appreciated the discussion where limitations are 

discussed (i.e. acid phosphatase assay) and alternative experiments are mentioned. My 

recommendation is to accept with minor recommendations. 

 

Minor Concerns: 

Comments/questions are provided in a point-by-point fashion: 

1. In the introduction, the authors should be clearer at the last paragraph that there will be three 

types of culture methods discussed. Please edit accordingly. 
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Thank you – we have now introduced the sentence (p 3): Specifically, we provide and compare 

three different methods for spheroid formation, followed by methods for qualitative and quantitative 

analyses of growth, viability and drug response.   

 

2. Can the authors comment on the differences between the three methods and how they 

could/should impact the applications described (e.g. will there be differences in cell proliferation or 

protein expression from lysates between the different culture methods?). 

Now added to the Discussion, on p. 14.  

 

3. The authors describe using 3D culture for proteins from cell lysates but to the best of my 

knowledge, did not provide any representative results. Why not—please comment. 

Our fault, thank you for pointing this out. Has now been added as new Figure 4B-C. 

 

4. Can the authors comment how drug screening, PI, or any of their applications differ between 3D 

culture and traditional 2D culture? Please comment 

The overall principle of drug screening, PI staining, IHC and Western blotting are of course 

similar between 2D and 3D, as also indicated in the manuscript (e.g. protocol 5 – protein lysates 

and western blotting). The difference lies in the specific handling and procedures in 3D, and, of 

course, in the results! 

 

5. In section 5, from 5.2.1. to 5.2.2, please clarify how many spheroids are to be pooled. 

Done 

 

6. In general, what is the minimum to maximum number of spheroids for each assay? 

This has now been specified for each protocol (point 2.1, 3.1, 4.1, 5.1, 6.2.1) 

 

Reviewer #4:  
Manuscript Summary: 

This paper discussed methodologies on assessing cell viability/death in a 3D spheroid cancer 

model. It listed 3 general approaches to forming 3D spheroids with cancer cells. Also it listed 3 

different post culture analyses for cell viability. Overall, this is a well-written paper with detailed 

protocols enlisted. Please see additional comments below: 

 

1. On page4, line 113-116, there is no centrifuge step after cell dissociation with enzyme. Do the 

authors centrifuge after dissociation? What is the speed and time? 

No centrifugation step was used.  

 

2. The authors introduced 3 ways of generating spheroids, 1) spontaneous spheroid formation; 2) 

reconstituted basement membrane mediated spheroid formation;3)Hanging drop spheroid 

formation. Is there any difference in morphology or other genetic difference between the 3 

approaches? 

This has now been briefly discussed on p. 14 of the Discussion. As also noted in the Discussion (p. 

14-15), the specific ability to generate spheroids is cell-type dependent, at least in part reflecting 

differential expression of cell-cell adhesion molecules.  

 

3. In the 2nd approach of generating spheroids, it would help to have a brief explanation as to why 

one needs to centrifuging the plate after transferring cell suspensions/geltrex into 96 well plate. Will 

the centrifugation cause any unevenly distribution of cells in the geltrex? 
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This step will ensure that the cells are clustered together when the rBM hardens, facilitating 

formation of one single spheroid. This has now been added under point 1.3.11 (p 5). 

 

4. In line 191 on page 5: does this contain a typo- 50,000 (50k) cells instead of 50.000 (50) cells per 

mL?  

Thank you for pointing this out – this has been corrected!  

 

5. For the hanging drop spheroids, it seems that the 2000 cells within each drop (40uL) are to 

survive and expand in 40uL medium. Is this enough nutrients for the cells considering they are 

expanding into spheroids?  

Yes for the 4 days they are growing under these conditions, this appears to be sufficient. It may be 

noted that cells grown in 3D do not proliferate as much as cells in 2D, due to the inherent growth 

limitations in the spheroid core. Notably, this is part of the reason that this preparation resembles a 

tumor better than does a 2D preparation.  

 

6. For the hanging drop spheroids, could the author provide more specific protocols on how to 

remove and transfer the spheroids into 96 well plate or other wells for drug screening or protein 

extraction assay after the spheroids are formed on the lid of the petri dish? 

This has now been done – added on p. 6 as point 1.4.7.  

To further clarify this point, we have also added the following sentence (p. 4.): 

Note: Three protocols each describing a different method for spheroid formation are presented 

below. Protocol 1.2 and 1.3 can be used for all the subsequent analytic protocols presented, 

whereas protocol 1.4 is best suited for embedding and lysate preparations. Depending on the cell 

line, spheroid formation takes 2-4 days, irrespective of the method used.  

 

 

7. On page 7, line 275, why is lysis buffer heated? Will the heat denature the protein sample? 

This is standard procedure for this composition of lysis buffers, and will not harm the proteins. 

 

8. It is understandable that estimating the cell number in spheroids may be challenging. However, is 

there any general rule of thumb that allows the size of spheroids to provide a general estimate of the 

cell number? Otherwise, how would one determine the cell number? The cell number would be 

useful when deciding how much lysis buffer, stain, etc are needed during post analysis. 

Because cell size and spheroid tightness differ greatly between cell types, the size of the spheroid 

cannot be an indication of cell number. However, the cell viability assay in combination with 

imaging of spheroid size is useful for – within a given cell line and a given experiment – relating 

cell number to spheroid size (see Figure 2-3). A precise assessment of cell number can be made by 

dissociating the spheroids by trypsination, followed by FACS analysis.  

 

9. On page8, line 336, does the gentle shaking during incubation help paraformaldehyde diffuse 

through the spheroids? 

We actually find that shaking is not necessary to fix the spheroids fully under the conditions used.  

 

10. On figure 1C-D, with increased rBM%, spheroids from certain cell types behaved differently. Is 

this due to the stiffness of the geltrax gel, or an indication that some cells are more sensitive to gel 

stiffness than others? 
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This is a very interesting question which cannot be answered from our experiments. However, it is 

well known that different cell types respond differently to matrix stiffness (e.g. ref (1-3)), so this is 

indeed a possibility. 

 

11.In figure 3B, does the RLU of the different concentrations of chemotherapy differ significantly 

from one another? Could the concentration levels be included in the figure legend? Why is the 2nd 

lowest dose showing lower cell viability than the 3rd lowest dose? 

The example shown is representative of 2 experiments only, thus statistical analysis is not relevant. 

The difference in RLU between the two doses mentioned presumably just reflects biological 

variation.  

 

13. Based on the spherical size presented in Figure 3A, it would seem that the spheroid size does 

not substantially affect chemo-response in the higher chemo range? Would this be a reasonable 

interpretation and if so, is there an explanation? 

The spheroid size at the onset of treatment is identical in the experiment shown (upper row, day 2). 

Thus, whether there is a difference in chemotherapy response with spheroid size cannot be inferred 

from this experiment.  

 

14. Is it possible to use live/dead stain to differentiate the live/dead cells through microscopy in the 

spheroids? 

Yes this is possible. As this protocol is slightly more expensive and time consuming we have chosen 

to only include the PI staining, which we find is generally sufficient.   

 

15. Is it possible to dissociate the cells after the spheroid formed. After dissociating the cells, flow 

cytometry can be run to identify live/dead as well as other markers. 

Yes, this is possible and is indeed done in some labs. For our purposes we find that the quantitative 

viability assay in conjunction with the other methods described is more practical and fully 

sufficient.  

 

16. The authors include a protein extraction protocol in the paper. It would help to have a 

RNA/DNA extraction protocol from spheroids included as well. 

