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SUMMARY: 25 
Presented here is a protocol for the generation of a single-cell culture of human embryonic 26 
stem cells and their subsequent differentiation into neural progenitor cells. The protocol is 27 
simple, robust, scalable, and suitable for drug screening and regenerative medicine 28 
applications. 29 
 30 
ABSTRACT: 31 
In vitro differentiation of human embryonic stem cells (hESCs) has transformed the ability to 32 
study human development on both biological and molecular levels and provided cells for use in 33 
regenerative applications. Standard approaches for hESC culture using colony type culture to 34 
maintain undifferentiated hESCs and embryoid body (EB) and rosette formation for 35 
differentiation into different germ layers are inefficient and time-consuming. Presented here is 36 
a single-cell culture method using hESCs instead of a colony-type culture. This method allows 37 
maintenance of the characteristic features of undifferentiated hESCs, including expression of 38 
hESC markers at levels comparable to colony type hESCs. In addition, the protocol presents an 39 
efficient method for neural progenitor cell (NPC) generation from single-cell type hESCs that 40 
produces NPCs within 1 week. These cells highly express several NPC marker genes and can 41 
differentiate into various neural cell types, including dopaminergic neurons and astrocytes. This 42 
single-cell culture system for hESCs will be useful in investigating the molecular mechanisms of 43 
these processes, studies of certain diseases, and drug discovery screens. 44 
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 45 

INTRODUCTION: 46 
 47 
Human embryonic stem cells (hESCs) have the potential to differentiate into the three primary 48 
germ layers, which then differentiate into various multipotent progenitor cell lineages. These 49 
lineages subsequently give rise to all cell types in the human body. In vitro hESC culture systems 50 
have transformed the ability to study human embryonic development and have served as a 51 
valuable tool for obtaining new insights into how these processes are regulated at the biological 52 
and molecular levels. Similarly, studies of induced pluripotent stem cells (iPSCs) generated from 53 
reprogramming somatic cells isolated from human patients provide novel insights into various 54 
diseases. In addition, progenitor and differentiated cells derived from hESCs can be useful for 55 
research involving stem cell therapy and drug screening1-4.  56 
 57 
hESCs can be induced to differentiate into neural progenitor cells (NPCs), which are 58 
multipotential cells with an extensive self-renewal capacity. Subsequently, these cells can be 59 
differentiated into neurons, astrocytes, and oligodendrocytes5,6. NPCs also offer a cellular 60 
system for in vitro studies of neurodevelopmental biology and various neurological diseases. 61 
However, current colony type culture methods involving hESCs and their differentiation into 62 
NPCs are inefficient and often involve coculture as well as embryoid body (EB) and rosette 63 
formation5,7-9. These protocols exhibit lower survival rates and spontaneous differentiation and 64 
are more time-consuming.  65 
 66 
Presented here is an improved and robust culture system that is easily scalable and uses high 67 
density single-cell type culture of hESCs10. The inclusion of Roh-kinase (ROCK) inhibitor 68 
contributed to significantly enhanced survival efficiency during single cell type culture of hESC10-69 
14. In this culture system, hESCs can be easily maintained and expanded. In addition, the 70 
protocol presents an efficient method to generate NPCs from single-cell type culture of hESCs, 71 

which allows the production of highly pure NPCs. Inhibition of BMP/TGF/activin signaling 72 
pathways with ALK inhibitors efficiently induce differentiation of single-cell type hESCs into 73 
NPCs15,16, which then can be induced to differentiate into functional neural lineages, such as 74 
dopaminergic neurons and astrocytes. 75 
 76 
In summary, the single-cell type culture protocol using hESCs offers an attractive model to 77 
study the differentiation of these cells into various lineages, including NPCs. This protocol is 78 
easily scalable and therefore suitable for generating cells for research involving regenerative 79 
therapy and drug screening. 80 
 81 
PROTOCOL: 82 
 83 
1. Preparation of hESC-qualified basement membrane matrix-coated plates 84 
 85 
1.1. Slowly thaw the hESC-qualified basement membrane matrix (see Table of Materials) 86 
solution at 4 °C for at least 2–3 h or overnight to avoid formation of a gel.  87 



