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 November 26, 2019 
 
 
Dear JoVE Editors, 
 
On behalf of my co-authors, I appreciate the opportunity to submit revisions on our manuscript, “Enhanced 
Viability for Ex Vivo 3D Hydrogel Cultures of Patient-Derived Xenografts in a Perfused Microfluidics 
Platform” for re-consideration in JoVE. The reviewers’ comments were thorough and fair, and we did our best 
to revise the manuscript in a way that responds to their suggestions and concerns. 

In particular, we recognized multiple reviewers’ concerns regarding some of the PDX calculations, and we even 
requested a few days of extension to attempt to best address those concerns. We revised Table 1, Figure 2, and 
the Steps for each, to provide our best clarification for users. We hope that these efforts suitably resolve the 
reviewers’ concerns. 

The revised documents are uploaded alongside this letter, and revisions to the text are indicated with a red font. 

Please let me know if any further changes are needed in this revision. We look forward to hearing the decision 
from your reviewers and editorial board. 

 
 Sincerely, 
 
 
 Daniel A. Harrington, PhD 
 Assistant Professor 
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SUMMARY:  37 
This protocol demonstrates methods to enable extended in vitro culture of patient-derived 38 
xenografts (PDX). One step enhances overall viability of multicellular cluster cultures in 3D 39 
hydrogels, through straightforward removal of non-viable single cells. A secondary step 40 
demonstrates best practices for PDX culture in a perfused microfluidic platform. 41 
 42 
ABSTRACT:  43 
Patient-derived xenografts (PDX), generated when resected patient tumor tissue is engrafted 44 
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directly into immunocompromised mice, remain biologically stable, thereby preserving 45 
molecular, genetic, and histological features, as well as heterogeneity of the original tumor. 46 
However, using these models to perform a multitude of experiments, including drug screening, 47 
is prohibitive both in terms of cost and time. Three-dimensional (3D) culture systems are widely 48 
viewed as platforms in which cancer cells retain their biological integrity through biochemical 49 
interactions, morphology, and architecture. Our team has extensive experience culturing PDX 50 
cells in vitro using 3D matrices composed of hyaluronic acid (HA). In order to separate mouse 51 
fibroblast stromal cells associated with PDXs, we use rotation culture, where stromal cells 52 
adhere to the surface of tissue culture-treated plates while dissociated PDX tumor cells float 53 
and self-associate into multicellular clusters. Also floating in the supernatant are single, often 54 
dead cells, which present a challenge in collecting viable PDX clusters for downstream 55 
encapsulation into hydrogels for 3D cell culture. In order to separate these single cells from live 56 
cell clusters, we have employed density step gradient centrifugation. The protocol described 57 
here allows for the depletion of non-viable single cells from the healthy population of cell 58 
clusters that will be used for further in vitro experimentation. In our studies, we incorporate the 59 
3D cultures in microfluidic plates which allow for media perfusion during culture. After 60 
assessing the resultant cultures using a fluorescent image-based viability assay of purified 61 
versus non-purified cells, our results show that this additional separation step substantially 62 
reduced the number of non-viable cells from our cultures. 63 
 64 
INTRODUCTION: 65 
Over the past decade, the field of cancer research has demonstrated renewed enthusiasm for 66 
patient-derived xenografts (PDXs) as a tool for assessing cancer cell pathway reliance and drug 67 
susceptibility1. The most common PDX models are established by subcutaneous or orthotopic 68 
implantation of human tumor cells—a tumor fragment, a cluster of dissociated tumor-derived 69 
cells, or a sample of isolated circulating tumor cells (CTCs)—into a rodent host. If the tumor 70 
“take” is successful, the xenograft cells will proliferate, vascularize, and otherwise interact with 71 
the host tissue to create a tumor, which can be harvested at an optimal size, subdivided, and 72 
re-implanted into other hosts. Among their many advantages as a model system, PDXs typically 73 
retain a substantial portion of the native tumor cell population’s heterogeneity and enable the 74 
assessment of human-specific pathways and cell responses2,3. The in vivo context enables 75 
tumor interaction with vasculature and other adjacent stroma and recapitulates tissue 76 
characteristics such as drug diffusion dynamics, oxygen tension, and extracellular matrix 77 
influence that biologically and mechanically impact tumor progression. A negative aspect of 78 
PDXs is their reliance on a rodent host, both for tumor expansion and ultimately for hypothesis 79 
testing. Because many PDXs cannot adapt to traditional two-dimensional (2D) culture on tissue 80 
culture polystyrene without losing many of their desirable characteristics, there has been 81 
minimal middle ground for researchers between this relatively controlled in vitro method, and 82 
the significant increase in expense, facilities, and time requirements for in vivo PDX use. 83 
 84 
We have described multiple in vitro models that implement 3D cell culture within a supportive 85 
matrix, and recently expanded that work to demonstrate the ex vivo culture of multiple 86 
prostate cancer (PCa)-derived PDXs, both alone and in co-culture with bone marrow-derived 87 
fibroblasts4,5. Hyaluronic acid (HA)-based hydrogel matrices provide customizable and 88 



  

biologically-relevant support for both cell types, with facile control over hydrogel characteristics 89 
and optical clarity for imaging through the hydrogel depth6.  90 
  91 
Mature PDX tumor tissues comprise a variable mixture of heterogeneous human cancer cells 92 
and mouse stroma (fibroblasts, endothelial cells, etc.). To study cell-type specific contributions 93 
to tumor progression in vitro, it can be advantageous to dissociate tumors, separate the cell 94 
populations, and experimentally incorporate them in an organized manner to dissect pathways 95 
of intercellular communication. The mixed cell populations within tissue digestates have 96 
differential compatibility with specific culture conditions. For example, tumor-associated 97 
fibroblast viability necessitates either surface adherence or 3D matrices functionalized with 98 
integrin ligands, while epithelial-derived PDX cells do not typically have these requirements, 99 
instead favoring cell-cell interactions. These differences can be exploited to achieve effective 100 
separation of PDX cells from contaminating mouse stromal cells. Rotation culture of tissue 101 
digestates allows stromal cell adherence to the tissue culture surface while cell-cell adhesions 102 
drive PDX cells floating above the rotating culture surface to form multicellular clusters in the 103 
supernatant in 24−48 h. The specific characteristics of these clusters vary with the PDX (e.g., 104 
large, tight, highly spherical clusters or smaller, looser aggregates resembling bunches of 105 
grapes), but are typically of biologically relevant sizes (50−250 µm diameter), sufficient for 106 
assessing cellular interactions that rely on intercellular contacts. 107 
 108 
Tumor retrieval and processing inevitably results in some degree of collateral cell death, either 109 
due to short-term damage from mechanical/enzymatic disruption, or long-term incompatibility 110 
of subpopulations with the chosen culture conditions. Despite the utility of rotation culture as 111 
an initial bulk separation, dead or dying cells are inevitably transferred with the PDX clusters 112 
and can influence the resultant culture. These dead cells are often individual PDX cells that 113 
were not integrated into a cluster, mouse stromal fibroblasts that cannot survive in selected 114 
culture conditions, or particularly fragile endothelial cells. Such dying cells can influence 115 
experimental results from “survivors” and can substantially impact quantification, e.g., via 116 
fluorescent image-based viability screening assays. To improve the selection of live PDX cells 117 
from this method, we adapted centrifugation methods with density steps to easily remove 118 
individual dead/dying cells from PDX mixtures and retain predominantly live multicellular 119 
clusters.  120 
 121 
To enhance the study of resultant PDX-derived clusters in 3D culture, we utilized a 122 
microfluidics-based perfusion culture platform, the OrganoPlate (Figure 1), which is a high-123 
throughput organ-on-a-chip platform that allows for simultaneous culture of up to 96 individual 124 
perfused, 3D cultures on a 384-well microtiter plate-base (Figure 1A)7,8. In the 2-lane 125 
microfluidic plate, a single tissue chip is connected by two microfluidic channels (Figure 1B, gel 126 
channel: red, perfusion channel: blue) which span four wells in a row. The two microfluidic 127 
channels are separated by a short plastic ridge called a Phaseguide which prevents overflow of 128 
one channel into its adjacent neighbor channel, and simultaneously allows for a membrane-free 129 
interface between the contents of the gel and perfusion channel9. Because the bottom of the 130 
microfluidic plate is composed of microscope-grade glass, the cultures can be viewed in the 131 
observation window through the bottom of the plate with a standard or automated 132 