We agree, however, given the length limitations on the JoVE protocols and the focus in this paper 

specifically on viability assessments, we have chosen not to include this.  

 

References for this rebuttal letter 
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2015;10(7):e0132377. 
2. Jiang T, Zhao J, Yu S, Mao Z, Gao C, Zhu Y, et al. Untangling the response of bone tumor cells and 
bone forming cells to matrix stiffness and adhesion ligand density by means of hydrogels. 
Biomaterials. 2019;188:130-43. 
3. Nguyen-Ngoc KV, Cheung KJ, Brenot A, Shamir ER, Gray RS, Hines WC, et al. ECM 
microenvironment regulates collective migration and local dissemination in normal and malignant 
mammary epithelium. Proc Natl Acad Sci U S A. 2012;109(39):E2595-604. 
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Abstract 
Three-dimensional (3D) spheroids of cancer cells are important tools for both cancer drug 
screens and for gaining mechanistic insight into cancer cell biology. The power of this 
preparation lies in its ability to mimic many aspects of the in vivo conditions of tumors, while 
being fast, cheap, and versatile enough to allow relatively high-throughput screening. The 
spheroid culture conditions can recapitulate the physico-chemical gradients in a tumor, 
including the increasing extracellular acidity, increased lactate, and decreasing glucose and 
oxygen availability, from the spheroid periphery to its core. Also the mechanical properties 
and cell-cell interactions of in vivo tumors are in part mimicked by this model. The specific 
properties and consequently the optimal growth conditions, of 3D spheroids differ widely 
between different types of cancer cells. Furthermore, the assessment of cell viability and 
death in 3D spheroids requires methods that differ in part from those employed for 2D 
cultures. Here we describe several protocols for preparing 3D spheroids of cancer cells, and 
for using such cultures to assess cell viability and death in the context of evaluating the 
efficacy of anticancer drugs.  
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Introduction 
The use of multicellular spheroid models in cancer biology is several decades old 1,2, but has 
gained substantial momentum in recent years. In large part, this reflects increased awareness 
of how strongly the phenotype of cancer cells is dependent on their microenvironment and 
specific growth conditions. The microenvironment in solid tumors is fundamentally different 
from that in corresponding normal tissues. This includes physico-chemical conditions such as 
pH, oxygen tension, as well as interstitial pressure, concentration gradients of soluble factors 
such as nutrients, waste products, and secreted signaling compounds (growth factors, 
cytokines). Furthermore, it includes the organization of the extracellular matrix (ECM), cell-
cell interactions and intercellular signaling, and other aspects of the particular three-
dimensional (3D) architecture of the tumor 3-6. The specific microenvironmental conditions, 
in which cancer cells exist, profoundly affects their gene expression profile and functional 
properties, and it is clear that, compared to that of cells grown in 2D, the phenotype of 3D 
spheroids much more closely mimics that of in vivo tumors 7-11. 2D models, even if they 
employ hypoxia, acidic pH, and high lactate concentrations to mimic known aspects of the 
tumor microenvironment, still fail to capture the gradients of physico-chemical parameters 
arising within tumors, as well as their 3D tumor architecture. On the other hand, animal 
models are costly, slow, and ethically problematic, and generally also have shortcomings in 
their ability to recapitulate human tumor conditions. Consequently, 3D spheroids have been 
applied as an “intermediate complexity” model in studies of a wide range of properties of 
most solid cancers 9,11-17. 

A widely employed use of 3D spheroids is in screening assays of anticancer therapy 
efficacy 9,18-20. Treatment responses are particularly sensitive to the tumor 
microenvironment, reflecting both the impact of the tortuosity, restricted diffusion, high 
interstitial pressure, and acidic environmental pH on drug delivery, and the impact of hypoxia 
and other aspects of the microenvironment on the cell death response 9,17. Because the 
environment within 3D spheroids inherently develops all of these properties In this setting7-

11, employing 3D cell cultures can substantially improve the translation of results to in vivo 
conditions,  by partially recapitulating these conditions, yet allowing efficient and affordable 
high-throughput screening of net growth. However, the great majority of studies on the drug 
response of cancer cells are still carried out under 2D conditions. This likely reflects that, while 
some assays can relatively easily be implemented for 3D cell cultures, many, such as viability 
assays, wWestern blotting, and immunofluorescence analysis, are much more conveniently 
done in 2D than in 3D.  
 The aim of the present work is to provide easily amenable assays and precise 
protocols for analyses of the effect of treatment with anti-cancer drugs on cancer cell viability 
and survival in a 3D tumor mimicking setting. Specifically, we provide and compare three 
different methods for spheroid formation, followed by methods for qualitative and 
quantitative analyses of growth, viability and drug response.   
 
Protocols 
 
1. Generation of spheroids 
 
1.1. Preparing cell suspensions for spheroid formation 
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Note: Different cell lines have very different adhesion properties and the most suitable 
spheroid formation protocol has to be established in each case. In our hands, MCF-7, and 
BxPC-3  xxx, xxx and xx cells are suitable for spontaneous spheroid formation, while MDA-
MB-231, SKBr-3, Panc-1 and MiaPaCa require addition of reconstituted basement 
membrane to successfully form spheroids. We have so far only employed MDA-MB-231 and 
BxPC-3 cells for the hanging drop protocol, however other cell lines are surelycertainly 
applicable.xx, and xx, xx and xx for xx.  
 
1.1.1. Grow cells as monolayer until 70-80% confluency. 

 
1.1.2. Wash cells with phosphate buffered saline (PBS1 X PBS, 5 mL for a 25 cm2 or 10 mL for 
a 75 cm2 flask), add cell dissociation enzyme (0.5 mL for a 25 cm2 or 1 mL for a 75 cm2 flask) 

and incubate the cells for 2-5 min. (37 C, 5% CO2, 95% humidity). 
 

1.1.3. Check cell detachment under a microscope and neutralize cell dissociation enzyme by 
adding growth medium (6-10% serum depending on the cell line) to a total volume of 5 mL 
in a 25 cm2 or 10 mL for a 75 cm2 flask. 
 
1.1.4. Count cells (Figure 1A, (i)). We uUse a Bürker chamber and count 8 squares in the 
chamber per cell preparation to obtain a high reproducibility of the size of the spheroids. 
 
Below we will present tThree protocols each describing a different method for spheroid 
formation are presented below.  
 
Note: Three protocols each describing a different method for spheroid formation are 
presented below. MethodProtocol 1.2 and 1.32 can be used for all the subsequent analytic 
protocols presented, whereas Method protocol 1.43 is best suited for embedding and lysate 
preparations. Depending on the cell line, spheroid formation takes 2-54 days, irrespective of 
the method used.  
 
 
1.2. Spontaneous spheroid formation 
 
1.2.1. Perform steps 1-4 as described in. 1.1.-1.1.4.  
 
1.2.2. Dilute the cell suspension in a Falcon 15 mL tube to obtain 0.5-2 x 104 cells/mL 
(optimal cell density needs to be determined for each cell line) (Figure 1A, (ii)). 
 
1.2.3. Transfer cell suspension to a sterile reservoir and, using a multichannel pipette, 
dispense 200 µL/well into ultra-low attachment (ULA) 96-well round bottom plates (Figure 
1A, (iii)). It is advisable Fto fill the outer ring of wells with PBS1 X PBS or growth medium to 
reduce evaporation from the remaining wells. 
 

1.2.4. Incubate the plate in an incubator (37 C, 5% CO2, 95% humidity). 
 
1.2.5. Every 2-3 days, acquire light microscopic images of the spheroids.  
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Note: The images in this paper are taken at 11.5x magnification, which is appropriate for 
most spheroids prepared using these protocols. 
 