 88 
1.2. To prepare basement membrane matrix-coated plates, dilute matrix in cold DMEM/F12 to 89 
a 2% final concentration. Mix well and coat each well of a 6 well plate with 1 mL of the diluted 90 
matrix solution.  91 
 92 
1.3. Incubate the basement membrane matrix-coated plates at room temperature (RT) for at 93 
least 3 h or at 4 °C overnight.  94 
 95 
NOTE: Plates with basement membrane matrix can be stored at 4 °C for 1 week before the 96 
matrix solution is removed and plates are used.  97 
 98 
2. Adaptation of colony type hESCs to single-cell hESC culture  99 
 100 
2.1. To passage the feeder-free cultures of colony type H9 (WA09) hESCs grown on basement 101 
membrane matrix, aspirate the medium from the wells (Figure 1A)9. 102 
 103 
2.2. Wash 1x with 1 mL of DPBS. Add 1 mL of dispase solution (1 U/mL) per well and incubate at 104 
37 °C for 20 min. 105 
 106 
2.3. Remove the dispase, wash the cells 1x gently with 2 mL of DMEM/F12, remove the 107 
medium, and add 2 mL of DMEM/F12 to each plate.  108 
 109 
2.4. Gently detach colonies by gently pipetting up and down and transfer to a 15 mL tube. 110 
 111 
2.5. Centrifuge the pellets for 2 min at 370 x g and aspirate the medium. 112 
 113 
2.6. To dissociate the cell pellets into single cells, add 2 mL of cell detachment solution (1x 114 
concentration, see Table of Materials) and incubate at 37 °C for 10 min.  115 
 116 
2.7. Centrifuge cells for 2 min at 370 x g and remove the detachment solution. 117 
 118 
2.8. Add fresh mTeSR1 human ESC medium and dissociate the cells into single cells by gentle 119 
pipetting up and down.  120 
 121 
2.9. To adapt colony type hESCs to a single-cell type culture, plate approximately 1.5–2.0 x 106 122 
hESCs into each well of the basement membrane matrix-coated 6 well plate in 2 mL of mTeSR1 123 
containing 10 μM ROCK inhibitor for 24 h (Figure 1A). 124 
 125 
2.10. After 24 h, replace the hESC medium with fresh mTeSR1 without ROCK inhibitor and allow 126 
the hESCs to grow as a single-cell type for 3 days. Change the medium daily.  127 
 128 
2.11. On day 4, when cultures reach nearly 100% confluency, dissociate cells in detachment 129 
solution, then replate as described in step 2.6.  130 
 131 



NOTE: The ROCK inhibitor improves cell survival during the initial 24 h of single-cell type hESC 132 
culture.  133 
 134 
3. Embryoid body formation and differentiation into three germ layers (Figure 2) 135 
 136 
3.1. To form EBs, first resuspend cells in 3 mL of mTeSR1 medium with 10 μM ROCK inhibitor 137 
during the first 24 h, then incubate overnight into 60 mm low attachment dishes in a 37 °C 138 
incubator to allow aggregation.  139 
 140 
3.2. After 24 h, the small EBs are transferred to a 15 mL tube. Let the EBs settle to the bottom 141 
of the tube and gently remove the medium with a pipette. Transfer EBs into EB medium 142 
(knockout-DMEM supplemented with 20% knockout serum replacement, 1x glutamine 143 
supplement [see Table of Materials], 1% NEAA [non-essential amino acids; see Table of 144 

Materials], and 0.2% -mercaptoethanol) and allow them to expand in low attachment dishes 145 
for 7 days. The medium can be changed every other day as described above (Figure 2A). 146 
 147 
3.3. On day 7, collect the EBs from the dishes and transfer them into a 15 mL tube. Gently 148 
remove the medium with a pipette and transfer the EBs to a basement membrane matrix-149 
coated 6 well plate. 150 
 151 
3.4. Allow the EBs to attach to the plate and incubate for 12 days in EB medium, during which 152 
they will differentiate into the three germ layers (Figure 2B). Change the medium every other 153 
day.  154 
 155 
NOTE: During aggregation of cells, the low attachment dish helps avoid EB attachment.  156 
 157 
4. Differentiation of single-cell type hESCs into NPCs (Figure 3) 158 
 159 
4.1. To induce NPC differentiation, dissociate single-cell type hESCs with 1 mL of detachment 160 
solution (1x) and incubate for 10 min at 37 °C.  161 
 162 
4.2. Centrifuge the cells for 2 min at 370 x g and remove the detachment solution supernatant. 163 
Add 1 mL of DMEM/F12 and resuspend cells by gentle pipetting.  164 
 165 
4.3. Plate cells on a basement membrane matrix-coated 6 well plate at a density of 2 x 105 166 
cells/well in 2 mL of mTeSR1 containing 10 μM ROCK inhibitor.  167 
 168 
4.4. After 24 h, replace the culture medium with neural induction medium (DMEM with 1% B27 169 
minus vitamin A) supplemented with 1 μM dorsomorphin and 5 μM SB431542. 170 
 171 
4.5. Change the medium every other day during the first 4 days of neural induction, then every 172 
day until reaching confluence at day 7 (Figure 3B).  173 
 174 



NOTE: (1) Dorsomorphin inhibits the BMP pathway by targeting ALK2,3,6 receptors and also 175 

