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SUMMARY:  28 

Detailed step-by-step protocols are described here for studying mechanical signals in vitro using 29 

multipotent O9-1 neural crest cells and polyacrylamide hydrogels of varying stiffness.  30 

 31 

ABSTRACT:  32 

Neural crest cells (NCCs) are vertebrate embryonic multipotent cells that can migrate and 33 

differentiate into a wide array of cell types that give rise to various organs and tissues. Tissue 34 

stiffness produces mechanical force, a physical cue that plays a critical role in NCC differentiation; 35 

however, the mechanism remains unclear. The method described here provides detailed 36 

information for the optimized generation of polyacrylamide hydrogels of varying stiffness, the 37 

accurate measurement of such stiffness, and the evaluation of the impact of mechanical signals 38 

in O9-1 cells, a neural crest cell line that mimics in vivo NCCs.  39 

 40 

Hydrogel stiffness was measured using atomic force microscopy (AFM) and indicated different 41 

stiffness levels accordingly. O9-1 NCCs cultured on hydrogels of varying stiffness showed 42 

different cell morphology and gene expression of stress fibers, which indicated varying biological 43 

effects caused by mechanical signal changes. Moreover, this established that varying the 44 
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hydrogel stiffness resulted in an efficient in vitro system to manipulate mechanical signaling by 45 

altering gel stiffness and analyze the molecular and genetic regulation in NCCs. O9-1 NCCs can 46 

differentiate into a wide range of cell types under the influence of the corresponding 47 

differentiation media, and it is convenient to manipulate chemical signals in vitro. Therefore, this 48 

in vitro system is a powerful tool to study the role of mechanical signaling in NCCs and its 49 

interaction with chemical signals, which will help researchers better understand the molecular 50 

and genetic mechanisms of neural crest development and diseases. 51 

 52 

INTRODUCTION:  53 

Neural crest cells (NCCs) are a group of stem cells during vertebrate embryogenesis with a 54 

remarkable ability to migrate and contribute to the development of various organs and tissues. 55 

NCCs can differentiate into different cell types, including sensory neurons, cartilage, bone, 56 

melanocytes, and smooth muscle cells, depending on the location of axial origin and the local 57 

environmental guidance of the NCC1-2. With the ability to differentiate into a wide array of cell 58 

types, genetic abnormalities that cause dysregulation at any stage of neural crest (NC) 59 

development can lead to numerous congenital diseases2. For instance, perturbations during the 60 

formation, migration, and development of NCCs lead to developmental disorders known 61 

collectively as neurocristopathies1,3. These diseases range from craniofacial defects due to failure 62 

in NCC formation, such as Treacher Collins syndrome, to the development of various cancers due 63 

to NCC metastatic migratory ability, as seen in melanoma3,4,5,6. Over the last few decades, 64 

researchers have made remarkable discoveries about the roles and mechanisms of NCCs in 65 

development and diseases, with the majority of findings being focused on chemical signals7,8. 66 

More recently, mechanical signals have been indicated to play a critical but poorly understood 67 

role in NCC development9,10.  68 

 69 

The environmental cues of NCCs play a critical role during their development, including the 70 

regulation of NCC differentiation into various cell types. Environmental cues, e.g., physical cues, 71 

influence pivotal behaviors and cellular responses, such as functional diversification. 72 

Mechanotransduction allows cells to sense and respond to those cues to maintain various 73 

biological processes2. NCCs are surrounded by neighboring cells and different substrates, such as 74 

the extracellular matrix (ECM), which can give rise to mechanical stimuli to maintain homeostasis 75 

and adapt to the changes through fate determination, proliferation, and apoptosis11. 76 

Mechanotransduction begins at the plasma membrane where the sensory component of 77 

mechanical extracellular stimuli occurs, resulting in the intracellular regulation of the cell12. 78 

Integrins, focal adhesions, and junctions of the plasma membrane relay mechanical signals, such 79 

as shearing forces, stress, and the stiffness of surrounding substrates, into chemical signals to 80 

produce cellular responses12. The relaying of chemical signals from the plasma membrane to the 81 

final cellular regulation is carried out via different signaling pathways to finalize vital processes 82 

for the organism, such as differentiation.  83 

 84 

Several studies have suggested that mechanical signaling from substrate stiffness plays a role in 85 

cell differentiation13,14. For instance, previous studies have shown that mesenchymal stem cells 86 

(MSCs) grown on soft substrates with a stiffness similar to that of brain tissue (in the range of 87 

0.1–1.0 kPa) resulted in neuronal cell differentiation15,16. However, more MSCs differentiate into 88 



   

myocyte-like cells when grown on 8–17 kPa substrates mimicking the stiffness of muscle, while 89 

osteoblast-like differentiation was observed when MSCs were cultured on stiff substrates (25–40 90 

kPa)15,16. The significance of mechanotransduction is highlighted by the irregularities and 91 

abnormalities in the mechanical signaling pathway that potentially lead to severe developmental 92 

defects and diseases, including cancer, cardiovascular diseases, and osteoporosis17,18,19. In 93 

cancers, normal breast tissue is soft, and the risk of breast cancer increases in stiff and dense 94 

breast tissue, an environment that is more akin to breast tumors15. With this knowledge, the 95 

effects of mechanical signaling on NCC development can be studied through simple manipulation 96 

of substrate stiffness through an in vitro system, providing further advantages and possibilities in 97 

understanding the fundamentals of NC-related disease progression and etiology.  98 

 99 

To study the impact of mechanical signals in NCCs, we established an efficient in vitro system for 100 

NCCs based on the optimization of previously published methods and evaluation of the responses 101 

of NCCs to different mechanical signal20,21. A detailed protocol was provided for varying hydrogel 102 

stiffness preparation and evaluation of the impact of mechanical signaling in NCCs. To achieve 103 

this, O9-1 NCCs are utilized as the neural crest (NC) model to study the effects and changes in 104 

response to stiff versus soft hydrogels. O9-1 NCCs are a stable NC cell line isolated from mouse 105 

embryo (E) at day 8.5. O9-1 NCCs mimic NCCs in vivo because they can differentiate into various 106 

