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SUMMARY:

Organoids revolutionize personalized tissue modeling for organ development, drug
discovery, and disease research. Organoid engineering extends this to create more
extensive synthetic tissues. We aim to merge morphogenesis, assembloid technology,
and biomatrices to advance tissue engineering. Our methods aid in modeling liver
organogenesis and establishing guidelines for synthetic tissue construction.

ABSTRACT:

Chronic liver disease has reached epidemic proportions, affecting over 800 million people
globally. The current treatment, orthotopic liver transplantation, has several limitations.
Promising solutions have emerged in the field of liver regenerative medicine, with liver
organogenesis holding significant potential. Early liver organogenesis, occurring between
E8.5 and 11.5, involves the formation of epithelial-mesenchymal interactions leading to
morphogenesis, hepatic cord formation, and collective migration. However, there is a lack
of methods for in vitro modeling of this process. In this study, we present a detailed series
of methods enabling the modeling of various stages and aspects of liver organogenesis.
In one method series, we utilize assembloid technology with hepatic and mesenchymal
spheroids, which replicate early structures found in liver organogenesis, model early
morphogenesis, and demonstrate interstitial cell migration as seen in vivo. These
innovative assembloid systems help identify factors influencing assembloid formation and
migration. Hepatic spheroid cultivation systems were also employed to model collective
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migration and branching morphogenesis. Fibroblast-conditioned media play a significant
role in initiating dose-dependent branching migration. Future work will involve high
temporal and spatial resolution imaging of hepatic and mesenchymal interactions to
determine the cascade of cellular and molecular events involved in tissue formation,
morphogenesis, and migration.

INTRODUCTION:

Liver cell migration plays a significant role in liver organogenesis, disease, and cell
therapy. During liver organogenesis (E8.5-9.0, mouse), the ventral foregut pre-hepatic
epithelium begins to express liver genes, due to the inductive signals emanating from the
surrounding mesenchyme and heart. At E9.0, the foregut epithelium thickens as the cells
transition from a cuboidal to a pseudostratified columnar morphology, to form the liver
diverticulum (Gualdi, Bossard et al. 1996); (Bort, Signore et al. 2006). At this critical
stage, the liver diverticulum is comprised of only ~1,500 cells. Next, the hepatic
endoderm lining the liver diverticulum thickens, delaminates, and forms cords of
hepatoblasts that co-migrate with endothelial cells and mesenchymal cells and branch
into the surrounding mesenchymal tissue, thus initiating three-dimensional collective cell
migration to form the liver bud (Ogoke, Oluwole et al. 2017); (Ogoke O. 2022). In fact,
during this stage, the cells collectively undergo; 1) co-migration, or movement together
with other cell types, 2) branching morphogenesis or formation of branching tube-like
structures, and, 3) interstitial migration, or migration on top of other cells. By E11.5,
migration ceases, the primitive liver has formed and has expanded 103-fold (Ogoke O.
2022). Liver cell migration may also be required in later stages of liver organogenesis,
as rat fetal hepatoblasts (HBs) expression have shown evidence of highly upregulated
genes associated with 3D collective cell migration, morphogenesis, and extracellular
matrix remodeling (Petkov, Kim et al. 2000). In addition to its role in early liver
organogenesis, 3D collective migration is intricately linked to the local spread and
metastasis of advanced hepatocellular carcinoma (HCC), ultimately leading to worsened
prognosis and increased treatment resistance (Yang, Chen et al. 2009). Adult and fetal
hepatocytes also employ collective migration when moving from the spleen to within the
liver during liver repopulation; in vivo imaging studies have demonstrated that
transplanted hepatocytes enter the portal vein and then the capillaries within hours,
migrate across the liver sinusoids, and through the liver tissue (Rajvanshi, Kerr et al.
1996);(Gupta, Rajvanshi et al. 1999);(Koenig, Stoesser et al. 2005). Finally, recent
studies demonstrate that migrating hepatoblasts arise during murine and human liver
regeneration with some evidence of movement in sheets (Matchett KP 2023). Overall,
liver collective migration, capable of multiple modes of morphogenesis, plays a significant
role in organogenesis, cancer, hepatocyte cell therapy, and liver regeneration.

Numerous genetic studies have investigated the molecular pathways that drive 3D liver
collective cell migration. These studies demonstrate that ablation of the hepatic cords
blocks liver formation and demonstrates that therefore, formation of hepatic cords and
their ensuing interactions with supporting cells are required for liver formation (Bort,
Signore et al. 2006); (Suzuki, Sekiya et al. 2008); (Sosa-Pineda, Wigle et al. 2000,
Matsumoto, Yoshitomi et al. 2001). These studies also demonstrate that liver growth is
initiated by fibroblast growth factor 2 (FGF2) secreted from the cardiac mesoderm, BMP4


https://doi.org/10.1101/2023.09.30.560154
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.30.560154; this version posted October 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

93 secreted from the surrounding mesenchyme, HGF, endothelial cell interactions, and
94  migration-associated transcription factors including HEX, PROX1, and TBX3 (Gualdi,
95 Bossard et al. 1996); (Rossi, Dunn et al. 2001). Overall, genetic studies support the fact
96 that soluble factor signaling with transcription factor expression is responsible for driving
97 migration, signaling, and molecular interactions between hepatoblasts and their
98 surrounding mesenchyme.

99

100 Although cell migration in early liver organogenesis has been extensively investigated,
101 the current in vitro hepatic migration studies frequently utilize 2D assays consisting of
102  highly migratory HCC cells combined with in vivo tumor models (Ng, Tung-Ping Poon et
103 al. 2013). These studies have provided insight into several factors that play a role in
104  hepatic migration including TGFB1 (Fransvea, Angelotti et al. 2008) c-Myc (Zhao, Jian
105 et al. 2013), Yes associate protein (YAP) (Fitamant, Kottakis et al. 2015), goosecoid
106  (Xue, Ge et al. 2014), actopaxin (Binamé, Lassus et al. 2008), and miRNAs (Zeng,
107 Liang et al. 2016);(Chen, Liang et al. 2017);(Yang, Xu et al. 2017). Despite the
108 advancements in understanding the molecular mechanisms in 3D hepatic cell migration,
109 the fundamental mechanisms between 2D and 3D cellular migration are distinct which
110  suggests 2D assays have their limitations. Furthermore, these models typically do not
111  implement mesenchymal cell types, which are essential to migration/growth. There has
112 been progress in the development of 3D models for liver migration that incorporate the
113  supporting mesenchyme, however, they are solely focused on co-migration rather than
114  the different modes of collective migration.

