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SUMMARY:  29 
This protocol provides a comprehensive procedure to fabricate human iPS cell-derived motor 30 
nerve organoid through spontaneous assembly of a robust bundle of axons extended from a 31 
spheroid in a tissue culture chip.  32 
 33 
ABSTRACT:  34 
A fascicle of axons is one of the major structural motifs observed in the nervous system. 35 
Disruption of axon fascicles could cause developmental and neurodegenerative diseases. 36 
Although numerous studies of axons have been conducted, our understanding of formation and 37 
dysfunction of axon fascicles is still limited due to the lack of robust three-dimensional in vitro 38 
models. Here, we describe a step-by-step protocol for the rapid generation of a motor nerve 39 
organoid (MNO) from human induced pluripotent stem (iPS) cells in a microfluidic-based tissue 40 
culture chip. First, fabrication of chips used for the method is described. From human iPS cells, a 41 
motor neuron spheroid (MNS) is formed. Next, the differentiated MNS is transferred into the 42 
chip. Thereafter, axons spontaneously grow out of the spheroid and assemble into a fascicle 43 
within a microchannel equipped in the chip, which generates an MNO tissue carrying a bundle of 44 
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axons extended from the spheroid. For the downstream analysis, MNOs can be taken out of the 45 
chip to be fixed for morphological analyses or dissected for biochemical analyses, as well as 46 
calcium imaging and multi-electrode array recordings. MNOs generated with this protocol can 47 
facilitate drug testing and screening and can contribute to understanding of mechanisms 48 
underlying development and diseases of axon fascicles. 49 
 50 
INTRODUCTION:  51 
Spinal motor neurons (MN) extend axons to skeletal muscles to control body motion. Their axonal 52 
trajectories are highly organized and regulated in the developmental process. Despite many 53 
studies on axon extension and guidance1, mechanisms for organized axon bundle formation are 54 
still under investigation. Axons of motor neurons are often damaged by neurodegenerative 55 
diseases such as amyotrophic lateral sclerosis (ALS)2, but pathophysiological mechanisms of the 56 
damage on axon fascicles are poorly understood. Thus, a physiological and pathological model to 57 
recapitulate axon bundle formation and regression is required in the field. 58 
 59 
A human stem cell-derived motor neuron is a promising platform for understanding the 60 
development and diseases such as ALS3. Human induced pluripotent stem cells (iPS cells) can be 61 
used to model diseases using patient-derived cells. To date, various differentiation methods from 62 
pluripotent stem cells into MN have been reported4-6. However, axons of neurons in two-63 
dimensional culture are randomly oriented and do not recapitulate in vivo microenvironment 64 
within developing nerves in which axons are unidirectionally assembled through dense axo-65 
axonal interactions7. To overcome this issue, we have developed a technique to generate a three-66 
dimensional tissue resembling motor nerve from human iPS cells8, and named the tissue as motor 67 
nerve organoid (MNO). The MNO consists of cell bodies located in a motor neuron spheroid (MNS) 68 
and an axonal fascicle extended out from the spheroid. The axons in the fascicle are 69 
unidirectionally oriented, which resembles axons in developing motor nerves. Hence, MNOs 70 
uniquely provide a physiological axonal microenvironment, which was not done by any other 71 
previously developed neuronal culture methods. 72 
 73 
In this protocol, we describe methods for tissue culture chips fabrication, rapid motor neuron 74 
differentiation, and motor nerve organoid formation in developed chips. Our tissue culture chip 75 
is very simple, and it only contains a compartment for accepting a spheroid, a microchannel for 76 
forming an axon bundle, and a compartment for housing axon terminals. The device does not 77 
contain complex structures including microgrooves or micropore filters that are often used to 78 
separate axons and cell bodies by size9,10. Hence our devices can be easily fabricated by following 79 
the steps described in this protocol if a photolithography setup is available.  80 
 81 
Rapid differentiation of human iPS cells is achieved with an optimized combination of inducing 82 
and patterning factors (SB431542, LDN-193189, retinoic acid (RA), and smoothened agonist 83 
(SAG)) and acceleration factors (SU5402 and DAPT). It has been reported that the combination 84 
of SU5402 and DAPT accelerates the differentiation of peripheral neurons and neural crest cells11. 85 
In this protocol, we offer three different methods to generate MNOs, so that readers can decide 86 
on a method most suited to their needs. We recommend performing differentiation of human 87 
iPS cells after forming a spheroid (the 3D method), since the differentiated MNS can be 88 
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transferred directly into a tissue culture chip. Alternatively, human iPS cells can be differentiated 89 
into motor neurons in monolayer (2D) culture, and then created into three-dimensional motor 90 