NC-derived cell types in defined differentiation media22. To study the mechanical signaling of 107 

NCCs, a matrix substrate was fabricated with tunable elasticity from varying concentrations of 108 

acrylamide and bis-acrylamide solutions to achieve the desired stiffness, correlating to the 109 

biological substrate stiffness20,21,23. To optimize the conditions of matrix substrate for NCCs, 110 

specifically O9-1 cells, modifications were made from the previously published protocol20. One 111 

change made in this protocol was to incubate hydrogels in collagen I, diluted in 0.2% acetic acid 112 

instead of 50 mM HEPES, at 37 °C overnight. The low pH of acetic acid leads to a homogeneous 113 

distribution and higher collagen I incorporation, thus allowing for a more uniform attachment of 114 

the ECM protein24. In addition, a combination of horse serum and FBS was used at the 115 

concentrations of 10% and 5% in PBS, respectively, before storing the hydrogels in the incubator. 116 

Horse serum was used as an additional supplement to FBS due to its ability to promote cell 117 

proliferation and differentiation at the concentration of 10%25.  118 

 119 

With this method, a biological environment was mimicked by the ECM protein coating (e.g., 120 

Collagen I) to create an accurate in vitro environment for NCCs to grow and survive20,21. The 121 

stiffness of the prepared hydrogels was quantitatively analyzed via atomic force microscopy 122 

(AFM), a well-known technique to depict the elastic modulus26. To study the effect of different 123 

stiffness levels on NCCs, wild-type O9-1 cells were cultured and prepared on hydrogels for 124 

immunofluorescence (IF) staining against F-actin to show the differences in cell adhesion and 125 

morphologies in response to changes in substrate stiffness. Utilizing this in vitro system, 126 

researchers will be able to study the roles of mechanical signaling in NCCs and its interaction with 127 

other chemical signals to gain a deeper understanding of the relationship between NCCs and 128 

mechanical signaling.  129 

 130 

PROTOCOL:  131 

 132 



   

1. Hydrogel preparation 133 

 134 

NOTE: All steps must be performed in a cell culture hood that has been disinfected with ethanol 135 

and UV-sterilized before use to maintain sterility. Tools, such as tweezers and pipettes, must be 136 

sprayed with ethanol. Buffer solutions must also be sterile-filtered.   137 

 138 

1.1. Preparation of aminosilane-coated glass coverslips 139 

 140 

1.1.1. Place the desired number of glass coverslips onto a piece of laboratory wipe. 141 

 142 

NOTE: Prepare an additional 3–4 coverslips to ensure sufficient backup supplies as they break 143 

easily. Different materials of glass coverslips will yield different compatibility of cell seeding and 144 

attachment. It is better to determine which type suits the experiment best before starting the 145 

experiments (see the Table of Materials). 146 

 147 

1.1.2. Use an alcohol burner or Bunsen burner to sterilize each coverslip by passing it back and 148 

forth through the flame (30 s for protein assay experiments). Place each glass coverslip on a 149 

laboratory wipe to cool down.  150 

 151 

1.1.3. Once the glass coverslips are cooled down, transfer them onto a Petri dish lined with 152 

parafilm to prevent slippage.  153 

 154 

NOTE: If the coverslips are not cool enough, the residual heat will melt the parafilm onto the 155 

slips, rendering them unusable. 156 

 157 

1.1.4. Cover the coverslips with approximately 200 L and 800 L of 0.1 M NaOH for a 12 mm 158 

and a 25 mm coverslip, respectively, and let them sit for 5 min. Then, aspirate the 0.1 M NaOH 159 

and allow the coverslips to air-dry for another 5 min to form an even film. 160 

 161 

1.1.5. Once the coverslips are dried, pipette approximately 80 L and 150 L of 3-aminopropyl 162 

triethoxysilane (APTS) for 12 mm and 25 mm coverslips, respectively. Be careful to avoid spilling 163 

the solution onto the parafilm. Allow the solution to sit for 5 min. 164 

 165 

1.1.6. Aspirate as much excess APTS as possible and allow the residual APTS to dry for 5 min. 166 

Rinse the coverslips well by submerging them in sterile, deionized (DI) H2O three times for 5 min 167 

each time.  168 

 169 

NOTE: If the glass coverslips are not rinsed well, the residual APTS causes unwanted reactions 170 

with glutaraldehyde, causing a white precipitate to form and resulting in unusable coverslips. 171 

 172 

1.1.7. Move the coverslips to a new Petri dish with the reactive side facing up. Add enough 0.5% 173 

glutaraldehyde to the Petri dish to cover the coverslips entirely and allow the coverslips to sit for 174 

30 min.  175 

 176 



   

1.1.8. Aspirate the 0.5% glutaraldehyde and rinse the coverslips again in DI H2O one time for 3 177 

min. Set the coverslips reactive side up on a laboratory wipe or a clean Petri dish to air-dry 178 

completely before using.  179 

 180 

NOTE: The protocol can be paused here; coverslips must be placed in sterile DI H2O until use. 181 

 182 

1.2. Preparation of siliconized coverslips 183 

 184 

1.2.1. Place the same number of coverslips as the aminosilane-coated coverslips (step 1.1.1) in 185 

a Petri dish lined with parafilm. 186 

 187 

1.2.2. Pipette 40 L or 150 L for 12 mm and 25 mm coverslips, respectively, of 188 

dichloromethylsilane (DCMS) to one side of the coverslip and allow the solution to sit for 5 min. 189 

 190 

1.2.3. Aspirate any remaining solution from the coverslip, wash in sterile DI H2O once for 1 min, 191 

and place the reactive coverslips face up on a laboratory wipe to air-dry completely before 192 

moving onto the next step.   193 

 194 

1.3. Preparing hydrogels 195 

 196 

1.3.1. Mix acrylamide, bis-acrylamide, and DI H2O in a 1.5 mL centrifuge tube to prepare 500 L 197 

of solutions with varying stiffnesses (see Table 1). Vortex the solution for 30 s to mix it thoroughly.  198 