inhibits AMPK; SB431542 is an inhibitor of the TGF/Activin pathway by targeting ALK5,7. (2) 176 
The same protocol was tested with another ESC line (WA01), which yielded similar results as 177 
WA0916. (3) We have generally used Matrigel for the basement membrane matrix; however, 178 
cells can be cultured on Geltrex and then differentiated into NPCs with very similar results as 179 
indicated by the expression of several NPC markers (Figure 4D,E). Handle Geltrex in the same 180 
manner as Matrigel (see section 1). 181 
 182 
5. NPC Expansion and Cryopreservation 183 
 184 
5.1. After 7 days of neural induction, dissociate cells with 1 mL of detachment solution (1x) and 185 
incubate for 10 min at 37 °C.  186 
 187 
5.2. Centrifuge the cells for 2 min at 370 x g and remove the detachment solution supernatant. 188 
Add 1 mL of NPC expansion medium (see Table of Materials) and resuspend cells by gentle 189 
pipetting.  190 
 191 
5.3. Plate 1 x 105 cells in 2 mL of NPC expansion medium on basement membrane matrix-192 
coated 6 well plates. 193 
 194 
5.4. Passage NPCs multiple times, as necessary, when cultures reach nearly 90% confluency. 195 
During the first 3–4 passages, add 10 μM ROCK inhibitor during the initial 24 h to prevent cell 196 
death. After these passages, cells can be passaged and cultured without ROCK inhibitor. Change 197 
the medium every other day during the expansion. 198 
 199 
5.5. Cryopreserve NPCs when cultures reach confluency.  200 
 201 
5.5.1. For cryopreservation, dissociate cells in 1 mL of detachment solution (1x) for 5 min at 202 
37 °C, then centrifuge suspension for 2 min at 370 x g to remove the detachment solution. 203 
 204 
5.5.2. Add cell freezing solution (see Table of Materials) to dissociated NPCs at 1 x 106 cells/mL 205 
and distribute 1 mL aliquots to cryovials. 206 
 207 
5.5.3. Place the cryovials into freezing container and store them overnight in a -80 °C freezer. 208 
 209 
5.5.4. Store the cryovials in the liquid nitrogen. 210 
 211 
6. Preparation of poly-L-ornithine (PLO) and laminin coated plates 212 
 213 
6.1. To prepare PLO/laminin coated plates, dilute the PLO stock solution into PBS or water to a 214 
final concentration of 10 μg/mL. Mix well and coat each well of a 6 well plate with 1 mL of 215 
diluted PLO solution.  216 
 217 
6.2. Incubate for at least 2 h at 37 °C or overnight at 4 °C. 218 



 219 
6.3. Wash each well with PBS. 220 
 221 
6.4. Dilute laminin stock solution in cold PBS or water at 10 μg/mL. Mix the laminin solution 222 
well. Remove the PBS and immediately coat each well with 1 mL of the laminin solution. Keep 223 
plates at 4 °C and use within 1 week. Wash with PBS and immediately add culture medium. 224 
 225 
NOTE: Do not let the PLO/laminin coated plates dry out.  226 
 227 
7. Differentiation of hESC-derived NPCs into dopaminergic neurons (Figure 6A) 228 
 229 
7.1. Plate NPCs in PLO/laminin-coated dishes in NPC expansion medium at a density of 230 
approximately 50%.  231 
 232 
7.2. After 24 h, change the medium to DA1 medium (neurobasal medium containing 2 mM 233 
glutamine supplement, 1x NEAA, 1x B27, 200 ng/mL SHH, and 100 ng/mL FGF8) and change the 234 
medium every other day.  235 
 236 
7.3. Passage cultures when they reach confluency. Dissociate cells with 1 mL of detachment 237 
solution (1x) and incubate for 10 min at 37 °C.  238 
 239 
7.4. Centrifuge the cells for 2 min at 370 x g and remove the detachment solution supernatant. 240 
Add 1 mL of DA1 medium and resuspend the cells by gentle pipetting.  241 
 242 
7.5. Plate 1 x 105 cells in 2 mL of DA1 medium on PLO/laminin-coated 6 well plates.  243 
 244 
7.6. After 10 days, change to DA2 medium (neurobasal medium containing 2 mM glutamine 245 
supplement, 1x NEAA, 1x B27, 200 μM ascorbic acid, 20 ng/mL BDNF, and 20 ng/mL GNDF) and 246 
change medium every other day for an additional 20 days (Figure 6A). 247 
 248 
NOTE: Add fresh ascorbic acid daily to the DA2 medium. Within the first 14 days, the 249 
differentiated cells should be passed when they reach 90% confluency, but no longer after that.  250 
 251 
8. Differentiation of ESC-derived NPCs into astrocytes 252 
 253 
8.1. Plate neural progenitor cells on PLO/laminin-coated plates in NPC expansion medium at a 254 
density of approximately 50%. 255 
 256 
8.2. After 24 h, change the medium to astrocyte medium (DMEM/F12 medium including 1:100 257 

N2, 1:100 B27, 200 ng/mL IGF, 10 ng/mL activin A, 10 ng/mL heregulin -1, and 8 ng/mL bFGF) 258 
and change the medium every other day.  259 
 260 
8.3. Passage cultures when they reach confluency. Dissociate cells with 1 mL of detachment 261 
solution (1x) and incubate for 10 min at 37 °C.  262 



