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SUMMARY: 27 
Three-dimensional (3D) cellular systems are relevant models for investigating organogenesis. A 28 
hydrogel-based method for biliary cysts production and their characterization is proposed. This 29 
protocol unravels the barriers of 3D characterization, with a straightforward and reliable method 30 
to assess cyst formation efficiency, sizes, and to test their functionality. 31 
 32 
ABSTRACT: 33 
Cholangiocytes, the epithelial cells that line up the bile ducts in the liver, oversee bile formation 34 
and modification. In the last twenty years, in the context of liver diseases, 3D models based on 35 
cholangiocytes have emerged such as cysts, spheroids, or tube-like structures to mimic tissue 36 
topology for organogenesis, disease modeling, and drug screening studies. These structures have 37 
been mainly obtained by embedding cholangiocytes in a hydrogel. The main purpose was to 38 
study self-organization by addressing epithelial polarity, functional, and morphological 39 
properties. However, very few studies focus on cyst formation efficiency. When this is the case, 40 
the efficiency is often quantified from images of a single plane. Functional assays and structural 41 
analysis are performed without representing the potential heterogeneity of cyst distribution 42 
arising from hydrogel polymerization heterogeneities and side effects. Therefore, the 43 
quantitative analysis, when done, cannot be used for comparison from one article to another. 44 
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Moreover, this methodology does not allow comparisons of 3D growth potential of different 45 
matrices and cell types. Additionally, there is no mention of the experimental troubleshooting 46 
for immunostaining cysts. In this article, we provide a reliable and universal method to show that 47 
the initial cell distribution is related to the heterogeneous vertical distribution of cyst formation. 48 
Cholangiocyte cells embedded in hydrogel are followed with Z-stacks analysis along the hydrogel 49 
depth over the time course of 10 days. With this method, a robust kinetics of cyst formation 50 
efficiency and growth is obtained. We also present methods to evaluate cyst polarity and 51 
secretory function. Finally, additional tips for optimizing immunostaining protocols are provided 52 
in order to limit cyst collapse for imaging. This approach can be applied to other 3D cell culture 53 
studies, thus opening the possibilities to compare one system to another. 54 
 55 
INTRODUCTION: 56 
In the last three decades, the field of in vitro research has advanced towards 3D culture systems. 57 
A number of protocols have emerged for culturing cells in 3D as spheroids or aggregates in the 58 
presence or absence of a scaffold/matrix, in a drop, in agitation, in microfluidic devices, or 59 
floating1. The use of 3D culture methods has proved its advantages over 2-dimensional (2D) 60 
cultures, particularly for epithelial cells, which were shown to self-organize in 3D structures, 61 
called cysts or acini. In this case, the cells form a monolayer encircling a lumen, where cells 62 
acquire their full epithelial phenotype with improved physiological specific functions2. 63 
 64 
Numerous studies have contributed to the development of methods for forming these epithelial 65 
organoids in natural matrices. This has allowed to recapitulate in vivo cell-cell and cell-66 
microenvironment interactions, to get the establishment and the stability of the epithelial 67 
phenotype3-7. Recently, and in particular with the aim of developing transplantable organoids 68 
and deciphering the requirement of the microenvironment for orchestrating the epithelial 69 
program, synthetic hydrogels have been developed to enhance the formation of epithelial acini8-70 
10. Unfortunately, these studies report on qualitative data, or present calculation methods using 71 
internal references such as the ratio of cysts over non-cysts in a 2D plane8-10. This precludes any 72 
comparison between different studies in terms of efficiency, stability, or morphological and 73 
physiological characterization of the epithelial organoids. 74 
 75 
Microencapsulation of epithelial cells in beads using microfluidic devices has allowed for more 76 
realistic quantitative and comparative results. Using this technology, organoids from various cell 77 
types were formed and differentiated based on the morphology among different 3D cellular 78 
structures11,12. However, this technology is not easy to work with and requires the use of clean 79 
rooms to produce the microfluidic devices. This technology has been established for a few types 80 
of hydrogels but requires technical adaptation to be applied to other hydrogels, restricting its 81 
versatility. Therefore, most studies intended to develop epithelial organoids rely on the 82 
embedding of epithelial cells in a hydrogel bulk. In these methods, the high heterogeneity of gel 83 
structuration and cell distribution inside the whole 3D culture is often neglected. Therefore, most 84 
of the analyses relate to single 2D images, which represent only very roughly the distribution of 85 
the various cellular objects in the whole 3D volume. 86 
 87 
Diseases that affect bile ducts, such as cholangiocarcinoma, biliary atresia, primary sclerosing 88 
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cholangitis, among others, are a major cause of mortality and morbidity. Except for liver 89 
transplantation, there are no effective treatments for these conditions13. Efforts to investigate 90 
bile duct formation, disease causes, and progression will allow the development of novel 91 
therapies14. 92 
 93 
Biliary organotypic models of cysts, spheroids or tube-like structures using normal or patient-94 
derived, differentiated, or progenitor-derived cholangiocyte cell lines have been developed15-20. 95 
Various studies have recapitulated cholangiocyte polarity, expression of cholangiocyte markers, 96 
presence of cilia, cholangiocyte secretory and reabsorptive ability, and lumen formation and 97 
obstruction; all of which represent important characteristics of cholangiocyte phenotype, 98 
morphology, and function15,17,19. Others have reported maintenance of patient-derived biliary 99 
organoids for long periods of time20. Recently, we investigated the role of biochemical and 100 
biophysical cues on biliary cysts organogenesis21. Importantly, the pathogenesis of biliary atresia 101 
was studied in biliary spheroids and tubes7,22. Furthermore, key features of primary sclerosing 102 
cholangitis such as cholangiocyte senescence, secretion of pro-inflammatory cytokines, as well 103 
as macrophage recruitment were successfully studied using biliary spheroids15,20. However, 104 
reproducible in vitro 3D quantitative models that physiologically modulate cholangiocyte 105 
phenotype, physiology, and microenvironment where these questions can be addressed are still 106 
needed. Moreover, only few publications have reported cyst formation efficiency21,23. This is an 107 
important point to establish, particularly when investigating organogenesis, disease cause, and 108 
correlation of drug responses with cholangiocyte function and polarization. In addition, with 109 
differences in scaffold/matrix used from protocol to protocol, it is difficult to compare between 110 
systems. To solve these issues, we propose a quantitative, reliable, and universal method to 111 
generate biliary cysts mimicking lumen formation, cholangiocyte polarization, and cholangiocyte 112 
secretory function. Importantly, we present a systematic analysis performed along the Z-axis 113 
across the 3D gel when evaluating over time, cyst formation efficiency, size, viability, polarization, 114 
and functionality. Furthermore, we used a natural hydrogel and normal rat cholangiocytes 115 
(NRC)s, as an example for the protocol, but other natural or synthetic hydrogels, as well as 116 
epithelial cells could be used for the formation of 3D cystic structures. 117 
 118 
PROTOCOL: 119 
 120 
1. Generation of cysts 121 
 122 
NOTE: This protocol can be performed with any type of hydrogel, if the gelation allows 123 
embedding of cells.  124 
 125 
1.1. Hydrogel coating 126 
 127 
NOTE: Proper hydrogel coating of the chamber slide is a critical step to avoid the formation of 2D 128 
cell layers on the bottom of the well, that might interfere with subsequent cyst imaging and 129 
impair the calculation of cyst formation efficiency. 130 
 131 
1.1.1. To ensure homogeneity of the gel solution, thaw the hydrogel at 4 °C overnight (O/N). 132 
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 133 
1.1.2. Precool pipette tips on ice or O/N at -20 °C and 8-well chamber slide at -20 °C O/N.  134 
 135 
1.1.3. Place the hydrogel and 8-well chamber slide on an ice bucket filled with ice.  136 
 137 
1.1.4. In a 15 mL conical tube, prepare a solution containing 40% hydrogel (V/V) in cold NRC 138 
complete medium (see Table of Materials) and place the tube on ice.  139 
 140 
1.1.5. To coat a chamber slide, using cold pipette tips, add 50 μL of hydrogel solution on the 141 
center of each well, and spread over the whole surface using a pipette tip, while holding the 142 
chamber slide on ice (Figure 1A). 143 
 144 
NOTE: Spread the hydrogel solution as evenly as possible avoiding bubbles. 145 
 146 
1.1.6. To polymerize the hydrogel, incubate the chamber slide for at least 15 min at 37 °C, 5% 147 
CO2. 148 
 149 
1.2. Cell preparation 150 
 151 
1.2.1. Warm up NRC complete medium, phosphate buffered saline (PBS), and trypsin-152 
ethylenediamine tetraacetic acid (trypsin-EDTA) in a water bath pre-heated to 37 °C. 153 
 154 
1.2.2 While the hydrogel is polymerizing, ensure that NRCs are grown to 70% confluency in a T-155 
25 cm2 collagen-coated flask21. Wash the cells once with pre-heated 1x PBS.   156 
 157 
1.2.3. Incubate the NRCs with 5 mL of pre-heated 1x PBS (for a T-25 cm2 flask) for 20 min at 37 158 
°C, 5% CO2. 159 
 160 
NOTE: This step, which shortens the incubation time with trypsin-EDTA is instrumental in 161 
retaining the self-organizing properties of cells. 162 
 163 
1.2.4. Discard the PBS, add 1 mL of trypsin-EDTA, and incubate for 5-10 min at 37 °C, 5% CO2. 164 
 165 
1.2.5. Neutralize with 4 mL of pre-heated complete NRC medium. Collect and transfer the cell 166 
suspension into a 15 mL conical tube, and spin at 150 x g for 4 min. 167 
 168 
1.2.6. Discard the medium and resuspend the cell pellet in 5 mL of pre-heated medium. 169 
 170 
1.2.7. Using a 40 μm cell strainer, filter the cell solution into a 50 mL conical tube and count the 171 
cells. 172 
 173 
NOTE: Passing the cells through a strainer is a critical step for the quantitative results to be 174 
reproducible i.e., to get almost similar size of cell aggregates to be embedded. 175 
 176 
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1.3. Embedding of cell suspension in hydrogel solution 177 
 178 
1.3.1. Prepare a solution of 1,600 µL of 80% hydrogel (V/V) in cold complete NRC medium (tube 179 
1); keep in ice. Dilute 5 x 105 cells/mL in 1,600 µL of cold complete NRC medium (tube 2) and 180 
keep on ice. 181 
 182 
NOTE: This step must be performed quickly to avoid polymerization of the hydrogel while mixing 183 
it with the cell suspension and to maintain cell viability. 184 
 185 
1.3.2. To prepare a cell seeding solution of 2.5 x 105 cells/mL in 40% hydrogel (V/V), mix tube 1 186 
and tube 2. Add 400 μL of the cell solution into each well of the hydrogel-coated chamber slide 187 
avoiding bubbles (Figure 1B). 188 
 189 
1.3.3. Keep the chamber slide in an incubator at 37 °C with 5% CO2 until media change.  190 
 191 
1.3.4. After 2 days in culture, remove 250 μL of the medium from a corner of each well, be careful 192 
to not pipette out the hydrogel. Then, slowly add 250 μL of the culture medium. Change the 193 
medium every 2 days.  194 
 195 
NOTE: Minimize the movement of the chamber slide, particularly during the cyst initiation. 196 
 197 
2. Cyst quantification 198 
 199 
2.1. Cyst imaging 200 
 201 
NOTE: This section should be performed quickly to not compromise the cell viability if the 202 
microscope is not equipped with a heating chamber to control CO2 and temperature. In order to 203 
ensure consistent quantification, representative of the cyst distribution in the full hydrogel 204 
volume, cysts are imaged via phase-contrast microscopy and serial imaging (Z-stacks), with pre-205 
defined parameters throughout different time points.  206 
 207 
2.1.1. Take a Z-stack along the depth of the hydrogel for each time point (Figure 1C, D). In this 208 
example, Z-stacks are taken at days 1, 2, 4, 7, and 10. 209 
 210 
NOTE: Check that the initial cell distribution is uniform in the hydrogel to ensure the applicability 211 
of this method.  212 
 213 
2.1.1.1. With a phase-contrast microscope equipped with an image acquisition software, select 214 
the 10x objective magnification in the manual nose-piece pad window (Figure 2B(1)). 215 
 216 
2.1.1.2. Switch on the white lamp and select the brightfield imaging option. 217 
 218 
2.1.1.3. Switch the camera on by selecting the “Play” button in the bar submenu. Focus on a field 219 
of cysts and set the exposure time (Figure 2B(2)). Open the Auto Capture Folder window for an 220 
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automatic saving of images (Figure 2B(3)). 221 
 222 
2.1.1.4. Open the capture Z-series window and define with the Z screw the top and bottom 223 
planes of the Z-stack (same XY coordinates but different Z screened). Adjust the Z-step 224 
depending on the objective, the level of resolution and press the button “Run now” to launch 225 
the acquisition (Figure 2B(4)). 226 
 227 
NOTE: In this example, cysts are spread over a hydrogel thickness of 520 µm. 26 images are 228 
acquired along the hydrogel depth with a 20 µm Z-step interval. Depending on the objective, the 229 
Z-step should be adjusted to not miss any cyst and to ensure the detection of single cells and 230 
aggregates. 231 
 232 
2.1.1.5. Take at least 3 non-overlapping Z-stacks per well. 233 
 234 
NOTE: This sampling is necessary when, like in this example, cysts are more numerous in the 235 
depth of the gel than on the edges due to heterogeneities in the hydrogel polymerization.  236 
 237 
2.1.1.6. In order to have a representative dataset repeat step 2.1.1.5. for 3 wells in total. 238 
 239 
NOTE: The heterogeneous distribution of cysts depends on the type of hydrogel, its 240 
polymerization, and the cell line. Considering three Z-stacks per well and three wells per 241 
experiment, a minimum of 200 cysts are imaged over nine Z-stacks to characterize cyst formation 242 
and cyst growth at each time point. 243 
 244 