 199 

1.3.2. Working swiftly, add the 10% ammonium persulfate solution (APS) and 200 

tetramethylethylenediamine (TEMED) to the tube and vortex the solutions again to mix the 201 

solutions.  202 

 203 

NOTE: Prepare fresh 10% APS and leave it on ice or freeze into single-use aliquots due to its 204 

sensitive freeze/thaw cycle.  205 

 206 

1.3.3. Pipette approximately 33 L or 100 L of the solution onto the dried 12 mm or 25 mm 207 

aminosilane-coated coverslips (section 1.1), respectively. 208 

 209 

1.3.4. Using curved tweezers, immediately place the DCMS-treated coverslip on top of the gel 210 

solution with the treated side touching the gel solution, thus sandwiching the gel solution 211 

between the DCMS-treated coverslip and aminosilane-coated coverslip. 212 

 213 

1.3.5. Allow the gel solution to polymerize for 5–15 min, while actively monitoring for gel 214 

polymerization of the leftover solution in the tube. 215 

 216 

1.3.6. Once the gel is polymerized, separate the DCMS-treated coverslip with curved tweezers 217 

or a razor blade, leaving the gel attached to the original aminosilane-coated coverslip.  218 

 219 



   

1.3.7. Immediately place the coverslip with the attached hydrogel in a predetermined 4-220 

well/24-well or 6-well plate covered with 500 µL or 2 mL of sterile phosphate-buffered saline 221 

(PBS) or DI H2O for 12 mm and 25 mm coverslips, respectively, to prevent the gel from drying 222 

out.   223 

 224 

1.3.8. Repeat steps 1.3.4–1.3.7 for all coverslips. 225 

 226 

1.3.9. Submerge the hydrogels in sterile PBS or DI H2O for 30 min to remove excess acrylamide 227 

solution. Store the hydrogels in sterile PBS or DI H2O at 4 °C for a procedural stop here. 228 

 229 

1.3.10. In a dark room, prepare the sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino) 230 

hexanoate (sulfo-SANPAH) mixture by mixing 2.5 mL of 50 mM 2-[4-(2-hydroxyethyl) piperazin-231 

1-yl] ethanesulfonic acid (HEPES) (pH=8.5) with 25 L of the 50 g/mL sulfo-SANPAH in a conical 232 

tube, wrapped in aluminum foil to protect from light. Use a pipette to mix the solution well before 233 

using.  234 

 235 

NOTE: A volume of 2.5 mL of sulfo-SANPAH solution is enough for approximately twenty-five 12 236 

mm hydrogels or five 25 mm hydrogels. 237 

 238 

1.3.11. Aspirate PBS or DI H2O from the well plate. Add approximately 100 L or 500 L for 12 239 

mm and 25 mm coverslips, respectively, of sulfo-SANPAH solution (step 1.3.10) to cover the gel. 240 

Ensure the solution covers the gel entirely.  241 

 242 

NOTE: Adjust the vacuum suction strength to prevent the strong force from ripping or disturbing 243 

the hydrogels. 244 

 245 

1.3.12. Place the gels with the solution under a 15 W, 365 nm ultraviolet (UV) light for 10 min, 246 

uncovered to minimize any interference of the UV light reacting with the sulfo-SANPAH. 247 

 248 

1.3.13. Aspirate the excess sulfo-SANPAH by tilting the plate to collect as much of the solution as 249 

possible. Wash the gel with 50 mM HEPES two to three times. 250 

 251 

1.3.14. Add 500 L or 2 mL for 12 mm and 25 mm gels, respectively, of 50 mg/mL collagen I 252 

diluted in 0.2% acetic acid to each well containing the hydrogel. Allow the gels to incubate 253 

overnight in a 37 °C, 5% CO2 incubator.  254 

 255 

NOTE: Dilute collagen I in 0.2% acetic acid instead of 50 mM HEPES to promote homogenous 256 

distribution and attachment of collagen I.  257 

 258 

1.3.15. Aspirate the collagen I and wash the gels with sterile PBS three times to remove excess 259 

collagen I for 5 min each wash. Incubate the hydrogels in PBS with 10% horse serum, 5% fetal 260 

bovine serum (FBS) for 2 h in the 37 °C, 5% CO2 incubator.  261 

 262 



   

NOTE: The addition of 10% horse serum promotes higher proliferation compared to only using 263 

FBS as done in the previous publication. 264 

 265 

1.3.16. Aspirate the medium. Add 500 mL of sterile-filtered Dulbecco’s Modified Eagle Medium 266 

(DMEM) with 10% FBS and 1% penicillin-streptomycin (P/S) to each well. Store the gels in the 37 267 

°C, 5% CO2 incubator until ready for cell culture. 268 

 269 

1.3.17. Once ready, plate approximately 1.5 × 104 O9-1 cells/cm2 in basal medium in the culture 270 

dishes. Incubate the cells for 2 days in an incubator at 37 °C, 5% CO2. Check the cells for 271 

confluency to ensure that the cells are sufficiently attached to gels, and that the number of cells 272 

is enough before collecting for analysis.  273 

 274 

NOTE: See the previously published protocol for the steps of recovery, passage, and collection of 275 

O9-1 cells20. 276 

 277 

1.3.18. Proceed to sections 2, 3, or 4 for further analysis of the hydrogels.  278 

 279 

2. Quantitative analysis of stiffness via AFM 280 

 281 

2.1. Start the AFM system computer, followed by the AFM controller (see the Table of 282 

Materials). 283 

 284 

2.2. Mount the AFM cantilever on the AFM probe holder. Use a spherical cantilever with a 0.5 285 

m silica bead mounted at the end of the cantilever (cantilever with spherical bead).  286 

 287 

NOTE: For stiffer hydrogels, such as 10 kPa, 20 kPa, and 40 kPa, a stiffer probe was used with the 288 

spring constant of 0.24 N/m. A softer probe was used for softer hydrogels, such as 0.5 kPa and 1 289 

kPa, with a spring constant of 0.059 N/m. 290 

 291 

2.3. Set the AFM software under contact mode.  292 

 293 

2.4. Mount the silicon wafer onto the AFM sample stage to collect force curves by clicking on 294 

Engage for the cantilever to touch the silicon substrate, thus generating the force curves.  295 