 263 
8.4. Centrifuge the cells for 2 min at 370 x g and remove the detachment solution supernatant. 264 
Add 1 mL of astrocyte medium and resuspend the cells by gentle pipetting.  265 
 266 
8.5. Plate 1 x 105 cells in 2 mL of astrocyte medium on PLO/laminin-coated 6 well dishes.  267 
 268 
8.6. Allow differentiation to continue for a total of 5–6 weeks (Figure 6B). 269 
 270 
9. Immunofluorescence staining 271 
 272 
9.1. Culture cells in 35 mm μ-dishes as described above for each cell type. Aspirate the medium 273 
and add 1 mL of 4% PFA solution per dish and incubate for 20 min at RT. 274 
 275 
9.2. Wash 2x for 5 min with PBS.  276 
 277 
NOTE: Once the cells are fixed, the assay plates can be sealed with parafilm and stored at 4 °C. 278 
Stain with an antibody within 1 week after fixation. 279 
 280 
9.3. Add 300 μL of blocking solution (goat or donkey serum in PBS) per dish and incubate at RT 281 
for 30–60 min. 282 
 283 
9.4. Wash the dish 2x with PBS for 5 min. 284 
 285 
9.5. Add 300 μL of primary antibody (Table 1) solution (diluted in blocking solution) and 286 
incubate at RT for 1.5 h or overnight at 4 °C. 287 
 288 
9.6. Wash 2x with PBS for 10 min. 289 
 290 
9.7. Add 300 μL of fluorescent-conjugated secondary antibody (Table 1) in blocking solution 291 
and incubate in the dark for 1 h at RT. 292 
 293 
9.8. Wash the cells 2x for 10 min with PBS. 294 
 295 
9.9. Add Hoechst staining solution (1 μM final concentration in PBS) to stain nuclei. Incubate 296 
the cells in the dark for 5 min at RT. 297 
 298 
9.10. Wash cells 1x with PBS for 5 min and then add 500 μL of PBS. Keep dishes in the dark, 299 
then observe fluorescence with a confocal microscope (Figure 2B, Figure 5C, Figure 6A, and 300 
Figure 7B). 301 
 302 
REPRESENTATIVE RESULTS: 303 
 304 
Presented here is an improved protocol for the maintenance and expansion of single-cell type 305 
culture of hESCs and their efficient differentiation into neural progenitor cells, which 306 



subsequently differentiates into various downstream neural lineages, including dopaminergic 307 
neurons and astrocytes.  308 
 309 
Representative phase contrast images show cell morphology at different steps during the 310 
adaptation of colony type hESCs to the single-cell type culture (Figure 1A). Through the single-311 
cell culture condition, it was found that the adapted hESCs were able to be maintained at high 312 
density, then easily and efficiently subcultured when reaching confluency (Figure 1A,B). These 313 
cells retained the cell cycle characteristics (i.e., a short G1 phase and  high proportion of cells in 314 
S phase) typical of colony type hESCs (Figure 1C,D). They also expressed the ESC markers (i.e., 315 
OCT4, TRA 1-81, SOX2, and NANOG) at levels comparable to those of colony type hESCs as 316 
indicated by QRT-PCR and immunostaining analysis (Figure 7, Table 2). Moreover, it was shown 317 
that single-cell hESCs were able to form embryoid bodies containing cells from all three germ 318 
layers: endoderm (SOX17 expression), mesoderm (SMA expression) and ectoderm (Tuj-1 319 
expression) (Figure 2).  320 
 321 
Next, it was demonstrated that single-cell type hESCs efficiently differentiated into neural 322 
progenitor cells using an NPC protocol (Figure 3A), as indicated by the loss of typical hESC 323 
morphology and appearance of NPC morphology (Figure 3B)16. NPC differentiation was 324 
supported by the increased expression of the signature NPC markers (i.e., SOX1, OTX2, ZIC1, 325 
and OTX1; Figure 5A, Table 2) and confirmed by immunostaining and FACS analysis. The same 326 
analysis also showed that more than 90% of the cells stained positive for SOX1, PAX6, and 327 
NCAM protein (Figure 5B,C). To examine the ability of single-cell hESC-derived NPCs to 328 
differentiate into various downstream neural lineages, the differentiation of these cells into 329 
dopaminergic neurons and astrocytes was examined. As shown in Figure 6A,B, single-cell hESC-330 
derived NPCs were able to differentiate into dopaminergic neurons and astrocytes, as indicated 331 
by the appearance of characteristic morphologies and expression of lineage-specific 332 
dopaminergic markers (i.e., TH; Figure 6A) and astrocyte markers (i.e., GFAP and S100B; Figure 333 
6B). 334 
 335 
FIGURE LEGENDS: 336 
 337 
Figure 1: Adaptation of colony type hESCs to single-cell type culture. (A) Representative phase 338 
contrast images of single cell cultures of H9 hESCs at different times after plating on 2% 339 
basement membrane matrix-coated dishes. Low (left) and high (right) magnification. Top panel: 340 
representative image of colony type hESCs. Other panels show representative images of 341 
cultures at different times during the adaptation to single-cell type hESCs. Scale bar = 200 μm. 342 
(B) Growth curves of H9 hESCs were monitored in 2% basement membrane matrix-coated 343 
plates with 10 μM ROCK inhibitor for the first 24 h during the single-cell culture condition. (C,D) 344 
Cell cycle analysis of colony type (C) and single-cell type (D) H9 hESCs by flow cytometry.  345 
 346 
Figure 2: In vitro differentiation of adapted single-cell type hESCs into three germ layers. (A) 347 
Representative phase images of embryonic bodies (EB) derived from single-cell type of hESCs. 348 
Scale bar = 100 μm. (B) Immunofluorescent images of differentiated hESCs analyzed for the 349 