  

microscope. Perfusion is established in the microfluidic plate with a programmable rocker, 133 
using gravity to drive media through the microfluidic channels, between reservoir wells (Figure 134 
1C). The perfusion flow-mimic more closely recapitulates the tumor microenvironment than 135 
static culture, allowing for the incorporation of shear stress and enhanced distribution of gases 136 
and nutrients. The benefits of maintaining a perfused cancer cell culture in the microfluidic 137 
plate have previously been described as perfused breast cancer cultures exhibited optimal 138 
viability as compared to a static 3D culture of the same cells7. 139 
 140 
The present report describes an adapted density gradient centrifugation method for isolating 141 
live multicellular PDX clusters and demonstrates its utility in establishing 3D PDX cultures within 142 
perfusable microfluidic plates. Because an increasing number of research laboratories are 143 
seeking methods to facilitate PDX use, we anticipate that the protocols presented here will be 144 
of immediate utility. 145 
 146 
PROTOCOL: 147 
 148 
Tumor tissue was obtained with patient consent and according to an approved Institutional 149 
Review Board (IRB) protocol. Xenografts were implanted, grown, and harvested according to an 150 
accepted Institutional Animal Care and Use Committee (IACUC) protocol. 151 
 152 
NOTE: All work is to be performed in a sterile biological safety cabinet to maintain sterility. All 153 
steps should be conducted at room temperature unless otherwise specified. 154 
 155 
1. Preparation of materials for PDX processing 156 
 157 
1.1. Autoclave forceps and scalpel handle or razor blades. 158 
 159 
1.2. Thaw dissociation enzyme solution at 4 °C overnight or at room temperature the same day 160 
as tissue dissociation. 161 
 162 
NOTE: Thawing at 37 °C is not advised, as this can inactivate some dissociation enzymes. 163 
 164 
1.3. Prepare at least 100 mL of PDX culture medium (Dulbecco’s modified Eagle medium-165 
nutrient mixture F-12 [DMEM-F12] with 100 U/mL penicillin and streptomycin and 30% fetal 166 
bovine serum [FBS]), and at least 25 mL of PDX processing medium (DMEM-F12 with 100 U/mL 167 
penicillin and streptomycin and no FBS). Store at 4 °C until ready to use. 168 
 169 
2. PDX dissociation and initial purification of stromal component 170 
 171 
2.1. Gather autoclaved utensils, 70 µm cell strainers (2−3), 60 mm round tissue culture dishes 172 
(2), 6-well tissue culture plates, sterile 50 mL conical centrifuge tubes, and sterile 1x phosphate-173 
buffered saline (PBS). Warm culture medium to 37 °C and allow dissociation enzyme solution to 174 
come to room temperature. 175 
 176 



  

2.2. When PDX tissue has reached a diameter of 1.0−1.5 cm in a mouse host, surgically remove 177 
the tumor from the mouse by standard means (e.g., under accepted anesthesia) and store on 178 
ice in a 50 mL tube with PDX culture medium (Figure 2A). Process the tissue promptly, via the 179 
steps below, to maximize cell viability, preferably within 1−2 h after harvest.  180 
 181 
2.3. Transfer tumor tissue to a pre-weighed sterile 50 mL conical tube. Rinse 6x with 30 mL of 182 
sterile PBS to remove blood and contaminants. Remove as much liquid as possible and weigh 183 
the tumor tissue. 184 
 185 
2.4. Transfer tumor tissue to a 60 mm round tissue culture dish and mince into ~1 mm3 pieces 186 
using a sterile razor blade or scalpel. 187 
 188 
2.5. Add 5 mL of PDX processing medium to collect tumor slurry and transfer to a new sterile 50 189 
mL tube. Rinse the culture dish with another 5 mL of PDX processing medium, then with 190 
dissociation enzyme solution (10 mL/g tumor, at least 5 mL), adding all rinses to the 50 mL tube.  191 
 192 
2.6. Incubate 20 min at 37 °C with gentle shaking. Swirl the tube gently halfway through the 193 
incubation time. 194 
 195 
2.7. Pipette up and down gently with a serological pipette to break up clumps. Filter cells with a 196 
70 µm cell strainer placed over a new sterile 50 mL tube. 197 
 198 
NOTE: More than one strainer may be necessary.  199 
 200 
2.8. Centrifuge at 200 x g for 5 min to pellet cells. Remove supernatant and resuspend in 2−3 201 
mL of PDX culture medium. Count cells using a hemocytometer or automated cell counter. 202 
 203 
2.9. Use Table 1 to estimate the required number of dissociated PDX-derived cells needed to 204 
achieve the desired cell density per chip. 205 
 206 
NOTE: The values in Table 1 are intended to be a starting point. Actual values will vary due to 207 
tissue viability/cellularity and cell loss from freezing/recovery. PDX tumors are individuals even 208 
within a given cancer type so these values should be adjusted empirically. 209 
 210 
2.10. Of the number calculated in step 2.9, plate 1−2 x 106 cells in 5 mL of PDX culture medium 211 
per well of a 6-well tissue culture plate. Incubate (37 °C, 5% CO2, 95% humidity) for 48 h with 212 
gentle shaking (50−55 rpm) to promote cluster formation (Figure 2B). After cluster have 213 
formed, proceed to section 3 for centrifugation. 214 
 215 
2.11. Cryopreserve unused PDX cells from the initial dissociation in 50% FBS + 40% DMEM-F12 + 216 
10% dimethyl sulfoxide (DMSO) or a commercially available primary cell freezing medium.  217 
 218 
NOTE: Adherent mouse stromal cells may also be recovered from the tissue plate surface, if 219 
desired, by rinsing briefly with culture medium and expanding by standard means. 220 



  