 296 

2.5. Use the force curves above (2.4) for calibration, click on Calibrate in the controlling 297 

software to obtain an average spring constant of the cantilever under thermal tune condition, 298 

and save the calibrated values in the controlling software. 299 

 300 

2.6. Mount the samples by placing the coverslip with the attached hydrogel in a 60 mm Petri 301 

dish onto the AFM scanning stage. Add 3 mL of PBS into the dish before conducting 302 

measurements to prevent the gel from drying out. 303 

 304 

2.7. Set the AFM to work in contact mode (fluid) to start measurement. Engage the spherical 305 

bead to continuously touch and lift from the gel sample.  306 



   

 307 

2.8. Set the cantilever so that its deflection threshold remains at 10 nm. Keep the ramping size 308 

of the probe at 10 m. Then, record the force curves as in step 2.4.  309 

 310 

2.9. Acquire at least 20 force curves from at least 3 to 10 different spots across the surface of 311 

the hydrogel.  312 

 313 

2.10. Calculate the average Young’s modulus of ~20 force curves for each spot with AFM 314 

imaging and analysis software. Use extend ramp force curves and a linearized model (spherical). 315 

Calculate the average of all spots for each sample to yield the final stiffness.  316 

 317 

NOTE: Young’s modulus and related data (i.e., standard deviations) are automatically saved as a 318 

spreadsheet.  319 

 320 

2.11. Repeat steps 2.6–2.10 for all samples. 321 

 322 

3. Molecular analysis of stiffness via immunofluorescence staining 323 

 324 

3.1. Use tweezers to transport the coverslip to a new plate to minimize false signals from cells 325 

grown directly onto the plate. Wash the cells with 500 µL of sterile PBS three times to remove 326 

dead cells and any remaining culture medium.  327 

 328 

3.2. Fix the cells using 500 µL of 4% paraformaldehyde (PFA) for 10 min at room temperature, 329 

undisturbed. Then, rewash the cells three times using 500 µL of PBS/well for 2 min each.  330 

 331 

NOTE: Store at 4 °C for a procedural stop.  332 

  333 

3.3. Treat the cells with 500 µL of 0.1% Triton X-100 for 15 min at room temperature. Then, 334 

wash the cells three times with 500 µL of PBS/well. 335 

 336 

3.4. Block the cells with 250 µL of 10% donkey serum (diluted in PBS and 0.1% Tween 20) per 337 

well for 30 min at room temperature. 338 

 339 

3.5. Incubate the cells with 250 µL of primary antibodies for 2 h at room temperature or 340 

overnight at 4 °C. Then, wash the cells three times with 500 µL of PBS/well for 5 min each.  341 

 342 

NOTE: Anti-Vinculin (Vcl) (1:250) and anti-AP2 alpha (1:250) were used in this experiment and 343 

were diluted in 10% donkey serum.  344 

 345 

3.6. Incubate the cells with corresponding secondary antibodies and/or phalloidin used for F-346 

actin staining at a dilution of 1:400 in 250 µL of 10% donkey serum for 30 min at room 347 

temperature. Then, wash the cells three times with PBS for 5 min each. 348 

 349 



   

NOTE: 568 nm Phalloidin can be co-incubated with 488 nm or 647 nm secondary antibodies or 350 

on its own. 351 

 352 

3.7. Incubate the cells with 4′,6-diamidino-2-phenylindole (DAPI, 1:1000 dilution) in 250 µL of 353 

PBS for 10 min followed by one last wash of PBS for 2 min.  354 

 355 

3.8. Add 3–4 drops of mounting medium to each well. Store the samples at 4 °C to set for at 356 

least 2 h before imaging to ensure the mounting medium has set properly.  357 

 358 

3.9. Capture images of at least 3 random frames per hydrogel sample with a fluorescence 359 

microscope, producing individual and merged channels.  360 

 361 

4. Quantitative real-time PCR (RT-qPCR) 362 

 363 

4.1.  Transfer the hydrogels with the adherent cells for RNA collection to a new plate to 364 

minimize unwanted RNA from cells attached to the cell plate. Wash the cells with PBS three times 365 

to remove dead cells and culture medium.  366 

 367 

4.2. Extract the total mRNA using an RNA extraction kit. Perform reverse-transcription of RNA 368 

to cDNA using a reverse transcription supermix following the manufacturer’s instructions.  369 

 370 

4.3. Perform RT-qPCR with primers for Vcl as the stiffness marker of choice and analyze using 371 

the 2-ΔΔCT method.   372 

 373 

NOTE: Primer sequence of Vcl: Forward 5' GCTTCAGTCAGACCCATACTCG 3'; reverse 5' 374 

AGGTAAGCAGTAGGTCAGATGT 3'. 375 

 376 

REPRESENTATIVE RESULTS:  377 

 378 

Hydrogel preparation and stiffness assessment through AFM and the Hertz model 379 

Here, a detailed protocol is provided to generate polyacrylamide hydrogels of varying stiffness 380 

by regulating the ratio of acrylamide and bis-acrylamide. However, the polyacrylamide hydrogels 381 

are not ready for the adhesion of cells due to the lack of ECM proteins. Thus, sulfo-SANPAH, 382 

acting as a linker, covalently binds to the hydrogels and reacts with the primary amines of ECM 383 

proteins to allow the adhesion of ECM proteins to the surfaces of the hydrogels via the N-384 

hydroxysuccinimide ester in sulfo-SANPAH after UV activation. Collagen type I was used as the 385 

ECM protein of choice to effectively promote O9-1 cell attachment. To ensure accurate stiffness 386 

values of different hydrogels, a stiffness assessment was performed using AFM, a well-known 387 

technique to depict the elastic modulus.  388 

 389 

Upon successful formation and attachment of the polyacrylamide hydrogel to the glass coverslip, 390 

the gel remained adherent to the coverslip with an even surface and minimal tearing. The 391 

stiffness was measured by AFM based on the principle of indention technique, wherein a stiff 392 

indenter was applied to the sample with the required force to reach an indentation depth26. With 393 