1.2.6. Every 2-3 days (after acquiring images) replace 100 µL medium (remove 100 µl and 
replace with 100 µl fresh medium). and acquire images for evaluation of spheroid growth.  
 
Note: To avoid removing spheroids when replacing medium, it is advisable to tilt the plate a 
bit while slowly removing the medium and inspect the aspirated medium in the tips for 
visible spheroids before discarding it. 
 
Depending on the cell line, spheroid formation takes 2-5 days. 
 
1.3. Reconstituted basement membrane-mediated spheroid formation. 
 
Notice: In our lab wWe use lactose dehydrogenase elevating virus (LDEV)-free, reduced 
growth factor Geltrex as reconstituted basement membrane (rBM), but obviously Matrigel 
or other similar basement membrane products, or indeed specific extracellular matrix 
factors may be used. rBMGeltrex is temperature-sensitive and should always be kept on ice, 

as it will clot if it reaches 15 C. If employing Geltrex, tThaw the rBMit on ice either 

overnight at 4 C or 2-4 h at room temperature (RT) before plating. 
 
1.3.1. Thaw rBMGeltrex on ice (see Table of Material and reagents).  
 
1.3.2. Keep plates and reservoirs (if individually wrapped) on ice before use. 
 
1.3.3. Perform steps 1-4 as described in. 1.1.-1.1.4. 
 
1.3.4. Dilute the cell suspension in a Falcon 15 mL tube to obtain 0.5-2 x 104 cells/mL 
(optimal cell density needs to be determined for each cell line) (Figure 1A, (ii)). 
 
1.3.5. Place the 15 mLFalcon tube containing the diluted cell suspension on ice (e.g. in glass 
beaker) (Figure1A (iia)). 
 
1.3.6. Transfer the chilled plates and reservoirs to the hood. RIt is advisable to rinse plastic 
containers and fill them with ice and transfer them into the hood to allow the plates and 
reservoirs to be placed on ice during the entire procedure. 
 
1.3.7. Add 1-2% Geltrex (optimal concentration needs to be determined for each cell line) to 
the chilled cell suspensions immediately before transferring the cell suspension to a sterile 
reservoir and dispense 200 µL/well into ULA 96-well plates using a multichannel pipette 
(Figure 1A, (iib) + (iii)). 
 
1.3.7. Resuspend rBM gently to ensure a homogenous gel. 
 
 
1.3.8. Add 1-2% rBM (optimal concentration needs to be determined for each cell line) to 
the chilled cell suspensions (Figure 1A (iib)). 
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1.3.9. Invert the 15 ml tube  tube to ensure proper mixing of rBM and cell suspension before 
dispensing the suspension into the plate. 
 
1.3.10. Transfer the rBM-containing cell suspension to a sterile reservoir and dispense 200 
uL/well into chilled ultra-low attachment 96-well plates using a multichannel pipette (Figure 
1A (iii)). 
 
Note: If working with several cell suspensions (e.g. more than one cell line), it is essential to 
dispense each cell suspension immediately after rBM addition to prevent premature gelling. 
 

1.3.11. Centrifuge the plate for 15 min at 750 RCF (if possible at 4 C to keep the rRBM fluid 
longer, but not a requirement for successful spheroid formation), to . This will ensure that 
the cells are clustered together when the rBM hardens, facilitating formation of one single 
spheroid.  
Before adding Geltrex to the cell suspension, resuspend the Geltrex gently to ensure a 
homogenous gel. 
 
 
After Geltrex has been added, invert the Falcon tube to ensure proper mixing of Geltrex and 
cell suspension before dispensing the suspension into the plate. 
 
If working with several cell suspensions (e.g. more than one cell line), it is essential to 
dispense each cell suspension immediately after Geltrex addition to prevent premature 
gelling. 
 
1.3.8. After having transferred the cell suspensions to ULA 96-well plates, centrifuge the 

plate for 15 min. at 750 RCF (if possible at 4 C to keep the Geltrex fluid longer, but not a 
requirement for successful spheroid formation). 
 
 

1.3.912. Incubate the plate in an incubator (37 C, 5% CO2, 95% humidity). 
 
 
1.3.103. Every 2-3 days, acquire light microscopic images for evaluation of spheroid growth 
replace 100 µL medium and acquire images for evaluation of spheroid growth. . Depending 
on the cell line, spheroid formation takes 2-5 days. 
 
 
 
1.3.14. Every 2-3 days replace 100 µL medium (remove 100 µl and replace with 100 µl fresh 
medium). 
 
1.4. Hanging drop spheroids. 
 
1.4.1. Perform step 1-4 as described in. 1.1.-1.1.4. 
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1.4.2. Dilute cells to obtain a suitable dilution. We generally useA practical dilution is 50.,000 
cells/mL.  
 
1.4.3. Remove the lid of a 10 cm2 Petri cell culture dish and place it so it faces upwards. Add 
6 mL of PBS1 X PBS to the Petri dish (Figure 1B, (i)). 
 
1.4.4. Pour the cell suspension into a sterile reservoir and carefully place up to 30 drops of 
40 µL of cell suspension onto the lid of the cell culture Petri dish using a multichannel 
pipette (Figure 1B, (ii)), resulting in a concentration of 2000 cells/drop. There is room for at 
least 5 rows of 6 drops giving 30 spheroids per Petri dish. Avoid placing the drops too close 
to the edge of the lid as these drops are more likely to lose surface tension when inverting 
the lid in the following step.  
 
1.4.5. Invert the lid in a quick but controlled movement and place it on top of the PBS1 X 
PBS-containing Petri cell culture dish (Figure 1B, (iii)).  
 

1.4.6. Place the Petri dish in an incubator (37 C, 5 % CO2, 95 % humidity) without disturbing 
the drops, and leave them to grow for 4-6 days.  
 
1.4.7. If to be used for protein lysates or embedding, pool spheroids by removing the lid and 
tilt it, in order to wash down the drops with 1 mL heated media. Transfer the resulting 
media containing spheroids to a 1.5 mL tube and allow them to settle to the bottom of the 
tube. Proceed as described in 5.4 and 6.2.2 for protein lysates and embedding, respectively.  
 
2. Drug treatment of spheroids 
 
Note: Long-term drug treatment can be applied to the spheroids in order to screen for 
effects of a drug of interest. Before initiating drug treatment, it is advisable to perform a 
dose response experiment of the drug(s), in order to find an appropriate dose for the 
experimental treatment. The doses should be based on the determined IC50/Ki of the drug 
and range from around 0.2x-10x of this value. 
 
 
2.1. Set up 6-12 spheroids per desired condition as described in 1.2 or 1.3 and place in 

incubator (37 C, 5% CO2, 95% humidity) for 2 days. 
 
2.2. On day 2, take light microscopic images of the spheroids. 
 
2.3. Pprepare first treatment doses (after acquiring images).  
 
Note: Tthe first treatment concentration must be twice the desired final concentration as 
the solution will be diluted 1:2 upon addition to the well containing 100 µuL medium. 
Suggested drug treatment intervals (will depend on drug half-life): Day 2, 4 and 7.  
 
2.4. Using a multichannel pipette, gently remove 100 µuL medium and replace it with 100 
µuL drug containing medium. Long-term drug treatment can be applied to the spheroids in 
order to screen for effects of a drug of interest.  
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Before initiating drug treatment, it is advisable to perform a dose response experiment of 
the drug(s), in order to find an appropriate dose for the experimental treatment. The doses 
should be based on the determined IC50/Ki of the drug and range from around 0.2x-10x of 
this value. 
 