115

116 The ability to form tissues from spheroids through various self-assembly and
117  morphogenetic processes enables the scientific study of synthetic tissues for applications
118 for drug development and screening, disease modeling, therapy, and other biomedical
119  and biotechnological applications. Here we present methodological details for several 3D
120  in vitro cultivation systems which were engineered to exhibit different modes of liver 3D
121  collective migration. These systems include the following: (1) co-spheroid culture with
122 hepatic and mesenchymal-derived spheroids in matrix, (2) spheroid matrix droplet
123 cultured with fibroblast conditioned medium, and (3) mixed spheroids (hepatic and
124  mesenchymal-derived cells). These systems enable robust modeling of liver 3D collective
125 migration which will improve our molecular and cellular understanding of liver
126  organogenesis, cancer, and therapy.

127

128 PROTOCOL:

129

130 1. Preparation of 1% Low EEO Agarose Solution
131

132 1.1. Measure 2.5 g of agarose powder (low EEO) and transfer it to a beaker.
133

134 NOTE: The beaker should be at least twice the size of the desired volume to account for
135 the bubbling of the solution.

136

137  1.2. Use a graduated cylinder to measure 250 mL of distilled water (DI) water and transfer
138 it to the beaker to dilute the agarose to obtain a final concentration of 1%.
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139
140 1.3. Cover the mouth of the beaker with plastic wrap and make a small hole. Heat the
141 beaker in the microwave.

142

143  1.4. After 30 seconds, remove the beaker and swirl until uniform. Repeat every 30
144 seconds, until the agarose completely dissolves.

145

146  CAUTION: Microwaved glassware should be handled very carefully by wearing proper
147  gloves. The solution should be watched closely to avoid overheating or boiling over.

148

149 1.5. Remove the beaker from the microwave and gently swirl. Transfer the solution to a

150 pre-sterilized bottle and autoclave the solution. Store the agarose solution at room
151 temperature until ready to use.

152

153 2. Coating 96-Well Plate

154

155 2.1. Loosen the cap of the bottle containing the 1% agarose solution. Warm the solution
156 in the microwave until the solution is in the liquid phase and tighten the cap.

157

158 CAUTION: Microwaved glassware should be handled very carefully by wearing proper
159  gloves. The solution should be watched closely to avoid overheating or boiling over.

160

161 NOTE: Perform these steps under a sterile tissue culture laminar flow hood.

162

163 2.2. Use 55-65 pL of the sterile 1% agarose solution per well to coat the 96-well tissue

164 cultured plate and immediately rotate the plate.

165

166  2.3. Once the 1% agarose solution has been transferred to the desired number of wells,
167 allow the agarose to solidify by allowing the plates to cool for 20-30 minutes in a 4°C
168 fridge. Prior to use, bring the plate to room temperature (Figure 1A).

169

170 3. Preparation of HepG2-WT Spheroids

171

172 3.1. Cultivate HepG2-WT cells in a T-75 flask with completed growth medium (cDMEM)
173 containing Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10%
174 Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (Pen-Strep). Incubate the
175 cell culture at 37°C and 5% COz2 with medium changes every day.

176

177  3.2. Once the cell culture reaches 80% confluency, add 0.05% of Trypsin-EDTA to the
178 flask for 5-10 minutes. Add equal amounts of cDMEM and wash the cells off the
179 flask.

180

181  3.3. Once the cells have detached, transfer the mixture to a 15 mL sterile conical
182 centrifuge tube and centrifuge the cell suspension at 300 x g for 5 minutes.

183
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184  3.4. Re-suspend the cell pellet in sterile 1X Phosphate Buffered Saline (PBS) and

185 centrifuge the cell suspension at 300 x g for 5 minutes.

186

187  3.5. Based on the cell count, suspend the cell suspension to obtain a final concentration
188 of 1x 108 cells/mL (Figure 1B).

189

190 3.6. Dye-labeling of cells

191

192 NOTE: This is an optional step.

193

194  3.6.1. Transfer the desired amount of cell suspension to a 15 mL sterile conical centrifuge
195 tube and centrifuge the cell suspension at 300 x g for 3 minutes.

196

197 3.6.2. Re-suspend the cell pellet in a serum-free growth medium to obtain a final
198 concentration of 1 x 108 cells/mL. Add 5 pL of Vybrant Cell-Labeling Solution per
199 mL of cell suspension and incubate the cell suspension on rotation for 20 minutes,
200 preferably at 37°C.

201

202 NOTE: Serum-free growth medium is DMEM only supplemented with 1% Pen-strep.
203 Different densities of the cell suspension may require longer incubation time for uniform

204  staining.

205

206  3.6.3. Once the incubation is completed, centrifuge the cell suspension at 450 x g for 5
207 minutes and resuspend the cell pellet in fresh cDMEM. Repeat this wash process
208 two more times (Figure 1C).

209

210 3.7. Spheroid formation

211

212 3.7.1.Suspend the cells in fresh cDMEM to obtain a final concentration of 5.0 x 104
213 cells/mL. Mix the cell suspension very well and transfer 100 pL of cell suspension
214 per well to the agarose-coated 96-well plate.

215

216 NOTE: The density of cell suspension is to obtain a density of 5,000 cells per well in the
217  agarose-coated 96-well plate.

218

219  3.7.2. Centrifuge the plate at 340 x g for 10 minutes and incubate at 5% CO2 at 37°C for
220 5-9 days (Figure 1D).