2.2. Image processing 245 
 246 
NOTE: In a hydrogel, NRCs can be found as single cells, cysts or aggregates. Cysts are identified 247 
by the presence of a round and thin contrasted cell shell enclosing a lumen, while cell aggregates 248 
present an irregular shape and do not have a lumen. Aggregates and single cells have a dense 249 
and contrasted appearance (Figure 3B(4)). 250 
 251 
2.2.1. Open the Fiji software, open the Z-stack and go to the Fiji menu and click File | Open 252 
(Supplementary Figure 1). Select the Z-stack to analyze. If needed, select “Virtual Stack” option 253 
and click “Yes” for opening (Figure 3A(1)).  254 
 255 
2.2.2. Duplicate the stack via Image | Duplicate. Click on the box “Duplicate stack” and click “OK” 256 
(Supplementary Figure 2). 257 
 258 
NOTE: In this example, Z-stacks are in .nd2 file format encoded in 16 bits. 259 
 260 
2.2.3. Create a minimum intensity projection from the duplicated stack. Go to the Image menu 261 
| Stacks | Z Project. Select Projection type “Min Intensity” and click “OK” (Figure 3A(2)) 262 
(Supplementary Figure 3). 263 
 264 
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2.2.4. Subtract the background from the projection. Go to the Process menu | Subtract 265 
Background. Type 500.0 pixels of rolling ball radius and click “light background” to render cysts 266 
more contrasted than the background (Figure 3A(3)) (Supplementary Figure 4). 267 
 268 
NOTE: The rolling ball radius defines the size of the region on which background subtraction is 269 
operated. This parameter must be set to the size of the largest object to identify. 270 
 271 
2.2.5. If contrast enhancement is needed, go to Image menu | Adjust | Brightness/Contrast | 272 
Auto | Apply. Fiji will automatically optimize brightness and contrast. In (Figure 3A(3)), the lower 273 
and upper gray values were set to 49702 and 65452, respectively (Supplementary Figure 5). 274 
 275 
NOTE: If the projection is not calibrated, go to the Analyze menu | Set scale and type the 276 
corresponding calibration µm/pixel ratio (Supplementary Figure 6). 277 
 278 
2.3. Cyst counting and cyst size measurements 279 
 280 
2.3.1. To measure the approximate cyst  d iameter,  select  the Straight-line tool in 281 
the Fiji menu and draw a line across the diameter of each cyst on the final projection (Figure 282 
3B(4)). Add the new region of interest (ROI) created for each cyst to the ROI manager:  press 283 
the “t” shortcut on the keyboard for faster counting and opening of the ROI manager. Click “Show 284 
All” to see the counted cysts (Supplementary Figure 7)  285 
 286 
2.3.2. Check that no cyst has been left without counting by superimposing the set ROIs from the 287 
projection on the Z-stack. To do so, click on the Z-stack window to select it. In the ROI Manager, 288 
click “Show All” and move the cursor along the Z-stack to check that image per image, all cysts 289 
have been counted (Supplementary Figure 8).  290 
 291 
2.3.3. Once new cysts have been counted and ROIs added on step 2.3.1., select the ROI set and 292 
save it via the ROI Manager window by clicking More | Save (Supplementary Figure 9). 293 
 294 
2.3.4. Select all ROIs in the ROI Manager and click “Measure” in the ROI Manager to get the size 295 
of each cyst. This will open a new window of measurements named “Results” numbering each 296 
cyst and its estimated size. Then save in .csv format by clicking on the “Results” window and 297 
via the menu: File | Save As (Supplementary Figure 10). 298 
 299 
NOTE: A macro can be created to semi-automatically process stacks, estimate cyst number/sizes 300 
from the projections, and store the data for faster counting procedure. To do so, s e l e c t  the 301 
tool “Record” in the bar menu, by clicking Plugins | Macros | Record. 302 
 303 
2.4. Quantification of cyst formation efficiency 304 
 305 