2.1. Drug treatment frequency will depend on the drug half-life, but we generally replace 
medium and drugs every 2-3 days. The first drug treatment can be given at day 2, where 
spheroids have formed. 
 
2.2. Before drug treatment, acquire light microscope images of the spheroids in order to 
document initial size and visualize effects of the drug. It is advisable to require images of at 
least 3 spheroids per condition.  
 
2.3. Mix the drug of interest to the desired concentration by diluting stock in medium.  
 
100 µL of the solution is needed per drug-treated well.  
 
In the first treatment the drug concentration should be twice the desired final 
concentration, as the solution will be diluted 1:2 upon addition to the well containing 100 µL 
medium.  
 
2.4. Remove 100 µL medium (half the volume in the well) and add 100 µL of the drug 
treatment solution. 
 
In general, to avoid removing spheroids when having to discard a fraction of the medium, it 
is advisable to tilt the plate a bit while slowly removing the medium, and to inspect the 
aspirated medium (in the tips) for visible spheroids before discarding it. 
 

2.5. Place the 96-well plate back in the incubator (37 C, 5% CO2, 95% humidity) and repeat 
2.3 and 2.4 on the chosen days of treatment (but now without doubling the dose to obtain 
correct final dose)repeat this procedure every 2-3 days. Suggested drug treatment intervals 
(will depend on drug half-life): Day 2, 4 and 7.  
 
 
 
2.6. On the final day of the protocol/treatment schedule, one or several of the following 
assays can be performed. 
2.6. On the final day of the desired length of drug treatment one or several of the assays 
described below can be performed.  
 
3. Preparing protein lysates from 3D spheroid culture 
 
It is advisable to use a P200 pipette and cut the end of the tip to allow a bigger opening and 
hence an easier capture of the spheroids without disturbing the spheroid structure.3.1. Pool 
spheroids from each condition in a 1.5 mL Eppendorf tube. 
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It is advisable to use a P200 pipette and cut the end of the tip to allow a bigger opening 
and hence an easier capture of the spheroids without disturbing the spheroid structure. 
 
2 mL Eppendorf tubes should not be used as the next steps will become more difficult due 
to their less pointy bottom. 
 
If collecting a large number of spheroids, the amount of medium may exceed 1.5 mL before 
having collected all the spheroids. In that case, allow the collected spheroids to settle at the 
bottom and discard e.g. half the volume of the Eppendorf tube before continuing collecting 
the remaining spheroids. 
 
3.2. Place tubes on ice and allow the spheroids to settle at the bottom of the Eppendorf 
tube. 
 
3.3. If relevant, move from sterile cell laboratory to regular laboratory. 
 
3.4. Wash twice in ice-cold PBS. Let spheroids settle before removing PBS between each 
washing step. 
 
3.5. Aspirate as much PBS as possible without disturbing or removing the spheroids. 
 
3.6. Add 5 µL heated lysis buffer (LB) with phosphatase- and protease inhibitors, per 
spheroid (e.g. 10 spheroids = 50 µL LB). 
 
3.7. Repeat intervals of vortex followed by spin down until spheroids are dissolved. Perform 
a cycle of vortex for 30 s followed by centrifuge for 10 s for approx. 5-10 min depending on 
the size and the compactness of the spheroids. 
 

Note: The protocol can be paused here. Keep the lysates at -20 C until proceeding with 
sonication, homogenization and protein determination as in a standard 2D lysate protocol. 
 
4. Cell viability assay for spheroids – CellTiter-Glo 3D 

 
3. The cell viability assay, CellTiter-Glo 3D, was chosen based on its simple and time 

efficient protocol and high reproducibility. Furthermore, this assay does not require 
complete removal of culture medium which is an advantage when working with 
spheroids. Other cell viability assays such as the acid phosphatase assay 21 can also be 
employed as long as they are adaptable to 3D cell cultures (see Discussion).  
 

34.1. Set up 4-6 spheroids per desired condition as described in 1.2 or 1.3 and place in 

incubator (37 C, 5% CO2, 95% humidity).  
 
Note: We perform the cell viability assay on day 7 or 9, after having monitored spheroid 
growth every 2-3 days by light microscopy as described above (point 1.2.5 and 1.3.13). 
 
34.12. Thaw the CellTiter-Glo 3Dviability assay reagent (see Table of materials and reagents) 

and let it equilibrate to RT prior to use. The thawed reagent can be placed in a 22 C water 
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bath for approx. 30 min to equilibrate to RT. 
 
34.32. Mix gently by inverting to obtain a homogeneous solution. 
 
34.43. Before performing the assay, remove 50% of the culture medium from the spheroids 
(100 µL).  
 
34.54. Add a volume of CellTiter-Glo 3Dcell viability reagent half to the volume ofto  cell 
culture medium present in each well at a (1:3) ratio to the amount of medium present in the 
well (Figure 2A, (i)). E.g. for a 96-well plate, add 50 µL of CellTiter Glo 3D reagent to 100 µL 
medium. 
 
34.65. Mix the contents vigorously for 5 min to induce cell lysis (Figure 2A, (ii)). 
 
34.76. Incubate for 25 min at RT to stabilize luminescent signal (Figure 2A, (iii)).  
 
34.87. Record luminescent signal (Figure 2A, (iv)). 
 
4. Propidium Iodide (PI) staining of spheroids 
 
46.1. Set up 3-6 spheroids per desired condition as described in 1.2 or 1.3 and place in 

incubator (37 C, 5% CO2, 95% humidity).  

46.2. In a sterile cell culture lab, heat 1 x PBS1 X PBS to 37 C.  

46.3. Make a PI solution of 4 µM by diluting stock solution in 1 x PBS1 X PBS: Dilute a 1 
mg/mL aqueous stock of PI 1:350 in PBS1 X PBS.  
 
Note: This concentration will be further halved upon addition of the solution to the wells 
giving a final concentration of 2 µM. 100 µL of this solution is needed for each well 
containing a spheroid.  
 
CAUTION: Propidium iodide (PI) must be handled in a fume hood and wearing gloves. PI is 
light sensitive. Protect from light when handling.  
 
46.4. Remove 100 µL of the medium from each well in the 96-well plate without removing 
the spheroids.  
 
46.5. Wash out the remaining medium by adding 100 µL of heated PBS1 X PBS to all wells 
followed by removing 100 µL of the liquid in the wells. Repeat this washing step 3 times.  
 
46.6. Add 100 µL of the PI solution to each well, cover the plate in aluminum foil and place it 

in an incubator (37 C, 5% CO2, 95% humidity) for 10-15 min.  
 
46.7. Repeat the 3 washing steps described in 46.5 to wash out PI solution, in order to 
diminish background signal when imaging. 
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46.8. Use an epifluorescence microscope to image the spheroids. To evaluate the viability of 
cells in the spheroid core take z-stacks to get images with varying depths of the spheroid.  
 
Note: A step size around 18-35 µm between each slice depending on spheroid size is 
advisable, giving approximately 11-18 stacks per spheroid.  
 
6.9. Z-stacks can be processed in ImageJ using the z-projection function, which can combine 
all z-stacks into one final picture, giving an overview of the staining throughout the spheroid 
(for further guidelines on the use of ImageJ for this purpose, see (https://imagej.net/Z-
functions).  
 