expression of the three different germ layer markers: SOX17 (endoderm), SMA (mesoderm), 350 
and Tuj-1 (ectoderm). Nuclei were stained with DAPI. Scale bar = 50 μm. 351 
 352 
Figure 3: Differentiation of single-cell type hESCs into neural progenitor cells by direct 353 
differentiation. (A) Schematic of the differentiation protocol of hESCs into neural progenitor 354 
cells (NPCs). hESCs were treated with dorsomorphin (DMH) and SB431542 (SB) 1 day after 355 
plating. (B) Representative phase contrast images of cell morphology during neural 356 
differentiation. Scale bar = 200 μm.  357 
 358 
Figure 4: hESC culture on different basement membrane matrix products. (A) hESCs cultured 359 
on Matrigel or Geltrex exhibited an ability to grow and differentiate into NPCs that was similar 360 
to the single cell-culture. Cells were stained with a NESTIN antibody. Nuclei were stained with 361 
DAPI. Scale bar = 50 μm. (B) hESCs cultured on Matrigel or Geltrex showed similar potential to 362 
differentiate into NPCs as indicated by the percentage of NESTIN- and PAX6-positive cells. Cells 363 
were analyzed by flow cytometry at day 7 of NPC differentiation.  364 
 365 
Figure 5: Expression of NPC markers. (A) After 7 days of neural differentiation, expression of 366 
NPC marker genes (i.e., OTX1, OTX2, SOX1, and ZIC1) was analyzed by QRT-PCR. Values were 367 
normalized to GAPDH and calculated relative to the values of hESCs (p < 0.05). (B) The 368 
percentage of SOX1-, NESTIN-, SOX2-, and NCAM-positive cells was determined by flow 369 
cytometry at day 7 of NPC differentiation. (C) At day 7 NPC differentiation, cells were stained 370 
with antibodies against the neural markers SOX1, NESTIN, NCAM, OTX2, and PAX6. Nuclei were 371 
stained with DAPI. Scale bar = 100 μm.  372 
 373 
Figure 6: Dopaminergic neuron and astrocyte differentiation of NPCs derived from single-cell 374 
type hESCs. (A) Representative phase contrast image of dopaminergic neurons (top panel). 375 
Scale bar = 100 μm. Differentiated cells were stained with antibodies against the dopaminergic 376 
neuron marker TH (tyrosine hydroxylase) as indicated. Nuclei were stained with DAPI. Scale bar 377 
= 50 μm. (B) Representative phase contrast image of astrocytes (top panel). Scale bar = 100 μm. 378 
Differentiated cells were stained with antibodies against the astrocyte marker GFAP (glial 379 
fibrillary acidic protein) and S100-B (S100 calcium binding protein B), as indicated. Nuclei were 380 
stained with DAPI. Scale bar = 50 μm. 381 
 382 
Figure 7: Characterization of single cell type hESCs. (A) hESCs adapted to single-cell type 383 
culture were analyzed for the expression of ESC markers (i.e., OCT4, NANOG, and SOX2) by 384 
QRT-PCR. Values were normalized to GAPDH (p < 0.05). (B) Immunofluorescent images of hESCs 385 
stained for the expression of the pluripotency markers OCT4, TRA-1-81, and SSEA-1. Nuclei 386 
were stained with DAPI. Scale bar = 50 μm. 387 
 388 
Table 1: Antibodies used in immunocytochemistry and FACS analysis.  389 
 390 
Table 2: List of primers used in QRT-PCR analysis.  391 
 392 
DISCUSSION: 393 



 394 
Scalable and efficient methods for the differentiation of hESCs into various lineages and the 395 
generation of sufficient numbers of differentiated cells are important criteria for drug screening 396 
and stem cell therapy. Various single-cell passing methods have been published, in which cells 397 
are cultured in the presence of ROCK inhibitor or other small molecules to improve survival, but 398 
the final products of these culture methods are colony type hESCs17-21. The single-cell ESC 399 
protocol, which is partially based on previously published methods19-22, successfully generates 400 
and maintains single cell-type hESC cultures and prevents colony type hESC culture. It includes 401 
high density single cell plating, multicellular association, monolayer growth, and efficient 402 
subculture (Figure 1). The latter was achieved by the addition of ROCK inhibitor during the 403 
initial 24 h of single-cell type culture of hESCs, which improves cell survival17-21. This protocol is 404 
more easily scalable and allows expansion of these cells for therapeutic applications in drug 405 
screening and stem cell.  406 
 407 
It is further demonstrated that single-cell type hESCs can efficiently differentiate to the NPC 408 
lineage (Figure 3) without use of an intermediate stage, such as EB and rosette formation23-25. 409 
High neural conversion from single-cell type hESCs was achieved through the inhibition of 410 