221

222 NOTE: Change medium every other day after plating with gentle removal of 50% of
223  cDMEM and replacement.

224

225 NOTE: HepG2-WT spheroids can be used for the HEP-MES assembloid model or M-CM
226 model.

227

228 4. Preparation of HFF/MRC-5 Spheroids

229
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230 4.1. Cultivate HFF/MRC-5 cells in a T-175 flask with completed growth medium (cDMEM)

231 containing Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10%
232 Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (Pen-Strep). Incubate the
233 cell culture at 37°C and 5% CO:2 with medium changes every other day.

234

235  4.2. Once the cell culture reaches 80% confluency, add 5 mL of 0.25% of Trypsin-EDTA
236 to the flask for 5-10 minutes. Add equal amounts of cDOMEM and wash the cells off
237 the flask.

238

239  4.3. Once the cells have detached, transfer the mixture to a 15 mL sterile conical
240 centrifuge tube and centrifuge the cell suspension at 300 x g for 3 minutes.

241

242 4.4. Re-suspend the cell pellet in sterile 1X Phosphate Buffered Saline (PBS) and
243 centrifuge the cell suspension at 300 x g for 3 minutes.

244

245 4.5, Based on the cell count, suspend the cell suspension to obtain a final concentration
246 of 1x 108 cells/mL (Figure 1B).

247

248  4.6. Dye-labeling of Cells

249

250 NOTE: This is an optional step.

251

252  4.6.1. Transfer the desired amount of cell suspension to a 15 mL sterile conical centrifuge
253 tube and centrifuge the cell suspension at 300 x g for 3 minutes.

254

255  4.6.2. Re-suspend the cell pellet in a serum-free growth medium to obtain a final
256 concentration of 1 x 108 cells/mL. Add 5 pL of Vybrant Cell-Labeling Solution per
257 mL of cell suspension and incubate the cell suspension on rotation for 20 minutes,
258 preferably at 37°C.

259

260 NOTE: Serum-free growth medium is DMEM only supplemented with 1% Pen-strep.
261 Different densities of the cell suspension may require longer incubation time for uniform

262  staining.

263

264  4.6.3. Once the incubation is completed, centrifuge the cell suspension at 450 x g for 5
265 minutes and resuspend the cell pellet in fresh cDMEM. Repeat this wash process
266 two more times (Figure 1C).

267

268 4.7. Spheroid Formation

269

270 4.7.1.Suspend the cells in fresh cDMEM to obtain a final concentration of 5.0 x 104
271 cells/mL. Mix the cell suspension very well and transfer 100 pL of cell suspension
272 per well to the agarose-coated 96-well plate.

273

274  NOTE: The density of cell suspension is to obtain a density of 10,000 cells per well in the
275 agarose-coated 96-well plate.
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276

277  4.7.2. Centrifuge the plate at 340 x g for 10 minutes and incubate at 5% COz at 37°C for
278 5-9 days (Figure 1D).

279

280 NOTE: Change medium every other day after plating with gentle removal of 50% of
281 cDMEM and replacement.

282

283  NOTE: HFF/MRC-5 spheroids can be used for the HEP-MES assembloid model.

284

285 5. HepG2-WT and HFF/MRC-5 Assembloid Formation

286

287 NOTE: Refer to Sections 3 and 4 for formation of HepG2 (Figure 2A) and HFF/MRC-5
288  spheroids (Figure 2B).

289

290 5.1. Individually collect HFF/MRC-5 spheroids using a pipette from the 96-well plate and
291 transfer them to a 15 mL sterile conical centrifuge tube. Allow the spheroids to settle
292 and gently rinse with warm cDMEM.

293

294  NOTE: This rinsing process should be done very gently and carefully.
295
296 5.2. Transfer a single HFF/MRC-5 spheroid to a well containing a HepG2-WT spheroid

297 and add MG/CG between a 1:1 and 1:5 dilution and incubate at 37°C at 5% CO2 for
298 3 hours.

299

300 5.3. Add 75 uL of cDMEM to each well and incubate at 37°C at 5% CO:2 for 2-3 days
301 (Figure 2C).

302

303 NOTE: Change medium every other day after plating with gentle removal of 50% of
304 cDMEM and replacement. Assembloids will still form without media changes for up to 3-

305 4 days.

306

307 NOTE: Assembloid formation can occur without the use of matrix.
308

309 6. HepG2-WT Spheroid Droplet Formation

310

311  NOTE: Refer to Section 3 for formation of HepG2 spheroids (Figure 3A).

312

313 NOTE: Two different materials can be used for suspending the HepG2-WT spheroids in
314  droplets. The two methods are provided below.

315

316  6.1. Matrigel (MG) droplets

317

318 6.1.1.Mix 1 mL of ice-cold diluted MG and control growth medium at a 1:1 dilution. Mix
319 the spheroid/MG suspension and distribute it evenly inside the MG solution.

320
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321  6.1.2. Collect the HepG2-WT spheroids in a 15 mL sterile conical centrifuge tube on ice

322 and allow the spheroids to settle. Aspirate the medium and keep it on ice.

323

324  6.1.3. Using a 200 pL pipette, collect a 15 pL volume of one spheroid in MG solution and
325 seed onto a 60 mm petri dish (Figure 3B).

326

327 6.2. Collagen (CG) Droplets

328

329 NOTE: All collagen preparation should be done on ice.

330

331 6.2.1.In a microcentrifuge tube, add 358.8 uL of de-ionized water, 100 uL of 10X PBS,
332 12.1 puL of 1 N NaOH, and 529.1 uL of stock rat tail CG for a total volume of 1 mL.
333 Mix the spheroid/CG suspension and distribute it evenly inside the CG solution.
334

335 NOTE: Stock rat tail CG should always be added at the end.

336

337 6.2.2. Collect the HepG2-WT spheroids in a 15 mL sterile conical centrifuge tube on ice
338 and allow the spheroids to settle. Aspirate the medium and keep it on ice (Figure
339 3B).

340

341 6.2.3. Using a 200 pL pipette, collect a 15 pL volume of one spheroid in CG solution and
342 seed onto a 60 mm petri dish.