neuron spheroids as we previously reported8. We have updated the protocol, and with the three-91 
dimensional differentiation method described in this protocol, the transition from 2D to 3D can 92 
be avoided and MNOs can be obtained with shorter differentiation time, fewer steps, and 93 
reduced technical risks without the dissociation step. Commercially available neurons can be also 94 
used to generate MNS to reduce the time for differentiation. 95 
 96 
To generate an MNO, we cultured an MNS in the tissue culture chip. The axons elongate from 97 
the spheroid and extend into the microchannel in which axons gather and align unidirectionally. 98 
This facilitates axo-axonal interaction and spontaneous formation of a tightly assembled 99 
unidirectional bundle tissue of axons in the microchannel, which is uniquely achieved by this 100 
protocol, whereas either spontaneous bundle formation or guided axonal orientation alone can 101 
be achieved by other protocols12-14. In a typical experiment, few cells migrate out from spheroids 102 
to the microchannel and most cells stay nearby spheroids. This method allows axons to be 103 
spontaneously separated out from the spheroids without using size-dependent physical barriers 104 
(e.g., microgrooves or micropore filters) to separate axons from cell bodies. 105 
 106 
The resultant MNO can be subjected to various examinations, including morphological, 107 
biochemical, and physical analyses. The cell body and extended axon bundle can be physically 108 
isolated by cutting and can be separately analyzed for downstream experiments, e.g., 109 
biochemical assays. Biological materials including RNA and protein can be isolated from just a 110 
few axon bundles for regular biochemical assays including RT-PCR and western blotting. Here, we 111 
describe a protocol for generating motor nerve organoid from iPS cells, which offers an attractive 112 
physiological and pathological model to study the mechanism underlying development and 113 
disease of axon fascicles. 114 
 115 
PROTOCOL:  116 
 117 
1. SU-8 mold fabrication by photolithography 118 
 119 
NOTE: This procedure involves hazardous chemicals. Use fume hood and PPE throughout. 120 
 121 
1.1. Clean the silicon wafer (4-inch in diameter, 1-mm thickness, polished) with acetone and blow 122 
with nitrogen gas. Then bake at 180 °C for 3 min to dry. 123 
 124 
1.2. Dispense 3 mL of SU-8 2100 on to a cleaned wafer. 125 
 126 
1.3. Coat the SU-8 uniformly on the wafer using a spin coater at 500 rpm for 10 s and then, 127 
sequentially spin at 1500 rpm for 30 s with an acceleration of 300 rpm/s to obtain a 150 µm thick 128 
layer of SU-8.  129 
 130 
NOTE: Make sure that the silicon wafer is positioned at the center of the spin coater and correctly 131 
fixed by vacuum. 132 
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 133 
1.4. Soft bake the wafer on the hot plate at 50 °C for 10 min, at 65 °C for 7 min, and at 95 °C for 134 
45 min. 135 
 136 
1.5. Set the photomask (Figure 1) to the mask aligner and expose UV light (365 nm) for 60 s.  137 
 138 
NOTE: Exposure time needs to be optimized by an appropriate dose of UV light.  139 
 140 
1.6. After exposure, bake the wafer at 65 °C for 6 min, and at 95 °C for 13 min on the hot plate. 141 
 142 
1.7. Develop the wafer for 10-20 min in SU-8 developer with agitation using an orbital shaker, 143 
changing the developing solution once during the process.  144 
 145 
NOTE: Extend the developing time when the debris of SU-8 remains. 146 
 147 
1.8. Rinse the wafer in isopropanol and gently dry the wafer with nitrogen gas. 148 
 149 
1.9. Measure the height of the deposited SU-8 by a measuring microscope and make sure it is 150 
approximately 150 µm thick. It can be stored indefinitely at room temperature. 151 
 152 
2. PDMS microfluidic-based tissue culture chip fabrication 153 
 154 
2.1. Fix the SU-8-deposited wafer to a container (e.g., 15 cm plastic Petri dish) by double side 155 
tape. 156 
 157 
2.2. Blow the dust off the wafer using nitrogen gas. 158 
 159 
2.3. To silanize, put the SU-8-deposited wafer in a vacuum chamber together with a small 160 
container (e.g., 35 mm dish). Drop 10 µL of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-161 
trichlorosilane into the small container. Do not directly apply the (tridecafluoro-1,1,2,2-162 
tetrahydrooctyl)-1-trichlorosilane to SU-8 wafer. 163 
 164 
2.4. Close the vacuum chamber tightly and turn on a vacuum pump for at least 2 h.  165 
 166 
2.5. Take a plastic cup and pour the silicone elastomer (e.g., Silpot 184 or equivalently Sylgard 167 
184) and the curing agent at a 10:1 weight ratio. Then, mix well using a spatula and degas in the 168 
vacuum chamber until bubbles are removed entirely. 169 
 170 
2.6. Pour the PDMS mixture into the container with the SU-8 wafer to the desired thickness (3-4 171 
mm) and degas again to remove bubbles. 172 
 173 
2.7. Bake the PDMS in an oven at 60 °C for at least 3 h to fully cure the PDMS. 174 
 175 
2.8. After cooling, cut off the cured PDMS from the wafer by using a scalpel or a razor blade. 176 
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 177 
2.9. To create the two chambers of the tissue culture chip, punch two holes where the two 178 