 
5. Preparing protein lysates for western blotting from 3D spheroid cultures 
 
Note: When collectingFor handling the spheroids, it is advisable to use a P200 pipette and 
cut the end of the tip to allow a bigger opening and hence an easier capture of the 
spheroids without disturbing their structure. 
 
53.1. For each condition, pool a minimum of 12, ideally 18-24 spheroids (depending on 
spheroid size) in a 1.5 mL tube (avoid 2 mL tubes, as the next steps will become more 
difficult due to their less pointy bottom). 
 
Note: If the amount of medium exceeds 1.5 mL before having collected all the spheroids, 
allow the collected spheroids to settle at the bottom (happens very quickly, centrifugation 
not necessary) and discard e.g. half the volume of the tube before continuing collecting the 
remaining spheroids. 
 
53.2. Place tubes on ice and allow the spheroids to settle at the bottom of the 1.5 ml tube. 
 
53.3. Move from sterile cell laboratory to regular laboratory. 
 
53.4. Wash twice in 1 mL ice-cold PBS1 X PBS. Let spheroids settle before removing PBS1 X 
PBS between each washing step. 
 
53.5. Aspirate as much PBS1 X PBS as possible without disturbing or removing the spheroids. 
 
53.6. Add 5 µL heated lysis buffer (LB) with phosphatase- and protease inhibitors, per 
spheroid (e.g. 10 spheroids = 50 µL LB). 
 
53.7. Repeat intervals of vortex followed by spin down until spheroids are dissolved. 
Perform a cycle of vortexing for 30 s followed by centrifugation (a quick spin using a 
tabletop centrifuge is sufficient) for 10 s for approx. 5-10 min depending on the size and the 
compactness of the spheroids. 
 

Note: The protocol can be paused here. Keep the lysates at -20 C until proceeding with 
sonication, homogenization and protein determination as in a standard 2D protein lysate 
protocol, followed by western blotting using standard protocols. 
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5.6. Embedding of 3D spheroids 
 
6.1. Prepare the agarose gel into which the spheroids are embedded (only necessary first 
time performing the protocol). 
 
6.1.1. Mix 1 g bactoagar in 50 mL ddH2O. 
 
6.1.2. Heat slowly in microwave oven until the bactoagar has dissolved and a homogenous 
gel has formed. The gel must not be allowed to boil. 
 

6.1.3. Keep warm in a water bath at 60 C.  
 

6.1.4. Keep at 4 C between experiments. 
65.1 Preparation (first time) 
 
65.1.1. Make the agarose gel into which the spheroids are embedded: 
 
Mix 1 g bactoagar in 50 mL ddH2O. 
 
Heat slowly in microwave oven until the bactoagar has dissolved and a homogenous gel has 
formed. The gel must not be allowed to boil. 
 

Keep warm in a water bath at 60 C.  
 

Keep at 4 C between experiments. 
 
65.2. Embedding of spheroids. 
 
Day 1: 
 
65.2.1. For each condition, Ppool a minimum of 12 spheroids of each condition in a 1.5 mL 
Eppendorf tube (Figure 54A, (i)).  
 
65.2.2. Wash once with 1 mL ice-cold PBS1 X PBS (Figure 5A, (ii)).  
 
65.2.3. To fix the spheroids, aAdd 1 mL of 4% paraformaldehyde. 
 
65.2.4. Incubate for 24 h at room temperature (RT) (Figure 5A, (iii)). 
 
Day 2: 
 
65.2.5. Heat the agarose gel carefully by placing it in a water-filled beaker in a microwave in 
a water bathoven. The gel should not boil! Keep warm, e.g in a benchtop heating plate, in 

water bath at 60 C until use. 
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65.2.6. Wash spheroids twice with 1 mL ice-cold PBS1 X PBS (Figure 54A, (iv)). 
 
65.2.7. Aspirate approx. two-thirdsmost of the PBS1 X PBS (leaving approximately 100 µl at 
this point is practical for handling the spheroids) (Figure 54A, (v)). 
 
65.2.8.  Prepare a 20 µL pipette by cutting the pipette tip at an incline to obtain a more 
pointy tip with a larger hole (see illustration). 
 
Note: The next part has to be done quickly to ensure optimal spheroid transfer and to avoid 
solidification of gel drop. If no heating block is availableavailable, it is recommended to first 
catch the spheroids and then make the agarose drop (i.e. switching the order of points 
65.2.9 and 65.2.10). 
 
65.2.9. Make an agarose gel drop on a microscope slide (Figure 54A, (vi)). Place the slide on 
a warm heating block to prevent the agarose from solidifying. 
 
65.2.10. Prepare a 20 µL pipette by cutting the pipette tip at an incline to obtain a more 
pointy tip with a larger hole (see illustration). 
 
Using the modified pipette tip (see 65.2.8), Catch catch as many spheroids as possible in a 
volume of 15-20 µL.  
 – place the pipette on an object so the pipette is horizontal. 
 
Make an agarose gel drop on an objective glass (Figure 4A, (vi)). If possible, place the 
objective glass on a warm heating block to prevent gel from solidifying. This will allow you to 
make the gel drop prior to catching spheroids, which will decrease the risk of spheroids 
sticking to the inside of the pipette.  
 
 
65.2.11. Carefully inject the 15-20 µL spheroid-containing PBS1 X PBS into the center of the 
agarose gel drop without penetrating through the drop to the objective glasstouching the 
microscope slide (Figure 54A, (vii)).  
 
Note: This is a slightly difficult point. The spheroids will be lost if the pipette tip touches the 
microscope slide when injecting the spheroids into the gel drop. If the gel drop is 
accidentally penetrated when injecting the spheroids, they will be lost when the gel drop is 
pushed into the plastic tissue cassette. It is advisable to practice the whole process of 
making the agarose drop and injecting itinjecting the spheroids, e.g. by injecting a colored 
liquid into the drop. This will allow visualization of a potential penetration through the drop, 
as the colored liquid will be leaking out of the gel droponto the slide.  
 

65.2.912. Let the agarose gel drop harden (5-10 min at RT or at 4 C). Once the gel drop has 
solidified somewhat (it should still be prettybut still rather soft), carefully push the gel drop 
from the objective glassmicroscope slide into a plastic tissue cassette with a scalpel. 
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65.2.13. If the gel drop is accidentally penetrated when injecting the spheroids, there will be 
a liquid trace on the objective glass when the gel drop is pushed off.  
 
StoreCover the plastic tissue cassettes in 70% ethanol.  
 
Note: At this point the spheroids can be used directly or stored for months. 
 
65.2.14. 11. Embed the agarose-embedded spheroid in paraffin, section into 2-3 µm thick 
layer slides and stain with hematoxylin and eosin or subject to immunohistological staining. 
 
 
6. Propidium Iodide staining of spheroids 
 
CAUTION: Propidium iodide (PI) should be handled in a fume hood and wearing gloves. PI is 
light sensitive. Protect from light when handling.  
 
6.1. Make a PI solution of 4 µM by diluting stock solution in PBS.  
 
This can be done by diluting a 1 mg/mL stock of PI in water 1:350 in PBS. This concentration 
will be further halved upon addition of the solution to the wells giving a final concentration 
of 2 µM. 100 µL of this solution is needed for each well containing a spheroid.  
 

6.2. Go to the sterile cell culture lab and heat PBS to 37 C.  
 
6.3. Remove 100 µL of the medium from each well in the 96-well plate without removing 
the spheroids.  
 
6.4. Wash out the remaining medium by adding 100 µL of heated PBS to all wells followed 
by removing 100 µL of the liquid in the wells. Repeat this washing step 3 times.  
 
