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SUMMARY: 32 

Here we present two protocols that allow the modeling of intestinal apical-specific interactions. 33 

Organoid-derived intestinal monolayers and Air-Liquid Interface (ALI) cultures facilitate the 34 

generation of well-differentiated epithelia accessible from both luminal and basolateral sides, 35 

whereas polarity-inverted intestinal organoids expose their apical side and are amenable to high 36 

throughput assays. 37 

 38 

ABSTRACT: 39 

The lining of the gut epithelium is made up of a simple layer of specialized epithelial cells that 40 

expose their apical side to the lumen and respond to external cues. Recent optimization of in 41 

vitro culture conditions allows for the re-creation of the intestinal stem cell niche and the 42 

development of advanced 3-dimensional (3D) culture systems that recapitulate the cell 43 

composition and the organization of the epithelium. Intestinal organoids embedded in an 44 
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extracellular matrix (ECM) can be maintained for long-term and self-organize to generate a well-45 

defined, polarized epithelium that encompasses an internal lumen and an external exposed basal 46 

side. This restrictive nature of the intestinal organoids presents challenges in accessing the apical 47 

surface of the epithelium in vitro and limits the investigation of biological mechanisms such as 48 

nutrient uptake and host-microbiota/host-pathogen interactions. Here, we describe two 49 

methods that facilitate access to the apical side of the organoid epithelium and support the 50 

differentiation of specific intestinal cell types. First, we show how ECM removal induces an 51 

inversion of the epithelial cell polarity and allows for the generation of apical-out 3D organoids. 52 

Second, we describe how to generate 2-dimensional (2D) monolayers from single cell 53 

suspensions derived from intestinal organoids, comprising mature and differentiated cell types. 54 

These techniques provide novel tools to study apical-specific interactions of the epithelium with 55 

external cues in vitro and promote the use of organoids as a platform to facilitate precision 56 

medicine. 57 

 58 

INTRODUCTION: 59 

The intestinal epithelium is the second largest epithelium in the human body and consists of a 60 

polarized cell layer that facilitates nutrient uptake and acts as a barrier against environmental 61 

insults1. This distinction between the apical and basolateral sides allows cells of the epithelium 62 

to carry out their diverse functions. The apical compartment is exposed to the lumen and 63 

mediates the epithelial interactions with environmental stimuli and microorganisms, while also 64 

facilitating nutrient uptake. The basolateral surface houses intercellular junctions and cell-matrix 65 

adhesions, while interfacing with cells of the immune system and other tissues2. These junctions 66 

generate an impermeable monolayer attached to the basement membrane, which acts as a 67 

barrier and delivers the absorbed nutrients to the surrounding body tissue. 68 

 69 

The establishment of culture systems that are able to recapitulate these intestinal functions in 70 

vitro has been challenging3. Conventional in vitro models utilize transformed human colorectal 71 

cancer cell lines, such as Caco-2, to generate 2D monolayer cultures. Despite being capable of 72 

modeling multiple functions of the absorptive compartment, these models cannot fully 73 

recapitulate the intestinal epithelium composition and function, which limit key functional 74 

characteristics and applications4,5. 75 

 76 

The emergence of organoids as an advanced 3D culture system generated from stem cells that 77 

can self-organize and differentiate to organ-specific cell types, was a breakthrough in the in vitro 78 

study of the intestinal epithelium6. Intestinal organoids are embedded in an extracellular matrix 79 

(ECM) that resembles the basal lamina and form cell-matrix junctions that allow these cultures 80 

to retain the apicobasal polarity of the epithelium. Organoids exhibit an enclosed architecture in 81 

which the apical side is exposed to the luminal compartment, thus mimicking the structure of the 82 

intestine. Although this closed organization offers the opportunity to study orientation-specific 83 

functions, it limits investigations that require access to the apical side of the epithelium. Different 84 

approaches have been taken to overcome these limitations in both 2D and 3D, including organoid 85 

fragmentation, organoid microinjection, and generation of monolayer cultures7. Organoid 86 

fragmentation causes the loss of the structural organization and the destruction of cell junctions, 87 

which allows the exposure of the apical surface of the epithelium to the medium. This technique 88 



 

takes advantage of the regenerative capacity of the fragments to reform organoids when seeded 89 

into an extracellular matrix and has been used to model infectious disease and host-pathogen 90 

interactions8,9. However, the simultaneous access to both the apical and basal surface may also 91 

elicit non-specific responses to infection. 92 

An alternative approach that allows access to the apical surface and preserves both the structural 93 

architecture and cell junctions is represented by the microinjection of factors into the lumen of 94 

organoids. This method has been extensively utilized to study host-pathogen interactions and 95 

model the effects of Cryptosporidium10, H. pylori11, and C. difficile12 on the gastrointestinal 96 

epithelium in vitro. Using similar techniques, the mutagenic potential of the pks+ strain of E. coli 97 

on intestinal epithelium was determined13. Although effective, organoid microinjection is a 98 

laborious and inefficient task considering the high number of organoids that are needed to be 99 

injected to obtain measurable effects and therefore limits its application for high throughput 100 

assays. 101 

 102 

Recent advances with intestinal organoids have also provided methods for the establishment of 103 

2D monolayer organoid cultures, thereby exposing their apical surface14–17. These organoid-104 

derived monolayers recapitulate key in vivo properties of the intestinal epithelium. They exhibit 105 

a physiologically relevant cell composition, containing both differentiated and stem cell 106 

populations and model the diversity across the crypt-villus axis. As apicobasal polarity is retained, 107 

the inherent monolayer properties allow for easy access of both the apical and basolateral sides 108 

and media exchanges can mimic intestinal flow and waste removal allowing for long-term 109 

culture. These features render organoid-derived monolayers amenable for studies focusing on 110 

luminal interactions and provide a superior model for epithelial barrier integrity and 111 

permeability18,19. 112 

 113 

Studies have shown that epithelial cell polarity is tightly regulated by ECM proteins in MDCK 114 

spheroids20,21 and recently in human intestinal organoids22. Removal of ECM components or 115 

inhibition of the integrin receptor that mediates the cell-matrix junctions results in a polarity 116 

reversal of intestinal organoids and the exposure of the apical side of the epithelium to the 117 

medium22. This approach has attracted the interest of researchers working on infectious diseases 118 

as it allows easy access to the apical side in 3D and makes it amenable to high throughput assays. 119 

Here, we describe a modified protocol based on the recently published one by the Amieva lab22, 120 

that facilitates the generation of 3D intestinal organoids that readily expose their apical side. We 121 

also outline a protocol that can efficiently and reproducibly generate intestinal 2D monolayers 122 

derived from intestinal organoids. 123 

 124 

PROTOCOL: 125 

Derivation of human intestinal organoid cultures was performed as described elsewhere23. 126 