 221 
2.12. For later use of cryopreserved PDX tumor cells/mouse stroma, thaw cells in a 37 °C water 222 
bath for 2 min. Count and plate in a 6-well tissue culture plate as described in step 2.10 before 223 
proceeding to section 3. Increase the number of PDX cells by ~20% to accommodate viability 224 
losses from cryopreservation. 225 
 226 
3. Density gradient centrifugation-based separation of PDX-derived clusters from single cells 227 
 228 
3.1. Prepare 20 mL of 100% density gradient solution by thoroughly mixing 18 mL of density 229 
gradient centrifugation solution with 2 mL of sterile 10x Hanks’ balanced salt solution (HBSS) in 230 
a sterile 50 mL conical tube. Make 10 mL each of 20%, 30%, 40%, and 55% density gradient 231 
solutions by diluting this 100% solution with sterile 1x HBSS and mixing well. 232 
 233 
NOTE: These volumes are sufficient for two 15 mL gradients which can be used to separate ~15 234 
x 106 cells each. If separating fewer than ~15 x 106 cells, the second gradient should be used as 235 
a balance for centrifugation. 236 
 237 
3.2. Add 3 mL of 55% density gradient solution to the bottom of a 15 mL conical tube. Holding 238 
the tube at an angle, very gently layer 3 mL of 40% density gradient solution on top of the 55% 239 
layer, slowly dispensing the liquid onto the angled side of the tube to avoid mixing the layers. 240 
Repeat with the 30% density gradient solution. 241 
 242 
3.3. Collect the supernatant of PDX rotation cultures with a 5 mL serological pipette, rinsing 243 
plate surface gently. Centrifuge at 200 x g for 2 min to pellet cells.  244 
 245 
3.4. Remove supernatant and resuspend the cell pellet in 3 mL of 20% density gradient solution 246 
according to number of gradients needed to separate the cells. Carefully layer 20% density 247 
gradient solution with cells onto the top of the gradient(s). If only using one gradient tube for 248 
cells, top the balance gradient tube with cell-free 20% density gradient solution. 249 
 250 
3.5. Cap the tubes and centrifuge in a swing bucket rotor centrifuge for 30 min at 4 °C, 2,000 x 251 
g, and 0 brake. 252 
 253 
3.6. After centrifugation, fractions will be visible (Figure 2C). Collect 2−3 mL of fractions into 254 
fresh 15 mL tubes. Add 3−4 volumes of sterile 1x HBSS to each fraction and invert to mix 255 
thoroughly.  256 
 257 
3.7. Centrifuge at 1,000 x g for 3 min to pellet cells. Remove supernatant and resuspend the cell 258 
pellet in 1−2 mL of PDX processing medium. 259 
 260 
NOTE: Viable PDX cell clusters are typically found at the 40−55% density gradient solution 261 
interface (Figure 2D) with single dead/dying cells accumulating at the 20−40% density gradient 262 
solution interface for most PDXs tested.  263 
 264 



  

3.8. Remove a small, representative aliquot (50−100 µL) for re-dissociation with an equal 265 
volume of dissociation enzyme solution to assess cell number in the clustered cell suspension. 266 
Count cells with a hemocytometer or automated cell counter. 267 
 268 
4. Hydrogel preparation and microfluidic plate seeding 269 
 270 
4.1. Reconstitute HA hydrogel solutions (thiol-modified HA, HA-SH; thiol-reactive polyethylene 271 
glycol diacrylate, PEGDA) according to the manufacturer’s instructions.  272 
 273 
4.2. Using a multichannel pipette, add 50 μL of HBSS to all wells in observation window columns 274 
(column 3, 7, 11, 15, 19, 23) of a 2-lane microfluidic plate to maintain culture humidity and 275 
optimal imaging conditions. 276 
 277 
4.3. Calculate the volume of cell suspension from section 3 needed for 50 μL of hydrogel at the 278 
desired cell density (i.e., 5,000 cells/μL). For seeding one microfluidic plate, aliquot the 279 
calculated volume into each of 4 sterile 1.5 mL centrifuge tubes. 280 
 281 
NOTE: HA hydrogels have a fixed time to gelation. Adjust the volume of gel solution aliquots for 282 
user efficiency at dispensing if premature gelation occurs. 283 
 284 
4.4. Adjust the pH of the HA-SH solution to 8.0 with 1 N NaOH immediately prior to use. 285 
Perform a test gelation by mixing 40 μL of HA-SH with 10 μL of PEGDA and monitoring gelation 286 
over time. Gelation typically begins 5−8 min after mixing HA-SH with the PEGDA crosslinker.  287 
 288 
4.5. Centrifuge cell suspension aliquots for 2 min (200 x g, room temperature) to pellet cells. 289 
Carefully remove the supernatant and resuspend cells in the appropriate volume of HA-SH.  290 
 291 
NOTE: Final hydrogel is a 4:1 HA-SH:PEGDA solution (by volume) so cells should be resuspended 292 
in 40 μL of HA-SH for a 50 μL final volume. 293 
 294 
4.6. Add 10 μL of PEGDA to one aliquot of cells in HA. Mix well and wait 1−3 min (depending on 295 
gelation time from step 4.4) before seeding the microfluidic plate. 296 
 297 
NOTE: Allowing the gelation reaction of start before seeding helps to minimize cell settling. 298 
 299 
4.7.  Affix a tip for dispensing 1.5 μL volumes to a single channel repeating pipette and load 300 
with cells in HA hydrogel solution. Remember to keep the hydrogel aliquot well-mixed to 301 
ensure even cell distribution. 302 
 303 
4.8. To seed the microfluidic plate, align pipette tip perpendicular to the plate while gently 304 
placing the tip in the center of the gel inlet (columns 1, 5, 9, 13, 17, 21) to ensure contact but no 305 
pressure when dispensing the hydrogel solution. Working quickly to prevent premature 306 
hydrogel solidification, dispense 1.5 μL of gel solution into each gel inlet. 307 
 308 



  

4.9. Observe the fill status of the microfluidic channels by viewing from the top of the plate, 309 
bottom of the plate, or by microscope, and assess loading, using Figure 3 as a guide (successful 310 
loading in Figure 3A, pipet positioning guidance in Figure 3B, missed loading in Figure 3C, not 311 
filled to end in Figure 3D, overflow in Figure 3E). Identify any necessary adjustments in 312 
technique that may improve filling success for the next round of chips (see discussion for 313 
troubleshooting tips).  314 
 315 
4.10. Repeat steps 4.6−4.9 with the remaining 3 aliquots of cells in HA solution. Invert the plate 316 
while preparing the next aliquot (~1 min). 317 
 318 
NOTE: The 1 min wait time and inversion of the plate improve the 3D distribution of the cells by 319 
reducing cell settling as gelation occurs. 320 
 321 
4.11. After all chips are filled, incubate the plate at 37 °C in a humidified incubator until gelation 322 
is complete (~45 min). 323 
 324 
4.12. Using the manual provided, ensure the perfusion rocker is installed in the cell culture 325 
incubator with the correct perfusion settings (14° angle, 4 min intervals). 326 
 327 
4.13. Add 50 μL of PDX culture medium to all medium inlets (columns 2, 6, 10, 14, 18, 22) and 328 
check if the channels filled properly by flipping the plate. Gently tap the plate against a surface 329 
to encourage the liquid to fill the microfluidic channels. 330 
 331 
4.14. Add 50 μL of DMEM-F12 (10% FBS) for all medium outlets (column 4, 8, 12, 16, 20, 24). If 332 
any air bubbles are trapped in the perfusion channel, remove by gently tapping the plate 333 
against a surface. 334 
 335 
4.15. Using a microscope and plate layout form (Supplemental Figure 1), record chip filling 336 
success. Exclude improperly filled chips from further experimental use. 337 
 338 
4.16. Place plate on a tilting rocker set to a 14° tilt and a 4 min cycle to begin perfusion. Replace 339 
PDX culture medium every 2 days (first 50 μL in inlet, then 50 μL in outlet). 340 
 341 
5. Cell staining, imaging, and image quantification 342 
 343 
5.1. Prepare a cell viability assay solution containing three fluorescent dyes (Hoechst 33342, 344 
ethidium homodimer-1, calcein acetoxymethyl [AM]).  345 
 346 
5.1.1. Prepare stock solutions of each dye as follows: Hoechst 33342 at 1.6 mM (1 mg/mL) in 347 
deionized water; calcein AM at 4 mM in anhydrous DMSO; ethidium homodimer-1 at 2 mM in 348 
DMSO/H2O (1:4, v/v).  349 
 350 
NOTE: The stock calcein AM and ethidium homodimer-1 solutions are provided in the noted kit 351 
in Table of Materials. 352 