2.4.1. Count the number of cysts at day Y ,  (N
cysts at day Y

) on  a  p ro ject ion  (Y= 1, 2, 4, 7 or 306 

10).  307 
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 308 
2.4.2. To calculate the cyst formation efficiency for 1000 cells at day Y, divide the number of cysts 309 
counted at that time point by the number of cells seeded at day 0 inferred from the hydrogel 310 
volume and multiply by 1000 (Figure 3C, Figure 4).  311 
 312 

cyst formation efficiency =
Ncysts at day Y

Ncells at day 0
× 1000 313 

 314 
3. Cell viability 315 
 316 
3.1. Prepare a stock solution of fluorescein diacetate (FDA) at 5 mg/mL by dissolving 5 mg of FDA 317 
in 1 mL acetone and store at -20 °C.  318 
 319 
3.2. Prepare a stock solution of propidium iodide (PI) at a concentration of 2 mg/mL in deionized 320 
water (dH2O) and store at 4 °C. 321 
 322 
3.3. Prepare NRC medium without fetal calf serum (FCS). 323 
 324 
3.4. To prepare the FDA/PI staining solution, add 4 μL of FDA stock solution (8 µg/mL final 325 
concentration) and 25 μL of PI stock solution (20 µg/mL final concentration) into 2.5 mL of NRC 326 
medium without FCS. 327 
 328 
3.5. Remove the medium from the chamber slide, add 250 μL of staining solution into each well 329 
and incubate 4-5 min in the dark at 37 °C, 5% CO2. Pipette out the staining solution carefully and 330 
wash once with 250 μL of 1x PBS. 331 
 332 
3.6. Carefully add 250 μL of complete NRC medium to each well and take pictures using an 333 
inverted fluorescence microscope with Texas red and fluorescein isothiocyanate (FITC) filters. 334 
Live cells will be green and dead cells will be red (Figure 5A). 335 
 336 
NOTE: In order to quantify live/dead cells, take Z-stacks across the hydrogel volume following 337 
step 2 to adapt the image processing method for fluorescence. 338 
 339 
4. Secretion activity 340 
 341 
NOTE: The secretion activity through the apical membrane of the cholangiocytes is assessed by 342 
the secretion of fluorescein in the lumen. Its specificity can be evaluated by doing the same test 343 
with Verapamil, a multi-drug resistant (MDR) transporter inhibitor24. 344 
 345 
4.1. To prepare a staining solution of Hoechst 33258 at 5 µg/mL, add 0.83 μL of Hoechst stock 346 
solution (15 mg/mL stock concentration in dH2O) in 2.5 mL of NRC medium without FCS. 347 
 348 
4.2. Add 250 μL of Hoechst solution in each well and incubate at 37 °C, 5% CO2 for 15 min. 349 
 350 
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4.3. Remove the Hoechst solution and add 250 µL of FDA solution (8 µg/mL final concentration) 351 
in each well. Incubate 4-5 min at 37 °C, 5% CO2.  352 
 353 
NOTE: As soon as cells are exposed to FDA staining solution, the follow up of fluorescein secretion 354 
kinetics might be useful to calibrate the time needed for cysts to secrete. To do so, take pictures 355 
every min for 1 h via time-lapse imaging. In this example, the time needed to observe NRC 356 
secreting cysts in the hydrogel is about 15-20 min. 357 
 358 
4.4. Take images using an inverted fluorescence microscope 5 min after rinsing with medium 359 
without FCS. Use 4′,6-diamidino-2-phenylindole (DAPI) and FITC filters to reveal nuclei labeling 360 
and fluorescein accumulation in the lumen (Figure 6A). To quantify the number of secreting cysts, 361 
take Z-stacks as in step 2 and adapt the image processing steps to fluorescent images. 362 
 363 
NOTE: For the Verapamil test, precede the previous process (steps 4.3. to 4.4.) by an incubation 364 
with Verapamil, according to the following conditions:  365 
 366 
4.5. Prepare a stock solution of 10 mM Verapamil in dimethyl sulfoxide (DMSO). To prepare 10 367 
µM working solution, mix 2.5 μL of Verapamil stock solution with 2.5 mL culture medium without 368 
FCS. 369 
 370 
4.6. To assess that the fluorescence in the lumen results from MDR secretion, take another slide 371 
and add 250 µL of Verapamil working solution in each well and incubate 20 min at 37° C, 5% CO2  372 
 373 
4.7. Remove the solution and add 250 µL of FDA solution (8 µg/mL final concentration) into each 374 
well. Incubate 4-5 min in the dark at 37 °C, 5% CO2. Then, wash with 250 μL of 1x PBS, before 375 
imaging (Figure 6B, C).  376 
 377 
5. Epithelial polarity assessment by immunofluorescence 378 
 379 
5.1. To prepare the fixing solution, mix 4% formaldehyde with 5% sucrose, in 1x PBS, pH 7.4 and 380 
incubate in a water bath pre-heated at 37 °C. 381 
 382 
5.2. To fix the cells, gently pipette out the culture medium from the well without damaging the 383 
matrix. Slowly add 400 µL of the fixing solution to the side of the wells. Incubate for 20 min at 384 
room temperature (RT). 385 
 386 
NOTE: Always leave 25 µL of the liquid above the matrix to prevent its damage. 387 
 388 
5.3. Gently remove the fixing solution and wash 3x with 400 μL of 1x PBS at (RT). 389 
 390 
5.4. Pipette out the PBS, add 400 µL of permeabilization solution (0.5% Triton X-100 in 1x PBS) 391 
and incubate 10 min at RT. 392 
 393 
5.5. Gently remove the permeabilization solution, followed by 3 quick washes with 400 μL of 1x 394 
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PBS and a long washing step of 30 min at RT. 395 
 396 
NOTE: At this step, the slide can be stored at 4 °C for 2 days. In this case, seal the slide with a 397 
paraffin film to prevent evaporation and matrix drying.  398 
 399 
5.6. Remove the PBS, add 400 µL of blocking solution containing 0.1% bovine serum albumin 400 
(BSA) and 10% goat serum in 1x PBS and incubate for 60 min at RT. 401 
 402 
CAUTION: Concentrations of BSA higher than 0.1% will result in lumen retraction and further cyst 403 
collapse (see Representative Results section) (Figure 7A). 404 
 405 
5.7. Pipette out the blocking solution and wash once with 400 µL of PBS/0.05% Tween 20 and 406 
discard. 407 
 408 
5.8. Add 150 µL of the antibody solution, e.g., E-cadherin antibody diluted 1:400 and Phalloidin 409 
568 (16.2 nM final concentration) in 1x PBS and incubate for 90 min at RT. 410 
 411 
NOTE: This dilution of E-cadherin is the same used as in a standard 2D immunofluorescence 412 
protocol. 413 
 414 
5.9. Wash the sample with 400 µL of PBS/0.05% Tween 20, 3x; each time incubating the sample 415 
for 10 min at RT. 416 
 417 
5.10. Add 150 µL of the secondary antibody (goat anti-rabbit IgG Alexa Fluor Plus 647), diluted 418 
1:500 in 1x PBS and incubate 60 min at RT. 419 
 420 
5.11. Wash 3x with 400 µL of PBS/0.05% Tween 20, each time incubating the sample for 10 min 421 
at RT. 422 
 423 
5.12. Wash 3x with 400 µL of 1x PBS, each time incubating the sample for 10 min at RT.  424 
 425 
5.13. Discard the PBS of the last wash and prepare the chamber slide for visualization via confocal 426 
microscopy following one of the two options below. 427 
 428 
5.13.1. Add 400 μL of 1x PBS and 50 μL of DAPI per well. The samples can be examined through 429 
the bottom of the well without the need of mounting with a coverslip (Figure 7B). 430 
 431 
5.13.2. Add 100 µL per well of antifade reagent containing DAPI and let the slide drying O/N at 432 
RT. 433 
 434 
REPRESENTATIVE RESULTS: 435 
 436 
Formation and characterization of cysts 437 
3D cell culture systems are an important tool to study organogenesis and disease modeling25. 438 
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Unfortunately, most of these methods are qualitative or use internal quantification performed 439 
on a single plane by comparing the number of cysts versus non-cysts, in variable and often 440 
unspecified volumes, preventing any comparison in terms of cyst formation efficiency between 441 
the various studies7-10,15,18,23. The method proposed in this protocol, by recording the whole 442 
number of cysts and their respective sizes over the time of the experiment, allows for the analysis 443 
of the evolution of cyst formation and growth (Figure 4). 444 
 445 
Based on phase contrast images, on day 0, 8 hours after cell seeding mostly small cell aggregates 446 
are found embedded into the hydrogel. On day 1, small cysts of median diameter of 42.95 (26.53, 447 
50.47) (first, third quartile) μm and fusion of cysts scattered throughout the hydrogel are 448 
noticeable. By day 4, it is common to observe aggregate structures as well as cysts of median 449 
diameter of 75 (56.48, 97.97) μm. By days 7 and 10 the median cyst diameter reached 108.67 450 
(75.31, 141.76) μm and 186.46 (113.98, 278.29) μm, respectively (Figure 4A-C). Interestingly, the 451 
cyst formation efficiency increases from 70.03 ± 5.05 cysts/1000 cells on day 1 to 99.83 ± 12.81 452 
cysts/1000 cells on day 4 remaining constant till day 10 (Figure 4B), suggesting that cysts form 453 
essentially from cell aggregates that are present at the time of the embedding or that form during 454 
the next 48h, through cell migration or the fusion of small cell aggregates. With regards to the 455 
cyst size evolution, while the mean size follows a slow and regular slope, the size distribution 456 
increases widely along the culture time, illustrating that the various cysts do not grow at the same 457 
speed. Interestingly, this can be linked to our observation (not shown) that cysts are not evenly 458 
distributed in the hydrogel, the biggest cysts lying in the center of the hydrogel volume. Since the 459 
increase of the cyst diameter mainly relies on the secretion activity (since the cell division rate is 460 
limited in NRC derived cysts), it can be inferred that this activity is highly dependent on the 461 
hydrogel properties that are not homogenous in the cell culture volume.  462 
 463 
We then confirmed the viability of cells after embedding them into the hydrogel (day 0) and cysts 464 
on day 10 using FDA/PI live staining (Figure 5A). FDA is a non-fluorescent molecule that only live 465 
cells, through an enzymatic reaction, are able to convert to the green fluorescent compound 466 
fluorescein26. PI is a non-permeant molecule for live cells that intercalates in the DNA of necrotic 467 
cells27. Interestingly, dead cells that represent less than 3% of the whole cells in the culture 468 
volume at day 10, are mostly found outside the cysts, as isolated cells or part of small aggregates. 469 
However, we noticed that debris from necrotic cells accumulate in some large cysts at day 10 470 
(Figure 5B). Therefore, for the maintenance of cystic cultures, passaging of cysts is recommended 471 