BMP/TGF/activin signaling pathways by treatment with the ALK inhibitors, dorsomorphin, and 411 
SB43154215,16,26. With this protocol, the adapted single-cell type hESCs can efficiently 412 
differentiate into NPCs without the need for EB and rosette formation (Figure 5) and or be 413 
induced to differentiate into dopaminergic neurons and astrocytes (Figure 6).  414 
 415 
In summary, single-cell type culture of hESCs provides a rapid and efficient system to study the 416 
molecular mechanisms that regulate multistep differentiation to various lineages. Specifically, 417 
this protocol utilized NPCs and described their subsequent differentiation into additional neural 418 
lineages, such as astrocytes and dopaminergic neurons. The protocol provides a platform for 419 
simple, robust, and scalable production of progenitor and differentiated cells that can be 420 
suitable for basic studies, drug screening, and applications in regenerative medicine. 421 
 422 
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Primary Antibodies Species Dilution Catalog Number Company

OCT4 Mouse 1:1000 sc-5279 Santa Cruz

TRA 1-81 Mouse 1:500 sc-21706 Santa Cruz

SSEA-1 Mouse 1:500 sc-21702 Santa Cruz

SOX1 Goat 1:500 AF-3369 R&D

SOX2 Rabbit 1:1000 sc-20088 Santa Cruz

SMA Rabbit 1:500 ab-5694 Abcam

Tuj1 Mouse 1:1000 T8578 Sigma

NESTIN Mouse 1:1000 ab-22035 Abcam

OTX2 Mouse 1:250 ab-21990 Abcam

hNCAM Mouse 1:200 sc-106 Santa Cruz

hPAX6 Mouse 1:250 561664 BD

TH Mouse 1:500 T1299 Sigma

S100b Mouse 1:250 ab4066 Abcam

GFAP Rabbit 1:1000 ab7260 Abcam

Secondary Antibodies

Anti-mouse Goat 1:1000 AF 488 or 647 Life Technologies

Anti-rabbit Goat 1:1000 AF 488 or 647 Life Technologies
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Primer name Primer sequence

F: GGAAGGTATTCAGCCAAACG

R: CTCCAGGTTGCCTCTCACTC

F: GGTTCCAGAACCAGAGAATGA

R: ATTGGAAGGTTCCCAGTCG

F: CCTTAGGTTTCCCCTCGCTTT

R: CAGGCTGAATTCGGTTCTCATT

F: AAGATCAACCTGCCGGAGTCT

R: CGTGAATTGGCCACTGCTTT

F: TGGAAGCACTGTTTGCCAAG

R: TAAACCATACCTGCACCCTCG

F: AACCCCAAAAAGTCGTGCAAC

R: TCCTCCCAGAAGCAGATGTGA

F: CCCATCACCATCTTCCAGGAG

R: CTTCTCCATGGTGGTGAAGACG
GAPDH

OCT4

NANOG

SOX1

OTX1

OTX2

ZIC1
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Name of Material/Equipment Company Catalog Number Comments/Description

35 mm m-dishes ibidi 81156 Cell culture dish

6-well plates Corning 3516

Accutase Innovative Cell Technologies AT104-500
Cell detachment solution

Activin A R&D system 338-AC-050

Ascorbic Acid Sigma Aldrich A4403

B27 supplement Thermo Fisher 17504044

B27 supplement (-Vit A) Thermo Fisher 12587010

BDNF Applied Biological Materials Z100065

bFGF Peprotech 100-18C

Centrifuge DAMON/ICE 428-6759

CO2 incubator Thermo Fisher 4110

Corning hESC-qulified Matrix (Magrigel) Corning 354277 Basement membrane matrix (used for most of the protocol here)

Cryostor CS 10 Stemcell Technologies 7930 Cell freezing solution

Dispase Stemcell Technologies 7923

DMEM Thermo Fisher 10569-010 

DMEM/F12 Thermo Fisher 10565-018

Dorsomorphin Tocris 3093

EGF Peprotech AF-100-16A

Fetal Bovine Serum Fisher Scientific SH3007003HI

FGF8 Applied Biological Materials Z101705

GDNF Applied Biological Materials Z101057

Geltrex matrix Thermo Fisher A1569601 Basement membrane matrix

GlutaMax Thermo Fisher 35050061 Glutamine supplement, 100X

H9 (WA09) human embryonic stem cell line WiCell WA09

Heregulin b-1 Peprotech 100-3

IGF Peprotech 100-11

Knockout DMEM Thermo Fisher 10829018

Knockout Serum Replacement Thermo Fisher 10828028

Laminin Sigma Aldrich L2020

mTeSR1 Stemcell Technologies 85850 hESC culture medium

Table of Materials Click here to access/download;Table of Materials;JoVE_Table_of_Materials.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1112760&guid=510d9188-cbc0-4b6b-9629-9ef391cd85d9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1112760&guid=510d9188-cbc0-4b6b-9629-9ef391cd85d9&scheme=1


N2 supplement Thermo Fisher 17502001

NEAA Thermo Fisher 11140050

Neurobasal Thermo Fisher 21103049

Poly-L-ornithine Sigma Aldrich P3655

ROCK inhibitor Tocris 1254

SB431542 Tocris 1614

SHH Applied Biological Materials Z200617

Stemdiff Neural Progenitor medium Stemcell Technologies 5833 NPC expansion medium



Basement membrane matrix (used for most of the protocol here)
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translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
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Editorial comments: 
General: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 

Response: We have confirmed this in the revised manuscript.  