  

 353 
5.1.2. Prepare a single working solution in HBSS or phenol red-free medium, containing all three 354 
dyes. Optimize final working concentration for each cell type and matrix, within the ranges of 355 
1.6−8.0 µM for Hoechst 33342, 0.1−10 µM for calcein AM, and 0.1−10 µM for ethidium 356 
homodimer-1. 357 
 358 
5.2. Remove culture medium and apply the working viability dye solution to desired 359 
microfluidic chips (75 μL in inlet, 25 μL in outlet) and place back on the perfusion rocker in the 360 
cell culture incubator for 1 h. 361 
 362 
5.3. Image the observation windows of the stained cultures using a manual or automated 363 
confocal microscope (Table of Materials) with fluorescent filters (listed as excitation/emission 364 
wavelengths, in nm) to observe all nuclei (Hoechst 33342, 350/461), dead cell nuclei (ethidium 365 
homodimer-1, 528/617), and live cell cytoplasm (calcein AM, 494/517).  366 
 367 
5.4. Capture 140 µm Z-stacks with a step size of ≤1 µm using a 20x air objective. Three fields of 368 
view are needed to image the entire microchannel with a small amount of overlap. To avoid 369 
double sampling, image only two fields of view per chip. 370 
 371 
NOTE: Imaging conditions should be optimized to ensure proper NyQuist sampling. In authors’ 372 
experience, a fast imaging system, based either on deconvolution of a conventional epi-373 
fluorescence source or resonance scanning mode on a confocal, is necessary to fully assay a 374 
complete Z-stack, with three laser colors, across 96 chips on a plate within a reasonable amount 375 
of time (roughly 3.5 h with automated imaging, including setup). 376 
 377 
5.5. Using image analysis software, assay the Z-stack images for the desired quantified data, 378 
such as morphology, aggregation state, or other features. To quantify cell viability, count the 379 
number of dead cells (red) and total cell nuclei (blue). 380 
 381 
REPRESENTATIVE RESULTS:  382 
A programmable perfusion rocker was prepared in a standard water-jacked cell culture 383 
incubator, and two-lane microfluidic plates were prepared in a standard biosafety cabinet for 384 
loading (Figure 1). An MDA-PCA-118b PDX tumor was expanded in vivo, harvested when it had 385 
reached a maximum size, and dissociated as described in protocol section 2 to create a slurry 386 
suspension of cells, at approximately a single-cell state (Figure 2A). The slurry was dispensed 387 
into 6-well tissue culture plates, and placed on an XY rotator as described, for 48 h. Mouse 388 
stroma attached to the bottom of the tissue culture plate, as has been previously described, 389 
and the human PDX cells remained floating in the medium, assembled into clusters (Figure 2B). 390 
Unassembled single cells were visible throughout the solution as well. 391 
 392 
A step density gradient was established in a centrifuge tube using the methods in protocol 393 
section 3. The supernatant suspension of PDX cells was aspirated gently from the multiwell 394 
plate, loaded onto the step gradient, and centrifuged as described. After centrifugation, a hazy 395 
band, containing the PDX clusters, was visible near the interface between fractions 2 and 3, and 396 



  

single cells were identified at the interface between fractions 1 and 2 (Figure 2D). Fractions 397 
were collected as described, diluted further in HBSS, and centrifuged again to remove the 398 
density gradient solution. The supernatant was aspirated, and the resultant cell pellets were 399 
resuspended in PDX processing medium. A small aliquot of each processed fraction was 400 
assessed by microscope, to confirm that the expected fraction contained PDX cluster, and that 401 
the separate fraction contained primarily single cells. 402 
 403 
HA hydrogel solutions were reconstituted as described in protocol section 4, and PDX clusters 404 
were resuspended in the hydrogel solution. PDX solutions were loaded into chips on the 405 
microfluidic plate and assessed for successful loading (Figure 3). In most cases, >90% of chips 406 
were loaded successfully after some practice with the technique and adjustment of loading 407 
volumes. After loading the desired number of chips, and incubating for gelation as described, 408 
PDX culture medium was added to the microfluidic plate, and the plate was cultured with 409 
perfusion. 410 
 411 
Using fluorescent dyes and the methods in protocol section 5, and confocal microscopy, 3D 412 
microfluidic PDX culture viability and morphology were evaluated in both unseparated and 413 
density gradient centrifugation separated conditions (Figure 4A). Images of these plates were 414 
recorded as Z-stacks on the confocal microscope and assessed for cell viability in image analysis 415 
software. On day 1, those cultures which underwent the separation method exhibited 10-fold 416 
fewer single, dead cells (red), compared to unseparated cultures (Figure 4B). Importantly, the 417 
separated clusters primarily consisted of live cells (green). No statistically significant difference 418 
was identified for the cluster size distribution (Figure 4C).  419 
 420 
Cultures were further maintained in the microfluidic plate for seven days (Figure 5A). Samples 421 
were assessed periodically, using the same imaging and quantification methods as above. The 422 
total number of live cells remained consistent (Figure 5B) and clusters retained ~80% viability 423 
(Figure 5C) over the life of the culture. The cell density in the unseparated condition is roughly 424 
one-third of the separated condition because single cells are alive during cell counting, but 425 
quickly die within the hydrogel. There is also more variability in cluster size without the density 426 
gradient separation. 427 
 428 
FIGURE AND TABLE LEGENDS:  429 
 430 
Figure 1: The 2-lane perfusable microfluidic plate. (A) The 2-lane microfluidic plate is a 431 
standard 384-well microtiter plate with a modified bottom consisting of microfluidic channels 432 
embedded between glass plates. Each plate consists of 96 tissue chips for 3D cell culture. (B) As 433 
viewed from the top of the plate, a single 2-lane microfluidic chip is made up of 4 wells in a row 434 
connected by the gel channel (red) and perfusion channel (blue); the gel inlet, perfusion inlet, 435 
observation window, and perfusion outlet. (C) Perfusion is achieved in the microfluidic plate 436 
with a programmable rocker which uses gravity to drive media between perfusion inlet and 437 
outlet wells which are media reservoirs. 438 
 439 
Figure 2: PDX cluster isolation. (A) Dissect primary PDX tissue and dissociate into a single cell 440 