before 10 days in those conditions.  472 
 473 
Functional assessment 474 
In physiological conditions, the main function of cholangiocytes is to modify canalicular bile via 475 
absorptive and secretory mechanisms of which the MDR channel is a key player28. To assess the 476 
functionality of cysts, we incubated day 10 cysts with FDA/Hoechst and observed formation of 477 
fluorescein and its secretion from the basal into the apical luminal space (Figure 6A,B). Thus, 478 
confirming that NRCs in cysts retain their secretory functions. Moreover, the secretion of 479 
fluorescein was inhibited by pre-treatment of cysts with the MDR inhibitor Verapamil (Figure 6C), 480 
showing that the accumulation of fluorescence FDA into the lumen was due to the secretion 481 
through MDR transporter and not by leaking from the intercellular space. 482 
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 483 
Assessment of cyst polarity 484 
In order to establish polarization of the NRC cysts, we conducted a series of optimization steps in 485 
the immunofluorescence protocol. One main hindering in the examination of epithelial cell 486 
polarity in the cysts is the frequent collapse of the organoid architecture during the 487 
immunofluorescence process, due to the leakage of the fluid contained in the lumen. To 488 
circumvent this problem, each step of the immunofluorescence protocol has been evaluated by 489 
testing how various conditions might affect the maintenance of cyst structure. We found that 490 
modulating the fixing (formaldehyde (2-4%) + sucrose (5-10%)) or permeabilization conditions 491 
(0.1-1% of both Triton X-100 and sucrose) did not have much impact on the cyst architecture. 492 
These ranges can be used to strongly fix and gently permeabilize the cholangiocytes (Figure 7A). 493 
However, we observed that keeping BSA at 0.1% or less during saturation is a key step in 494 
maintaining cyst integrity, as higher concentrations result in cyst retraction and lumen collapse 495 
(Figure 7A).  496 
 497 
Cholangiocyte functions are dependent on their proper apico-basolateral polarity29. To verify that 498 
the NRC cysts self-assemble in hydrogel as polarized structures, we confirmed the apical and 499 
basolateral localization of F-actin and E-cadherin, respectively. E-cadherin expression in our cysts 500 
also indicates that NRCs maintain their epithelial phenotype in hydrogel (Figure 7B) during at 501 
least 10 days. 502 
 503 
FIGURE AND TABLE LEGENDS: 504 
 505 
Figure 1: Experimental workflow of cyst formation and characterization. (A) Hydrogel coating of 506 
the chamber slide. (B) Cell embedding in the hydrogel. (C) Microscopy of cyst formation. (D) A 10-507 
day follow up assessment of cyst growth, viability, functionality, and polarization. 508 
 509 
Figure 2: Image acquisition method. (A) Workflow of the Z-stack acquisition performed along 510 
the hydrogel depth from day 1 to 10: Z-stack acquisition (1) image processing of the Z-stack (2) 511 
generation of a minimum intensity projection and cyst quantification (3). (B) Image acquisition 512 
software screenshots showing the selection of the objective (1), the adjustment of parameters 513 
(2), the automatic saving of images (3), and the Z-stack calibration (4). 514 
 515 
Figure 3: Method for the quantification of cyst size and cyst formation efficiency. (A) Image 516 
processing layout depicting: Z-stacks to analyze (1), its minimum intensity Z-projection (2), the 517 
final Z-projection after background subtraction (3) used for cyst counting and cyst size estimation. 518 
(B) Cyst identification on the projection (A3) with a zoom of the projection (4) to show the 519 
identification of cysts featured by a dark cell shell enclosing a brighter lumen, which are 520 
distinguished by blue lines plotted for diameter measurement vs aggregates with a dark and 521 
irregular appearance pointed by red arrows. (C) The formula for calculation of cyst formation 522 
efficiency for 1,000 cells. 523 
 524 
Figure 4: Cyst formation efficiency and cyst size distribution in the hydrogel. (A) Time-lapse 525 
showing representative phase contrast images at days 0, 1, 2, 4, 7, and 10 of the 3D cultures. (B) 526 
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Plot graph with the kinetics of mean cyst formation efficiency ± SEM (n=3). (C) Box and whisker 527 
plot showing the cyst size distribution over the time of culture. Black bars represent the first 528 
quartile, the median and the third quartile; lines represent the width of the distribution; black 529 
dots represent the minimum and the maximum of the distribution, n=3. 530 
 531 
Figure 5: Viability of NRC cysts in the hydrogel. (A) Representative fluorescent live images of 532 
cultures at day 0 and at day 10, stained with FDA (green=live) and PI (red=dead). Note that the 533 
red fluorescence was mainly associated to single cells. (B) Representative fluorescent live image 534 
of a necrotic cyst at day 10, where the dead cells (in red) were seen accumulating in the lumen. 535 
 536 
Figure 6: Functionality of NRC cysts in the hydrogel. (A) Representative fluorescent live images 537 
of a 10-day cyst where the cell’s layer was revealed by nuclei labeling with Hoechst (blue) and the 538 
lumen by the secreted FDA (green). (B) Representative phase contrast/fluorescent live images 539 
after a secretion test with FDA, which was shown accumulated in the lumen. (C) After the 540 
exposition to Verapamil, an MDR inhibitor, representative phase contrast/fluorescent live images 541 
of cysts showing that FDA was retained in the cell’s layer.  542 
 543 
Figure 7: Immunofluorescence of NRC cysts in the hydrogel. (A) Optimization of the 544 
immunofluorescence protocol with bright field images showing representative cyst shapes at 545 
each step of the protocol. From left to right: (Living cyst) a live cyst in complete medium before 546 
fixation, (Fixation) a cyst after fixation, (Permeabilization) another cyst after permeabilization, 547 
(Saturation) a cyst after the saturation step and (Labeling) a cyst at the immunolabeling step. (B) 548 
(1-2): Confocal images of a section through a cyst showing the apical surface marker F-actin (red-549 
orange), the basolateral marker E-cadherin (green) and the nuclei stained with DAPI (blue). (3): 550 
3D reconstitution of a set of cysts with the following labelings: red-orange for F-actin and green 551 
for E-cadherin.  552 
 553 
Supplementary Figure 1: Opening of a stack. Screenshot captures of the software depicting the 554 
procedure to open a Z-stack. 555 
 556 
Supplementary Figure 2: Stack duplication. Screenshot captures of the software showing the 557 
process to duplicate a Z-stack. 558 
 559 
Supplementary Figure 3: Generation of a minimum intensity projection. Screenshot captures of 560 
the software illustrating the procedure to create a minimum intensity projection from the 561 
duplicated Z-stack. 562 
 563 
Supplementary Figure 4: Background removal. Screenshot captures of the software portraying 564 
the method to remove the background from the Z-stack projection. 565 
 566 
Supplementary Figure 5: Contrast enhancement. Screenshot captures of the software outlining 567 
the steps to enhance the contrast of the Z-stack projection. 568 
 569 
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Supplementary Figure 6: Picture calibration. Screenshot captures of the software delineating the 570 
process to calibrate the Z-stack and the Z-stack projection in microns. 571 
 572 
Supplementary Figure 7: Cyst counting. Screenshot captures of the software depicting the 573 
procedure to count cysts on the Z-stack projection with the straight-line tool. 574 
 575 
Supplementary Figure 8: Cyst counting check-up. Screenshot captures of the software outlining 576 
the method to compare the number of cysts counted on the Z-stack projection and the Z-stack. 577 
 578 
Supplementary Figure 9: ROI saving. Screenshot captures of the software showing how to save 579 
the ROI set defined by the countings. 580 
 581 
Supplementary Figure 10: Cyst size and number measurements. Screenshot captures of the 582 
software detailing how to measure and save cyst size and cyst number from the Z-stack projection 583 
and the Z-stack. 584 
 585 
DISCUSSION: 586 
In order to study organogenesis and maintenance of 3D cellular structures, various tissues have 587 
been modelled, using different cellular origins but also different types of extra-cellular matrices 588 
including synthetic hydrogels8-10,21. However, due to lack of 3D quantitative analysis that allows 589 
for comparisons between methods in terms of organoids formation or functionality7-10,15,18, 590 
further standardization for hydrogel or drug screening remains out of reach. 591 
 592 
To address these deficiencies, we propose a hydrogel-based, reproducible, and standardized 593 
protocol to generate epithelial cell-derived cysts. Here, we exemplified it with the formation of 594 
biliary cysts in a basal lamina derived hydrogel, from a referenced cholangiocyte cell line. To 595 
unlock the limitation of 3D quantification, cyst formation efficiency is calculated relative to the 596 
total number of cells seeded into the hydrogel and cyst growth kinetics is measured across a 597 
constant hydrogel volume.  598 
 599 
We provide a series of systematic steps to generate and characterize cysts, to allow relevant cyst 600 
quantitative analysis. To this aim, special efforts have been made to generate a uniform 601 
distribution of cell aggregates at the time of hydrogel embedding and circumvent the 602 
heterogeneity of the hydrogel’s structure, which impacts cyst formation by setting the conditions 603 
to have a representative sample for cyst counting. 604 
 605 
Experimental reproducibility is addressed through critical steps such as, filtering cell suspensions 606 
to limit cell aggregate size and pre-coating of the chamber slides prior to cell-hydrogel addition 607 
to avoid 2D layer formation when cells contact the surface of the culture vessel. Consistent 608 
quantification is solved taking pictures along the Z-axis of the hydrogel with a constant set of 609 
parameters across different samples and experiments.  610 
 611 
Cyst formation efficiency and cyst growth kinetics are estimated from the total number of cells 612 
seeded into the hydrogel. Consequently, an adaptable algorithm for image processing is 613 