Organoids were maintained in culture as described by the Product Information Sheet (PIS) for 127 

the Intestinal Organoid Expansion Medium (refer to the Table of Materials). 128 

 129 

1. Inversion of intestinal organoid polarity 130 

 131 



 

NOTE: This section will outline the protocol for inverting the polarity of 3D intestinal organoids. 132 

This protocol provides a detailed procedure for the establishment of polarized organoids with an 133 

exposed apical surface in suspension in a culture plate. This protocol is intended as end-point 134 

assays, although the organoids could be maintained in this conformation for over 2 weeks and 135 

maintain a small stem cell population that allows them to re-establish apical-in organoids upon 136 

passage. 137 

 138 

1.1. Coating cultureware and tubes with anti-adherent solution 139 

 140 

NOTE: To maximize the number of apical-out intestinal organoids and prevent undesirable 141 

attachment to the cultureware, precoating of cultureware is generally required. The section 142 

outlined below describes the coating of culture and plasticware with anti-adherent solution. 143 

 144 

1.1.1. Coat culture plates to be used in the suspension part of the protocol as follows. 145 

 146 

1.1.1.1. Add 0.5 mL of anti-adherent solution to each well of a 24-well tissue culture plate. 147 

 148 

1.1.1.2. Swirl the plate to spread the solution evenly across the surface and the walls of 149 

the wells. 150 

 151 

1.1.1.3. Centrifuge the plate at 1,300 x g for 10 min. 152 

 153 

1.1.1.4. Remove anti-adherent solution from each well using an aspirator or a 1 mL 154 

pipette. 155 

 156 

1.1.1.5. Wash the wells with 1 mL of DMEM/F-12 with 15mM HEPES (DMEM/F12). 157 

 158 

1.1.1.6. Fill each washed well with 0.5 mL of DMEM/F-12 and store the plate at 37 °C and 159 

5% CO2 until use. 160 

 161 

NOTE: If not used immediately, the coated plates can be kept in the incubator for at least 1 week. 162 

 163 

1.1.2. Coat 15 mL conical tubes used in this protocol as follows. 164 

 165 

1.1.2.1. Add 4 mL of anti-adherent solution to the 15 mL conical tube. 166 

 167 

1.1.2.2. Swirl the tube to spread the solution evenly across the surface of the walls. 168 

 169 

1.1.2.3. Centrifuge the tube at 1,300 x g for 10 min. 170 

 171 

1.1.2.4. Remove the anti-adherent solution from the tube. 172 

 173 

1.1.2.5. Wash the tube 1x with 5 mL of DMEM/F-12 and aspirate the DMEM/F-12. The 174 

tubes are now ready for use. 175 



 

 176 

NOTE: If not used immediately, add 5 ml of DMEM/F12 and store at 4 °C. Coated tubes can be 177 

kept at 4 °C for at least a week. 178 

 179 

1.2. Polarity inversion of intestinal organoids by suspension culture 180 

 181 

NOTE: The steps below outline the inversion of intestinal organoids previously cultured under 182 

standard basement membrane matrix medium dome conditions. The procedures described here 183 

are for one well of a 24-well plate. If using other cultureware, adjust volumes accordingly. 184 

 185 

1.2.1. Carefully remove and discard the medium from each well containing organoids without 186 

disrupting the basement membrane matric medium dome.  Ensure that the size of the organoids 187 

is of 150–250 μm diameter (typically at day 3–5) prior to the beginning the inversion protocol. 188 

 189 

1.2.2. Add 1 mL of ice-cold dissociation solution in each well. 190 

 191 

1.2.3. Incubate at room temperature (15–25 °C) for 1 min. 192 

 193 

1.2.4. Add at least 2 mL of anti-adherent solution to a 15 mL tube to be used for coating plastic 194 

tips. 195 

 196 

1.2.5. Add at least 2 mL of DMEM/F-12 to a 15 mL tube to be used for washing plastic tips rinsed 197 

with anti-adherent solution. 198 

 199 

1.2.6. Coat a 1 mL pipette tip with anti-adherent solution, pipetting 1 mL of solution three times 200 

into the tube with anti-adherent solution from step 1.2.4. 201 

 202 

1.2.7. Wash the tip in cold DMEM/F-12, pipetting 1 mL of solution three times into the tube with 203 

DMEM/F-12 from step 1.2.5. 204 

 205 

1.2.8. Using the coated tip, carefully dislodge the domes by pipetting slowly. Take care not to 206 

disrupt and fragment the organoids. 207 

 208 

1.2.9. Transfer the organoid suspension to a plate treated with anti-adherent solution (from 209 

step 1.1.1). 210 

 211 

1.2.10. Place the plate on a shaker at 4 °C for 30 min. A gyro shaker can be used at 70 rpm. 212 

 213 

NOTE: Avoid harsh shaking, such as vortexing the sample, as it can result in organoid 214 

fragmentation. The formation of bubbles and froth can indicate harsh shaking. 215 

 216 

1.2.11. After 30 min, remove the plate. Using a 1 mL pipette tip coated with anti-adherent 217 

solution, gently pipette the solution up and down. 218 

 219 



 

1.2.12. Place the plate on a shaker at 4 °C for 15 min. A gyro shaker can be used at 70 rpm. 220 

 221 

1.2.13. Remove the plate and let the organoids settle by gravity (1–2 min at room temperature). 222 

Observe the plate under the microscope to verify organoid sedimentation. 223 

 224 

NOTE: Avoid extensive agitation of the plate as it can cause settled organoids to resuspend. 225 

 226 

1.2.14. After the organoids settle, remove as much of the dissociation solution as possible and 227 

wash by adding 1.5 mL of DMEM/F-12. 228 

 229 

1.2.15. Allow the organoids to sediment and remove as much of the supernatant as possible. 230 

Repeat the wash step once more. 231 

 232 

NOTE: Observe the plate under the microscope to verify organoid sedimentation before 233 

performing any washing step. 234 

 235 

1.2.16. Remove as much of the DMEM/F-12 as possible and add 0.5 mL of Intestinal Organoid 236 

Expansion Medium. Incubate at 37 °C and 5% CO2. 237 

 238 

1.2.17. On the following day, perform a partial-medium change by tilting the plate on a 25- to 30-239 

degree angle, and removing medium along the wall of the well. Remove 0.4 mL of medium taking 240 

care not to remove suspended organoids. 241 

 242 

1.2.18. Add 0.4 mL Intestinal Organoid Expansion medium. Incubate at 37 °C and 5% CO2 for 3 243 

days. 244 

 245 

NOTE: After 3 days, most of the organoids should have an apical-out polarity, but large aggregates 246 

may have formed. 247 

 248 

1.2.19. If aggregates have formed, use a 1 mL pipette with a tip coated with anti-adherent 249 

solution (as described in steps 1.2.6 and 1.2.7) to shear the aggregates by pipetting up and down 250 