compartments are located by using a 1.5 mm diameter biopsy punch. 179 
 180 
2.10. To create a medium reservoir, prepare another PDMS mixture (silicone elastomer and the 181 
curing agent at a 10:1 weight ratio) and pour it into a new 10 cm Petri dish. Adjust the pouring 182 
volume to 5 mm of thickness of PDMS. 183 
 184 
2.11. Bake the PDMS in an oven at 60 °C for at least 3 h to fully cure the PDMS. 185 
 186 
2.12. After cooling the wafer and PDMS, cut off the cured PDMS with a scalpel to get a rectangular 187 
ring. 188 
 189 
2.13. Bond the bottom layer with the medium reservoir by applying uncured PDMS between 190 
them and baking the assembled PDMS layers. This bonded structure results in the PDMS tissue 191 
culture chip. 192 
 193 
2.14. Clean the PDMS tissue culture chip by a scotch tape to remove dust and small particles from 194 
the surface. PDMS tissue culture chips can be stored at room temperature if protected from dust 195 
and UV. 196 
 197 
3. Preparation of culture 198 
 199 
3.1. Culture medium 200 
 201 
NOTE: All media listed below should be filtered for sterilization unless otherwise stated. Prepared 202 
media may be stored at 4 °C and used within a month. 203 
 204 
3.1.1. To prepare mTeSR Plus medium: combine one bottle of 100 mL mTeSR Plus 5x supplement 205 
with one bottle of 400 mL of mTeSR Plus Basal Medium.   206 
 207 
3.1.2. To prepare 100 mL of KSR medium: In 85 mL of DMEM/F12, add 15 mL of Knockout serum 208 
replacement (KSR, 15%), 1 mL of commercial glutamine supplement (1%) and 1 mL of non-209 
essential amino acid (NEAA, 1%). 210 
 211 
3.1.3. To prepare 100 mK of N2 medium: In 100 mL of Neurobasal medium, add 1 mL of N2 (100x), 212 
1 mL of commercial glutamine supplement, and 1 mL of NEAA. 213 
 214 
3.1.4. To prepare 250 mL of Maturation medium: In 250 mL of Neurobasal medium, add 5 mL of 215 
B27 (2%), 2.5 mL of commercial glutamine supplement (1%), and 2.5 mL of 216 
Penicillin/Streptomycin (1%). 217 
 218 
3.1.5. Resuspend the compounds (retinoic acid (RA), SB431542, LDN-193189, SU5402, DAPT, 219 
SAG, Y-27632) in cell-culture-grade DMSO to the desired concentration. Prepare aliquots and 220 
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store them at -20 °C for up to 6 months. The following stock solutions are used: 1 mM RA, 10 mM 221 
SB431542, 100 μM LDN-193189, 10 mM SU5402, 10 mM DAPT, 1 mM SAG, 10 mM Y-27632.   222 
 223 
3.2. Coating 224 
 225 
NOTE: To prevent polymerization of basement membrane matrix by heat, avoid repetitive freeze-226 
thaw cycles. Handle all coating procedures with pre-cooled pipette tips and tubes if possible. The 227 
basement membrane matrix should be thawed overnight at 4 °C and aliquoted using pre-chilled 228 
pipette tips and tubes. The aliquots can be frozen at -20 °C or -80 °C. 229 
 230 
3.2.1. Thaw the frozen aliquot at 4°C on ice. The aliquot should be kept cold during the coating 231 
procedure. Using a pre-cooled pipette tip, dilute the basement membrane matrix with ice-cold 232 
DMEM/F12 at a ratio of 1:40. Unused diluted basement membrane matrix can be stored at 4 °C 233 
for 2-3 days given that no polymerization occurred.  234 
 235 
3.2.2. Add 1 mL of the basement membrane matrix/DMEM-F12 solution to coat one well of the 236 
6 well plate. 237 
  238 
3.2.3. Incubate the plate at room temperature for at least an hour, or 4 °C overnight. Coated 239 
plates can be stored at 4 °C for a maximum of one week.  240 
 241 
4. Maintenance of iPS cells 242 
 243 
NOTE: Undifferentiated iPS cells are maintained in mTeSR Plus medium and sub-cultured when 244 
confluency of ≥ 90% is observed in a 6 well plate in this protocol. Minor adjustments may be 245 
required for iPS cells cultured in other media.  246 
 247 
4.1. Prepare basement membrane matrix-coated dishes as previously mentioned in step 3.2. 248 
 249 
4.2. Fully aspirate the mTeSR Plus medium. Wash the well once with PBS and add 0.5 mL of 250 
passaging reagent (see Table of Materials). Wait a few seconds and aspirate the solution.  251 
 252 
4.3. Incubate the plate at 37 °C in the incubator for 5 min or until cells become round.  253 
 254 
NOTE: Incubation time might vary between different iPS cell lines and the confluency. Please 255 
check periodically under the microscope to determine the dissociation time during the 256 
incubation.  257 
 258 
4.4. Add 1 mL of mTeSR Plus medium and tap the plate for 30-60 s to detach the colonies.  259 
 260 
4.5. Gently mix 1 mL of the cell suspension solution with 7 mL of fresh mTeSR plus medium. Do 261 
not pipette more than 5 times. 262 
 263 
4.6. Plate at a ratio of 1:8. Typically add 1 mL of the suspension from step 4.5 and add 1 mL of 264 
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mTeSR plus media supplemented with 5-10 μM of Y-27632 (ROCK inhibitor). Passage dilution 265 
ratio depends on iPSC line.  266 
 267 
4.7. Place the cell in a 5% CO2/37 °C incubator.  On the next day, remove Y-27632 by adding fresh 268 
mTeSR Plus medium. Thereafter, change media every other day initially, and every day as the cell 269 
reaches higher confluency.  270 
 271 
5. Differentiation of iPS cells into motor neurons 272 
 273 