   

Page 14 of 6  revised November 2017 
 

proposed to segment images for cyst counting and cyst size measurements. The novelty of the 614 
method proposed is that the counting and measurements are done on Z-stack projections. After 615 
removal of the specific background, the number of images to analyze is restricted, allowing for a 616 
considerable gain of time and limiting hard disk’s saturation. Immunofluorescence is a significant 617 
tool to analyze 3D cultures at the structural level, in particular polarization, key in proper 618 
epithelial cell function4. Thus, we undertook the task to carefully optimize the fixation, 619 
permeabilization, and blocking steps of the immunofluorescence part of our protocol; 620 
troubleshooting BSA concentration to prevent cyst retraction and further lumen collapse.  621 
 622 
Altogether the method proposed opens the pathway to generate a simple, reproducible, and 623 
costly-effective protocol, 3D cellular cultures and investigate qualitative and quantitative 624 
parameters. Furthermore, this method allows for comparisons between different types of 625 
matrices: using the same method with poly(ethylene glycol) (PEG)-derived hydrogels we could 626 
demonstrate that lumen formation and growth are critically dependent on the hydrogel stiffness 627 
and adhesiveness, respectively21. This protocol is also applicable for comparing formation and 628 
function of spheroids derived from different cells, which could participate to the standardization 629 
of tissue-specific epithelial spheroid models. However, a limitation is that the optimization of 630 
culture conditions such as culture media, initial cell seeding, and the time needed for cyst 631 
formation might be required for other cell types. In the bile duct field, this work might contribute 632 
to answer questions regarding bile duct organogenesis, as well as molecular pathways of disease, 633 
and drug testing. This protocol will also find its limit when applied to high throughput analysis 634 
since some steps like cyst counting and imaging processing are not automatized yet, even though 635 
we propose macros for semi-automatizing the imaging process that could be further developed 636 
for automatization. The limitation to automatic processing in this case is the image background. 637 
This is due to heterogeneous structure of natural complex hydrogels such basement membrane 638 
type gels, but we believe that automatization might be applied to transparent gels such as PEG-639 
derived hydrogels. 640 
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Name of Material/ Equipment Company Catalog Number Comments/Description
NRC complete medium 

final concentration
10 µl- Pipette Eppendorf Research Plus Thermo Fisher Scientific 3120000020

100 µl - Pipette Eppendorf Research Plus Thermo Fisher Scientific 3120000046

1000 µl - Pipette Eppendorf Research Plus Thermo Fisher Scientific 3120000062

1X PBS Thermo Fisher Scientific 14190-094

200 µl - Pipette Eppendorf Research Plus Thermo Fisher Scientific 3120000054

3,3′,5-Triiodo-L-thyronine sodium salt Sigma-Aldrich T5516  3.4 µg/mL 
Acetic acid VWR 20104-298 0.02N final

Aerosol barrier pipettes tips 10 µl (Fisherbrand) Thermo Fisher Scientific 2707439

Aerosol barrier pipettes tips 1000 µl (Fisherbrand) Thermo Fisher Scientific 2707404

Aerosol barrier pipettes tips 200 µl (Fisherbrand) Thermo Fisher Scientific 2707430