20 times while pressing the end of the tip into the bottom of the plate. 251 

 252 

1.2.20. Place the plate at 37 °C and 5% CO2 and perform a full medium change the next day with 253 

Intestinal Organoid Expansion medium (as described in section 1.2.17). 254 

 255 

1.2.21. After 2 days (day 5 in suspension), apical-out intestinal organoids can be used in 256 

downstream assays. 257 

 258 

2. Establishment of intestinal cell 2D monolayer and Air-Liquid Interface (ALI) cultures 259 

derived from 3D intestinal organoids 260 

 261 

NOTE: This section will outline the protocol for generating 2D monolayer cultures from intestinal 262 

organoids. This technique provides the advantage of establishing a confluent, polarized 263 



 

monolayer culture with an exposed apical surface in a tissue culture plate containing cell culture 264 

membrane insert. Although the monolayer will begin to differentiate in the submerged, 265 

monolayer format, additional differentiation of the monolayer can be achieved by switching to 266 

an ALI culture after it has reached confluence. Both the monolayer and subsequent ALI protocols 267 

are intended as end-point assays and although the monolayer culture maintains a small stem cell 268 

population, neither can be efficiently split and passaged after it is established. 269 

 270 

2.1. Preparing media and plates for intestinal monolayer culture 271 

 272 

2.1.1. Prepare Intestinal Organoid Differentiation Medium as outlined by the manufacturer for 273 

monolayer culture (see List of Materials). Add Y-27632 only to a volume of medium that will be 274 

used within 1 week at a final concentration of 10 μM. If not used immediately, store at 4 °C. 275 

 276 

2.1.2. Pre-warm Trypsin EDTA (0.05%) to 37 °C. 277 

 278 

2.1.3. At least 2 h prior to seeding monolayer cultures, prepare a 2% basement membrane 279 

matrix coating solution as follows. 280 

 281 

2.1.3.1. Thaw basement membrane matrix medium on ice and add 1:50 to cold, sterile PBS to 282 

prepare a 2% solution. Prepare sufficient quantities to add 100 μL to the upper well of each 6.5 283 

mm (0.33 cm2) cell culture membrane insert to be used. Adjust the volume appropriately for 284 

larger or smaller cultures. 285 

 286 

2.1.4. Add 100 μL to each well and incubate each plate at 37 °C and 5% CO2 until needed (at 287 

least 2 h prior to seeding). 288 

 289 

2.2. Dissociating intestinal organoids for monolayer generation and culture 290 

 291 

2.2.1. Remove an appropriate number of organoid culture wells from the incubator. Refer to 292 

Table 1 for the recommended number of wells to harvest for various cultureware. 293 

 294 

2.2.2. Aspirate all medium from the organoid cultures without disturbing the basement 295 

membrane matrix dome. 296 

 297 

2.2.3. Add 1 mL of dissociation solution to each well. 298 

 299 

2.2.4. Incubate at room temperature (15–25 °C) for at least 1 min. 300 

 301 

2.2.5. Using a 1 mL pipette, vigorously pipette up and down to disrupt the dome and release the 302 

organoids. 303 

 304 

2.2.6. Pool the suspended organoids from each well in a 15 mL conical tube. Incubate at room 305 

temperature for 10 min with gentle agitation or rocking. Organoids for seeding multiple wells can 306 

be pooled at this step, up to 10 mL volume in each tube. 307 



 

 308 

2.2.7. Centrifuge at 200 x g for 5 min at 4 °C. 309 

 310 

2.2.8. Remove and discard the supernatant. Add 5 mL ice-cold DMEM/F-12 to resuspend 311 

organoids. 312 

 313 

2.2.9. Mix and centrifuge again at 200 x g for 5 min at 4 °C. 314 

 315 

2.2.10. Aspirate the supernatant, removing as much as possible, being careful not to disturb the 316 

pellet. 317 

 318 

NOTE: Some residual basement membrane matrix medium may remain in the pellet; however, 319 

this should not significantly affect the dissociation of the organoids. 320 

 321 

2.2.11. Add 1 mL of pre-warmed (37 °C) Trypsin-EDTA (0.05%) to resuspend organoids. Mix 322 

thoroughly to ensure an even suspension. Add up to an additional 1 mL of Trypsin-EDTA for a 323 

large number of cells, or if a significant amount of basement membrane matrix medium remains. 324 

 325 

2.2.12. Incubate at 37 °C for 5–10 min. 326 

 327 

2.2.13. Mix thoroughly with a 1 mL pipette to disrupt the organoids as much as possible. 328 

Organoids should be completely dissociated into single cells or small fragments. If larger 329 

fragments or whole organoids remain after thoroughly pipetting, continue the incubation with 330 

Trypsin-EDTA at 37 °C for another 3–5 min. 331 

 332 

NOTE: Do not incubate with Trypsin-EDTA for more than 20 min, as this may result in an increased 333 

loss of cell viability. 334 

 335 

2.2.14. Once organoids are sufficiently dissociated, add an equal volume of DMEM/F-12 (e.g., 1 336 

mL DMEM/F-12 per mL Trypsin-EDTA) and pipette up and down to mix thoroughly. Inactivate 337 

Trypsin-EDTA by adding 10% FBS to the DMEM/F-12 in this step. 338 

 339 

2.2.15. Centrifuge fragments at 200 x g for 5 min at 2–8 °C. 340 

 341 

2.2.16. If the dissociated organoids fail to pellet, this is common and may be due to an 342 

accumulation of mucus released by the dissociated cells. In this case, mix the cells thoroughly by 343 

pipetting up and down and centrifuge them again at 200 x g for 5 min at 2–8 ˚C. 344 

 345 

2.2.17. Carefully remove as much supernatant as possible, leaving only the cell pellet. 346 

 347 

2.2.18. Resuspend the cells in 100 μL of Intestinal Organoid Differentiation medium (with 10 μM 348 

Y-27632) for each well to be seeded. Adjust the volume appropriately for larger or smaller well 349 

sizes. 350 

 351 



 

2.2.19. Remove the coated plates from the incubator (prepared in step 3.1.4) and remove the 352 

excess basement membrane matrix solution from each well. 353 

 354 

2.2.20. Add 100 μL of the cell suspension to the upper well of each cell culture insert. 355 

 356 

2.2.21. Add 500 μL of Intestinal Organoid Differentiation medium to the lower well of each cell 357 

culture insert. 358 

 359 

2.2.22. Incubate at 37 °C and 5% CO2. 360 

 361 

2.2.23. Replace the medium in both the upper and lower wells every 2 to 3 days. Monolayer 362 

cultures should reach confluency within 7 days and will often reach confluency within 2–3 days. 363 