NOTE: All options below (5.2, 5.3, and 5.4) produce MNOs with > 90% efficiency.   274 
 275 
5.1. Passaging iPSC for motor neuron differentiation 276 
 277 
NOTE: Differentiation can be successfully conducted in either 3D (5.2) or 2D (5.3) protocols.   278 
  279 
5.1.1. Allow undifferentiated iPS cells to grow until it reaches confluency of approximately 80% 280 
in mTeSR Plus medium in a 6 well plate. 281 
 282 
5.1.2. Completely aspirate the medium. Immediately wash the well once with sterile PBS and add 283 
0.5 mL of cell dissociation solution to the cells.  284 
 285 
5.1.3. Incubate the plate at 37 °C in the incubator for approximately 2-3 min, or until cells become 286 
separated and round but remain attached to the well. 287 
 288 
5.1.4. Add 1 mL of medium and gently pipette up and down a few times using a 5 mL serological 289 
pipette. Transfer the cell suspension to a 15 mL tube consisting of 4 mL of the medium.  290 
 291 
5.1.5. Centrifuge at 200 x g for 3 min. 292 
 293 
5.1.6. Carefully aspirate the supernatant, leaving the pellet undisturbed, and resuspend the cells 294 
in 1 mL of the medium supplemented with 10 µM of Y-27632.  295 
 296 
5.1.7. Count the cells using a hemocytometer and proceed to either 5.2 (3D differentiation), or 297 
5.3 (2D differentiation).  298 
 299 
5.2. Formation of motor neuron spheroid (MNS) in 3D differentiation (“3D protocol”) 300 
 301 
NOTE: A complete medium change is done daily from Days 0-12 of differentiation (Figure 2). 302 
 303 
5.2.1. Seed the iPS cells from step 5.1.7 to a 96 well U bottom plate at 40,000 cells/well in 100 µL 304 
of mTeSR Plus supplemented with 10 µM of Y-27632.  305 
 306 
5.2.2. On the next day, replace each well with 100 µL of the fresh medium.  307 
 308 
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5.2.3. On days 0 and 1: Aspirate the culture medium and replace with 100 µL of KSR medium 309 
(3.1.2) supplemented with 10 µM SB431542 and 100 nM LDN-193189. 310 
 311 
5.2.4. On days 2 and 3: Aspirate the culture medium and replace with 100 µL of KSR medium 312 
supplemented with 10 µM SB431542, 100 nM LDN-193189, 5 µM DAPT, 5 µM SU5402, 1 µM RA 313 
and 1 µM SAG.  314 
 315 
5.2.5. On days 4 and 5: Prepare a mixed medium consisting of 75% KSR medium and 25% N2 316 
medium (3.1.3). Then, aspirate the culture medium and replace with 100 µL of mixed medium 317 
supplemented with 10 µM SB431542, 100 nM LDN-193189, 5 µM DAPT, 5 µM SU5402, 1 µM RA, 318 
and 1 µM SAG.  319 
 320 
5.2.6. On days 6 and 7: Prepare a mixed medium consisting of 50% KSR medium and 50% N2 321 
medium. Then, aspirate culture medium and replace it with 100 µL of mixed medium 322 
supplemented with 5 µM DAPT, 5 µM SU5402, 1 µM retinoic acid and 1 µM SAG. 323 
 324 
5.2.7. On days 8 and 9: Prepare a mixed medium consisting of 25% KSR medium and 75% N2 325 
medium. Then, aspirate culture medium and replace with 100 µL of mixed medium 326 
supplemented with 5 µM DAPT, 5 µM SU5402, 1 µM RA and 1 µM SAG. 327 
 328 
5.2.8. On days 10 and 11: Replace medium with 100 µl of N2 medium supplemented with 5 µM 329 
DAPT, 5 µM SU5402, 1 µM RA and 1 µM SAG. 330 
 331 
5.2.9. On day 12: Proceed to transfer the MNs into the tissue culture chip (Step 6) or replace 332 
medium with 100 µL of the Maturation medium (3.1.4) supplemented with 20 ng/mL brain-333 
derived neurotrophic factor (BDNF).   334 
 335 
NOTE: The MNS can be transferred to the tissue culture chip starting from day 12 until day 19. 336 
Spheroids that are not transferred should be kept cultured in 96 well U bottom plates in 337 
Maturation medium supplemented with 20 ng/mL BDNF until transfer. 338 
 339 
5.3. (Alternative option) 2D differentiation and transition to 3D MNS (“2D protocol”) 340 
 341 
5.3.1. Aspirate the coating solution from a pre-coated 12 well plate. 342 
 343 
5.3.2. Seed the iPS cells from Step 5.1.7 at a density of 100,000 – 200,000 cells per well in mTeSR 344 
Plus medium with 10 µM of Y-27632.  345 
 346 
NOTE: Continue culturing the undifferentiated iPS cells in mTeSR Plus medium without Y-27632 347 
until the cells reach 80% confluency if the cells are too sparse for the next step (5.3.3). 348 
 349 
5.3.3. On days 0 and 1: Aspirate culture medium and replace with 1 mL of KSR medium (3.1.2) 350 
supplemented with 10 µM SB431542 and 100 nM LDN-193189. 351 
 352 
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5.3.4. On days 2 and 3: Aspirate culture medium and replace it with 1 mL of KSR medium 353 
supplemented with 10 µM SB431542, 100 nM LDN-193189, 5 µM DAPT, 5 µM SU5402, 1 µM RA 354 
and 1 µM SAG.  355 
 356 
5.3.5. On days 4 and 5: Prepare a mixed medium consisting of 75% KSR medium and 25% N2 357 
medium (3.1.3). Aspirate culture medium and replace with 1 mL of mixed medium supplemented 358 
with 10 µM SB431542, 100 nM LDN-193189, 5 µM DAPT, 5 µM SU5402, 1 µM RA, and 1 µM SAG.  359 
 360 
5.3.6. On days 6 and 7: Prepare a mixed medium consisting of 50% KSR medium and 50% N2 361 
medium.  Aspirate the culture medium and replace it with 1 mL of mixed medium supplemented 362 
with 5 µM DAPT, 5 µM SU5402, 1 µM retinoic acid and 1 µM SAG. 363 
 364 
5.3.7. On days 8 and 9: Prepare a mixed medium consisting of 25% KSR medium and 75% N2 365 
medium. Aspirate the culture medium and replace with 1 mL of the mixed medium supplemented 366 