6.5 Add 100 µL of the PI solution to each well, cover the plate in aluminum foil and place it 

in an incubator (37 C, 5% CO2, 95% humidity) for 10-15 min.  
 
6.6. Repeat the 3 washing step described in step 4 to wash out PI solution, in order to 
diminish background signal when imaging. 
 
6.7. Use an epifluorescence microscope to image the spheroids. To evaluate the viability of 
cells in the spheroid core take z-stacks to get images with varying depths of the spheroid.  
 
A step size around 18-35 µm between each slice depending on spheroid size is advisable, 
giving approximately 11-18 stacks per spheroid.  
 
Z-stacks can be processed in ImageJ using the z-projection function, which can combine all 
z-stacks into one final picture, giving an overview of the staining throughout the spheroid.  
 
Representative results 
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Spheroid growth assays based on the spheroid formation protocol schematically illustrated in 
Figure 1A and B, were used as a starting point for analysis of effects of anti-cancer drug 
treatments in a 3D tumor mimicking setting. The ease with which spheroids are formed is cell 
line specific, and some cell lines require supplementation with rBM in order to form coherent 
spheroids 22. The concentration of rBM added can profoundly affect the morphology of the 
spheroids. As shown in Figure 1C and D, varying the concentration of rBM (in this case Geltrex) 
between 0 and 4% alters the compactness and morphology of the spheroids in a cell type 
dependent manner. Figure 1C demonstrates how the addition of up to 2.5% rBM allows 
spheroid formation in SKBr-3 breast cancer cells, with no further effect at concentrations 
above 2.5% rBM. In contrast, BxPC3 pancreatic ductal adenocarcinoma (PDAC) cells, which 
exhibit an epithelial morphology, spontaneously form small, compact spheroids (Fig. 1D, 
upper, left panel). In this cell type, increasing rBM concentration to 1.5% or above elicits a 
distinct morphological change from spheroid to more convoluted structures with protrusions 
and invaginations, reminiscent of ductal tubular structure formation. Conversely, addition of 
rBM to two other PDAC cell lines, MiaPaCa and Panc-1, which have a more mesenchymal 
phenotype, allows the loose cellular aggregates to become tighter and form more compact 
spheroids (Figure 1D, middle and lower panels).  
These results show that the precise amount of rBM resulting in optimal spheroid formation 
must be titrated for each cell line and condition.  

A quantitative assessment of cell viability within the spheroids upon drug treatment 
was necessary to evaluate the effect of anti-cancer drug treatments. The assay described here 
is a luciferin-luciferase-based assay, which measures ATP released from live cells within 
spheroids. An easily applicable assay for this purpose is the cell viability assay CellTiter-Glo 
3D, tThe principle of the assay mechanism of which is illustrated in Figure 2A. CellTiter-Glo 3D 
is a luciferin-luciferase-based assay, which measures ATP released from live cells within 
spheroids, giving rise to aThe luminescent signal generated in this assay is easily recorded by 
a plate reader (Figure 2A) and which correlates well with viability measured by other methods 
23, and which can be recorded by a plate reader (Figure 2A). The linear relation between ATP 
concentration and luminescence in the relevant concentration range is shown in Figure 2B, 
while Figure 2C shows the ability of the assay to assess cell death in 3D spheroids treated with 
anti-cancer therapy. In order to further evaluate the linearity of the assay in the relevant 
range, experiments to establish standard curves of the luminescent signal as a function of the 
number of cells were carried out (Figure 2D and E). These results indicate that the assay is 
suitable for estimating cell viability in 3D spheroid cultures and that it is applicable for 
investigating drug-induced loss of cell viability. 

A combination of light microscopic images acquired every two to three days during 
the treatment period and a final quantitative assessment of cell viability, allows close 
supervision of spheroid growth and morphology as well as assessment of optimal treatment 
dose. The latter is exemplified in Figure 3A and B, where a dose-response experiment was 
performed to determine the dose necessary for 50% reduced cell viability in MDA-MB-231 
breast cancer spheroids. Treatment effects on spheroid morphology are visualized in Figure 
3C and D for MDA-MB-231 and MCF-7 spheroids, respectively. During treatment with the 
chosen chemotherapeutic cocktail, the compactness of MDA-MB-231 spheroids increases, 
while during treatment with tamoxifen, MCF-7 spheroids become increasingly frayed and 
uneven. In both cases a clear drop in cell viability is visible after 7 (MDA-MB-231) or 9 (MCF-
7) days of treatment (Figure 3E and F). This demonstrates the need for both a visual and a 
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quantitative assessment of treatment-mediated effects on spheroid cell viability and 
morphology as well as that these parameters are highly cell- and treatment-type specific.    

As a supplement to the cell viability assay, staining of dead cells with PI, which cannot 
cross the membrane and therefore only stains necrotic or late apoptotic cells with 
compromised membrane integrity, allows for a quick spatial evaluation of dead cells in 
response to treatment, without the time-consuming protocol of embedding, sectioning and 
IHC. As illustrated in Figure 4A the spatial arrangement of dead cells upon an increasing 
concentration of an inhibitor, in this case the Na+/H+ exchanger 1 (NHE1) inhibitor 5-(N-ethyl-
N-isopropyl)-amiloride (EIPA), can be visualized. As seen, control and vehicle spheroids show 
a limited necrotic/late apoptotic core, whereas the dead cells are distributed throughout the 
spheroid as the concentration of EIPA is increased.  

In order to quantify the relative induction of apoptotic stress following different 
treatments, spheroids were lysed and subjected to SDS-PAGE gel electrophoresis and western 
blotting for full-length and cleaved poly (ADP-ribose) polymerase (PARP). Representative 
results are shown in Figure 4B and -C. In this experiment, spheroids were prepared from MDA-
MB-231 cells in which the lactate-proton cotransporter MCT4 or , the Na+,HCO3

- cotransporter 
NBCn1 , or both proteins in combination, were knocked down using siRNA. The knockdown 
was evaluated by western blotting for MCT4 and NBCn1 (not shown). As seen, the knockdown 
of MCT4, but not of NBCn1, robustly increases PARP cleavage, consistent with our previous 
demonstration that stable knockdown of MCT4 in MDA-MB-231 cells decreases tumor growth 
in vivo 24. 

To further analyze the effects of treatment and obtain information on, e.g., the 
specific signaling-, growth arrest, and death pathways activated, the spheroids can in addition 
to be either lysed and subjected to western blot analysis be , or embedded and subjected to 
immunohistochemistry (IHC) analysis. IHC analysis of the spheroid sections allows the use of 
specific antibodies or markers of, e.g. cell proliferation, cell cycle and programmed cell death, 
and facilitates a visualization of the spatial arrangement of e.g. proliferative and apoptotic 
cells in the spheroid.  