 364 

2.3. Establishing an Air-Liquid Interface (ALI) culture 365 

 366 

NOTE: If desired, further differentiation of a submerged intestinal monolayer culture can be 367 

accomplished by transitioning the submerged monolayer culture to an ALI culture. This culture 368 

method will allow an increase in the number of differentiated cell types, particularly cells of the 369 

secretory lineage, such as goblet and enteroendocrine cells. 370 

 371 

2.3.1. Establish a monolayer culture in a cell culture insert as described above in steps 2.2.1–372 

2.2.23 and maintain this culture at 100% confluency for at least 4 days. 373 

 374 

2.3.2. To establish an ALI culture, remove medium from the upper and lower wells. Add fresh 375 

Intestinal Organoid Differentiation medium (with Y-27632) to the lower well, leaving the upper 376 

well empty. 377 

 378 

2.3.3. Incubate at 37 °C and 5% CO2. 379 

 380 

2.3.4. Replace the medium in the lower well every 2–3 days and allow the monolayer to 381 

differentiate for at least 1 week. 382 

 383 

2.3.5. Rinse the upper well with sterile PBS to remove excess mucus accumulation, if needed. 384 

Under these conditions, the ALI culture can be maintained for at least 2–3 weeks. 385 

 386 

REPRESENTATIVE RESULTS: 387 

Organoids were generated from biopsy samples following the protocol described previously23 388 

and in the PIS for Intestinal Organoid Expansion Medium (see the Table of Materials). Figure 1A, 389 

Left Panel, shows the phenotype of the intestinal organoids cultured in a dome with Intestinal 390 

Organoid Expansion Medium. In these culture conditions, organoids exhibit a cystic morphology 391 

defined by a thin (10–25 μm) epithelium that encloses a lumen (Figure 1A, Right Panel). At this 392 

stage, the apical side of the intestinal epithelium faces the lumen, while the basolateral side 393 

contacts the surrounding extracellular matrix. When the majority of the organoids reached the 394 

desired size, the extracellular matrix was removed, and the organoids were then cultured in 395 



 

suspension. The loss of cellular binding to the extracellular matrix triggers an inversion process 396 

in the organoids, resulting in a reversal of the polarity of the organoid epithelium, exposing the 397 

apical side of the epithelium to the growth medium and internalizing the basolateral side. 398 

 399 

In some cultures, organoids in suspension aggregate and fuse, an effect which is more profound 400 

during the first 3 days (Figure 1B, Left Panel). Application of a shearing technique allows 401 

detachment of the organoids and continuation of the cultures for days with minimal 402 

reaggregation (Figure 1B, Right Panel). 403 

 404 

Intestinal organoids cultured in basement membrane matrix medium continue to expand (Figure 405 

1C, Left Panel) and exhibit spontaneous formation of secondary budding structures, resembling 406 

small crypts, on the basolateral side of the epithelium surrounding the lumen (Figure 1C, Right 407 

Panel). At the same time point, organoids maintained for 5 days in the absence of extracellular 408 

matrix continue to develop in suspension (Figure 1D, Left Panel). Inversion of the polarity is 409 

characterized by the thickening (30–40 μm) of the epithelium that surrounds the core of the 410 

organoids and the appearance of a variety of morphologies: elongated (Figure 1D, Right Panel 411 

and Supplementary Figure 1A), cystic (Supplementary Figure 1B), and irregular (Supplementary 412 

Figure 1C). This is often combined with a shrinking of the luminal space within the organoid, 413 

impacting their overall size. 414 

 415 

Efficient inversion can also be confirmed by analyzing the expression of intestinal-specific polarity 416 

markers. Apical-out intestinal organoids show a distinct localization of the nuclei (toward the 417 

lumen of the organoid, as indicated by the 4′,6-diamidino-2-phenylindole (DAPI) signal. The 418 

expression of apical markers, such as VILLIN (Figure 2A) and ZO-1 (Figure 2B), is detected at the 419 

outer side of the epithelium that is exposed to the medium. This localization is in stark contrast 420 

with that observed in intestinal organoids cultured in basement membrane matrix medium. 421 

Basement membrane matrix medium-embedded organoids stained for nuclei (DAPI), VILLIN 422 

(Figure 2C), and ZO-1 (Figure 2D) demonstrate an apicobasal polarity where the apical side is 423 

facing the lumen of the organoid. 424 

 425 

Complete removal of basement membrane matrix medium is required to obtain efficient polarity 426 

inversion of the intestinal organoids. Occasionally, a portion of organoids found in suspension 427 

cultures surrounded by basement membrane matrix medium residues, shows a cystic 428 

morphology that suggests a failure in polarity inversion of the epithelium (Supplementary Figure 429 

2A). Analysis of immunofluorescent staining, performed on these organoids, provides evidence 430 

of the basolateral position of the nuclei (DAPI) along the epithelium and the expression of ZO-1 431 

at the apical side that faces the lumen of the organoid (Supplementary Figure 2B) confirming 432 

that incomplete basement membrane matrix medium removal causes retention of the apicobasal 433 

polarity in a manner similar to basement membrane matrix medium-embedded organoids. 434 

 435 

The protocol for the establishment of intestinal monolayer cultures results in a confluent 436 

monolayer culture within 7 days of seeding, and the culture will often reach confluence within as 437 

little as 2–3 days. One of the major determinants of success is the number and quality of cells 438 

used to seed the monolayer. Figure 3A, Left Panel provides an example of an ideal seeding 439 



 

density of approximately 150,000 cells in a 6.5 mm cell culture membrane insert. This number is 440 

not fixed and can be highly variable based on the donor and the quality of the source organoid 441 

culture; therefore, the cell number should be optimized based on these variables. If the seeding 442 

density is too low, or of poor quality (Figure 3A, Right Panel), there may not be sufficient 443 

attachments to form a confluent monolayer culture. 444 

 445 

Once the monolayer is established (Figure 3B), the cells form tight junctions, creating a 446 

cobblestone appearance (Figure 3B, Left Panel). If they fail to form a confluent monolayer (Figure 447 

3B, Right Panel), the appearance of the monolayer will often be “patchy”, with regions of good 448 

quality cell attachment, but with larger gaps between these regions. These cultures do not 449 

provide a functional barrier between the basal and apical compartments and are not suitable for 450 

the described assays. A confluent monolayer orients its VILLIN-containing brush border toward 451 

the apical side of the epithelium, with its nucleus positioned toward the basolateral pole of the 452 

cell (Figure 4B). In between cells, intercellular junctions consisting of multi-protein complexes, 453 

including ZO-1 are formed (Figure 4B). Their presence is key to providing the barrier function of 454 

the epithelial culture. 455 

 456 

Once confluent, the transition to an ALI culture induces further differentiation of the culture 457 

(Figure 3C). Small, round goblet cells appear and the monolayer itself takes on a more folded 458 

appearance. Although goblet cells are present within the epithelium of submerged culture 459 