343

344 NOTE: If more than one spheroid is seeded per droplet, it is removed and reseeded
345  properly.

346

347 NOTE: Spheroid/CG solutions are pipetted slowly onto the 60 mm petri dish to avoid air
348 bubbles.

349

350 6.3Incubate the droplet at 37°C for 60 minutes before the addition of the growth medium.
351

352  6.4Slowly add 5 mL of desired growth medium to the petri dish and incubate in at 37°C
353 and 5% CO:2 with medium changes every three days (Figure 3C).

354

355 NOTE: HFF/MRC-5 conditioned-media was used in the droplet formation assay.

356

357 7. Preparation of HFF/MRC-5 Conditioned Media (M-CM)

358

359 7.1. Seed HFF/MRC-5 into a T-75 tissue culture-treated flask at a seeding density of
360 5,000 cells/cm? and incubate the flask for 72 hours in 15 mL of cDMEM.

361

362 NOTE: Flask should be checked daily during this period to ensure the maintenance of
363  cell health.
364
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365 7.2. After the 72-hour incubation, collect the fibroblast-conditioned growth medium in a

366 15 mL sterile conical centrifuge tube. Centrifuge the fibroblast-conditioned growth
367 medium at 290 x g for 5 minutes and filter using a 0.2 um filter (Figure 4A).

368

369 7.3. Dilute the fibroblast-conditioned growth medium with complete growth medium at a
370 1:1 to 1:7 dilution ratio and add to the desired experiment (Figure 4B).

371

372 8. HepG2-WT and HFF/MRC-5 Mixed Spheroid Formation

373

374 NOTE: Refer to Sections 3 and 4 for formation of HepG2 (Figure 5A) and HFF/MRC-5
375 spheroids (Figure 5B).

376

377 8.1. Transfer HepG2-WT and HFF/MRC-5 cell suspension to a 15 mL sterile conical
378 centrifuge tube at a 1:1 ratio to obtain a final concentration of 2.0 x 10° cells/mL. Mix
379 the cell suspension very well and transfer 100 uL of cell suspension per well to the
380 agarose-coated 96-well plate.

381

382 NOTE: The density of cell suspension is to obtain a density of 20,000 cells per well in the
383 agarose-coated 96-well plate.

384

385 8.2. Centrifuge the plate at 340 x g for 10 minutes and incubate at 5% CO:2 at 37°C for 1-
386 2 days (Figure 5C).

387

388 NOTE: Change medium every other day after plating with gentle removal of 50% of
389 cDMEM and replacement.

390

391 REPRESENTATIVE RESULTS:

392  Currently, there is increased interest in synthetic tissues for various biomedical
393 applications, including modeling disease, discovering drugs, and tissue engineering
394 (Figure 6). In this field, hPSC-derived organoids or spheroids, and cells can be converted
395 into more synthetic, complex, and larger tissues. To accomplish this, principles of
396 morphogenesis, tools like microfabrication, and biomatrices can be applied to cells and
397 spheroids to engineer these synthetic tissues more precisely (Figure 6). We present
398 several methods here with this theme in mind.

399

400 Effects of clustering on spheroid formation

401 The methods developed here were contingent upon successful 3D spheroid formation.
402  Spheroid formation is considered successful if cells fuse to form a full spheroid within five
403  to nine days. An early indication of successful spheroid formation is clustering of the cells
404 inthe center of the well after centrifugation of the cultivation plate. Despite the significance
405  of clustering, spheroid formation did occur, but less frequently, when cells were initially
406 scattered rather than clustered, therefore demonstrating that successful spheroid
407 formation could still occur. Spheroid formation is considered unsuccessful if cells do not
408 spread and fuse together within nine days after plating.

409 Spheroids were cultured at two different sizes to perform this experiment; small
410 spheroids (S) were plated at a concentration of 1,500 cells per well and large spheroids
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411 (L) were plated at a concentration of 3,000 cells per well. Hepatic spheroids compacted
412 and fully cultured by day five, irrespective of the spheroid size. The cell density per well
413  did not impact the rate at which the spheroid formed and had a significant difference in
414  spheroid size (Figure 7). In this case, it is important to observe an increase in opacity
415  which demonstrates thickening of the initial disc-shaped tissue, which is more translucent,
416 to a spheroid configuration, which has increased opacity. Unlike hepatic spheroids,
417 mesodermal-derived spheroids compacted within 24 hours irrespective of cell seeding
418  density as well. Notably, HFF/MRC-5 cells compact much tighter than HepG2-WT cells,
419 likely resulting in cell density having little impact on spheroid size.

420

421  Factors that affect hepatic and mesenchymal (mesodermal-derived) assembloid
422  formation

423  Hepatic and mesodermal-derived spheroids of varying sizes were cultured to determine
424 the effect of size on the compaction time of spheroid formation. Hepatic and mesodermal-
425  derived spheroids were co-cultured in Matrigel (MG) or Collagen Gel (CG) at a 1:5 dilution
426  with complete growth medium or fibroblast-conditioned medium, to determine if matrix
427 and conditioned medium influences assembloid formation. Both cell types were dye-
428 labeled prior to spheroid formation to demonstrate the interaction between spheroids. It
429 was observed that assembloid formation occurs irrespective of matrix and medium
430 (Figure 8). We studied the effects of CG, effects of MG, and effects of conditioned
431  medium (MRC-5 conditioned medium or MCM-5). We observed assembloid formation in
432  all cases, although the morphological details varied slightly (Figure 8). Details regarding
433  these images will be re-used in later figures. To determine the effects of inter-spheroid
434  distance on assembloid formation, distance was measured together with success of
435 assembloid formation. It was observed that the compaction time of an assembloid is
436  directly proportional to the initial distance of the hepatic and mesodermal-derived
437  spheroids (Table 1).