with 5 µM DAPT, 5 µM SU5402, 1 µM RA and 1 µM SAG. 367 
 368 
5.3.8. On days 10 and 11: Replace medium with 1 mL of N2 medium supplemented with 5 µM 369 
DAPT, 5 µM SU5402, 1 µM RA and 1 µM SAG. 370 
 371 
5.3.9. On day 12: Aspirate the differentiation medium, quickly wash well once with PBS and add 372 
0.5 mL of the cell detachment medium. Place the plate in a 37 °C incubator for 1-3 min (e.g., if 373 
using TrypLE Express) or 20-30 min (e.g., if using Accutase).  374 
 375 
5.3.10. Using a P1000 pipette, gently collect the cells and transfer the cells into a 15 mL conical 376 
tube with fresh Maturation medium and centrifuge at 200 x g for 3 min. If cells are clumpy, gently 377 
pipette up and down a few times. Do not pipette too much as this may cause damage to the cells. 378 
 379 
5.3.11. Aspirate the supernatant and resuspend the pellet in 1 mL of Maturation medium (3.1.4) 380 
supplemented with 20 ng/mL BDNF.  381 
 382 
5.3.12. Count the cell using a hemocytometer. Plate the cells at 10,000-40,000 cells per well in a 383 
96 well plate in Maturation medium supplemented with 20 ng/ml of BDNF. Initial seeding density 384 
should be optimized depending on iPS cell line and condition of cells so that the diameter of the 385 
spheroid is 800-900 μm when introduced into the tissue culture chip. In most cases, start at 386 
20,000 cells per well initially, and then increase or decrease the number of cells according to the 387 
size. 388 
 389 
5.3.13. Culture for additional 3-10 days until the cells form a spheroid with a smooth edge.  390 
 391 
5.4. (Alternative Option): MNS formation from motor neurons  392 
 393 
NOTE: Commercially available human iPS cell-derived motor neurons (see Table of Materials) 394 
can be used to generate MNOs instead of differentiating from human iPS cells. 395 
 396 
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5.4.1. After thawing the cryovial of motor neurons, quickly resuspend the cells with 9 mL of the 397 
motor neurons medium. Spin down at 400 x g for 5 min at room temperature. 398 
 399 
5.4.2. Aspirate the supernatant and resuspend the pellet with the motor neuron medium. 400 
 401 
5.4.3. Follow the same steps as above (5.3.12- 5.3.13) to produce MNSs. 402 
 403 
6. Preparation of the tissue culture chip for motor nerve organoid (MNO) formation 404 
 405 
6.1. Sterilize the prepared PDMS (from step 2.13) by immersing it in 70% ethanol in the Petri dish 406 
for at least 1 h.  407 
 408 
NOTE: All following steps should be manipulated in a biosafety cabinet. 409 
 410 
6.2. Sterilize the microscope glass (76 x 52 mm) by immersing it in 70% ethanol in the Petri dish. 411 
 412 
6.3. During the drying process of the microscope glass, place the PDMS device on the half wet-413 
microscope glass and let it dry completely by waiting overnight. Once it is completely dried, the 414 
PDMS device should adhere to the glass.  415 
 416 
NOTE: This bonding is not permanent to allow detaching of the PDMS devices from the 417 
microscope glass after the culture for tissue collection. Permanent bonding by oxygen plasma 418 
can be used to maximize adhesion between PDMS and glass, but it would prohibit disassembly 419 
of the chips and tissue collection. 420 
 421 
6.4. Coat the surface of the microchannel in PDMS device and microscope glass with 30 μL of 422 
diluted basement membrane matrix in DMEM/F12 (1:40) by making a droplet on one side of the 423 
inlet of the channel and then aspirate the solution from the other side of the inlet with a pipette 424 
or suction pump (Figure 3A). Do not aspirate too much volume of solution to avoid bubble 425 
contamination. 426 
 427 
6.5. Then, incubate the PDMS device for 1 hour at room temperature or overnight at 4 °C in a 428 
secondary container (e.g., Petri dish).  429 
 430 
7. Motor nerve organoid (MNO) formation 431 
 432 
7.1. Replace the coating solution with pre-warmed 150 µL of Maturation medium supplemented 433 
with 20 ng/mL of BDNF just before use. 434 
 435 
7.2. Then, place the MNS from step 5.2.9 or 5.3.13 into the inlet of the microchannel using a 436 
micropipette with a wide-bore tip. MNS can spontaneously settle down at the bottom of the 437 
device by gravity. Do not apply too much pressure when injecting the MNS (Figure 3B).  438 
 439 
NOTE: If the MNS is stuck on the sidewall of a hole in a tissue culture chip, gently aspirate the 440 
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solution from another side of the inlet. 441 
 442 
7.3. Fill a small reservoir (e.g., a cap of 15 mL tube) with sterile water and place it nearby the 443 
tissue culture chip in the secondary container to prevent medium evaporation. Then, place it in 444 
a 5% CO2/37 °C incubator.  445 
 446 
7.4. For a medium change, aspirate the exhausted culture medium from the center of the 447 
medium reservoir (Figure 3C). Do not aspirate all the medium and the tissue.  448 
 449 
7.5. Gently add fresh Maturation medium (with BDNF). The medium should be changed every 2-450 
3 days.  Do not dry the culture medium at any time during the culture. Axons grow from an MNS 451 
into the channel and spontaneously assemble into a single bundle in 2-3 weeks, which result in 452 