(Figure 4A), they are more prominent following ALI differentiation. Goblet cells present within 460 

the epithelium secrete mucus, leading to a hazy appearance over the top of the epithelium. The 461 

goblet cells and secreted mucus can be visualized by staining for the secreted mucin protein, 462 

MUC2 (Figure 4A, C and D) and the increase in the goblet cell population can be measured by an 463 

increase in MUC2 expression (Supplementary Figure 3A). It is not necessary to remove this gel-464 

like mucus layer and it will stick to the surface of the epithelium and remain following repeated 465 

washes. If removal is necessary, washing the culture with a mucolytic compound, such as 10 mM 466 

N-acetyl cysteine or 50 µg/mL DTT removes excess mucus. In addition to the increase in the 467 

goblet cell population, the ALI interface also increases the presence of enteroendocrine cells (as 468 

indicated by CHGA expression) (Supplementary Figure 3B) and mature enterocytes (as indicated 469 

by KRT20 expression) (Supplementary Figure 3C). 470 

 471 

FIGURE AND TABLE LEGENDS: 472 

 473 

Figure 1: Stages of the apical-out intestinal organoid generation. (A) Representative images of 474 

a dome with organoids of the desired size at day 4 (Left Panel, Scale bar = 500 μm). Organoids 475 

are thin walled, with an open luminal compartment (Right Panel, Scale bar = 100 μm). (B) 476 

Representative image of a well with extensive aggregation after 3 days in suspension (Left Panel, 477 

Scale bar = 200 μm). Image of clump fragments directly after shearing (Right Panel, Scale bar = 478 

200 μm). (C) Representative image of intestinal organoids in dome at day 7. Organoids display an 479 

expanded lumen with the formation of small buds on the basolateral side of the epithelium (Left 480 

20x magnification, Right 100x magnification of the marked region, Scale bar = 200 μm). (D) 481 

Representative image of intestinal organoids after basement membrane matrix medium removal 482 

and subsequent suspension culture for 5 days. The organoids obtain a dense morphology with a 483 



 

thickened epithelium and expose their apical side to the medium. (Left 20x magnification, Right 484 

100x magnification of the marked region, Scale bar = 200 μm). 485 

 486 

Figure 2: Immunofluorescent staining for cell polarity markers in intestinal organoids. Apical-487 

out (A,B), and apical-in (C,D) oriented intestinal organoids were stained with apical markers ZO-488 

1 and VILLIN, and with epithelial marker E-CADHERIN (red). DAPI (blue) was used to visualize 489 

nuclei. Left panels display images taken at 25x magnification and right panels display images of 490 

different organoids at 63x magnification (only panel C displays 25x and 63x magnification of the 491 

same organoid). (A) Apical-out intestinal organoids stained with VILLIN (green) and E-CADHERIN 492 

(red) indicate the exposure of the apical side to the medium. (B) Apical-out intestinal organoids 493 

stained with ZO-1 (green) and E-CADHERIN (red) show the presence of tight junctions and 494 

reversion of the apicobasal polarity. (C) Matrigel-embedded intestinal organoid stained with 495 

VILLIN (green) and E-CADHERIN (red) showing the apical side facing the organoid lumen. (D) 496 

Matrigel-embedded intestinal organoids stained with ZO-1 (green) and E-CADHERIN (red) 497 

indicating the presence of apical tight junctions facing the lumen of the organoid. (Scale bar = 498 

100 μm). Organoids were stained by immunofluorescence and imaged using previously published 499 

protocols24,25. 500 

 501 

Figure 3: Establishment of intestinal monolayer cultures. (A) Representative image of 3D 502 

organoids following treatment with 0.05% Trypsin-EDTA. Organoids are dissociated to single cells 503 

or small cell-clumps in preparation for seeding monolayer cultures. Left Panel: example of an 504 

optimal seeding density for a monolayer culture, approximately 150,000 cells per 100 µL on a 6.5 505 

mm cell culture membrane insert. Right Panel: example of suboptimal seeding density at <50,000 506 

cells per 100 µL on a 6.5 mm cell culture membrane insert. (B) Representative brightfield image 507 

of a submerged monolayer culture. Left Panel: 100% confluent layer with the characteristic 508 

cobblestone appearance. Right Panel: approximately 50% confluent monolayer. Gaps seen in the 509 

monolayer (indicated by dashed line) close over time due to the continued proliferation of the 510 

intestinal stem cells. (C) Representative brightfield image of a differentiated ALI culture at 7 days. 511 

(Scale bar = 200 μm). 512 

 513 

Figure 4: Immunofluorescent staining for differentiated cell markers in monolayer cultures. (A) 514 

Z-stack image of immunofluorescent staining of a submerged monolayer culture for the mucin 515 

protein MUC2, indicating the presence of goblet cells within the monolayer culture (green = 516 

MUC2, blue = DAPI). (B) Z-stack image of immunofluorescent staining of a submerged monolayer. 517 

VILLIN staining (green) along the apical end of the epithelium indicates the presence of a brush 518 

border and ZO-1 staining (red) indicates the presence of tight junctions between cells (blue = 519 

DAPI). (C) Z-stack image of immunofluorescent staining of an ALI-differentiated monolayer 520 

culture for the mucin protein MUC2, indicating the presence of a significantly larger number of 521 

goblet cells within the ALI monolayer culture (green = MUC2, blue = DAPI). (D) Cryosection of the 522 

ALI-differentiated monolayer culture, stained for the presence of MUC2 (green) and E-CADHERIN 523 

(red) indicating the presence of goblet cells in the epithelium and the secretion of mucus along 524 

the apical side of the monolayer culture. (Scale bar = 200 μm). Monolayer cultures were stained 525 

by immunofluorescence and imaged using previously published protocols26,27. 526 

 527 



 

Supplementary Figure 1: Spectrum of phenotypes of apical-out intestinal organoid in culture 528 

suspension. (A,B,C) Additional representative images of intestinal organoid morphologies 529 

maintained in suspension 5 days after basement membrane matrix medium removal. Organoid 530 

polarity has inverted. The organoids have become more dense with a thickened epithelium and 531 

the apical side of the organoids is facing outward. Organoids can show a variety of morphologies: 532 

elongated (A), cystic (B), and irregular (C). (Scale bar = 100 μm). 533 

 534 

Supplementary Figure 2: Intestinal organoids fail to invert polarity in the presence of residual 535 

basement membrane matrix medium in suspension cultures. (A) Representative image of 536 

incomplete basement membrane matrix medium removal and failure to invert polarity of the 537 

organoids. Matrigel remnants are present around the organoids and contribute in maintaining 538 

the epithelium polarity oriented apical-in. Organoids show a cystic morphology with a thin 539 

epithelium surrounding the lumen (Scale bar = 200 μm). (B) Representative image of a non-540 

inverted organoid found in suspension culture conditions. Nuclei (blue = DAPI) and E-CADHERIN 541 