AA schematic figure of the embedding protocol for IHC analysis of spheroids and a 
representative image of an ~3 µm thick microtome section of an embedded spheroid areis 
presented in Figure 4A 5A. A representative light microscopic image of an approx. ~3 µm thick 
microtome section of an embedded spheroid and is shown in Figure 5B, and an 
immunofluorescence image of a spheroid stained for the tumor suppressor protein p53 
(nuclei stained using DAPI), respectivelyis shown as Figure 5C. IHC analysis of the spheroid 
sections allows the use of specific antibodies or markers of, e.g. cell proliferation, cell cycle 
and programmed cell death, and facilitates a visualization of the spatial arrangement of e.g. 
proliferative and apoptotic cells in the spheroid. Examples of DMSO and chemotherapy-
treated spheroids stained for the cell proliferation marker the cell proliferation marker Ki-67  
and or for the tumor suppressor protein p53 are shown in Figure 4C 5D and DE, respectively. 
As expectedConsistent with the antiproliferative effect oif the chemotherapy treatment, the 
number of Ki-67 positive cells is greater in the DMSO -treatedcontrol spheroid, compared to 
than in the chemotherapy-exposed treated spheroid (Figure 5D). In contrast, when staining 
against p53 expression is increased , which is indicative of during conditions of cell stress, 
apoptosis and growth arrest, and consequently, the number of p53-stained cells is 
substantially higher in the chemotherapy-treated spheroids compared to DMSO controls 
(Figure 5E).  
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As a supplement to the cell viability assay, staining of dead cells with PI, which cannot 
cross the membrane and therefore only stains necrotic or late apoptotic cells with 
compromised membrane integrity, allows for a quick spatial evaluation of dead cells in 
response to treatment, without the time-consuming protocol of embedding, sectioning and 
IHC. As illustrated in Figure 4E the spatial arrangement of dead cells upon an increasing 
concentration of an inhibitor, in this case the NHE1 inhibitor 5-(N-ethyl-N-isopropyl)-
amiloride (EIPA), can be visualized. As seen, control and vehicle spheroids show a limited 
necrotic/late apoptotic core, whereas the dead cells are distributed throughout the spheroid 
as the concentration of EIPA is increased. 

These results demonstrate illustrate examples of two methodshow  for obtaining 
spatially resolved (PI staining, IHC) or quantitative (western blotting) information on drug 
treatment effects in 3D spheroids can be obtained.   
 
Figure legends:  
 
Figure 1. Spontaneous and rBM-mediated spheroid formation.  protocols and examples. (A) 
Schematic representation of spheroid formation using ultra-low attachment (ULA) 96-well 
round bottom plates, with optional use of rBM. Individual steps marked by (i-iii). (B) 
Schematic representation of spheroid formation using the hanging drop method. Individual 
steps are marked by (i-iii) (C) Representative images of rBM-mediated spheroid formation of 
SKBr-3 cells. Cells were seeded in ultra-low attachment ULA 96-well round bottom plates with 
increasing concentrations of rBM , in the form of LDEV-free, reduced growth factor 
GeltrexrRBM, and grown for 9 days. Scale bar: 100 µm. 3 n. (D) Representative images of 
BxPC-3, MiaPaCa and Panc-1 cells seeded for spheroid formation in ultra-low attachment ULA 
96-well round bottom plates with concentrations of rBM from 0.5-2.5 %. Spheroids were 
grown for 4 days. Scale bar: 250 µm. 3 n. 
 
Figure 2. Principle and evaluation of the cell viability assay. (A) Schematic representation of 
the 3D cell viability assay, CellTiter Glo 3D. Individual steps denoted by (i-iv). (B) Luminescent 
signal as a function of ATP concentration. Dilutions of ATP were plated in a 96-well plate and 
CellTiter cell viability reagent added to each well. Luminescence was recorded after 30 min at 
405 nm. 1 n. (C) Viability, measured as luminescence, of control and chemotherapy-treated 
MCF-7 spheroids. MCF-7 cells were seeded in ultra-low attachment ULA round-bottom plates, 
and were grown for 7 days. Chemotherapy treatment (5 μM Cisplatin, 5 μM Doxorubicin and 
30 nM 5-FU) was applied on day 2 and 4. Bars represent mean values with SD. 1 n. (D) 
Luminescent signal as function of the number of MCF-7 cells seeded. MCF-7 cells were seeded 
in 96-well plates at the indicated cell number and allowed to grow for 48 hours, after which 
cell viability was measured. Error bars represent SD. 1 n. (E) As described in D for MDA-MB-
231 cells.        
 
Figure 3. Effects of treatment regimens on spheroid morphology and cell viability. (A) 
Representative images of MDA-MB-231 spheroids on day 2, 4 and 7. MDA-MB-231 cells were 
seeded in ULA ultra-low attachment  round bottom 96-well plates. Treatment with , grown 7 
days and treated with increasing doses of chemotherapy was started on day 2 and 4, at which 
time all spheroids were of similar size. Rows show spheroids at increasing doses of 
chemotherapy, and columns show spheroids representative of size at day 2, 4, and 7 at the 
indicated dose. The lowest dose was 18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM 
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5-Fluorouracil (5-FU) , and this dose was doubled for each image shown, resulting in a 
maximal dose of 0.3 µM Cisplatin, 0.3 µM Doxorubicin and 2 nM 5-FU. Scale bar: 100 µm. 2 
n. (B) Viability of MDA-MB-231 spheroids, measured as luminescence, after 7 days of 
chemotherapeutic treatment. The bars represent mean values with SEM. 2 n. (C,+D) 
Representative images of MDA-MB-231 (C) and MCF-7 spheroids (D) on day 2, 4, 7 and for 
MCF-7 spheroids 9. Cells seeded as in (A) and treated with either chemotherapy (Chemo, 
18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM 5-FU) on day 2 and 4 (C) or with 2 µM 
Tamoxifen (Tam) on day 2, 4 and 7 (D). Scale bar: 100 µm. 4 n and 3 n, respectively. (E+,F) 
Viability, measured as luminescence, on day 7 and 9 for (C) and (D), respectively. To test for 
statistically significant difference between conditions an unpaired Student’s t-test was 
performed. **** denotes p < 0.0001. 
 
 
Figure 4. Propidium iodide staining and western blot analysis of spheroids. (EA) 
Representative images of PI-stained MCF-7 spheroids after 9 days of treatment. MCF-7 cells 
were seeded as described in Figure 3A,in ultra-low attachment 96-well plates grown for 9 
days and treated with increasing concentrations of EIPA on day 2, 4 and 7. On day 9, the 
spheroids were stained with PI and images were acquired on an epifluorescence microscope. 
Scale bar: 200 µm. 1 n. 
(B) Representative western blots of MDA-MB-231 cells after knockout/knockdown of acid-
base transportersNHE1 KO spheroids. Na+/H+ exchanger 1 (NHE1) was knocked out by 
CRISPR/Cas9 in MDA-MB-231 NHE1 KO cells 12 and the cells were subsequently transiently 
transfected with siRNA against MCT4, or NBCn1, or both and grown as spheroids for 9 days 
before being lysed and subjected to western blotting withusing an antibody recognizing total 
and cleaved (c)PARP antibodies. (C) Quantification of the relativeatio of cPARP/ to PARP 
protein level, normalized to loading control (β-actin). 1 n. 
B- Xxx Western blots 
 
Figure 45. Fixing, embedding and immunohistochemistry analysis of spheroids. (A) 
Schematic representation of the protocol for embedding of spheroids. Individual steps are 
marked as (i-vii). (B) Image of embedded MDA-MB-231 spheroid. Scale bar: 50 µm. (C) 
Representative image of chemotherapy-treated MDA-MB-231 spheroid subjected to IHC 
analysis with antibodies against p-53. Dashed lines show the circumference of the spheroid. 
Scale bar: 20 µm. (D,+E)(C+D) Representative images of DMSO- or chemotherapy-treated 
(upper and lower panels, respectively) MDA-MB-231 spheroids. MDA-MB-231 cells were 
seeded in ultra-low attachment 96-well platesas described in Figure 3A, grown for 7 days and 
treated with chemotherapy on day 2 and 4. On day 7, the spheroids were embedded followed 
by analysis by IHC with primary antibodies against Ki-67 (DC) and p53 (ED). White boxes 
represent zoom images. Scale bar: 20 µm in both magnifications. 3 n. (E) Representative 
images of PI-stained MCF-7 spheroids after 9 days of treatment. MCF-7 cells were seeded as 
described in Figure 3A, grown for 9 days and treated with increasing concentrations of EIPA 
on day 2, 4 and 7. On day 9, the spheroids were stained with PI and images were acquired on 
an epifluorescence microscope. Scale bar: 200 µm. 1 n. 
 