   

this measurement, the Young’s elastic modulus was calculated based upon the indentation of 394 

depth and force in Hertz’s model, an elastic theory26. However, due to the large variation in 395 

results by AFM, an additional statistical method was applied to obtain a quantitative result with 396 

minimal impact of uneven surfaces and imperfect homogeneity of the gel solutions26. To produce 397 

a quantitative measurement using AFM, a compilation of at least 50 force and distance curves 398 

from each location on the gel sample was taken for an average sample stiffness. The force applied 399 

to the high-stiffness gel was higher than that applied to the softer gel, indicating that a stiffer 400 

substrate yielded a steeper slope in the Force vs. Z graph, in which force is measured in nN, and 401 

Z indicates the indentation depth between the indenter and sample. 402 

 403 

On soft hydrogels, the slope of the generated force curve was gentle as the required force from 404 

the AFM probe was less (Figure 1A). However, on stiff hydrogels, such as those with the modulus 405 

of 40 kPa, the generated slope was much steeper as the applied force was higher than for softer 406 

gels (Figure 1B). As the separation between the probe and the hydrogel sample decreases, the 407 

curve increases significantly as the tip of the probe touches the glass coverslip. However, as the 408 

separation distance increases, the curve merely approaches 0 as there is no applied force 409 

present.  410 

 411 

As shown in Figure 1A, the cantilever on the AFM probe approached the gel, indicated by the 412 

blue line, and the probe measured the applied force required to penetrate the gel sample and 413 

eventually reach the glass coverslip, causing a sudden increase in force. Due to possible 414 

procedural and instrumental errors, such as the quality of the required solutions, the true 415 

stiffness of hydrogel samples varies largely and far from the desired stiffness. Thus, AFM is a 416 

useful tool to validate and confirm the methodology while preventing false data presentation in 417 

further experiments.  418 

 419 

In this AFM assessment, the five prepared hydrogel samples were measured through the 420 

quantitative approach. The protocol focused on hydrogel stiffness levels of 0.5 kPa, 1 kPa, 10 kPa, 421 

20 kPa, and 40 kPa, which mimic the breadth of biological substrate stiffness levels reported for 422 

differentiation of various cell types. The force curves obtained from AFM measurements were 423 

utilized to generate the Young’s elastic modulus in kilopascals using an AFM analysis algorithm 424 

software (Figure 2).  425 

 426 

Comparison of polyacrylamide hydrogel systems and cell types 427 

This adaptation of the original protocol by Tse and colleagues provides an efficient and effective 428 

approach to study the mechanosensitive aspects of NCC using O9-1 cells20. Modifications to the 429 

previous protocol include modifying ECM protein incubation: replacing 50 mM HEPES with 0.2% 430 

acetic acid and the addition of 10% horse serum and FBS for cell culture (step 1.3.14–1.3.15). 431 

These modifications were validated by comparing the growth and maintenance of O9-1 NCCs on 432 

this modified gel system with that in the original (control) protocol. Here, we cultured wild-type 433 

O9-1 cells on both hydrogel systems with the elastic modulus of 1 kPa and 40 kPa for each system 434 

in basal medium. The overall cell growth status and development were visualized using a 435 

brightfield light microscope for apoptotic characteristics, stressed morphology, and cell 436 

attachment to the hydrogels. O9-1 cells grown on the original gel system resulted in a higher 437 



   

number of dead cells indicated by an excess of round cells (Figure 3E,F) for both 1 kPa and 40 kPa 438 

hydrogels.  439 

 440 

In contrast, the O9-1 cells grown on the modified gel system exhibited healthy cell growth and 441 

sufficient attachment to the hydrogel substrate (Figure 3G,H). In addition, the compatibility of 442 

NCCs with the modified hydrogel system was assessed by performing immunofluorescent 443 

staining of the NCC marker, Tcfap2α (AP-2). AP-2 is a transcription factor expressed in the NC 444 

lineages to regulate development in mouse embryos, thus making it suitable to assess 445 

compatibility27. Although O9-1 cells grown on control and modified hydrogel systems both 446 

expressed AP-2, there was a significant increase in AP-2 expression in O9-1 cells plated on the 447 

modified hydrogel system, as indicated by the stronger fluorescence signal and the 448 

corresponding quantification (Figure 4A,B).  449 

 450 

In addition, P19 cells were used to further validate the benefits of the modified hydrogel system 451 

for the growth of cells. P19 is an embryonic carcinoma cell line that was derived from embryo-452 

derived teratocarcinoma in mouse28. Using the corresponding culture protocol, P19 cells were 453 

grown on both control and modified hydrogel systems to monitor survival and growth 454 

characteristics. Brightfield imaging revealed that P19 cells plated on both hydrogel systems 455 

displayed an excess of round floating cells and a lack of cell-substrate attachments (Figure 3A–456 

D). This observation suggested that the modified protocol was more suitable for O9-1 NCCs to 457 

study mechanical signaling in NCCs.  458 

  459 

Visualization of high-stress fiber expression on stiff substrates 460 

The modified hydrogel allowed for quantitative and qualitative analysis of the differences in the 461 

morphology of cells cultured on gels of different stiffness levels and other effectors. Once the 462 

hydrogels were ready for cell seeding, wild-type O9-1 cells were passaged onto hydrogels of 463 

different stiffness levels. Cells were monitored for their health and growth by observing their 464 

shape, spatial spread, and even attachment on the hydrogel with minimal dead cells. Some 465 

studies have shown an increase in stress fibers and cell adhesion for MSCs on high-stiffness 466 

substrates, suggesting that NCCs grown on a stiffer substrate would also exhibit similar findings 467 

compared to NCCs grown on softer substrates29,30.  468 

 469 

Filamentous actin (F-actin) along with myosin II, α-actinin, and other cytoskeletal proteins are 470 

known collectively as stress fibers31. Previous studies observed an increase in stress fiber 471 

assembly in response to increased mechanical force31. At one or both ends of the stress fibers, 472 

attachments to the focal adhesion complex enable cells to migrate and adhere to the ECM31. 473 