  

suspension containing both human PCa cells and mouse tumor stroma. Either cryopreserve 441 
dissociated cell mixture or (B) add to rotation culture to recluster tumor cells and allow mouse 442 
stromal cells to adhere to the tissue culture plate (48 h). (C) Use density gradient centrifugation 443 
to remove residual dead single cells, and (D) collect viable PDX clusters at the interface 444 
between density gradient layers 40% and 55% (red dashed box). (E) Recover PDX clusters, 445 
resuspend in hydrogel precursor solution, and dispense onto the plate with a repeating pipette. 446 
(F) Example calculations, corresponding to Table 1, demonstrate the necessary initial cell 447 
numbers required to reach a final desired cell concentration for all chips across a plate. 448 
 449 
Figure 3: Monitoring microfluidic plate loading. Loading success and errors, can be assessed by 450 
eye (in top and bottom views), with confirmation by microscope. (A) Successful loading is 451 
identified by an open (bright) perfusion lane in the top and bottom views, and a slightly darker 452 
gel lane in bottom view. Visualization by microscope confirms that the gel lane was filled 453 
completely with cells and gel precursor, without spilling over into the adjacent lane. (B) Cartoon 454 
demonstrating correct pipet tip placement during gel dispensing, with correct placement being 455 
just above the inlet port (left) and incorrect placement being off-centered (middle) or applying 456 
force to the inlet port (right). (C) Bright lanes in all views indicate a missed loading, suggesting 457 
that the pipet tip was not correctly placed within the gel inlet. (D) A partial fill of the gel lane 458 
(not filled to end) is identified by the red arrow, which shows where the advancing gel solution 459 
front was interrupted, either by a trapped air bubble, or a premature pause in loading. The red 460 
arrow in the microscope view identifies the same location. (E) The contents of the gel lane 461 
overflowed the PhaseGuide, spilling into the perfusion lane and ultimately blocking it. This 462 
overflow is visible in bottom view by the dark appearance of both gel and perfusion lanes. Scale 463 
bar = 200 µm.  464 
 465 
Figure 4: Cell staining and viability assessment in the microfluidic plate. (A) Using fluorescent 466 
stains, viability was assessed in unseparated and separated PCa cell clusters seeded in the 467 
microfluidic plate (all nuclei: Hoechst 33342, blue; dead cells: ethidium homodimer-1, red; and 468 
live cells: calcein AM, green). Scale bar = 50 µm. (B) Total dead cells were quantitated on day 1 469 
of the culture and separated MDA-PCa-118b PDX cultures demonstrated a significant decrease 470 
in the number of dead cells. (C) Quantification of cluster size for PCa PDXs, in separated and 471 
unseparated cultures, showed a slight increase but no statistically significant difference. Bars 472 
and error bars in panel B represent the mean and standard deviation of 4 images per condition 473 
(2 chips with 2 image/chip). Asterisk (*) represents statistically significant differences (p < 0.05) 474 
compared to the unseparated condition using a student’s t-test. For the box and whisker plot in 475 
panel C, the cross icon indicates the mean, and the horizontal line represents the median, of 4 476 
images per condition (2 chips with 2 image/chip). The box contains 50% of the data while the 477 
whiskers extend to the minimum and maximum cluster diameter for each condition.  478 
 479 
Figure 5: Characterization of separated MDA-PCa-118b in the microfluidic plate. (A) Separated 480 
(left) and unseparated (right) PCa cancer cell clusters were seeded in the microfluidic plate and 481 
perfused for up to seven days. Cultures were stained with three dyes specific for all nuclei 482 
(Hoechst 33342, blue), dead cells (ethidium homodimer-1, red), and live cells (calcein AM, 483 
green). Scale bar = 50 µm. (B,C) Quantitation of number of cells and culture viability from 484 



  

images over one week of culture at a seeding density of 8,000 cells/µL. Bars and error bars 485 
represent the mean and standard deviation of four images per condition.  486 
 487 
Table 1: Approximate initial and final PDX material required to load a single 2-lane 488 
microfluidic plate. 489 
 490 
Supplemental Figure 1: The 2-lane microfluidic plate layout. After seeding the microfluidic 491 
plate, record individual chip loading success (successful, missed loading, not filled to end, or 492 
overflow) using the 2-lane plate layout. 493 
 494 
DISCUSSION:  495 
Here we describe a method for processing and culturing viable PDX-derived tumor cells in a 496 
high-throughput, perfused 3D culture system. While this protocol utilizes PCa PDX tissue, it is 497 
equally effective for other epithelial-derived tumors. Tumor characteristics vary between 498 
individual PDX lines even within the same tissue of origin (prostate, breast, etc.). Some PCa PDX 499 
lines are more fibrotic and difficult to isolate viable cells from while others are more cellular. 500 
The tumor size noted here can be varied within IACUC guidelines to provide more tissue for 501 
particularly low-yield tumors. Additionally, tumor fragments can be collected after step 2.7, re-502 
digested, and pooled with the initial digestion to increase yield. This is especially helpful for 503 
more extracellular matrix-heavy tumors. Additional rounds of digestion past two typically result 504 
in low viability and low yield and are not recommended. 505 
 506 
The purification of PDX-derived populations, to remove dead/dying cells or contaminating host 507 
cells, is beneficial for the extended 3D culture and quantification of the desired cancer cells. The 508 
first step of the purification described here—suspension culture in a relatively large volume of 509 
media along with XY rotation at moderate speeds—promotes 1) the selective extraction of 510 
highly adhesion-dependent cells, typically mouse stromal fibroblasts, and 2) the formation of 511 
cell aggregates to supply pro-survival cell-cell contact. The efficiency of extracting host-derived 512 
mouse fibroblasts during the 48 h XY rotation step is very high, as described in Fong et al.5. 513 
Intentional PCa-fibroblast co-cultures are certainly feasible, as we have demonstrated, but 514 
require a tuned matrix (to support fibroblast adhesion to matrix) and a larger proportion of 515 
fibroblasts. The occasional PDX, usually those with more mesenchymal characteristics, will 516 
adhere more readily to tissue culture surfaces during the 48-hour rotation culture step. PDX 517 
lines should be closely monitored the first time this protocol is performed, and immunostained 518 
for HNA, to identify the proportion of human cells in the adherent and non-adherent 519 
populations. Non-tissue culture treated plates should be used for cluster formation with these 520 
PDXs. Mouse stromal cells will still adhere eventually to the surface, but separation will not be 521 
as efficient. 522 
 523 
Following rotation culture, the supernatant containing the non-adherent population is 524 
processed through the described density gradient centrifugation method. The protocol 525 
reported here can be simplified to exclude at least one density step (e.g., using only the 20%, 526 
40%, and 55% solutions), but all four should be used when establishing this method with each 527 
new PDX. Multicellular clusters are easily separated from individual cells by this method, and 528 