(red) are positioned to the basolateral side, ZO-1 (green) is expressed to the apical side that faces 542 

the lumen of the organoid. (Scale bar = 100 μm). 543 

 544 

Supplementary Figure 3: Gene expression of differentiated cell markers in monolayer cultures. 545 

(A,B,C) Expression of MUC2, CHGA, and KRT20 in submerged and ALI-differentiated monolayer 546 

culture generated in Intestinal Organoid Differentiation Medium relative to a 3D organoid culture 547 

grown with Intestinal Organoid Expansion Medium established via qPCR. Establishment of a 548 

submerged monolayer culture increases expression of each differentiated cell marker; however, 549 

differentiation as an ALI culture increases expression of each marker exponentially. Error bars = 550 

+/- SEM. 551 

 552 

Table 1: Number of wells of intestinal organoids to harvest for various cultureware 553 

 554 

DISCUSSION: 555 

Epithelial organoid models have become powerful platforms that can be used to model tissue 556 

organization, disease progression, and identify therapeutics23,28,29. Organoid microinjection has 557 

added value to the organoids’ capability of modeling infectious diseases as it allows pathogen 558 

interaction with the apical side of the host epithelium. Recent advances in microinjection 559 

techniques have optimized the injection speed in organoids and have achieved a rate of up to 90 560 

injected organoids per hour. The barrier function in injected organoids was preserved, and the 561 

low oxygen concentration inside the lumen allowed for the survival of obligatory-anaerobic 562 

injected bacteria30. However, studies have noted the presence of heterogeneity in organoid 563 

populations within the same well. These differences were observed in size and shape31, 564 

expression levels of key genes32, as well as proliferation rates33. Differential responses within the 565 

same organoid population to compounds such as forskolin and PGE2, or to cholera toxin, have 566 

also been described28,33. These results highlight the need for high organoid numbers in studies 567 

and limit the utilization of luminal injection. 568 

 569 

Conventional organoid culture is based upon the encapsulation and propagation of organoids in 570 

a hydrogel. However, hydrogels can pose limitations on diffusion and introduce concentration 571 



 

gradients, which can increase heterogeneity34. Moreover, high variability has been documented, 572 

not only between cultures and donors but also within individual experimental conditions. Donor 573 

source, biochemical properties of the hydrogel, and intrinsic heterogeneity of the organoid as a 574 

culture system are important factors that can increase experimental variability and limit the 575 

reproducibility of results obtained in downstream applications. Both of the methods described 576 

here provide a simple means of exposing the apical side of the epithelium, allowing for the 577 

modeling of compounds and pathogens of interest by directly adding them to the culture 578 

medium. The reduction in hydrogel utilization can limit experimental variability from technical 579 

sources of error. 580 

 581 

The apical-out intestinal organoids retain key characteristics of the organoid model system and 582 

their scalability make them more amenable to high throughput assays, compared to the 2D 583 

monolayer. However, as the organoids retain their 3D structure, the accessibility of the basal side 584 

is limited and may hinder studies requiring access to both sides simultaneously. 585 

 586 

We have demonstrated that the polarity inversion of intestinal organoids relies on the efficient 587 

and absolute removal of ECM, while also preserving the intact structure of the organoids. Both 588 

the use of the dissociation solution to remove ECM and the anti-adherent solution to prevent 589 

organoids adherence to the plasticware contributed to ameliorating the overall efficiency of the 590 

protocol published by Co, J. Y. and colleagues22, particularly in regard to the number of apical-591 

out organoids produced for downstream applications. 592 

 593 

Furthermore, we observed that our protocol supports more efficient inversion of organoids 594 

smaller than 250 μm and using larger organoids may result in a reduced organoid output, due to 595 

the fragmentation caused by pipetting. Wide-bore tips, such as those indicated in the Table of 596 

Materials, may allow the utilization of larger organoids. However, wide-bore tips are less 597 

effective in ECM dissociation when compared to standard tips due to the lower applied 598 

mechanical force. Therefore, repeating steps 1.2.9–1.2.11 may be required for sufficient 599 

disruption and complete removal of all ECM remnants when working with larger organoids. 600 

 601 

Organoids in suspension can survive for at least 2 weeks. After this period of time, we observed 602 

morphology changes and an increased number of cell death. The presence of proliferating cells 603 

in the apical-out organoids22 allows for the re-establishment of apical-in intestinal organoid 604 

cultures. This can be achieved by dissociating apical-out organoids to single cells and embedding 605 

them in ECM with Intestinal Organoid Expansion Medium. 606 

 607 

A limitation frequently encountered in protocols describing the establishment of intestinal 608 

organoids in suspension cultures is the generation of large aggregates. This impacts several 609 

variables such as efficiency, reproducibility of the morphological features, permeability to 610 

compounds, and paracrine signaling. Similar to the protocol published by Co, J. Y. and colleagues, 611 

here we confirm to have obtained polarity inversion of at least 97% of all the suspended 612 

organoids without shearing after 3 days in suspension. However, in contrast to the publication, 613 

we have introduced a mechanical dissociation step in order to reduce the formation of large 614 

aggregates and increase yield. Since this procedure may damage the epithelium of the organoids, 615 



 

we extended the organoids incubation period for an additional 2 days to allow complete 616 

epithelium recovery and ensure high quality cultures for downstream applications. The 617 

introduction of constant agitation with the use of an incubator shaker or a spinner flask could 618 

potentially reduce fusion events, minimize fragmentation, and increase oxygenation. These 619 

alternative approaches may maintain the cultures for longer durations, reduce cell death, and 620 

allow for further differentiation of the apical-out intestinal organoids. 621 

 622 

The establishment of an organoid-derived 2D monolayer provides several advantages and 623 

disadvantages compared to the inverted polarity organoids. The protocol described here allows 624 

for the rapid establishment of a confluent monolayer culture, typically, in less than 7 days and 625 

the option of long-term maintenance of the cultures for an extended period of time (up to 10 626 

weeks). The protocol and the media used here also allow for the efficient differentiation of 627 

significant numbers of cells, not always found in other organoid-derived monolayer cultures16. 628 

Establishing a monolayer on a cell culture insert membrane allows for simultaneous access to 629 

both the apical and basolateral sides of the epithelium making them ideal for studies in barrier 630 

integrity and epithelial transport. This simplified access also renders them more amenable to 631 

infection and drug treatment studies. Furthermore, these cultures maintain many of the 632 

characteristics unique to the donor, maintaining their relevance for patient-specific studies. The 633 

ALI culture method also facilitates the differentiation of a more functional epithelium composed 634 

of both secretory and absorptive cell types, making it more representative of the human 635 

intestinal epithelium. The relative stability of these cultures also allows for them to be maintained 636 

for a prolonged period of time, providing the possibility for long-term studies. However, 637 

limitations of this approach are the high number of cells required to establish a confluent 638 

monolayer and the need to maintain complete confluency to have a functional separation 639 

between the apical and basolateral chambers. The characteristic crypt architecture, which can 640 

be modeled in the 3D organoid cultures is also lost upon establishing a monolayer culture. 641 