Phalloidin staining to visualize F-actin expression and organization in the NCCs demonstrated 474 

healthy cell growth in response to mechanical signaling (Figure 5). Additionally, the O9-1 cells 475 

grown on low- or high-stiffness hydrogels exhibited different morphologies through varying 476 

amounts of stress fibers (Figure 5). Similar to observations from reported studies performed 477 

using MSCs, it was observed that O9-1 cells grown on a stiffer substrate, 40 kPa, exhibited more 478 

stress fibers and were well-spread compared to cells grown on a softer hydrogel, indicated by 1 479 

kPa stiffness29,30. 480 

 481 



   

Assessment of cell adhesions  482 

To further confirm the hypothesis that the change in substrate stiffness impacts NCC adhesion, 483 

changes in Vcl expression were quantitatively measured via RT-qPCR in NCCs responding to 484 

different hydrogel stiffness levels. Vcl is one of the numerous cytoskeletal proteins present in the 485 

focal adhesion complex during the process of the cell establishing contacts with the substrate 486 

and sensing the ECM properties32. Focal adhesions are the contact points of the cells to the ECM 487 

via integrin receptors, which anchor to the cytoplasmic actin cytoskeleton, F-actin33 The Vcl gene 488 

expression level suggests the changes in focal adhesions and cell adhesions of the O9-1 cells in 489 

response to the substrate stiffness.  490 

 491 

Previous studies showed the effect of Vcl on cell adhesion in embryonic stem and fibroblast cells 492 

by differences in its expression. In response to the high expression of Vcl, the number and sizes 493 

of focal adhesions also increased but decreased when Vcl was knocked down34. Consistently, Vcl-494 

deficient cells also showed a significant decrease in cell adhesion and spreading35. In addition, Vcl 495 

plays a role in regulating cell adhesion by stabilizing focal adhesions36. The size of focal adhesions, 496 

maturation level, and compositions vary according to the substrate stiffness, thus allowing signals 497 

to be transduced intracellularly and the cells to respond to their environmental cues37. Thus, Vcl 498 

is highly recruited to the focal adhesion complexes in cells grown on stiff substrates, as reflected 499 

by higher mRNA levels detected by RT-qPCR (Figure 6C).  500 

 501 

Cells grown on softer substrates form minimal focal adhesion complexes, as reflected by lower 502 

mRNA levels of Vcl in the cells15. In Figure 6C, O9-1 cells exhibited a higher expression of Vcl on 503 

the stiff substrate than on the soft substrate. These results suggest a higher level of cell-substrate 504 

adhesions of O9-1 cells on stiff substrates than O9-1 cells on softer substrates. In addition, Vcl 505 

expression was qualitatively visualized through IF staining with an anti-Vcl antibody to further 506 

complement and support the RT-qPCR finding. Consistently, the Vcl expression in O9-1 cells 507 

grown on the stiffer substrate was higher than those grown on the softer substrate (Figure 6A,B), 508 

which further supported the initial finding of high cell adhesion and spreading on the 40 kPa 509 

hydrogel in comparison to the 1 kPa hydrogel observed with F-actin phalloidin staining and Vcl 510 

expression levels via RT-qPCR.  511 

 512 

FIGURE AND TABLE LEGENDS:  513 

 514 

Figure 1: Force curves generated from the indentation of the AFM probe. F (y-axis) indicates the 515 

required force applied in nN, and Z (x-axis) indicates the Bruker AFM probe distance from the 516 

sample in µm. For the 1 kPa hydrogel (A), the generated slope is gentle vs. the steeper slope 517 

observed for the 40 kPa hydrogel (B). The colored curves represent the movement of the 518 

cantilever on the AFM probe as it approaches (blue) and retracts (red) from the hydrogel sample. 519 

The highest starting point of the curve indicates the rigid contact of the glass coverslip. (B) The 520 

large dip in the retracted curve in the 40 kPa hydrogel indicates adhesion between the bead and 521 

the sample. Abbreviation: AFM = atomic force microscopy. 522 

 523 

Figure 2: The average stiffness of hydrogels (in kPa) calculated from the Young’s elastic 524 

modulus. The Young’s modulus was generated from the force curves from Figure 1. The 525 



   

referenced elastic moduli of the hydrogels were 0.5 kPa, 1 kPa, 10 kPa, 20 kPa, and 40 kPa. Error 526 

bars indicate standard deviation. 527 

 528 

Figure 3: Bright-field images of P19 and O9-1 cells plated on 1 kPa and 40 kPa hydrogels of 529 

control and modified gel systems to detect cell growth characteristics. (A–D) P19 and (E–H) O9-530 

1 cells; dead cells are indicated by red arrows. Scale bars = 25 µm. 531 

 532 

Figure 4: Immunofluorescence staining of NCC marker AP-2 in O9-1 NCCs to visualize NCC 533 

compatibility. (A) A 40 kPa modified hydrogel system compared to (B) a 40 kPa control. AP-2 534 

(green); nuclei were stained with DAPI (blue). Scale bars = 25 µm. (C) Bar graph provides 535 

quantification of the AP-2 expression level showing significance (p-value = 0.003) (n = 3). Data 536 

show the relative expression with provided standard deviation error bars. Abbreviations: NCC = 537 

neural crest cell; DAPI = 4′,6-diamidino-2-phenylindole.  538 

 539 

Figure 5: Fluorescent phalloidin staining of F-actin showing stress fibers that are well-spread 540 

out in O9-1 cells on the 40 kPa hydrogel. O9-1 cells were cultured on 1 kPa (A) and 40 kPa 541 

hydrogels (B). O9-1 cells were stained using Alexa Fluor 488 Phalloidin (green), and the nuclei 542 

were stained with DAPI (blue). Scale bars = 25 µm. Abbreviation: DAPI = 4′,6-diamidino-2-543 

phenylindole.  544 

 545 

Figure 6: Immunofluorescence images of vinculin in O9-1 cells. O9-1 cells were plated on 1 kPa 546 

(A) and 40 kPa (B) hydrogels. Nuclei were stained with DAPI (blue). Scale bars = 25 µm. (C) Real-547 

time quantitative PCR analysis of the total mRNA level of Vcl in O9-1 cells cultured on 1 kPa and 548 