438

439  Building more complex assembloids with arm-like structures

440 Methods were also developed to build assembloids that have branching cords (Figure
441  9A). To accomplish this experimentally, hepatic spheroids are mixed with biomatrix (MG),
442  in 384-well plate, and surrounded by single fibroblasts at high density. These fibroblasts
443  cluster and provide guides to which hepatic cells migrate towards and thicken, forming
444  thick cords over time. Hepatic spheroids were cultivated in the MG droplet system
445  containing a high density of MRC-5 cells (300,000 cells) in 384-wells and demonstrated
446  small clusters of MRC-5 cells that formed in the MG (Figure 9B, days 3-4). Next, the liver
447  spheroids formed thick migrating strands protruding out to the fibroblast clusters forming
448 thick strands containing both cell lines (Figure 9B, days 9-12). This approach led to
449 longer arms or cords, likely containing a mix of hepatic and fibroblast cells. Another
450 approach involved building bridges or small interconnections (arms) between spheroids.
451  To build small armed structures, a larger HEP spheroid can be co-cultured in 384-well
452  plate with a smaller mixed spheroid (Figure 9C). This leads to small, knob-like arms.
453  Overall, we present two approaches for forming additional arms to spheroids.

454

455  Spot-welding (fused edges) of complex assembloids

456  Methods were used to build assembloid with fused edges. Hepatic, and mesodermal-
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457  derived spheroids are placed in a stiff environment of CG (2 mg/mL) (Figure 9D).
458  Furthermore, in this stiff environment, rather than cupping, we observe spheroids fuse at
459 the edges to form assembloids with evidence of short arms, or spot-welding (Figure 9E).
460  We see similar data with MRC5 Fibroblasts in CG (Figure 9F).

461
462  Infiltrating and layering of complex assembloids
463 During liver organogenesis, in the developing liver diverticulum, HEP cells are

464  surrounded by mesenchyme, and ultimately, they migrate or infiltrate into the
465 mesenchyme (Figure 9G). In M-CM, and CG conditions, the addition of MES and HEP
466  spheroids results in a different type of fusion in which we observe an infiltrative pattern
467  (Figure 9H). Further, we can obtain a layering pattern by placing single MES (human
468 mesenchymal stem cells (hMSC)) in MG at high density and allowing them to migrate
469 towards a HEP spheroid and layer on the surface without infiltration, as shown with dye
470 labeling of the hMSC (Figure 9l). We note that this is a different phenotype than when
471  we employed HFF. This latter arrangement is observed in the liver diverticulum stage and
472  many other endoderm-derived tissues. Here we present two approaches that are relevant
473  for modeling of the developing liver diverticulum and for creating aspects of synthetic
474  tissues.

475
476  Fused hepatic and mesenchymal (mesodermal-derived) assembloid formation
477 The fusion of two spheroids to form assembloids are critical for modeling the liver

478  bud. This is because when two spheroids fuse, the cells likely migrate on top or between
479  other cells, which we term interstitial migration. Interstitial migration occurs in the liver
480 bud, when early migrating hepatoblasts migrate through mesenchyme, potentially on top
481  of other cells. Therefore, fusion of two spheroids is a model of interstitial migration which
482  occurs during liver organogenesis. Methods were developed to build assembloids that
483  fuse completely with separate layers (Figure 10A). HEP and MES (MRCS5 fibroblasts)
484  spheroids in MG form a fused assembloid by day 9 (Figure 10B). Dye-labeling analysis
485 demonstrated that MES tissue remained inside, while the HEP tissue remained outside
486  (Figure 10C). Importantly, the final spheroid is approximately the same size as the
487  original spheroids. This suggests that the cells are packed at high density. Notably, the
488 same phenomena occur in the absence of MG in 384-well plates, when multiple MES
489  spheroids are placed with a single HEP spheroid (Figure 10D). HEP-MES assembloids,
490 in the absence of matrix, also form under low serum (2% FBS) and extremely low serum
491 (0.2% FBS) conditions (Figure 10E). We then determined that large distances
492  (approximately 3 diameters of the spheroid), assembloids did not form (Figure 10F). To
493  determine how spheroid composition determines spheroid fusion, we demonstrated that
494  mixed spheroids (containing MES and HEP cells) can fuse with MES spheroids by day 5,
495 accompanied by an increased packing density, as expected (Figure 10G).

496

497  Partially fused or cupping in complex assembloid formation

498 Successful assembloid formation in MG demonstrates several phenotypes,
499 including the observation that the HEP spheroid undergoes “cupping” of the MES
500 spheroid to form a partially fused assembloid (Figure 10H). This also establishes a visual
501 model of interstitial migration, and points toward the current mechanism of fused
502 assembloid formation. Time series studies of HEP and MES spheroids demonstrate with
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503 in CG, fusion occurs via a cup-like mechanism (Figure 10l). This is further demonstrated
504 using dye-labeling (Figure 10J). Finally, the same phenomena is clearly illustrated when
505 multiple HEP spheroids are used with a large, single MES spheroid (Figure 10K). The
506 data suggests that cupping without fusion can occur in MG or in cases where the MES
507 spheroid is much larger than the HEP spheroids.

508

509 Induced hepatic branching and linear migration via mesenchymal (mesodermal-
510 derived) conditioned growth medium

511 Collective migration is a key morphogenetic process during liver organogenesis.
512 Here we describe tools for inducing collective migration in vitro. Successful droplet
513 formation of HEP spheroids and utilization of M-CM (MES-conditioned media)
514 demonstrate outgrowth branching from the HEP spheroids (Figure 11A-B). HEP
515 spheroids cultivated in the MG droplet system demonstrated that M-CM induces collective
516 migration, and the data demonstrates a concentration-dependent effect (Figure 11B,
517 right). Cellular strands protruding from the hepatic spheroid are present with small
518 branching, thick strands, and multiple levels of branching (Figure 11B, left). On day 11,
519 the protrusions were increased with inter-connections and sheet formation (Figure 11B,
520 right). M-CM is potent, as a 1:7 dilution or M-CM present for one day still leads to
521  migration (Figure 11B, right). It was hypothesized that the M-CM induced cell migration
522 via TGFp signaling pathway. A83-01, a TGF@ pathway inhibitor, was incorporated into
523 the M-CM at varying concentrations, and migration was significantly inhibited in a dose-
524 dependent manner (Figure 11C). To determine the effects of extracellular matrix on
525  collective migration, HEP spheroids cultivated in the CG droplet system demonstrate that
526 M-CM induces cell migration. However, the protrusions were thin linear strands and less
527 branching by day 7 compared to the migration observed in MG (Figure 11D). We also
528 tested fibrin hydrogels, and we observed thin, hair-like, narrow, radial protrusions of both
529 HEP and MES cells (Figure 11E).