Discussion 
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The use of 3D cancer cell spheroids has proven a valuable and versatile tool not only for 
anticancer drug screening, but also for gaining mechanistic insight into the regulation of 
cancer cell death and viability under conditions mimicking those in the tumor 
microenvironment. This is particularly crucial as the accessibility, cellular uptake, and 
intracellular effects of chemotherapeutic drugs are profoundly impacted by the physico-
chemical conditions in the tumor, including pH, oxygen tension, tortuosity, and physical and 
chemical cell-cell interactions 9,17. For example, the acidity of extracellular pH, which can 
reach values as low as 6-6.5 in many solid tumors 25-29, causes weakly basic chemotherapeutic 
compounds, such as doxorubicin, mitoxantrone and the zwitterion paclitaxel, to be charged. 
This reduces their uptake into the tumor cells, and can influence the activity of multidrug 
resistance proteins such as p-glycoprotein 30-32. Also cell proliferation, which is pivotal to the 
effect of most chemotherapeutic compounds, is generally reduced in 3D compared to 2D 
conditions and hence is likely better mimicked in tumor spheroids than in 2D cell culture 8,33,34. 
Finally, the dense tumor microenvironment is the origin of numerous physical and soluble 
signaling cues directing intracellular signaling pathways regulating cell growth, survival and 
death. Thus, when analyzing drug efficacy, 3D culture systems are a pivotal step before 
embarking on in vivo models. A major drawback of 3D culture is, however, the increased 
complexity of analysis compared to that of 2D culture. We have described here simple and 
relatively inexpensive techniques for spheroid formation using a variety of cancer cell types. 
We have shown examples of how spheroid formation must be optimized for each cell type 
studied, and have described how to obtain quantitative data on cell viability, cell death, and 
associated signaling pathways, in such spheroids. There are no obvious growth- or 
morphological differences between the three models described here. In our hands, the 
variation in morphology may be slightly greater using the hanging drop method, yet an 
advantage of this method is that rBM is not needed. We have focused here on spheroids 
produced from a single cancer cell type. The spheroid model is, however, also amenable to 
co-culture, for instance of cancer cells with fibroblasts, monocytes/macrophages, endothelial 
cells, and/or adipocytes 35-37. Other advanced applications of this model include the 
combination with 3D printed fluidic devices allowing dosing through a semipermeable 
membrane, followed by harvesting for quantitative proteomic profiling 38.    

While, as noted above, the phenotype of cells grown in 3D spheroids generally 
mimics that of in vivo tumors much better than do cells grown in 2D, the extent to which such 
spheroids are in fact relevant models of the corresponding in vivo tumors is dependent on 
numerous factors, and has to be carefully evaluated. Parameters which will impact how well 
such spheroids mimic the in vivo condition include the cellular composition of the tumor and 
its relative ECM composition. For instance, the rBMmatrigel which we have employed as ECM 
in the protocols provided here is a good choice for mimicking early stages of epithelial 
cancers, around the time of breaching the basement membrane, other ECM compositions will 
be more relevant for certain tumor types and -stages. Furthermore, the capacity for cell-cell 
adhesion differs widely between cancer cell lines, depending on their expression of cell-cell 
and cell-matrix adhesion proteins such as cadherins and integrins 22.   

As described here, spheroid growth and morphology can easily and non-invasively 
be monitored every 2-3 days using a light microscope with low magnification optics and a 
large field of view. However, because cytotoxic stress such as chemotherapy treatment 
affects spheroid morphology very differently, and in a manner depending on the cell type and 
treatment scheme, morphology and circumference are not it is not sufficient to rely on 
morphology and circumference alone for evaluating treatment effect. For instance, spheroids 
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may become more loose with treatment and emerging cell death, or all death may occur in 
the necrotic core, while the surface is not detectably affected. In both cases, the result may 
be an erroneous impression that the number of live cells in the spheroid is not reduced by 
the treatment. Quantitative- and whole-spheroid techniques are therefore essential for 
evaluating treatment effect. For quantitative evaluation of cell death, the acid phosphatase 
assay, which as the name implies measures the activity of cytosolic acid phosphatase has been 
employed 21. However, in our hands, while this assay generally nicely reflects the number of 
cells seeded, it does not adequately capture rapid treatment-induced cell death (data not 
shown), likely because the acid phosphatase remains active for some time after cell death. 
Furthermore, this assay requires complete removal of the medium, which increases error 
especially with fragile, chemotherapy-treated spheroids. The cell viability assay described 
here, which is based on cellular ATP content, was chosen based on its simple and time 
efficient protocol and high reproducibility. Furthermore, this assay does not require complete 
removal of culture medium which is an advantage when working with spheroids. Other cell 
viability assays such as the acid phosphatase assay 21 can also be employed as long as they 
are adaptable to 3D cell cultures (see Discussion). As shown in Representative results, we find 
that an assay based on the cellular ATP levelthis assay captures well both cell number and 
expected chemotherapy treatment effects. However, a pitfall of this technique is, obviously, 
that metabolic changes reducing intracellular ATP content may erroneously be recorded as a 
lower cell number. Hence, parallel assessment of, e.g. spheroid volume and morphology, or 
PI staining, is advisable to validate results.  

Spheroid lysis followed by wWestern blotting can provide semi-quantitative insight 
into the state of signaling processes, cell death-, growth- and viability pathways. The use of 
wWestern blotting is complicated when rBMmatrigel is used to prepare the spheroids, since 
this will comprise a substantial fraction of the lysate protein content, and more importantly, 
its fractional contribution will increase with decreasing cellular content during 
chemotherapeutic cell death. It is in principle possible to remove the rBMmatrigel by 
centrifugation, however, in our handsthis is a critical step, as it is difficult to completely 
remove all rBM, and this will preclude quantitative comparison between conditionsremoval 
is rarely complete and results are compromised. For such spheroids, and in general for 
qualitative, but spatially resolved assessment of death pathways and relevant signaling 
parameters, embedding and IHC, as shown in the Results section, are strong tools. Other 
approaches may be considered, e.g. live confocal imaging of (relatively small) intact spheroids 
39. Another interesting property of spheroids is that given their rather regular “ball” shape, 
they lend themselves well to iteration between mathematical modeling and wet lab 
experiments, to increase the understanding of the importance of, e.g., the above-mentioned 
gradients of oxygen, pH, and nutrients within spheroids, and, by extrapolation, tumors 40,41. 
Thus, although important 3D tumor models of much greater complexity are emerging, 
including a wide range of organotypic and organoid cultures based on complex biological as 
well as inert scaffolds, and, not least, patient-derived xenografts 42, spheroids remain an 
important tool because of their superior biological relevance compared to 2D culture, 
combined with relative ease of handling.   

In summary, we present here a series of simple methods for analysis of anti-cancer 
treatment-induced changes in cancer cell viability and death in 3D culture. The composition 
of the spheroids can be modified depending on the properties and biology of the cells 
employed, and the quantitative and qualitative analyses presented are useful both for 
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assessing dose-response relationships and for gaining insight into the signaling- and death 
pathways involved.  
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