Nevertheless, the experimentally friendly format of the culture and the ease at which the apical 642 

and basolateral sides of the epithelium can be accessed, make it a powerful tool for the study of 643 

intestinal physiology. 644 
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MONOLAYER CULTUREWARE

NUMBER OF WELLS OF 

INTESTINAL ORGANOIDS TO 

HARVEST (from 50 µL dome/per 

well to be seeded)

6.5 mm Transwell insert 1 - 2 wells

12 mm Transwell insert 3 - 4 wells

6-well plate 6 - 8 wells

24-well plate 3 - 4 wells

96-well plate 1 - 2 wells
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Name of Material/ Equipment Company Catalog Number

Anti-Adherence Rinsing Solution STEMCELL Technologies Inc. 7010

Conical tubes, 15 mL STEMCELL Technologies Inc. 38009

Corning Matrigel Matrix, Growth Factor Reduced (GFR), Phenol Red-Free Corning 356231

Costar 6.5 mm or 12 mm Transwell inserts STEMCELL Technologies Inc. 38023/38024

Costar 24 Well  Flat-Bottom, Tissue culture-treated plate STEMCELL Technologies Inc. 38017

D-PBS (Without Ca++ and Mg++) STEMCELL Technologies Inc. 37350

Dimethyl sulfoxide (DMSO) Millipore Sigma D2650

DMEM/F-12 with 15 mM HEPES STEMCELL Technologies Inc. 36254

Gentle Cell Dissociation Reagent (GCDR) STEMCELL Technologies Inc. 7174

IntestiCult Organoid Growth Medium (Human) STEMCELL Technologies Inc. 6010

IntestiCult Organoid Differentiation Medium (Human) STEMCELL Technologies Inc. 100-0214

Trypsin-EDTA (0.05%) STEMCELL Technologies Inc. 7910

Y-27632 STEMCELL Technologies Inc. 72302

Wide bore tips Corning #TF-1005-WB-R-S
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Comments/Description

For coating cultureware. Referred as anti-adherent solution into the main text.

For maintenance and establishment of organoid lines.

For 2D Monolayer culture.

For maintenance and establishment of organoid lines.

For washing 

Reconstitution of small molecules

For washing

For Matrigel removal. Referred as dissociation reagent into the main text.

For expansion of organoid lines prior to differentiation. Referred as Intestinal 

Organoid Expansion Medium into the main text.

For establishment of monolayers and 3D differentiation. Referred as Intestinal 

Organoid Differentiation Medium into the main text.

For 2D Monolayer establishment.

RHO/ROCK pathway inhibitor, Inhibits ROCK1 and ROCK2. Used for 2D monolayer 

establishment.

Organoids handling



Dear Vineeta, 

 

We would like to thank you and the reviewers for your comprehensive review of our protocol to 

generate both apical-out and monolayer/air-to-liquid interface cultures derived from intestinal 

organoids. We also feel that this will be a very useful and pertinent protocol for researchers in 

the field. We have addressed all reviewer comments below. 

 

Editorial Comments 
 

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

spelling or grammar issues. 

 

● Done 

 

2. Please provide an institutional email address for each author. 

 

● Done. The section INSTITUTIONAL EMAIL ADDRESS FOR EACH AUTHOR has been added after the 

author's list in the main text. 

 

3. JoVE cannot publish manuscripts containing commercial language. 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: e.g., IntestiCult Organoid Growth Medium (Human) 

(OGMH), Anti- Adherent Rinsing Solution (AARS), Gentle Cell Dissociation Reagent, IntestiCult ODM Basal 

Medium, Organoid Supplement, Y-27632, Matrigel, etc. We must maintain our scientific integrity and 

prevent the subsequent video from becoming a commercial advertisement." 

 

● We are conscious of this risk and for this reason we have now introduced the reagents using the 

full trademarked names only once in the main text and then refer to them using abbreviations. 

We acknowledge the observation received by the reviewer and we replaced trademarked names 

with generic names, referring to our reagents only in the Tables of Materials. In light of this: 

○ IntestiCult Organoid Growth Medium (Human) (OGMH) converted to ‘Intestinal Organoid 

Expansion Medium’ 

○ IntestiCult Organoid Differentiation Medium (Human) (ODM) converted to Intestinal 

Organoid Differentiation Medium 

○ Anti-Adherent Rinsing Solution (AARS) converted to ‘anti-adherent solution’; 
○ Gentle Cell Dissociation Reagent (GCDR) converted to  ‘dissociation solution’. 

 

 

4. Line 111-112: Please provide a reference for the derivation and maintenance of human intestinal 

organoid cultures. Please remove the commercial content. 
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● This has been added and the commercial content removed.  

 

5. Please use standard abbreviation for units of time preceded by a numeral. Do not abbreviate day, 

week, month, and year. Examples: 5 h, 10 min, 100 s, 8 days, 10 weeks (Line numbers: 128, 148, 172, 

192, 199, 202, 205, 286, etc.)" 

 

● Units of time have been  changed to standard abbreviations 

 

 

6. Line 163-165/251-253: Please consider including these lines under “NOTE”. 

 

● Lines 163-165 of the original document referring to the size of the organoids prior to suspension 

were included as a NOTE of section 1.2.1.  

● We appreciate the notion regarding lines 251-253, however we believe that an introduction to 

section 2 of the protocol is needed to better transition between the two sections. 

 

7. Please include a one-line space between each protocol step and highlight up to 3 pages of  

protocol text for inclusion in the protocol section of the video. This will clarify what needs to be filmed." 

 

● Done 

 

8. Figure 1: Please define the black box in the right panel images of 1C and 1D in Figure Legends. 

 

● Figure legend has been reviewed. 

 

9. Figure 2: Please consider labeling each image and define them in Figure Legend. 

 

● We appreciate the suggestion provided by the reviewer. However we thought that having 8 

different separated images will make the figure too busy. Figure legend has been reviewed. 

 

Reviewer 1 
1. Line 415 Remove the word above. In the context of this section is not appropriate as it refers to 

above protocol of this section and that is inversion protocol 

 

● Done 

 

2. Line 450 replace word fusion with aggregation. In this situation, the organoids seem to clump to 

each other and not fuse their membranes. 

 

● Done 

 



3. Figure 2C: Is the right pannel magnification of the left pannel? If so please indicate 

 

● Yes it is. The figure legend has been revised to clarify this.  

 

4. Line 486, Figure 4B legend, please indicate the color of ZO-1 staining 

 

● Done 

 

Reviewer 2 
 

1. This protocol suggests the use of Stemcell Technologies' proprietary formulations and are not 

defined (AARS, GCDR, OGMH). These products are expensive and cannot be modified to meet 

the users needs. The protocol would be more universally applicable and useful if the authors 

suggested alternatives that have been published in other papers / protocols (if their products 

are superior, this can be stated in the protocol). 