40 kPa hydrogels. Vcl expression level on the 1 kPa hydrogel is significantly lower than that on 549 

the 40 kPa hydrogel (p-value = 0.02). Data shows the average with provided standard deviation 550 

error bars. Abbreviation: DAPI = 4′,6-diamidino-2-phenylindole. 551 

 552 

Table 1: Corresponding volumes of solutions to obtain the desired stiffness levels. 553 

 554 

DISCUSSION:  555 

In the current study, the goal was to provide an effective and efficient in vitro system to better 556 

understand the impact of mechanical signals in NCCs. In addition to following the step-by-step 557 

protocol mentioned above, researchers need to keep in mind that the cell culture of O9-1 NCCs 558 

is affected by the type of glass coverslips used to prepare hydrogels. For instance, it was noted 559 

that cells seeded on a specific type of glass coverslip (see the Table of Materials) survived and 560 

proliferated well, while cultured cells seeded on other types of glass coverslips showed more cell 561 

death. Furthermore, it is important to strictly follow the correct cell culture conditions for O9-1 562 

NCCs38. The quality of the cell culture is optimal when the hydrogels are used as soon as possible 563 

or stored in a sterile 37 °C incubator for up to two days.  564 

 565 

Due to the sensitivity of each component in the protocol, the elastic moduli could vary across 566 

experiments. In addition to the points mentioned in the protocol (step 1.3.2) regarding 10% APS, 567 

other critical factors to keep in mind also affect the variation. Another factor that was suspected 568 

of causing large variations in AFM measurements was the thickness of the hydrogels. A previous 569 



   

study had investigated the effect of thickness on the Young’s moduli, ranging from 15 to 1000 570 

µm, and had found that differences in thickness did not change the Young’s moduli significantly39. 571 

However, the thickness of the substrates also affects the mechanical properties that the cells can 572 

sense, leading to different morphologies40,41,42. Various studies showed that a significant increase 573 

in the thickness of hydrogels led to a decrease in the cell area, spreading, and effective stiffness 574 

of hydrogels40,41,42. However, the phenotypes of cells also change in response to significantly thin 575 

hydrogels, e.g., higher spreading even on low-stiffness hydrogels40,41,42. With a consistent volume 576 

of polyacrylamide gels, the thickness of hydrogels should be uniform so that slight deviations will 577 

not significantly affect the elastic modulus in AFM measurements.  578 

 579 

It is better to sterilize coverslips by passing them back and forth in the flame using an alcohol 580 

burner because other sterilization methods can be more complicated and cause potential 581 

damage to the glass coverslips. Different sizes of glass coverslips can be used based on 582 

experimental requirements. This protocol utilized 12 mm and 25 mm coverslips for 583 

immunohistochemistry and RT-qPCR, respectively. Using appropriately sized gels to suit the 584 

experiments encourages efficiency and minimizes waste. These modifications were validated 585 

qualitatively and quantitatively to ensure optimization for O9-1 NCCs compared to the original 586 

(control) hydrogel system20. The overall health and growth of O9-1 NCCs were assessed under a 587 

brightfield microscope for cellular and substrate attachment characteristics.  588 

 589 

In addition, the compatibility of O9-1 cells was compared between both control and the modified 590 

hydrogel systems to further validate the modifications in this protocol by qualitatively visualizing 591 

AP-2 expression using IF staining. The intensity of the signals was quantified to further support 592 

the representative images of AP-2 expression in O9-1 cells between control vs. the modified 593 

hydrogel systems. While AP-2 is a common NCC marker, other well-known markers must be 594 

considered for validation, such as Sox10 and Pax3, due to their significance for NCC maintenance 595 

of pluripotency and survival28. In addition, the optimization in this protocol was further confirmed 596 

by comparing the O9-1 NC cells with another cell line, P19, to ensure that this hydrogel system is 597 

efficient and reliable for NC cells. Although P19 cells have immortal characteristics and are easily 598 

cultured, they did not thrive well on either of the hydrogel systems.  599 

 600 

The resistance to the elongating force generated from the substrate or tissue stiffness where the 601 

cells attach is often expressed as Young’s elastic modulus45. With AFM, the Young’s elastic 602 

modulus is obtained from the force curve generated from the applied vertical force26. Large 603 

variations can occur during AFM measurement, between measurements that can lead to 604 

inaccurate readings for the stiffer hydrogels. The inconsistency can be caused by improper probes 605 

used for measurement. For instance, measurement of 20 kPa and 40 kPa hydrogels require the 606 

use of a stiffer probe with a higher spring constant (k = 0.24 N/m). A stiffer probe allows for a 607 

lower resolution compared to a softer probe; however, there are reasons to favor the choice of 608 

a stiffer probe as too-soft cantilevers could adhere to the samples46. In addition, too-soft probes 609 

are highly sensitive, contributing to false signals from unwanted particles and resulting in 610 

artificially lower or higher stiffness values than the true stiffness46. Furthermore, accurate input 611 

of Poisson’s ratio must be noted, depending on the measuring material; this could be found in 612 

standardized studies as this significantly affects the data output.  613 



   

 614 

In addition, AFM was utilized to measure the thickness of the hydrogels, as thickness is another 615 

mechanical property affecting how cells sense their environment47,42. In various reported studies, 616 

cells that are grown on soft hydrogels are observed to be round in shape at and beyond “critical 617 

thickness,” which is reported at ~2–5 m, depending on the cell type47,42,48. However, much 618 

higher spreading was observed when cells were plated on hydrogels of the same stiffness but 619 

lower thickness than the “critical thickness”42,48. A potential explanation for this interesting 620 

finding is that the sub-critical thickness of hydrogels enables the cells to sense the rigid underlying 621 

glass coverslips as the cells exert traction for lateral displacement47. The average thickness across 622 

all-stiffness hydrogels was 342 m with a standard deviation of 27 m. The thickness of the 623 

hydrogels was higher than the suggested “critical thickness”, and within the testing range of 624 

under 400 m, which was reported in studies and the manufactured premade hydrogels, such 625 

that the cells could sense the different stiffness of the hydrogels and not the underlying rigid 626 

glass coverslips42,48.  627 

 628 

In addition to the AFM quantitative analysis method, the hydrogels were also qualitatively 629 

analyzed through immunohistochemistry to study the expression of the markers affected by the 630 

varying stiffness in O9-1 cells and to visualize healthy growth of the cells. F-actin in the cytoplasm 631 

is connected to the membrane-bound integrins via a set of cytoskeletal proteins, such as talin 632 

and Vcl, forming the focal adhesion complex33. Expression of stress fibers in cells could also be 633 

analyzed by measuring the expression of other cytoskeletal genes in cells, such as talin and 634 

integrin, which could be visualized together using the focal adhesion staining kit.  635 