  

largely retain their clustered phenotype and other characteristics. The discarded single-cell 529 
population represents either (a) cells that were dead/dying prior to the 48 h rotation step, and 530 
thus never integrated into a cluster, or (b) cells that remained alive after the 48 h rotation, but 531 
still did not integrate into clusters. It is important to note that group (b) may include cells that 532 
some investigators find desirable; e.g., some reports have described primary cell cultures 533 
containing early stem/progenitor cells, or drug-resistant cells, which float within supernatant as 534 
poorly-adherent single cells above an otherwise adherent population10. Relevant to cancer 535 
studies, circulating tumor cells (CTCs), tumor initiating cells (TICs), or other similar metastasis-536 
promoting cell types could be part of this single cell population. Therefore, investigators using 537 
our protocol should analyze carefully the discarded single cell population to ensure that any 538 
cells of interest have not been lost. In our hands, the vast majority of these single cells are 539 
either a small fraction of cancer cells that are dead/dying due to the initial tissue dissociation 540 
protocol, or rodent fibroblasts that are already proceeding through anoikis. 541 
 542 
It is strongly recommended to practice the technique of seeding the microfluidic plate with less 543 
precious cells to ensure success when working with limited and valuable PDX material. Be 544 
aware of tip placement during dispensing, as improper technique is likely to result in 1) 545 
overflow if pressure is applied during loading, or 2) empty or partially filled channels if the tip is 546 
not centered over the inlet port. Premature gelation will also cause channels to not fill to the 547 
end. If this occurs, decrease the wait time between addition of the PEGDA crosslinker and 548 
dispensing the gel solution, or work with smaller aliquots of gel solution at a time. The 549 
dispensing volumes used in this protocol are well-optimized for success with HA hydrogels. Use 550 
of more viscous solutions such as Matrigel in this system requires an increase in the dispensing 551 
volume to ~2 µL for proper filling of the microfluidic channels. Note also that the choice of 50 552 
µL increments in step 4.3, the preparation of four cell pellets in this same step, and the repeat 553 
resuspensions in step 4.10 are deliberate; although they yield more material than necessary, 554 
they also provide overage to account for losses from the repeating pipette.  555 
 556 
It should be noted that each PDX is likely to have a unique morphology and size distribution 557 
within this 3D culture model. In one sense, this is expected, due to the diversity of patient 558 
disease, tissue history, matrix parameters, and many other factors. An expansive assessment of 559 
multiple prostate cancer lines in Matrigel demonstrated this potential diversity11. Still, 560 
investigators may be surprised to find a wide variation in the above parameters. In a 561 
manuscript in preparation, we present a broad look at several PDXs on this culture platform; 562 
the cells maintain a consistent response within each PDX type, but can vary substantially across 563 
specimens, resulting in clusters that are, for example, large with high cell density per cluster, or 564 
smaller, with looser intercellular connections. The specific behavior of each PDX should be 565 
assessed by investigators over multiple trials, to confirm a predictable and characteristic 566 
morphology. Investigators can expect specimens to follow the general behaviors outlined in this 567 
paper. 568 
 569 
In summary, the presented protocol offers researchers a new method for employing PDXs ex 570 
vivo in a platform that allows for the fine tuning of culture conditions and incorporation of 571 
relevant 3D environmental cues such as tissue specific extracellular matrix (ECM) and perfusion 572 



  

flow, enabling extended cell survival over several days or weeks. Detailed characterization of 573 
these cultures was achieved by the staining and morphological analyses demonstrated here. In 574 
addition, if needed, cultures can be submitted to plate reader-based assays, 575 
immunofluorescent labeling, or used for the preparation of lysates enabling further molecular 576 
characterization. Although we have published previously some elements of PDX 3D culture 577 
within hydrogels, this application of multistep purification is new, easy to employ in a standard 578 
laboratory, and successful in retaining high-viability representative cultures. The OrganoPlate 579 
platform, in its 2-lane and 3-lane varieties, offers further complexity through its model of tissue 580 
perfusion, and a key opportunity to use even fewer cells per experiment. Compared to our 581 
previous models, the microfluidic platform reduced cell requirements by a factor of ~30, per 582 
experiment, which is an enormous benefit, given the scarce availability of PDX tumor tissue in 583 
most laboratories. The microfluidic system enables extended imaging, immunostaining, and 584 
facile imaging, across a cell population that is large enough (n = ~2,000−4,000 cells per imaging 585 
window) to permit quantification of phenotype within the context of spatial organization. 586 
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2,500 1.5 96 1.3 4.7E+05 3 1.4E+06

5,000 1.5 96 1.3 9.4E+05 3 2.8E+06

10,000 1.5 96 1.3 1.9E+06 3 5.7E+06

20,000 1.5 96 1.3 3.7E+06 3 1.1E+07
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Name of Material/Equipment Company Catalog Number Comments/Description

1N NaOH any suitable tissue culture grade

60 mm round tissue culture dishes any suitable

6-well tissue culture plates any suitable

70 µm cell strainers Corning 431751 or equivalent

Centrifuge Eppendorf

5810R with suitable rotor and 

buckets for 15/50 mL conical 

centrifuge tubes or equivalent

Density gradient centrifugation solution Millipore Sigma P1644 Percoll

Dimethylsulfoxide any suitable tissue culture grade

Dissociation enzyme solution StemCell Technologies
07921

ACCUMAX

DMEM-F12 ThermoFisher Scientific 11039021 or equivalent

Forceps any suitable

HA hydrogel kit ESI BIO GS311

HyStem (Hyaluronic acid-SH and 

PEGDA)

Hanks Balanced Salt Solution Lonza 10-527F or equivalent

Heat-inactivated fetal bovine serum Atlanta Biologicals S11150

Hemocytometer Fisher Scientific

02-671-51B Hausser 

BrightLine or equivalent

Hoechst 33342 ThermoFisher Scientific H1398 or equivalent

Image processing software Oxford Instruments Imaris 9.3 or equivalent

LIVE/DEAD Cell Viability/Cytotoxicity Kit 

(Calcein-AM/Ethidium Homodimer-1) ThermoFisher Scientific L3224 or equivalent

Microfluidic culture plate Mimetas 9603-400-B 2-lane OrganoPlate

Microscope Nikon A1R or equivalent
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Multichannel pipette Eppendorf 3125000036 or equivalent

PDX-derived tumor tissue

obtained under IRB approval for 

human tissue and IACUC approval 

for animal host

Penicillin-streptomycin ThermoFisher Scientific 15140-122 or equivalent

Perfusion rocker Mimetas

OrganoPlate Perfusion Rocker 

Mini

pH strips (pH 5-9) any suitable

Phosphate-buffered saline solution Lonza 17-516F or equivalent

Razor blades any suitable

Rotating xy-shaker VWR Advanced 3500 Orbital Shaker or equivalent

Scalpel handle any suitable

Single channel repeating pipette Eppendorf 22260201

Sterile, 15mL conical centrifuge tubes any suitable

Sterile, 50mL conical centrifuge tubes any suitable



Editorial comments: 
 
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. JoVE cannot publish manuscripts containing commercial language. This includes trademark 
symbols (™), registered symbols (®), and company names before an instrument or reagent. 
Please remove all commercial language from your manuscript and use generic terms instead. 
All commercial products should be sufficiently referenced in the Table of Materials. You may 
use the generic term followed by “(Table of Materials)” to draw the readers’ attention to specific 
commercial names. Examples of commercial sounding language in your manuscript are: 
Mimetas OrganoPlate, Percoll, HyStem, etc. 
 