the formation of an MNO. MNO can be cultured for more than additional 1 month in the device.  453 
 454 
8. Downstream analysis of MNO 455 
 456 
8.1. Whole-mount immunostaining 457 
 458 
8.1.1. Bring the device or dishes to a chemical fume hood. Fix MNO by adding approximately 459 
equal volume of 8% paraformaldehyde (PFA) to the media to achieve a final concentration of 4% 460 
PFA. Peel off the PDMS device from the glass and incubate for 15-20 min at room temperature. 461 
 462 
8.1.2. Wash the MNO with PBS and then repeat PBS washing 2x. 463 
 464 
8.1.3. Permeabilize the MNO with 0.2% of Triton X-100 in PBS and incubate for 5 min at room 465 
temperature. 466 
 467 
8.1.4. Wash the MNO with PBS and then repeat PBS washing 2x. Then, block the MNO with PBS 468 
containing 1% BSA and incubate for 1 h at room temperature. 469 
 470 
8.1.5. Dilute primary antibodies in PBS containing 0.1% BSA and incubate MNO with the primary 471 
antibody solution overnight at 4 °C. Wash the MNO with PBS three times. 472 
 473 
8.1.6.  Dilute secondary antibodies in PBS with 0.1% BSA and incubate MNO with the secondary 474 
antibody solution for 2 h at room temperature. Then wash the MNO three times with PBS. 475 
 476 
8.1.7. Stain the MNO with Hoechst in PBS containing 0.2% Triton-X and incubate for 5 min at 477 
room temperature. 478 
 479 
8.1.8. Wash the MNO three times with PBS. The immunostained MNO is ready for imaging with 480 
fluorescent or confocal laser microscopes. 481 
 482 
8.2. Tissue collection and isolation of axon bundle 483 
 484 
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8.2.1. Pour 10 mL of HBSS solution into a 10 cm Petri dish. Then, immerse the entire PDMS device 485 
in the HBSS solution. 486 
 487 
8.2.2. Carefully detach the PDMS from the microscope glass under a stereomicroscope. When 488 
the tissues stick to the PDMS device, gently apply 1 mL of HBSS solution from the top of the hole 489 
by using a pipette.  490 
 491 
8.2.3. Once the tissue comes off from the PDMS, gently apply 1 mL of HBSS on the microscope 492 
glass to completely detach the PDMS from the microscope glass. 493 
 494 
8.2.4. To isolate an axon bundle from a spheroid, cut the axon bundle with a surgical knife or 495 
tweezer under the microscope. Cut the axon bundle slightly far away (> 1 mm) from the spheroid 496 
to avoid contamination of migrated cells. 497 
 498 
8.2.5. Isolated axon bundles and spheroids can be further analyzed by various downstream 499 
analyses such as RT-PCR, RNA-seq, and western blotting.  500 
 501 
8.2.6. The PDMS culture chip can be reused. To clean the culture chip, sonicate the culture chip 502 
within distilled water for 15 min. Then, sonicate the chip in distilled water supplemented with 1% 503 
detergent. Wash the culture chip with distilled water 5 times. 504 
 505 
8.3. Calcium imaging 506 
 507 
NOTE: Neuronal activity can be measured with calcium indicator both before and after collection 508 
of tissue from the tissue culture chip (from 8.2). The protocol is based on a specific commercial 509 
kit (see Table of Materials). Alternatively, other Calcium imaging kits or equivalent methods can 510 
be used. 511 
 512 
8.3.1. Wash the MNO with PBS (without Ca2+ and Mg2+) for three times. 513 
 514 
8.3.2. Incubate the tissue with 5 μM of Fluo-4AM in recording medium (20 mM HEPES, 115 mM 515 
NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM, CaCl2, 13.8 mM glucose) for 30-60 min at 37 °C. An 516 
addition of 0.01-0.02 % of Pluronic F-127 can assist uptake of Fluo-4 AM into the cells. 517 
 518 
8.3.3. Then, wash the tissue with PBS (without Ca2+ and Mg2+) and replace it with recording 519 
medium. 520 
 521 
8.3.4. Acquire time-lapse images by using fluorescent microscopy with a GFP/Cy2 filter set. Set 522 
the exposure time less than 20 ms per frame.  523 
 524 
8.3.5. Open the acquired movie file as an image sequence using Image J.  525 
 526 
8.3.6. If using a color CCD or CMOS camera, convert RGB images to 16-bit mono images. Open 527 
“Analyze | Tools | ROI Manager”, Draw the region of interest and click “Add”. Click “Multi 528 
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Measure”. Mean of intensity in multiple ROI will be shown in the Result. 529 
  530 
8.3.7. Plot the change of signal intensity using general data analysis software. 531 
 532 
8.4. Measurement of neuronal activity by Multi-electrode array 533 
 534 
NOTE: The activity of motor neurons can be captured by a multi-electrode array (MEA).  535 
 536 
8.4.1. After creating an MNO, transfer it onto a basement membrane matrix coated MEA probe. 537 
Position the tissue on electrodes. 538 
 539 
8.4.2. Add 200 µL of Maturation medium and incubate 1-2 h at 37 °C to allow the MNO to attach 540 
to the surface.  541 
 542 
8.4.3. Replace the medium with recording medium (8.3.2). Optionally place mesh and weight on 543 
top of an MNO to increase contract with the electrodes. 544 
 545 
8.4.4. Set the MEA probe to the recording head stage. Wipe the contact between the MEA probe 546 
and the head stage with 70% ethanol. 547 
 548 
8.4.5. Start recording neuronal activity by following instructions of the manufacturers of the 549 
MEA.  550 
 551 
REPRESENTATIVE RESULTS:  552 