Antibiotic Antimicotic Solution (100X) Sigma-Aldrich A5955 1:100 dilution
Bovine pituitary extract Thermo Fisher Scientific 13028-014  30 µg/mL
Bovine serum albumin Sigma-Aldrich A2153 1:1000 dilution
Chemically Defined Lipid Concentrate (100X) Thermo Fisher Scientific 11905-031 1:100 dilution
Collagen high concentration, rat tail Thermo Fisher Scientific 354249 50 µg/mL final concentration 

Dexamethasone Sigma-Aldrich D4902 0.393 µg/mL 
DMEM F12 Thermo Fisher Scientific 21331-020 1X

E-cadherin Rabbit anti-Human, Rat, Polyclonal Thermo Fisher Scientific PA5-32178 1:400 dilution

Eclipse TE300 inverted microscope Nikon imaging

Ethanolamine Sigma-Aldrich E9508 0.32 mM 
Fetal calf serum Thermo Fisher Scientific 10270-106 5:100 dilution
Fluoroshield with DAPI (Mounting medium) Sigma-Aldrich F6057

Formaldehyde 16% (W/V) Thermo Fisher Scientific 28906 4% (W/V)

Goat serum Thermo Fisher Scientific 16210-064 1:10 dilution

Hamamatsu camera (Digital camera C11440 ORCA - flash 4.OLT) Hamamatsu
imaging

Hoechst 33258 Sigma-Aldrich B1155 5 µg/mL final concentration
IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa Fluor Plus 

647
Thermo Fisher Scientific A32733 1:500 dilution

ImageJ version 2.0.0-rc-69/1.52n Open source image processing software

Insulin-Transferrin-Selenium (100X) Thermo Fisher Scientific 51300-044 1:100 dilution
L-Glutamine (100X) Thermo Fisher Scientific 25030-024 1:100 dilution
Matrigel GFR (stock concentration 9.7 mg/mL) Thermo Fisher Scientific 356231 4:10 dilution

NIS Elements software version 4.50.00 Nikon image acquisition and display

Non-Essential-Amino-Acids-Solution (100X) Thermo Fisher Scientific 11140-035 1:100 dilution
Objective Plan Fluor 10X/0.30 Ph1 DL (∞/1.2 WD 15.2) Nikon

Prolong Gold Antifade Reagent Thermo Fisher Scientific P36931

Propidium Iodide (PI) Sigma-Aldrich P4170 20 µg/mL final concentration

Rhodamine Phalloidin Thermo Fisher Scientific R415 16.2 nM final concentration

Sir-Actin / Verapamil kit Spirochrome SC001 10 µM final concentration 

Soybean trypsin inhibitor Thermo Fisher Scientific 17075-029 50 µg/mL 
Sterile cell strainer 40 µm  (Fisherbrand) Thermo Fisher Scientific 22363547

Sterile pipettes 10 mL (Fisherbrand) Thermo Fisher Scientific 1367811E

Sterile pipettes 5 mL (Fisherbrand) Thermo Fisher Scientific 1367811D

Sterile tubes 1.5 mL (Fisherbrand) Thermo Fisher Scientific 11926955

Sterile tubes 15 mL (Fisherbrand) Thermo Fisher Scientific 7200886

Sterile tubes 50 mL (Fisherbrand) Thermo Fisher Scientific 553913

Sucrose Sigma-Aldrich S0389 5:100 dilution

Tissue culture treated flask 25cm2 (Falcon) Thermo Fisher Scientific 353108

Triton X-100 Sigma-Aldrich T8787 5:1000 dilution

Trypsin-EDTA (0.05%) phenol red Thermo Fisher Scientific 25300-054 1X

Tween-20 Sigma-Aldrich P1379 5:10000 dilution

Vitamin (100X) Thermo Fisher Scientific 11120-037 1:100 dilution
μ-Slide 8 Well ibiTreat, Ibidi Clinisciences 80826
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April 6, 2020 Alisha DSouza, Ph.D. 
 Senior Review Editor 

 Journal of Visualized Experiments (JoVE) 
 1 Alewife Center, Ste, 200 
                                               Cambride, MA 02140 
 United States of America 
 
 
Re: revised-manuscript submission  
 
 
 
To: Alisha DSouza, Ph.D. 
 
Dear Dr. DSouza, 
 
We thank you and the reviewers for considering and evaluating our manuscript for publication in JoVE as 
an original article. Based on the editor/reviewers’ comments, we are pleased to submit a revised version 
entitled, “A reproducible method to generate and quantitatively characterize functional and polarized 
biliary epithelial cysts”. 
 
We appreciate your suggestions to make our manuscript more comprehensive and have considered all 
the comments and modified the manuscript accordingly. All the modifications have been highlighted in 
blue in the revised manuscript. Below we are addressing in blue point-by-point your concerns.  
 
 
Answers to the editorial comments 
 
• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 
or grammatical error. The manuscript has been carefully revised and proofread and all our changes are 
underlined in blue. 
 
• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and 
must contain everything that you would like shown in the video. Please add more specific details (e.g. 
button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should 
be enough detail in each step to supplement the actions seen in the video so that viewers can easily 
replicate the protocol. 

1) 1.2.1: what is the composition of complete medium? The composition of the complete NRC 
medium is detailed in the Table of Materials. 

 
We have added more specific details to the protocol to ensure its replicability, such as button clicks for 
software actions and numerical values used for contrast enhancement of processed images (see the 
section “2. Cyst quantification” from lines 206-321. 
 
• Protocol Highlight: After you have made all of the recommended changes to your protocol (listed 
above), please re-evaluate the length of your protocol section. There is a 10-page limit for the protocol 
text, and a 3-page limit for filmable content. If your protocol is longer than 3 pages, please highlight ~2.5 
pages or less of text (which includes headings and spaces) in yellow, to identify which steps should be 
visualized to tell the most cohesive story of your protocol steps. I suggest including some quantitative 
analysis steps. 
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1) Ensure that the highlighting best represents the title, I suggest highlighting some quantitative analysis 
as well. 
 
The new highlighted part best represents the title of our manuscript and includes quantitative analysis.  
 
2) The highlighting must include all relevant details that are required to perform the step. 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 included in the highlighting. 
 
We have taken care of this in the new version. 
 
3) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one 
highlighted step to the next. 
 
We took this instruction into account to select highlights representing a cohesive narrative scenario for 
the movie. 
 
• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be 
similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form 
(3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance 
with respect to existing methods, 4) future applications and 5) critical steps within the protocol. 
 
We thank the editor for drawing our attention on these elements. In the revised manuscript, we paid 
attention at covering all the significance, critical steps, troubleshooting, and future applications of our 
protocol. 
 
• Commercial Language: JoVE is unable to publish manuscripts containing commercial sounding 
language, including trademark or registered trademark symbols (TM/R) and the mention of company 
brand names before an instrument or reagent. Examples of commercial sounding language in your 
manuscript are Matrigel, a Nikon Eclipse, NIS Elements, 
1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding language 
in your manuscript with generic names that are not company-specific. All commercial products should be 
sufficiently referenced in the table of materials/reagents. You may use the generic term followed by “(see 
table of materials)” to draw the readers’ attention to specific commercial names. 
 
We removed all commercial names from our manuscript and included them in the Table of Materials. 
 
• Table of Materials: Sort by alphabetical order. 
 
As suggested, we sorted the Table of Materials by alphabetical order. 
 
• If your figures and tables are original and not published previously or you have already obtained figure 
permissions, please ignore this comment. If you are re-using figures from a previous publication, you 
must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of 
a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). Please 
upload the text of the re-print permission (may be copied and pasted from an email/website) as a Word 
document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. 
Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from 
[citation]." 
 
N/A 



 
 
 
Answers to the reviewers’ comments 
 
Reviewer #1:  
Manuscript Summary: 
The authors present a protocol to generate cholangiocyte cysts in a 3D hydrogel, and a methodology to 
quantify and characterize the cysts throughout the thickness of the gel (not restricted to a single plane), 
which would lead to a more objective and quantitative analysis of the characteristics of the cyst 
population. This would also allow to conduct comparative quantitative assays of cyst formation, varying 
hydrogel composition, factors, inhibitors etc. to evaluate their effect on organogenesis. 
 