530
531 Inducing hepatic co-migration via MES conditioned medium
532 Mixed spheroids (HEP-MES spheroids) were also employed for collective

533 migration, as a model of co-migration which occurs during early liver organogenesis
534  (Figure 11F). These mixed spheroids in MG result in migration, and when TGF(31 growth
535 factor was added, it resulted in significantly increased collective migration (Figure 11G).
536  Thus, co-migration can also be modeled with mixed spheroids.

537

538 FIGURE AND TABLE LEGENDS:

539 Figure 1. Schematic of spheroid formation assay. (A) Coating of a 96-well plate with
540 1% agarose solution. The agarose solution is warmed in the microwave until it is in the
541 liquid phase and cooled prior to use. 55-65 pL of agarose solution is transferred to each
542  well and the plate is cooled in the fridge for 20-30 minutes. (B) Passaging of cell culture
543 at 80% confluency. (C) Dye labeling of cell suspension. 5 pL of cell-labeling solution is
544  added per mL of cell suspension and incubated for 20 minutes. The cell suspension is
545 centrifuged at 450 x g for 5 minutes and washed with warm cDMEM three times prior to
546 plating the cells. The cell suspension is diluted to the desired cell density per well. (D)
547 Plating of cell suspension for spheroid formation. 100 L of cell suspension is added to
548 each well and centrifuged at 340 x g for 10 minutes. Mesodermal-derived spheroids are
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549 incubated for 1-3 days until spheroid formation is complete. Hepatic spheroids are
550 incubated for 5-9 days until spheroid formation is complete.

551

552  Figure 2. Schematic of assembloid formation assay with hepatic and mesodermali-
553 derived spheroids. (A) Hepatic spheroid formation. HepG2-WT cells are dye-labeled
554  with a cell-labeling solution and plated for spheroid formation. (B) Mesodermal-derived
555  spheroid formation. HFF/MRC-5 cells are dye-labeling solution and plated for spheroid
556 formation. (C) Transferring mesodermal-derived spheroid to hepatic spheroid for
557 assembloid formation. Matrix (Matrigel or Collagen) is added to the well at a 1:1-1:5
558 dilution range and incubated for 3 hours. 75 puL of cDMEM is added to the well and is
559 incubated for 2-3 days until assembloid formation is complete.

560

561 Figure 3. Schematic of Droplet Formation Assay. (A) Hepatic spheroid formation.
562 HepG2-WT cells are dye-labeled with a cell-labeling solution and plated for spheroid
563 formation. (B) Hepatic spheroids are collected and gently rinsed with cDMEM. The
564  spheroids are suspended in a matrix (Matrigel or Collagen). (C) Hepatic spheroids are
565 seeded onto a 60mm petri dish and incubated for 60 minutes. 5 mL of fibroblast-
566  conditioned media is added to the petri dish and incubated with media changes every
567 three days.

568

569 Figure 4. Schematic of Preparation of Fibroblast-Conditioned Media. (A) Cells are
570 seeded at 5,000 cells/cm2 in a T-75 and incubated for 72 hours. The media is collected
571 and sterilized prior to use. (B) Sterilized conditioned media is diluted with cDMEM at a
572 1:1-1:7 dilution and added to a hepatic spheroid in a pre-existing well. The spheroid is
573 incubated, and the media is changed every three days.

574

575 Figure 5. Schematic of Hepatic and Mesodermal-derived Mixed Spheroid Formation
576  Assay. (A) Preparation of Hepatic cell suspension. HepG2-WT cells are harvested and
577 dye-labeled with a cell-labeling solution. (B) Preparation of Mesodermal-derived cell
578 suspension. HFF/MRC-5 cells are harvested and dye-labeled with a cell-labeling solution.
579 (C) Mixed Spheroid Formation. HepG2-WT and HFF/MRC-5 cells are mixed at a 1:1 ratio
580 at a final concentration of 2.0 x 105 cells/mL and plated for spheroid formation. The plate
581 s incubated for 1-2 days until mixed spheroid formation is complete.

582

583 Figure 6. Overview. Based in the science of morphogenesis (top), stem cells will be
584 implemented to build assembloids. The toolbox (middle), through the use of cells, tools,
585 and biomatrix, and together with aspects of morphogenesis, can together be used to
586 generate new synthetic tissues and assembloids.

587

588 Figure 7. Compaction time of varying HepG2-WT spheroid size. Progression of
589 hepatic spheroid formation of varying sizes over a five-day period. Spheroids were plated
590 at 1,500 cells per well (small) and 3,000 cells per well (large) and observed for five days.
591  Spheroid formation was observed to occur under both conditions within five days.

592

593  Figure 8. The effect of media and matrix on assembloid formation. Hepatic spheroids
594 and mesodermal-derived spheroids were transferred to an agarose-coated well. The cells
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595 were dye-labeled prior to spheroid formation to demonstrate the interaction between
596 spheroids. The spheroids were suspended in a 1:5 solution of the matrix (Matrigel or
597 Collagen) and cDMEM or fibroblast-conditioned media (M-CM) and observed for four
598 days (MRC-5 is orange, HepG2-WT is green). It was observed that assembloid formation
599  occurred under the four conditions.