Motor neurons were differentiated within 12-14 days in 3D differentiation procedures (Figure 4 553 
and Figure 5). Importantly, more than 60% of cells expressed motor neuron marker HB9 during 554 
the differentiation. Immunohistochemistry revealed that approximately 80% of the cells in the 555 
MNS were SMI32-positive motor neurons. HB9 and SMI32 are the established early-stage motor 556 
neuron markers15,16. The expression of HB9 and SMI32 are the key parameters that need to be 557 
confirmed to ensure cellular identity of motor neurons. After the introduction of an MNS into the 558 
culture chip, axons extend into the channel and an axon bundle forms. Due to microchannels 559 
serving as physical guides, axons elongate from the MNS and form a bundle by axo-axonal 560 
interaction (Figure 6A). It is essential to confirm the formation of the axon bundle by microscopic 561 
observation to confirm the generation of an MNO. A successful MNO bears an axon bundle wider 562 

than 50 m and few isolated axons out of the bundle in the channel. Initial elongation of axons 563 
can be observed 24 hours after the introduction of the spheroid. Within the next 3-4 days, the 564 
axons reached to the center of the microchannel and then reaches to the other end within an 565 
additional 10 days (Figure 6A). Consequently, the axons assembled and formed a straight and 566 
unidirectional bundle in 2-3 weeks in a chip, and neuronal activities were observed thereafter. 567 
 568 
Motor nerve organoids can be collected from the chip by detaching the PDMS from the 569 
microscope glass for biological analysis (Figure 6B). Axon bundles and cell bodies can be dissected 570 
and isolated by cutting using a surgical knife or tweezer under a microscope (Figure 6B). These 571 
biological materials including RNA and protein can be used for regular biochemical assays such 572 
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as RT-PCR and western blotting. In axon bundles of MNOs, nuclear or dendritic maker proteins 573 
are not detected in western blotting (Figure 6C).   574 
 575 
In combination with a calcium indicator (Fluo-4 AM), neuronal activity can be captured in the 576 
tissue culture chip. Spontaneous activity of motor neurons in the spheroid and the axon bundle 577 
were observed within the MNO. Also, the neural activities were observed by using a multi-578 
electrode array system. 579 
 580 
FIGURE & TABLE LEGENDS:  581 
 582 
Figure 1: The dimension of PDMS tissue culture chip. (A) Photomask of the tissue culture chip. 583 
(B) Dimensions of microchannel in the tissue culture chip. The diameter of the base chamber for 584 
holding motor neuron spheroid is 2 mm and the hole of PDMS above the chamber is 1.5 mm. The 585 
width and height of a microchannel bridging two chambers are both 150 μm.  586 
 587 
Figure 2: Schematic illustration of motor neuron differentiation. (A) The differentiation steps 588 
involved neural induction, patterning into motor neuron lineage, and maturation of motor 589 
neurons. (B) Two options to create motor neuron spheroid (MNS) from iPS cells: 3D protocol, and 590 
a 2D protocol with dissociation step of motor neurons. Motor nerve organoid (MNO) can be 591 
obtained by both protocols. 592 
 593 
Figure 3: Step by step protocol for basement membrane matrix coating and motor neuron 594 
spheroid introduction. (A) Basement membrane matrix coating in the channel of the tissue 595 
culture chip. (B) MNS introduction into the hole of the chip. (C) Culture medium change by 596 
aspiration of exhausted medium. 597 
 598 
Figure 4: 2D and 3D motor neuron differentiation. (A) Time course of representative 3D MNS 599 
differentiation (3D protocol). The size of the MNS gradually increased over time. Scale bar: 500 600 
μm. (B) Time course of 2D differentiation on -D2, D0, D1, D6, D12 (2D protocol). Scale bar: 500 601 
μm. 602 
 603 
Figure 5: Characterization of motor neurons. (A) (Left) A cryosection of a MNS stained with SMI-604 
32 antibody and DAPI. (Middle) A phase-contrast image of replated MNS on a basement 605 
membrane matrix-coated surface. Axonal elongation was observed. (Right) Axons of replated 606 
MNS stained with Synapsin I and Tuj1 antibodies. Scale bar: 500 μm (Left and Middle) and 50μm 607 
(Right). (B) A representative image of 2D motor neurons immunostained with Tuj and HB9 608 
antibodies. Scale bar: 200 μm. 609 
 610 
Figure 6: Characterization of a motor nerve organoid (MNO) generated in a culture chip. (A) 611 
Representative images of axon elongation and thick axon bundle formation on D32. Scale bar: 612 
500 μm. (B) Immunostaining of motor nerve organoid (MNO) by SMI-32 and DAPI. Axons and cell 613 
bodies can be isolated by physically cutting. Scale bar: 1 mm. (C) Purity of the protein from axons 614 
and cell bodies quantified by western blotting. MAP2, a dendritic marker, was not detected in 615 
axonal protein, whereas axonal marker Tau1 is enriched in the axonal protein.  616 
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 617 
DISCUSSION:  618 
This protocol describes the formation of a motor nerve organoid (MNO) which has an axon 619 
bundle extended from a motor neuron spheroid generated from human iPS cells. The formed 620 