 
2. Please ensure that the manuscript is formatted according to JoVE guidel 
ines–letter (8.5” x 11”) page size, 1-inch margins, 12 pt Calibri font throughout, all text 
aligned to the left margin, single spacing within paragraphs, and spaces between all 
paragraphs and protocol steps/substeps. 

Response: We have corrected this in the revised manuscript.  

 
3. JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an instrument or 
reagent. Please limit the use of commercial language from your manuscript and use generic 
terms instead. All commercial products should be sufficiently referenced in the Table of 
Materials and Reagents. 
For example: Matrigel, Accutase, GlutaMax, StemDiff 

Response: We have corrected this in the revised manuscript.  

 
 
Protocol: 
1. Please ensure each step/substep is written in the imperative. 

Response: We have confirmed this in the revised manuscript.  

 
2. Please express centrifuge speeds in x g instead of rpm. 

Response: We have corrected this in the revised manuscript.  

 
3. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is 
the step performed? Alternatively, add references to published material specifying how to 
perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 
sentences per step, please split into separate steps or substeps. 
Response: We have revised the manuscript accordingly.  

 
Specific Protocol steps: 
1. 2: Where do the hESCs come from? If they come directly from a clinical source, please 
include an ethics statement before the numbered protocol steps, indicating that the protocol 
follows the guidelines of your institution’s human research ethics committee. 

Response: We have corrected this in the revised manuscript.  

 
2. 2.1: Please include a reference for growing colony-type hESCs. 

Response: We have added ref in the revised manuscript.  

 
 
Figures: 
1. Please remove ‘Figure. 1’ etc. from the Figures themselves. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Final_Revision_Jeon_09-16.docx

https://www.editorialmanager.com/jove/download.aspx?id=1111258&guid=fede324a-76e2-4a21-84c9-a2f7c46effc7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1111258&guid=fede324a-76e2-4a21-84c9-a2f7c46effc7&scheme=1


Response: We have removed “Figs” in the revised manuscript.  

 
2. Figure 1: Please use ‘h’, not ‘hr’. Please also include spaces between numbers and their 
corresponding units. 

Response: We have changed this in the revised manuscript.  

 
 
Discussion: 
1. Discussion: As we are a methods journal, please revise the Discussion to explicitly cover the 
following in detail in 3–6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
Response: We have revised the Discussion in revised manuscript 
 
References: 
1. Please do not abbreviate journal titles. 
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, 
especially those mentioned in the Protocol. 

Response: We have corrected this in the revised manuscript.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
The Invited MS JoVE60571 aims to describe in details some of the methods used in the 
previous paper doi: 10.1002/stem.2941. Epub 2018 Dec 2. (Stem Cells). 
Two main culture systems used in this publications are described in details: 1) human 
embryonic culture in feeder-free conditions starting from single cells and 2) neural induction 
of hESCs. Additionally, the MS contains 3) a sub-protocol for spontaneous differentiation of 
hESC via EBs, 4) a sub-protocol of proliferation of the neuroepithelial/neural progenitor cells, 
as well as the differentiation of neural progenitor cells toward 5) dopaminergic neurons and 
6) astrocytes. As the title and the introduction underline, the main protocol to be analyzed 
and detailed is the neural induction, which aims to be efficient and fast. 
The protocol described here is derived (closely) from the protocol of Chambers (2009) (ref 
15), that was intensely used in the field and it was shown during the last 10 years to be fast 
and efficient, being cited by over 100 publications. 
The protocols using neural induction by dual inhibition of SMAD signaling starting from 
single-cell hPSCs are included in many commercially available kits and protocols and 
constitutes the starting point for the most of the PSC-staring neural differentiation protocols 
for the CNS populations. 
Here the authors chose to add 2 differentiation protocols for dopaminergic neurons and 
astrocytes, as to show some potential applications. 
 
Major Concerns: 
Back to the main goal of the paper and of Jove, what is the improvement of the neural 
induction that was shown in this paper and should be described in details? 
If the improvement is the dissociation of the HESC colonies using accutase and Rock inhibitor, 
this was done starting with Watanabe 2007 (ref 7) and intensively used in the field. The 
presented results show similar growing of hESC in colony-type and single cell type cultures 
(Fig 1).  
 

Response: As reviewer mentioned, we stated that various single cell passing methods 

have been published in which cells are cultured with ROCK inhibitor or small molecules 

to improve survival within 24 h, but their final products of these culture methods are 

colony-type hESCs. In contrast, in our high density single cell type culture, hESCs 

remain a single cell type cultures resulting in an improved and robust single cell culture 

system that is easily scalable. Through this culture system, hESCs can be easily 

maintained and expanded. In addition, we present an efficient method to generate 

NPCs from single cell type of hESCs that allows the production of highly pure NPCs.  