Major Concerns: 
* A major concern is the instructions for the image processing methodology. (2.2 & 2.3) These are not 
clear enough to guide the reader/viewer and some steps can be subject to biais, in particular in 
identifying the real cysts from "non cysts", and all measurements are manual, not automated. 
In the revised protocol we clarified many points of doubt for the quantification method and for the 
corresponding figures. Below, we addressed point-by-point each one of your questions/suggestions. Our 
changes are underlined in blue. 
 
Please find in the Following some detailed questions and concerns for the substeps of this section. 
 
2.2.2 Please indicate which thresholding algorithm should be used. 
In the revised manuscript, we clarified the image processing method and incorporated the different 
algorithms used for intensity projection and background subtraction. In particular, lines 271-283 more 
precisely step 2.2.3., that we used a minimum intensity projection, step 2.2.4. we specify the size of the 
rolling ball radius used for the background subtraction (500 pixels) and we also provide step 2.2.5. 
contrast enhancement parameters associated to the final projection obtained and used for cyst counting. 
 
2.2.3 It is unclear what exactly is being "substracted to the z-stack". The sentence seems to indicate that 
you are substracting the binary mask (made of 0 or 1) from each (grayscale) image from the Z stack. Or 
are you using the mask to cut each image and keep only the "black" regions on each image to 
recalculate a projection? Then what background are you substracting? and what is the purpose of this 
background substraction as no quantification of the greyscale image is carried out in the next steps. 
In the image processing method presented (Figure 3A), the background subtraction is operated on the 
minimum intensity projection of the Z-stack and the final cyst counting/cyst size measurements are done 
on this corrected projection. The purpose of the background subtraction is to segment cyst objects, more 
contrasted at the level of their cell shell than the hydrogel considered as background.  
 
2.3.1 "Mean diameter" of the cyst appears to be drawn manually as a line.  
Yes, the “mean size” of each cyst is estimated manually since our resulting projections are still very noisy 
and it would have been difficult to automatize the detection and counting process without inducing errors. 
It is difficult to entirely segment cyst objects from the background (hydrogel). Even after background 
subtraction, we clearly see that not all the cysts have a constant gray level intensity along their shell. 
Thus, applying a threshold to binarize cysts would have resulted in partial cyst detection, thus ultimately 
leading to inaccurate size estimation. 
Additionally, as cyst shells, single cells and aggregates might have the same gray levels and intensity 
variations, automatizing the detection process (threshold) would have resulted in error detection. 
However, this process is not necessary for other types of hydrogels, which do not generate such 
background as BME like hydrogels. Therefore, the protocol described here could be simplified and prone 
to automation of cyst detection. 
 



 
Wouldn't it be better to fit a circle to the object?  
We think that fitting a circle to the object would not be appropriate since some cysts are not completely 
circular. Alternatively, we think that estimating the mean size by a straight line is more adapted and more 
convenient when identifying around 200 cysts over the whole set of projections analyzed. Based on our 
calculations, the error estimation of fitting a line on a rounded cyst instead of a circle is less than 5%. 
 
Mean diameter should be the result of a calculation over a set of values. Instead of "mean", maybe the 
term "approximate" diameter should be used. 
We totally agree with this and therefore, we replaced the term “mean” in the manuscript by “approximate” 
(see line 290). 
 
In this section, the criteria used to determine which objects are cysts should be explicited. 
These criteria are given in the legend of figure 3 but these appear insufficient to determine the nature of 
all the objects seen in figure 3: in this respect, do you suggest that there are only 2 cysts on the 
projection image in A? I would suggest to add either blue or red arrows to ALL the objects of this image 
to guide the viewer as to which objects should be measured or not. 
We modified Figure 3 in order to show without ambiguity which objects are considered as cysts (blue 
lines), and which ones are not considered cysts (red arrows). 
 
Along the same reasoning, in figure 5B, the red arrow is pointing to a necrotic cyst, but according to your 
definition of a cyst in Figure 3, this object shouldn't be identified as a cyst. 
To avoid any ambiguity we removed the phase contrast image of Figure 5B. 
 
* Section 2.4 needs clarification 
2.4.1 Line 258: "#cysts" is present on both side of the formula but mean two different things! Add a ¯ to 
indicate "average" over "number of cysts" and write the formula the other way round: ¯ (number of 
cysts)/image = number of cysts/number of images 
In the new version of the manuscript, we rephrased the mathematical magnitudes and the formula to 
better explain how the cyst formation efficiency is calculated (see sub-sections 2.4.1 and 2.4.2 from lines 
314-322). 
 
As the same cyst is present on many successive images from the stack, it isn't clear what this "mean 
number of cysts per image" is supposed to represent. 
We thank the reviewer for this observation. This was an error in selecting the images for the stack. So we 
corrected the figures 1 and 3 accordingly. The “mean number of cysts” is obtained by averaging the 
number of cysts on different projections for each time point. 
 
2.4.2 How is the mean number of cells/image calculated? From the day 0 stack? It seems that cells have 
already aggregated at day 0. This should be clarified. 
The number is calculated from the initial conditions i.e. the number of seeded cells and the volume of the 
hydrogel; the number of cells/image is inferred from the height of the stack and the corresponding 
hydrogel volume. The images made at D0 allow to check that cell distribution is uniform throughout the 
hydrogel volume. 
 
* Generally speaking, I think it would make more sense to say that all stacks from day 0,1,..10 must 
contain the same number of images taken with the same z interval (therefore from an identical volume), 
and this z interval should be smaller than the size of a single cell (otherwise the final efficiency will be 
biased). 
We have clarified this point by adding various notes in the section 2.1 Cyst imaging, lines 214-216 
In our conditions, and according to this magnification, the depth of view allows to detect small cell 
aggregates and differentiate them from cysts with a Z-step of 20 µm., lines 238-241 
 



 
Then the efficiency can be calculated directly from a given number of n projection images (i.e. stacks) for 
each timepoint. For robust quantification, a significant number of objects should be counted. This 
significant number should be discussed. 
To be in line with this comment, we added a note in the section 2.1, where we precise the number of 

cysts counted for each time point, lines 250-253 Thus, we are in the ± 5% error bar for the mean cyst 
formation efficiency calculated each day. 
 
Efficiency = number of cysts counted in n stack projections from day10/number of cells in n stack 
projections from day 0 (or x1000 if you want to represent efficiency over a 1000 cells) 
We really appreciate the reviewer’s help to clarify our manuscript. We hope that based on his/her 
suggestions, all ambiguities have been solved. 
 
Minor Concerns: 
* I would recommend changing the title of the article to better guide the reader/viewer on what they can 
learn in this protocol. 
The title currently reads: "A QUANTITATIVE (and..) method to GENERATE (..) cysts", whereas the 
article explains how to QUANTIFY cyst formation EFFICIENCY 
I would also add "cholangiocyte" or "biliary" to the title as the article focuses only on this example 
(starting off from the first sentences of the abstract) and secretion analysis is also specific to this cell 
model. 
For example: A Reproducible method to generate and quantitatively characterize functional and 
polarized biliary epithelial cysts. 
We changed the title of our manuscript accordingly as it best illustrates the purpose of our study. 
 
* Multiple times (lines 39-42; 83-87; 390-392; 516-518) authors mention the lack of quantitative 
characterization of cyst samples in current publications. But no references are provided. 
We took these remarks in consideration adding corresponding references to support our ideas. 
 
* Lines 36-37 - what is a "growth hydrogel"? This term is unfamiliar and therefore needs to be defined. 
We have removed the term “growth hydrogel” leaving it just as “hydrogel”. 
 
* In lines 46-48 it is stated that the method allows quantify cyst distribution along the vertical axis, but at 
the same time in chapters 2.3/2.4 it is stated that cysts' quantification is performed using Z-stack 
projections which excludes the possibility to follow the distribution in the various planes. 
Indeed using Z-stack projections excludes the possibility to probe cyst distribution across the planes. 
However, to ensure the applicability of the method, we took Z-stacks in the inner part of the gel where 
cysts are more homogenously distributed than on the edges where hydrogel polymerization 
heterogeneities are too high.  
 
* Line 74. Instead of "non-cyst", maybe use "aggregate" or object with no lumen? 
We replaced the term “non-cyst” by “aggregate” in the revised manuscript. 
 
* Lines 184-188: unclear 
"the culture medium will change color from red-orange to yellow every day after 2 days of incubation…. 
change medium every 2 days" 
So does the medium change color every day or every other day? (even days: red-orange, odd days: 
yellow) 
This line was removed from the manuscript to avoid any ambiguity. Medium changing is done to 
preserve cell viability throughout the cell culture process. 
 