 

● We acknowledged the opinion of the Reviewer 2 by indicating alternatives to our media and 

reagents when possible. We strongly believe that reagents made and modified in one lab can 

vary widely to another lab dependent on the operator, protocols and materials used. It is for this 

reason we do not suggest modifying the media in these experiments as our goal is to create 

standardization among labs using these culture conditions. 

● As suggested by Reviewer 2, we added a few points into the discussion (lines 594-598 and 616-

620) where we indicated how the use of AARS and GCDR may have contributed to the increase 

in the efficiency of the inversion protocol, compared to what's published by Co, J.Y. et al.  

 

2. One area of confusion is the description of monolayers and ALI in the same protocol.  

To my knowledge these are distinct techniques of growing organoids. The authors should make 

this clear and describe how and why they are combining the techniques. 

 

● We edited the main text clarifying how the 2 protocols are related. Better differentiation can be 

achieved by transitioning the monolayer culture from submerged to ALI (please see section 2.3). 

We hope that this makes the ALI culture protocol clearer  as an added step to the  submerged 

cultures to increase the options available to the researcher.  

 

3. How long can the organoids be grown after polarity inversion? Can they be passaged again? This 

question also applies to monolayers. 

 

● We edited the main text providing a little more explanations and details on the apical-out 

organoids (please see introduction to section 1 and lines 607-610) and on the monolayers 

(please see introduction to section 2.0).   

 



4. Can the authors suggest or demonstrate an application of the organoids after polarity inversion? 

This question also applies to monolayers. 

 

● We edited the main text to include some suggestions on the possible application of the 

intestinal apical-out organoids and monolayers and highlighting the features of these models.  

● We believe that the main scope of this manuscript is to offer scientists the option of a clear and 

robust protocol with associated reagents so that the scientists can apply these to their 

application or research question of interest. We anticipate that the possible applications are 

also very broad and varied to be adequately presented here in any detail. Therefore we prefer 

to leave demonstrations to other publications.  

 

5. The figures will benefit from labels that indicate what each color is (Muc2, villin, etc). 

 

● These have been added to all figures.  

 

6. In Figure 2 legend, the colors for oriented intestinal organoids were stained with apical markers 

ZO-1 and VILLIN should be indicated 

 

● These descriptions have been added to the figure legends.  

 

Reviewer 3 
1. The author are suggested to present the efficiency of polarity inversion. Is there any significant 

difference at day 3 and day 5 in suspension? According to literatures[1, 2], almost all enteroids 

demonstrate apical-out polarity by the third day in suspension culture, whether need to 

continue to culture in 5 day?" 

 

● The efficiency of the polarity inversion is similar to that described in the available literature. A 

small section was added in the discussion explaining the need for the additional incubation time. 

 

2. In the Fig. 2, the authors are suggested to stain the differentiated cells (enterocytes, goblet cells, 

enteroendocrine cells, etc.) for both apical-out and basal-out organoids. These types of cells 

were differentiated on apical-out organoids established by Julia Y. Co et al[1]. And this will help 

the readers to understand that the apical-out organoids cultured by this protocol is a functional 

research model." 

 

● We appreciate the suggestion of Reviewer 3, but with this manuscript we do not aim to 

demonstrate or create a culture system that would work significantly differently to what has 

been already shown by Julia Y. Co et al. Our aim is to provide scientists a clear and robust 

protocol to efficiently invert intestinal organoids polarity.  

 



3. In line 356-358, the authors described that ALI culture system will increase the number of 

differentiated cell types. However, only the goblet cell results were presented. What about the 

other differentiated cell types? 

 

● Acknowledging the comment from Reviewer 3, we decided to expand our Results section and 

added  a supplementary figure (Supplementary Figure 3) where we compare the gene 

expression of sub-merged monolayers, ALI intestinal monolayers to basal-out organoids.  These 

qPCR results highlight the relative increase in goblet cells, enteroendocrine cell and enterocyte 

populations in submerged and ALI monolayers relative to 3D organoids in expansion culture 

condition.  

 

4. Literatures are required to support the statements listed in the line 51-57. 

 

● References were added to support the claims listed. 

 

5. In line 347, the "5% CO2" should be added 

 

● “5% CO2” was added at the indicated line. 

 

Reviewer 4 
1. Although the subject is not extremely innovative I think the protocols are pertinent and 

potentially useful for other researchers/further investigations - I believe significant progress is 

actually made from a series of small improvements that the authors have put in place. “I would 

have appreciated a more clear discussion of why their technique is better than the existing ones, 

at least for the monolayer formation from organoids (which is something that has been done for 

some time now).” 

 

● We thank the appreciation of Reviewer 4 on the improvements we tempted to introduce to the 

published method. We reviewed the Discussion and added comments on where we think we 

have contributed in ameliorating both the 3D and 2D protocols.  

 

2. My main critique: The inversion of the polarity of the organoids seems to have been 

accomplished successfully, however the assessment of their functionality was not assessed (for 

example with substances passage assays and/or transporters expression and/or evaluation of 

apical-specific interactions), so the ""applicability"" of these structures is not evident. The same 

goes for the 3D - 2D conversion." 

 

● We accept the critique coming from Reviewer 4. We would like to stress though that the aim of 

this manuscript is to provide scientists a clear and robust protocol to efficiently expose the 

apical side of the intestinal organoids to make this revolutionary culture system amenable to 

applications that are usually limited by the apical-in architecture. We have added several 



sections to our results and discussion regarding potential applications of both of these culture 

models and we highlight the features of the model and our protocol in particular. However, 

given the large number of potential applications of these models, and the limited scope and 

space available for this paper, we prefer to leave demonstrations and applicability of these 

protocols to other publications.  

 

3. There was nothing disruptive innovative about the work and everything was assessed on  

qualitative means and imaging techniques so the authors should at least acknowledge that 

""shortage of impact" 

 

● We are aware that this manuscript is not introducing any disruptive innovation. Infact, we 

acknowledged several times the work published by Co J.Y. as the main contributor to the 

organoids field. However we still believe to have supported scientists working on this field 

introducing ameliorations to the published protocol to make it more efficient and robust, as also 

noticed by the same Reviewer 4.  

 

4. Overall, I would recommend its publication with improvements in the discussion (limitations and 

further work) and introduction (applications)." 

 

● We thank Reviewer 4 for his/her opinion and recommendation on the publication of our 

manuscript. We have reviewed the  main text and we think to have implemented now Reviewer 

4’s suggestions.  

 

5. Describe staining and imaging protocols fully as they are of general interest and the images are 

very nice. 

 

● We thank Reviewer 4 for the appreciation of the quality of our work. We have now indicated 

references that we used for staining our cultures.  
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