600

601 Figure 9. Engineering assembloids arms, junctions, and layers. (A) Building of large
602 and small arms onto hepatic spheroids. (B) Phase-contrast microscopy images of hepatic
603  spheroids containing growth factor-free (GFR) cultured in the MG droplet system, bearing
604  high density (30,000 cells) of MRC-5 cells were cultured for 12 days. Top row, left to right:
605 days 3, 4, 9, and 12. Day 3: MRC-5 cells initially after seeding (arrow). Bar = 1,000 um.
606 Day 4: MRC-5 cells spreading and interconnecting (arrows). Bar = 1,000 um. Day 9: Thick
607  hepatic cord (arrows). Bar = 400 um. Day 12: multiple, thick hepatic cords. Bar = 400 pm.
608 Bottom row, left to right: each image in a separate experimental replicate on day 12
609 demonstrating thick hepatic cord formation (arrows). Bar = 400 uym. (C) Fluorescent
610 images of hepatic spheroid (figure 1) co-cultured with a HEP-MES mixed spheroid (figure
611 5) ondays 0 and 5. It was observed on day five, that the HEP-MES mixed spheroid fused
612  with the edge of the hepatic spheroid to form a bridge. (D) Fused HEP-MES assembiloids,
613  which are the same size as original spheroids, with the edges of the two spheroids fused
614  to create an assembloid. These spheroids create a higher packing density once combined
615 into an assembloid. (E) Phase-contrast images of hepatic and mesodermal-derived
616  spheroids in the CG droplet system cultivated in M-CM. Collagen provides stiff conditions
617 during assembloid formation. By day 4, it was observed that HEP-MES cultured in M-CM
618 fuses the edges of the spheroids and does not form cupping. (F) In the CG droplet system,
619 the HEP-MES assembloid edges are fused together. The leftimage is a phase-contrasted
620 image, and the right is a fluorescent image to show the fusion of hepatic and mesodermal-
621 derived spheroids. The hepatic spheroid is dye-labeled green, and the MRC-5 spheroid
622 is dye-labeled orange in the figure. (G) The left image shows HEP-MES infiltrating
623 assembloid and the right image demonstrates a surface-MES layered assembloid. (H)
624 Infiltration of HEP-MES spheroids in collagen matrix with MES-conditioned media (M-
625 CM). Left- phase-contrast image of assembloid. Right-fluorescent image showing
626 infiltration of HEP and MES spheroids forming assembloid. (I) Phase (left), double
627 fluorescent (red/green) images (right) of days 4, 5, and 6 LD models, bearing a HepG2-
628  GFP spheroid (green) and MSC (red) in MG. The right columns on the right are replicates
629 1 and 2 with double fluorescent images on days 4, 5, and 6. This is an example of layering
630  without infiltration of the spheroids to form an assembloid. Data was replicated to prove
631  the outcome described. Bar = 500 ym. Adopted with permission of publisher from Ogechi,
632 Parashurama et al., 2021 (Ogechi et al., 2021).

633

634  Figure 10. Partially and completely fused HEP-MES assembloids. (A) Fused HEP-
635 MES assembloids, which are the same size as the original spheroids, thus increasing
636  packing density. (B) Phase-contrast images of HEP and MES spheroids cultivated in MG
637 droplet system. It was observed that by day 11, assembloid formation had occurred which
638 typically occurs in 2-5 days. (C) Fluorescent images of HEP-MES assembloid on day 13.
639 It was observed that assembloid formation had occurred with separate layers, MES (red)
640 surrounded by the HEP (green). (D) Phase-contrast images of hepatic spheroid co-
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641 cultured with multiple mesodermal-derived spheroids. By day 5, it was observed that the
642 HEP-MES assembloid did not increase in volume. (E) HEP-MES assembloids fuse under
643 low serum. HepG2-WT spheroids and HFF/MRC-5 cells were plated (figure 1) and
644  suspended in low serum FBS (2% and 0.2%). Top- 2% FBS to fuse HEP-MES
645 assembloid. Bottom- 0.2% FBS to fuse HEP-MES assembloid. It was observed that HEP-
646 MES assembloid formation occurred over a period of two days. (F) Phase-contrast
647 images of hepatic and mesodermal-derived spheroids in the CG droplet system cultivated
648 in M-CM. When the spheroids are placed at large distances in the CG droplet system,
649  assembloid formation does not occur. (G) Fluorescent images of hepatic spheroid (Figure
650 1) co-cultured with a HEP-MES mixed spheroid (Figure 5) on days 0 and 5. It was
651 observed on day five, that the HEP-MES mixed spheroid fused with the edge of the
652  hepatic spheroid to form a bridge. (H) Cupping or partially fused HEP-MES assembloid.
653  The packing density of the spheroid is increased and has separate layers. (I) HEP tissue
654  (H) forms cup structure around MES tissue cultivated in the CG droplet system before
655 fusing. By day 4, we see assembloid formation occur in a cup-like mechanism. (J) HEP-
656  MES cupping prior to fusion in Matrigel. The left images are phase contrast, and the right-
657 side images are fluorescent. Top- day two of formation. Bottom- day four of partial fusion
658 is noticeable. (K) HEP-MES assembloids with multiple hepatic spheroids combine
659  through the cupping mechanism. Day 5 hepatic spheroids form a cup around mesodermal
660 tissue. Adopted with permission of publisher from Ogechi, Parashurama et al., 2021
661  (Ogechi et al., 2021).