axon bundle is thick, flexible, and well-organized in unidirectional structures. By dissecting the 621 
axon bundle, high-purity axonal protein and RNA can be obtained sufficiently for biochemical 622 
analyses. Neuronal activity can be measured in axon bundles and spheroids with calcium imaging. 623 
Contamination of nuclear and dendritic proteins in the axonal lysate was not detected by western 624 
blotting, demonstrating that our method efficiently separated axons from cell bodies and 625 
dendrites.  626 
 627 
One of the advantages of this protocol is the rapid differentiation and generation of MNO 628 
equipped with an axon bundle, in which all processes can be done in 4 weeks with the 3D protocol 629 
and 5-6 weeks using the 2D protocol. This is short compared to other protocols which typically 630 
take 3-4 weeks to simply differentiate into MN from embryonic stem cells and iPS cells17 and it 631 
takes an additional 2-4 weeks to obtain axonal elongation. The 3D protocol is generally preferred 632 
over the 2D protocol because of the shorter differentiation time, fewer steps, and reduced 633 
technical risks without the dissociation step compared to the 2D protocol. The microfluidic-based 634 
tissue culture chip was designed in a manner so that the axons of MNS can elongate toward the 635 
other compartment through the microchannel, which facilitates formation of a bundle of axons 636 
by inducing axo-axonal interactions and affinity between axons. Because of the simple 637 
experimental set-up, all the protocols described here can not only be performed by bioengineers, 638 
who are familiar with the manipulation of a tissue culture chip, but also biologists and 639 
neuroscientists who are not familiar with microfluidics and microfabrication techniques. It should 640 
be noted that Steps 1 and 2 can be also performed by using an external fabrication service. 641 
  642 
One of the critical steps to accomplish the protocol is a sequential change of culture medium. It 643 
is advised to completely change the culture medium at each step during the differentiation so 644 
that factors in the spent medium do not disturb the MN differentiation. Another critical point of 645 
this protocol is to maintain undifferentiated iPS cells in good quality. Quality of the initial iPS cell 646 
culture significantly affects the efficiency to obtain motor neurons and MNO. Another point is 647 
that the diameter of MNS should be smaller than the size of the hole of the chip (1.5 mm). Larger 648 
spheroids cannot enter the chamber, and potentially experience severe hypoxic necrosis in the 649 
center part. The size of MNSs can be controlled by changing an initial seeding number of iPS cells 650 
(in 3D protocol) or motor neurons (in 2D protocol). The seeding density of cells should be 651 
optimized for each iPS cell line. 652 
 653 
Compartmentalized microfluidic devices with microgrooves and small pore filters have been 654 
widely used to separate axons from cell bodies and dendrites. This technique can also separate 655 
axons from cell bodies and dendrite, with superior abundance of axons in bundled tissues. 656 
Compared to the other methods, one major limitation of this method is that it cannot separate 657 
two different culture media in the current design of the tissue culture chip, which hinders 658 
capability of co-culture of two different cells that require two distinct media. Another limitation 659 
is that the PDMS chip put predetermined restriction on size of the tissue. A spheroid larger than 660 
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the hole cannot enter the chamber, and the axon bundle cannot grow thicker than the width of 661 
microfluidic channel.   662 
 663 
This method can be applied to other types of neurons. Our group has shown capability to model 664 
a cerebral tract by using a modified method combined with cerebral organoid techniques18. 665 
Cortical spheroids were introduced into both compartments and the axons spontaneously 666 
elongated reciprocally toward each spheroid, and subsequently an axon bundle formed 667 
spontaneously. As a result, two cortical spheroids can be connected through an axon bundle, and 668 
the tissue could be obtained as one piece. This demonstrates that the approach is highly versatile 669 
to form axon bundle tissues regardless of neuronal cell types. In this protocol, human iPS cells 670 
were used, however, other stem cells including human ES cells and human neural stem cells may 671 
be used with modifications to the presented protocol. 3D spheroids of neurons can be generated 672 
by diverse protocols19,20. This method of making tissues with an axon bundle can potentially be 673 
combined in the future with the other differentiation protocols for making 3D MN spheroid. In 674 
addition, the thickness and the length of the axon bundle can be controlled by simply changing 675 
the width and height of microchannels of the tissue culture chip for future developments. 676 
 677 
We believe that this protocol can be used for drug testing and screening and can contribute to 678 
the understanding of mechanisms underlying the development and diseases of axon fascicles. 679 
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