Instances of “OrganoPlate” have been replaced with “perfusable microfluidic plate” “microfluidic 
plate” or “plate” where appropriate. Similarly, “Percoll” has been replaced with “density gradient 
centrifugation solution” and “HyStem” has been replaced with “HA hydrogel”.  
 
3. JoVE policy states that the video narrative is objective and not biased towards a particular 
product featured in the video. The goal of this policy is to focus on the science rather than to 
present a technique as an advertisement for a specific item. To this end, we ask that you please 
reduce the number of instances of " OrganoPlate" within your text. The term may be introduced 
but please use it infrequently and when directly relevant. Otherwise, please refer to the term 
using generic language. 
 
All but a few instances of “OrganoPlate” have been removed and replaced with the generic 
language described in the previous response. 
 
4. All methods that involve the use of human or vertebrate subjects and/or tissue sampling must 
include an ethics statement. Please provide an ethics statement at the beginning of the protocol 
section indicating that the protocol follows the guidelines of your institution. 
 
An ethics statement has been included (lines 151-153). 
 
5. Please revise the Protocol to contain only action items that direct the reader to do something 
(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.” Please include all safety procedures and use of hoods, etc. 
However, notes should be used sparingly and actions should be described in the imperative 
tense wherever possible. Please move the discussion about the protocol to the Discussion. 
 
Noted and revised.  
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6. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step and 
a maximum of 4 sentences per step. Use sub-steps as necessary. 
 
Noted and revised. Several steps (especially in Protocol Sections 3 and 4) have been split into 
less bulky steps. 
 
7. Please list all centrifugation speeds in terms of centrifugal g-force (x g) instead of rpm. 
 
Corrected (lines 200 and 240) 
 
8. After you have made all the recommended changes to your protocol section (listed above), 
please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including 
headers and spacing) to be featured in the video. Bear in mind the goal of the protocol and 
highlight the critical steps to be filmed. Our scriptwriters will derive the video script directly from 
the highlighted text. 
 
Concerning comments 8-10 concerning the highlighted text for the video script, the length and 
narrative flow have been adjusted to fit the requested parameters. 
 
9. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted steps form a cohesive narrative with a logical flow from one highlighted step to the 
next. The highlighted text must include at least one action that is written in the imperative voice 
per step. Notes cannot usually be filmed and should be excluded from the highlighting. 
 
10. Please include all relevant details that are required to perform the step in the highlighting. 
For example: If step 2.5 is highlighted for filming and the details of how to perform the step are 
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 
highlighted. 
 
11. Figure 1 and Table 1: Please remove commercial language: OrganoPlate. 
 
Commercial language has been removed from this figure and table. 
 
12. Table of Materials: Please remove any ™/®/© symbols. Please sort the materials 
alphabetically by material name. 
 
Symbols have been removed and the materials have been sorted. 
 
 
  



Reviewers' comments: 
 
Reviewer #1: 
Manuscript Summary: 
The development and validation of alternative in vitro models, able to recapitulate the 
physiology and drug sensitivity features of a primary tissue sample, is currently of paramount 
interest and importance. The present work submitted by Lindsay et al. presents a novel 
approach to recreate 3D matrix-embedded organoids from prostate cancer in a gravity-perfused 
microfluidic chamber plate. The procedure will be of interest to the community. 
 
Minor Concerns: 
There are several places where the protocol contains relatively vague references rather than a 
detailed description. 
 
We appreciate the reviewer’s suggestion here and endeavored to address this within the text 
and as described below. 
 
Line 171,187, Steps 2.2, 2.5: State the typical size the PDXs reach before resection from the 
mouse and if this parameter, together with the digestion time, depends on the origin of the PDX 
(i.e prostate-derived PDXs were used in the paper but, would the protocol differ when using 
another type of tumor?) 
 
PDX tumors were resected when they reached 1.0-1.5 cm in diameter (now included in Step 
2.2, line 176). This could potentially be varied within IACUC guidelines to provide more tissue 
for particularly low-yield tumors. Tumor characteristics vary between individual PDX lines even 
within the same tissue of origin (prostate, breast, etc.).  Some PCa PDX lines are more fibrotic 
and difficult to isolate viable cells from than others which are more cellular. This is likely the 
case with all epithelial-derived cancer PDXs. This information has been added to the Discussion 
section. 
 
Line 201, Step 2.7: Change centrifuge speed (rpm to rcf) and indicate temperature. 
 
Centrifuge speed has been corrected. Step 1.4 states all steps should be conducted at room 
temperature unless otherwise specified. 
 
Line 235-254, Steps 3.2-3.4: Temperature is critical for gradient preparation, please indicate for 
each step the required temperature. 
 
Step 1.4 states all steps should be conducted at room temperature unless otherwise specified. 
 
Line 257, Step 3.6: Specify the volume taken for re-dissociation and cell number determination. 
Indicate the amount of enzyme solution used. 
 



A 50-100ul volume was removed and re-dissociated with an equal volume of enzyme solution. 
This was noted in the relevant Protocol Step (now Step 3.8, lines 260-261). 
 
Line 268-288, Steps 4.1-4.5: This section is critical for the success of the whole technique, and 
despite the effort of the authors, the whole procedure is difficult to understand. I encourage a full 
revision of it, and the use of exact and clear indications for the hydrogel preparation and plate 
seeding. The comment also applies to Table 1. 
 
This section and table were revised for clarity. (Now Steps 4.1 – 4.6)  Figure 2 was revised to 
provide even more detail and clarity, by demonstrating an example calculation (in Figure 2F) 
and by linking steps and calculations to Table 1.  
 
We attempted multiple versions of Table 1, including a reversal of its calculation (i.e. a right-to-
left swap of the values), to match the workflow in Figure 2. However, upon review, we felt that 
most users would ultimately want to begin with a desired cell concentration per chip, and 
calculate back from there to derive an estimated starting number of cells. Our revised 
submission here represents our best attempt to clarify that workflow. 
 
Line 354-364, Steps 5.3.1-5-4-1: I agree with the general indications given by the authors but 
providing the exact imaging settings would be useful information for the readers. Please state 
height of the z-stack as well as the z-step, objective, microscope type and instead the exact 
amount of time needed to image the whole plate. Similarly, provide the exact analysis tools 
used for the image processing, structure count and viability determination. 
 
Details of imaging and analysis have been included in the relevant Protocol Steps (lines 348-
364). 
 
General comments. 
To modify (or split) table 1 in such a way that the two processes contained there (sample 
preparation and organoid plate seeding) are grouped more efficiently, to make it more friendly to 
the readers. 
 
We appreciate that Table 1 was still challenging to interpret in our first submission. As noted 
above, we have revised Table 1 to tie particular cell counts to discreet Steps in the Protocol, 
and to link portions of Table 1 back to Figure 2. We added a sample calculation as Figure 2F, 
using the cell concentration that would be the best starting point for most users.  
 
The presented protocol reduced the number of dead cells/debris by using classical Percoll 
gradient separation (Figure 4A, B) however the authors did not demonstrate enhanced viability 
of the resulting organoids. Could you provide related data? (Similar to Figure 5 but comparing 
organoid viability in Percoll-separated vs traditional method) 
 
The requested data has been integrated into Figure 5.  