The data show that single cell culture of hESCs do not lose their ability to efficiently 

differentiate into NPCs. The subsequent differentiation into neurons and astrocytes was 

used to demonstrate the abilities of these single cell cultures, we were not trying to give 

the impression that these were new protocols. We revised the manuscript to avoid this 

impression. 



 If the improvement was to used the Rock inhibitors for neuroepithelial cells, this was also 

used before but not shown in all publication with neural induction. However, the authors are 

not showing here an increasing in surviving with and without the Rock inhibition. 

 

Response: After 7 days of neural differentiation, we passed and cultured cells in NPC 

medium with/without ROCKi. As you can see, cells under -ROCKi condition at initial 

passage were shown lower survival rate compare to + ROCKi condition. However, after 

3-4 passage with ROCKi condition, NPCs can be passed without ROCKi.  Our protocol 

represents a combination of protocols previously used and reported. It makes 

expansion and maintenance of hESCs easier for larger scale experiments and high 

throughput screening. 

 
 

Regarding the description of the methods, it is not clear what the main steps are. It is a need 

to be presented in text as in fig 4A.  

 

Response: We focused on the single cell method for culturing hESCs and this protocol 

allows to a simple, robust, and reliable system for hESC culture. We then presented that 

these cells under single cell system have the potential to differentiate into neural cell 

type. Fig 4A showed differentiation schematic procedure through the adopted single cell 

culture of hESCs and we presented it in manuscript and figure legend. This is now 

clarified in section 4 of the Protocol. 

 

Proliferation sub-protocol should be presented separately. A sub-protocol for cryo-

preservation is missing. 

 

Response: As the reviewer’s comments, we revised and corrected in revised 

manuscript.  

It will be also of interest to say that there are variants for the matrix (Martigel, Geltrex, 

vitronectin, etc), for the PSC medium, for the neural induction medium (here is not clear if 



DMEM, DMEM/F12 or Stemdiff neural progenitor medium is used). Of course many variants 

are here possible but they should be clarified and maybe compared. 

 

Response: As NPC culture medium, we are culturing NPCs in Stemdiff neural medium. 

To address the reviewer’s suggestion, we made a comparison between Matrigel and 

Geltrex. Our data showed that NPC differentiation performed very similarly on both 

matrices as indicated by the similarities in expression of several NPC markers. This 

comparison was included in the revised version (Protocol 4 section). 

 
 

Regarding the characterization of the neural cells after the neural induction ( at day 7) it was 

shown in many publications, including in the previous one for the authors (Jeon 2019), that 

they represent neuroepithelial cells with embryonic CNS anterior phenotype. With their 

proliferation in FGF+EGF conditions, the profile becomes more posterior and is also related to 

the passage number, in parallel with a decrease in neuronal differentiation potential and 

increase in the glial potential. In these conditions, there is far to be well described and 

discussed the next steps of neuronal and glial differentiation (protocols 4 and 5). Additionally, 

the protocol 4 is not up-to-date and far to be efficient, comparing to the floor-plate related 

dopaminergic differentiation protocols. Here also the description of the results in fig 6 A is 

questionable, as the TH staining seems to be unspecific. I consider here as a critical step that 

the patterning and the neurogenesis potential to be discussed/compared and emphasized for 

different application types. 

 

Response: We thank the reviewer for the suggestion. However, we didn’t address any 

patterning related neural experiments in this paper. Here we focused on the single cell 

method for culturing hESCs and this protocol allows to a simple, robust, and reliable 

system for hESC culture. We then presented that these cells under single cell system 

can be showed a potential to differentiate into neural cell type and these cells under 

single cell type culture system can efficient and fast NPC differentiation within one 

week. In addition, we presented these NPCs have a potential to further differentiate into 

DA and Astrocyte. It was not our intend to focus on improving protocols for DA and 

astrocytes.  We revised the paper to avoid giving this impression. 



With regard to the TH staining: by mistake an image of  Tuj-1/Map2 staining was used 

instead of TH.  We exchanged the TH images (Sigma T1299, TH antibody). We 

apologize for this error.   

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Reviewer #2:  

Manuscript Summary: 

The manuscript "Efficient and Fast Neural Differentiation through Single Cell Type Culture of 

Human Embryonic Stem Cells" by Jeon et al establish a protocol for neural Differentiation 

from hESCs. These protocols are simple and efficient, and suitable for drug screening and 

regenerative medicine. 

Minor Concerns: 

1. Only H9 is used in the study? Do you check the protocol in other cell lines, such as H1 and 

ipsc? 

Response: We reported single cell culture of WA01 (H1) hESC in our previous 

published paper (Stem Cells. 2019 Feb;37(2):202-215. doi: 10.1002/stem.2941, with 

very similar results as WA09. We now stated this in the protocol. 

 
 
2. How about the function of neural progenitor cells , in vivo or in vitro (not only staining)? 

Response: We examined the function of DA neurons derived from NPCs and the 

representative recording action potentials in DA cells under the current clamp mode of a 

patch-clamp amplifier as below. We believe that this is outside the scope of this protocol 

and therefore was not included in the paper. 

 
 

(A) DIC image of the recorded cell. (B) Voltage-clamp. (C) Current-clamp 