662

663 Figure 11. Methods for modulating collective migration from spheroids. (A)
664  Branching and linear migration in hepatic spheroids in the presence of M-CM. (B) Phase-
665 contrast images of day 7 and day 11 hepatic spheroids in the Matrigel (MG) droplet
666  system cultivated in varying dilutions of M-CM. By day seven, the hepatic spheroid
667 demonstrated 3D collective cell migration. The area was measured for varying dilution
668  ratios. Analysis of Matrigel droplet system with M-CM. A plot of fold change in the area
669  across different M-CM dilutions (1:1, 1:7, M-CM 1 day, and M-CM). Comparison of M-CM
670 with 1:1 condition (P = 0.15, n = 3 for both conditions), M-CM with 1:7 condition (P =
671 0.0056, n = 3 for both conditions), and M-CM with M-CM 1-day-only condition (P = 0.019,
672 n = 3 for both conditions). (C) Phase-contrast images on day 7 of Hepatic spheroids in
673 MG droplet system cultivated in M-CM alone, M-CM with A83-01 (10 nM), and A83-01
674 (20 nM). Bar graph analysis comparing day 7 M-CM and M-CM + A83-01 (20 nM) (P =
675 0.047,n = 3). Plotted means + SD. Significance is defined as P <0.05. (D) Phase-contrast
676 images on days 4 and 7 of the hepatic spheroid in the collagen (CG) droplet system
677 cultivated in M-CM medium. Arrows specify thin filopodia-like extensions into the
678 collagen. Bar graph analysis of Hepatic spheroids in collagen (CG) in cDMEM (control)
679 and M-CM conditions comparing protrusion length (P = 0.012, n = 3). (E) Fluorescent
680 images of day 5 HEP-MES mixed spheroid in Fibrin gels cultivated in M-CM. (F) Star-
681 shaped migration of HEP-MES mixed spheroids. (G) Fluorescent images of day 4 of
682 HEPG2-GFP (HepG2 cells expressing green fluorescent protein) and MES mixed
683  spheroids in the MG droplet system after treatment with TGFB1 (20 ng/ml). From left to
684  right: HepG2 (green) cells and combined HepG2 (red) and MRC-5 (yellow) images.
685 Replicates 2 (above) and 1 (below) are shown. Arrows show HepG2 and MRC-5
686  migration. Bar graph comparing the area of fibroblast migration in the negative control
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687 (HepG2-GFP/MRC-5) and (HepG2-GFP/MRC-5 + TGF31, 20 ng/ml), P = 0.012, n = 3.
688 Plotted means + SD. Significance is defined as P < 0.05. * is used to denote the
689  significance of experimental data. Adopted with permission of publisher from Ogechi,
690 Parashurama et al., 2021 (Ogechi et al., 2021).

691

692 Table 1. The effect of distance on assembloid formation. Hepatic spheroids and
693 mesodermal-derived spheroids were transferred to an agarose-coated well. The cells
694 were dye-labeled prior to spheroid formation to demonstrate the interaction between
695 spheroids. The spheroids were suspended in a 1:5 solution of the matrix (Matrigel or
696 Collagen) and cDMEM or fibroblast-conditioned media (M-CM). The initial distance
697 between the spheroids was measured using ImagedJ and the corresponding compaction
698 time of the assembloid formation was observed. The compaction time of assembloid
699 formation is directly proportional to the initial distance between the spheroids, irrespective
700  of the matrix or media.

701

702  DISCUSSION:

703 In this protocol, several methods are presented for cultivating simple and complex
704 assembloids, and methods for inducing 3D collective cell migration in early liver
705 organogenesis. We have presented several protocols many of which have critical steps.
706  Spheroid formation is a critical step in the process in all these methods. Spheroid
707 formation can be accomplished using microwells (96- or 384-wells) with either non-
708 adherent or agarose-coated plates. Considerable expertise is needed to handle
709 organoids regarding formation of spheroids (or organoids), transferring between wells,
710 addition of biomatrices upon spheroids, and addition of multiple spheroids per well.
711  Formation of the spheroids requires critical attention to repeatable cell counting and
712  seeding, agarose coating (or non-adherent), regular medium changes, dye-labeling
713  methods, and gentle handling of spheroids and plates together with microscopy. We also
714  note that dye-labeling should be experimentally determined in terms of cell number and
715  type, and amount of labeling time.

716

717  For example, preparation of agarose solution must be stringent in terms of maintaining
718 appropriate concentrations and seeding wells with appropriate volumes, such that a
719 meniscus (curvature develops) and enables collection of cells in the center. We
720 recommend careful attention to agarose concentration, volumes, and solidification of gel.
721  Determining correct micropipette tip size and transferring techniques is critical for proper
722  handling of spheroids. Glass wells can be used for improved visualization. As we have
723  noted in the paper, spheroids can first appear as translucent discs that become more
724  opaque over time, which can be used to monitor spheroid formation, and several factors
725  affect this time. Finally, assembloid formation requires careful transfer of spheroids, and
726  they need to be placed within a couple of spheroid diameters or less to effectively observe
727  changes.

728

729 Here, using cell lines, a toolbox of methods to develop complex assembloids and
730 migrating spheroids have been created. It is important to note that cell lines were
731  employed. While this enabled focus upon methods, using primary cells or hPSC-derived
732 cells would be advantageous with the use of human personalized tissues. We can
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733  validate that our assembloid techniques work with hPSC-derived HEP cells. A significant
734  limitation of these systems is the matrix. Matrigel, a mouse tumor extracellular matrix
735  protein mixture, is primarily used as the matrix in these cultivation models. However, it is
736 a major limitation due to its tumor-derived origin and high cost. Furthermore, the droplet
737  formation system can only last 2 weeks before significantly degrade, and thus alternative
738  gels could be implemented such as collagen mixtures or sodium alginate. Furthermore,
739 the current systems can only grow to on the order of dimensions of the spheroids, but not
740  beyond. Thus, determining and addressing limitations to growth is critical.

741

742  There is a lack of methods to specifically study early events in early liver organogenesis,
743  and more generally, methods to generate synthetic tissues. The methods developed here
744  address this gap. With further study and characterization, he assembloids and tissues we
745 generate can be used to build larger tissues that can be used for improved modeling of
746  solid tissues and organs. This is not currently possible using current techniques.

747

748  These methods provide a toolbox that can be used to further build assembloids and
749  assemble larger, more complex tissues for better ex vivo organ modeling, and potentially
750 for in vivo therapeutic approaches, in addition to modeling structures during
751 organogenesis (liver bud) and being employed for biopharma applications.

752

753  The protocols we develop here enable models of different modes of liver cell migration
754  such as, co-migration, interstitial migration, and branching morphogenesis, as well as
755 assembloids that, together, can be used to build more complex tissues for various
756  biomedical and biopharma applications.

757
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