Reviewer #2: 
Manuscript Summary: 
This paper describes the processing of PDX tissues and their subsequent seeding/culture in a 
commercial 3D microfluidic culture platform (Mimetas OrganoPlates). The pre-processing of the 
PDX tissues were specifically designed to remove contaminating mouse stromal cells from the 
tumor cells as well as purifying live PDX tumor cells that tend to be in small aggregates from 
non-viable single cells. As there are increasing interests to use patient-derived tumor samples 
for assessing personalized cancer treatment regimes, this protocol is timely and useful for the 
scientific community. 
 
Major Concerns: 
Step 2.7-2.8: The enumeration of cell density from the PDX tissues was performed immediately 
after PDX tissue digestion, and the cell seeding density into the Mimetas plate was calculated 
based on this cell density (Table 1). First, how practical is it to determine the cell density as 
many of the cells are existing as cell aggregates and not single cells? Would it make sense to 
determine the cell density and do calculations for Table 1 after the stromal cell removal and 
percoll gradient steps? 
 
Table 1 provides an estimate of the number of freshly dissociated cells required at the beginning 
of the process to achieve the final seeding densities listed. The actual seeding density is 
calculated at the end of Section 3 by re-dissociation of a small volume of cell aggregates. (Lines 
261-263) 
 
Regarding the loading of the cells / hydrogel into the microfluidic channel, how uniform is the 
cell distribution along the microfluidic channel? Is there preferential clustering of cells near the 
inlet of the microchannel, and therefore resulting in non-uniform cell density along the 
microfluidic channel? It will be helpful to comment on the likelihood of this occurrence. This may 
potentially affect the survival of the PDX cells since their survivability may be sensitive to 
autocrine signaling from neighboring cells. 
 
While there is some inherent variability in cell density over the length of the microchannel 
because of the use cell aggregates rather than single cells, clumping in any part of the channel 
is only seen in PDXs that form very large clusters that are unsuitable for culture in microfluidics. 
PDX cell requirement for signaling from neighboring cells is provided for by the use of cell 
aggregates. 
 
Step 5.2: The assay describes staining of live / dead cells and the reagents only need to be 
incubated for 1 hour to get uniform staining throughout the PDX spheroids in the microfluidic 
channels. It will be useful to have optimized immunostaining protocols with antibodies to 
achieve uniform staining for the PDX spheroids in situ on the Mimetas plate to assess other 
phenotypes. 
 



We appreciate that the Reviewer has highlighted the issue of immunostaining. Although we 
have conducted immunostaining within the microfluidic culture system, no such data is 
presented here so we have removed all references to immunostaining in this protocol.     
 
Minor Concerns: 
Step 5.3.1: It was mentioned that a 20X long working distance objective was optimal for image 
acquisition. Using this objective, how many images (field of views) are required to image the 
entire microchannel? Is it necessary to sample along the entire microchannel? 
 
Three fields of view are needed to image the entire microchannel with a small amount of 
overlap. To avoid double sampling, two fields of view were imaged per chip. This has been 
noted in the relevant Protocol Step. 
 
Line 357: "insure" should be "ensure". 
 
Corrected 
 
 
 
  



Reviewer #3: 
Manuscript Summary: 
The article by Sablatura et al provides a step-by-step protocol to improve viable tumor cell 
counts from PDX tissues cultured in a 3D OrganoPlate platform. The main premise of the work 
is important given the need for more relevant preclinical tumor models. Overall the protocol is 
clear and easy to follow. However, the utility of this method may be limited given the very 
specific 3D platform conditions described. It also appears the protocol improvements are 
incremental compared to previous publications. Despite these concerns, the quality of the work 
is solid. There are some minor edits to the protocol and figures that could improve the 
manuscript. 
 
Major Concerns: 
Figure 5 - the authors should show the time course data for the unseparated condition as a 
comparison. 
 
This data has been integrated into Figure 5. 
 
Minor Concerns: 
1. Line 174 - it would be helpful for the authors to specify a range (or at least a minimum) of 
PDX tumor sizes that are appropriate for yielding the number of cells required for this 3D culture 
system. 
 
PDX tumors were resected at 1.0-1.5 cm in diameter. Depending on tumor characteristics, this 
typically provides cells in excess of what is required for one microplate, even if processing only 
half the tumor with this protocol. Tumor size has been included in Protocol Step 2.2 (line 176-
179) and discussion of tumor yield has been added to the Discussion Section. 
 
2. Line 240 - add "balance for centrifugation" to make it clear what the 2nd tube is being used 
for. 
 
Done. 
 
3. Line 379 - reference to "Critical Conditions" seems like an error in the sentence. 
 
Yes, removed. 
 
4. Line 454 - please clarify whether "4 images" means 4 separate chips per condition or 4 
different imaging fields of the same chip. 
 
2 chips with 2 images/chip. This has been corrected in the caption for Figure 4. 
 
5. Line 530 - please include the citation for the publication mentioned in this sentence. 
 
This separate manuscript is in preparation. This has been noted in the text. 



 
6. Figure 2 - it would be helpful to show a picture of the mouse stromal cells in the workflow. 
Also, the image quality for figure 2 is not great (at least when printed). 
 
No work was done with the mouse stroma for this publication so, unfortunately, we cannot 
provide the requested images. However, these images have been documented in previous 
publications from our group (see Reference 4, Fong, et al. 2016). Concerning the image quality 
of Figure 2, we have done all we can to provide quality images; the separated cell layers are 
difficult to photograph. As noted in Representative Results (Lines 381-384) users should look for 
a hazy layer containing PDX cells at the interface of fractions 2 and 3. This was the focus of the 
red dashed box in Figure 2.  



 
 

 Terminated on: ____________________   Fixated    Discarded    

Serial plate number  

Experiment  
title/description 

 

 

Cells, ECM, etc. Supplier Catalog nr. Lot nr. Other notes 
     

     

     

     

     

Rocker serial #: Incubator #: Using a microscope, navigate to the observation windows of 
each chip (observation window locations in gray below) and 
record OrganoPlate loading: 

= successful loading 
M     = missed loading 
NTE  = not filled to end 
O      = overflow 

 
 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

  1 2 3 4 5 6 

A A03 A07 A11 A15 A19 A23 

B B03 B07 B11 B15 B19 B23 

C C03 C07 C11 C15 C19 C23 

D D03 D07 D11 D15 D19 D23 

E E03 E07 E11 E15 E19 E23 

F F03 F07 F11 F15 F19 F23 

G G03 G07 G11 G15 G19 G23 

H H03 H07 H11 H15 H19 H23 

I I03 I07 I11 I15 I19 I23 

J J03 J07 J11 J15 J19 J23 

K K03 K07 K11 K15 K19 K23 

L L03 L07 L11 L15 L19 L23 

M M03 M07 M11 M15 M19 M23 

N N03 N07 N11 N15 N19 N23 

O O03 O07 O11 O15 O19 O23 

P P03 P07 P11 P15 P19 P23 

 
 

Notes: _________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
_______________________________________________________________________________________________ 
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

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

 The Author is NOT a United States government employee. 

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

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

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

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

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

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

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

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