* Lines 398+: explicit what values are given in the parenthesis, apparently first and third quartile. 



 
The values corresponding to each mathematical magnitude were specified in the revised version (see 
the Representative results section from line 461. 
 
Reviewer #2: 
Manuscript Summary: 
In this manuscript, the authors describe a method for 3D characterisation and quantification of biliary 
cysts. 
 
Major Concerns: 
A key aim of this protocol is to enable quantification of cyst generation. While this is performed for cyst 
number and size, critical endpoints such as cyst viability, function or polarity have not been quantified. 
These could, in principle, be performed using the same images processed in ImageJ. A potential 
application of this protocol is comparison of cyst formation in two different hydrogels (eg, Matrigel v a 
GMP-compatible hydrogel). The ability to quantify viability and function would significant add to the 
applications of this protocol. 
This manuscript aims at showing a protocol to apply a consistent method for quantifying mathematical 
magnitudes over 3D cell objects in hydrogel. As examples, we provide two mathematical magnitudes 
with the cyst formation efficiency and cyst size measurements. This manuscript exemplifies the method 
used in another study, which compares the self-organization potential of NRC cysts in both natural 
versus synthetic hydrogels. In this study, cyst viability and cyst functionality were quantified using the 
method exposed in our manuscript. Thus, as those quantification results were already published, we 
invite the reviewer to see the work of (Funfak et al., 2019). 
 
Minor Concerns: 
It is not clear from the manuscript how many replicates the data relate to.  
How reproducible is the protocol and what are the failure rates?  
We thank the reviewer for his/her remarks. Indeed, this information was missing in the previous version 
of the manuscript but added in the revised version. The reproducibility of the protocol is appreciated 
thanks to the number of cysts counted on the projections at each time point. In our case, counting a 
minimum of 200 cysts for the set of projections per day allows to consider that cyst generation has 
succeeded. To this aim, we added a note from lines 250-253 With this minimum number of cysts 
counted, we are in a reasonable efficiency error range of ±5% compared to the average. Outside this 
range, we consider that the protocol failed. However, this estimation about the number of cysts may vary 
depending on the cell line and the hydrogel type. 
 
How many sets of experiments were performed?  
Three independent experiments were performed to characterize biliary cyst formation efficiency and cyst 
size distribution. This information was provided in the updated version of the legend of figure 4 from lines 
543 and 546 
 
Reviewer #3: 
Manuscript Summary: 
Bouzhir L. and colleague aim at describe a quantitative and reproducible method enabling the generation 
of 3D epithelial spheroids using biliary epithelial cells as model. 
 
Major Concerns: 
Line 252: Section "Quantification of cyst formation efficiency" is difficult to follow and must be better 
detailed since is the main aim of the manuscript. 
In the revised version, we propose a clarified method to explain how we estimate cyst formation 
efficiency, lines 312-321  
 



 
The "#cell" in Line 260, refers to the number of cells FDA positive at Day 1 of culture or the number of 
cells seeded? 
The number of cells refers to the number of cells seeded and inferred from the hydrogel volume. This 
section was clarified from lines 317-319. 
 
What is the rationale behind multiply the "#cysts/cell" for 1000? Are 1000 cells an explicative number or 
is the number of cells that have been seeded? If so, why they suggest to seed 2.5x105 cells? 
We thank the reviewer for noticing this ambiguity. The fact to express the ratio number of cysts/number 
of cells is just a reference to express the efficiency, which could also be in %. 
 
Line 293/423: How the authors quantify the fluorescence intake and blockage after VP treatment, in 
correlation with the number of cysts, should be offered. 
These quantifications were made in the paper we recently published (Funfak et al., 2019). The same 
method as the one exposed in the manuscript was used but with an adjustment of the image processing 
method for fluorescence images. Because of space limitations, we did not detail the procedure in this 
protocol. 
 
Minor Concerns: 
Line 114: spell out "NRCs" 
We thank the reviewer for this remark. In the revised version of the manuscript, we defined the acronym 
earlier in the text when it is first cited on lines 121-122. 
 
*There are no reference of "figure 4A and 4B" in the described section of the manuscript. 
The references to the figures 4A and 4B are provided in the section “Formation and characterization of 
cysts” in the section “REPRESENTATIVE RESULTS” lines 463-468. 
 
*Does the NRCs biliary spheroids maintain the same profile of 2D monolayer culture in term of specific 
cholangiocytes markers? and in comparison with other 3D hydrogel matrix? 
We thank the reviewer for his/her very interesting question. Comparing the setup of the epithelial polarity 
between 2D and 3D cultures performed in the laboratory, we observed that the cholangiocyte phenotype 
is further developed in cysts formed in Matrigel compared to 2D cell cultures and other natural and 
synthetic hydrogels. Early polarity markers such as actin and E-cadherin can be therefore used for the 
establishment of epithelial polarity in both systems. 
 
We hope you will find this revised version to be suitable for publication in JoVE and would be pleased to 
provide you with any further information if needed. 
 
 
Sincerely,  
 
 
Pascale Dupuis-Williams, Ph.D. 
Assistant Professor  
pascale.dupuis-williams@universite-paris-saclay.fr 

 UMR-S 1193 INSERM 
 Physiopathogénèse et traitement des maladies du foie 
 Bureau 29 - Bat 443 – Rue des Adèles 
 Université Paris Saclay, 91405 France 
 



 
 
 
 
April 15, 2020 Vineeta Bajaj, Ph.D. 
 Review Editor 

 Journal of Visualized Experiments (JoVE) 
 1 Alewife Center, Ste, 200 
                                                Cambridge, MA 02140 
 United States of America 
 
 
Re: revised-manuscript submission  
 
 
 
To: Vineeta Bajaj, Ph.D. 
 
Dear Dr. Bajaj, 
 
We thank you for the revision of our manuscript for publication in JoVE as an original article. Based on 
the editorial reviews, we are pleased to submit a revised version entitled, “Generation and Quantitative 
Characterization of Functional and Polarized Biliary Epithelial Cysts”. 
 
We appreciate your suggestions to make our manuscript more concise and didactic. All the modifications 
have been highlighted in blue in the revised manuscript. Below we are addressing in blue point-by-point 
your comments.  
 
 
Answers to the editorial comments 
 

As your article contains detailed, step-by-step, descriptions of software usage, the inclusion of 
supplemental screen capture or screenshots for the software usage would greatly expedite the scripting 
and production. You can either take screenshots of the software GUI or use screen capture software 
(https://www.jove.com/video/5848/screen-capture-instructions-for-authors?status=a7854k). Please 
include the manuscript number in these supplemental files and number the files in order of appearance: 
JoVE61404R1_screenfile1, etc. 

We have considered your suggestions by including supplementary figures depicting screenshots of the 
image processing software and modified the manuscript accordingly. Additionally, to greatly expedite the 
scripting and production of the final movie, movies depicting the quantitative part are also provided. To 
this aim, we added several references to the supplementary figures from lines 253-298 with their 
corresponding legends from lines 557-587 The supplementary figures have been uploaded in the naming 
format suggested by the editor on the JoVE submission site. 

 
1. The editor has formatted the manuscript to match the journal's style. Please retain and use the 
attached file for revision. 

We thank the editor for having formatted the manuscript to match the journal’s style. We considered the 
attached file for the revision. 
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2. Please address all the specific comments marked in the manuscript. 

Considering the formatted manuscript, we tracked all the editor’s edits and addressed all the specific 
comments. Limitations of our protocol were also added in the discussion section. 

3. Once done please proofread the manuscript carefully and ensure that the highlight is no more than 
2.75 pages. 

We thank the editor for this reminder. While proofreading, we paid attention to ensure that the highlight is 
no more than 2.75 pages. 
We hope you will find this revised version to be suitable for publication in JoVE and would be pleased to 
provide you with any further information if needed. 
 
 
Sincerely,  
 
 
Pascale Dupuis-Williams, Ph.D. 
Associate Professor  
pascale.dupuis-williams@universite-paris-saclay.fr 

 UMR-S 1193 INSERM 
 Physiopathogénèse et traitement des maladies du foie 
 Bureau 29 - Bat 443 – Rue des Adèles 
 Université Paris Saclay, 91405 France 
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