 636 

There were varying degrees of hydrogel stiffness that influenced NCC morphology and response, 637 

as seen in the change in cell adhesion and stress fibers through mechanical signaling. This 638 

protocol offers the ability to influence cell differentiation into various cell types by modifying the 639 

corresponding culture conditions in vitro, thus providing a convenient method of manipulation 640 

of mechanical signals and chemical signals in NCCs. As mentioned previously, the fate of NCC 641 

differentiation is largely guided by mechanical forces present in the surrounding tissue, including 642 

its stiffness2,3. While the immediate goal of this paper was to develop a step-by-step protocol to 643 

prepare hydrogels for NCC culture, the potential benefits of this protocol extend beyond the 644 

methodology, pursuing further knowledge of mechanical signaling in NCCs. It is also worth noting 645 

that this in vitro system has some limitations. This technique of fabricating hydrogels comprises 646 

multiple steps that can potentially introduce technical variations along the way, including 647 

heterogeneity, uneven surface, and inaccurate stiffness. Therefore, users must perform these 648 

steps carefully to minimize technical variations during experiments. In addition, polyacrylamide 649 

gels in this system limited studies to 2D culture due to the toxicity of acrylamide, ignoring the 650 

precise 3D biological environment that NCCs inhabit50.  651 

 652 

Despite these constraints, this in vitro system allows for an inexpensive and simple method 653 

benefiting all levels of research and enabling researchers to perform sufficient and functional 654 

downstream tests. As seen in recent findings, NCCs rely heavily on both mechanical signaling, 655 

such as shear force and substrate stiffness, and chemical signaling, such as Wnt and fibroblast 656 

growth factor signaling, in craniofacial, as well as heart development in vertebrates6,15. Using this 657 



   

protocol, the local microenvironments for in vitro experiments can be easily mimicked for future 658 

studies on NCCs, including differentiation, migration, cellular responses, and the potential of 659 

detrimental disease progression. Therefore, this in vitro system will be a powerful tool to study 660 

the roles of mechanical signaling in NCCs and their interactions with other signaling pathways, 661 

which will deepen the understanding of the molecular and genetic mechanisms of NCC 662 

development and related diseases.  663 
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500 mL total

volume
0.5 kPa 1 kPa 10 kPa 20 kPa 40 kPa

40% 

Acrylamide 

(mL)

37.5 62.5 125 100 100

20% Bis-

acrylamide 

(mL)

15 7.5 25 66 120

H2O (mL) 447.5 430 350 334 280

10% APS

(mL)
5 5 5 5 5

TEMED (mL) 0.5 0.5 0.5 0.5 0.5
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Jun 21, 2021 
Vidhya Iyer, Ph.D. 
Review Editor, JoVE 
 
RE: “An efficient in vitro system to study mechanical signals in neural crest cells” (JoVE62693) 
 
Dear Dr. Iyer, 
 
We thank you and both reviewers for evaluating our manuscript and providing valuable feedback 
about our work. We are now resubmitting the revised manuscript after having performed extensive 
additional experiments. Below you will find our point-by-point response to the editor and 
reviewers’ comments. 
 
Editor’s Comments: 
 
Based on your comments regarding the necessary technical issues including grammatical 
errors, spellings, etc., we addressed and made changes accordingly to the concerns below. 
 

1. “Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. Please define all abbreviations at first use.” 
 
The manuscript was carefully proofread and revised several times by all authors to 
address any spelling and grammatical errors presented in the manuscript. Moreover, 
we defined all abbreviations at first use including neural crest (NC), mesenchymal 
stem cells (MSCs), and chemical names.   
 

2. “Please provide an email address for each author.” 
 
As suggested, email address for each author was provided beside their names in the 
author section.  
 

3. “Please revise the following lines to avoid overlap with previously published work: 74-
76.” 
 
As suggested, we revised lines 74-76 in order to avoid the overlapping of words use 
with previous published work. 
 

4. “Please remove the embedded Table from the manuscript. All tables should be 
uploaded separately to your Editorial Manager account in the form of an .xls or .xlsx 
file. The table legend or caption (title and description) should appear in the Figure 
and Table Legends section after the Representative Results in the manuscript text.” 
 
Table 1 has been removed from the manuscript document and will be submitted 
separately as an .xls file. In addition, we also moved the caption of table 1 to the 
Figure and Table legend portion.  
 

5. “Please revise the text, especially in the protocol, to avoid the use of any personal 
pronouns (e.g., "we", "you", "our" etc.)” 
 
We removed all personal pronouns as much as possible in the main text, specifically 
in the protocol.  
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6. “Please ensure that all text in the protocol section is written in the imperative tense 

as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). 
The actions should be described in the imperative tense in complete sentences 
wherever possible. Avoid usage of phrases such as “could be,” “should be,” and 
“would be” throughout the Protocol. Any text that cannot be written in the imperative 
tense may be added as a “Note.” However, notes should be concise and used 
sparingly. Please include all safety procedures and use of hoods, etc.” 

 
We revised all protocol steps to be in imperative tense, and removed all “should be”, 
“would be”, etc. Moreover, we also removed some of the unnecessary “Note:” as 
suggested and supplemented those in the discussion section. We additionally stated 
in the beginning of the protocol and discussion section that all the steps of making 
the hydrogels are performed in a hood to avoid overcrowding the protocol section.  
 

7. “JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an 
instrument or reagent. Please remove all commercial language from your manuscript 
and use generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials and Reagents.” 
 
As noted, we removed all commercialized brand names of instruments and reagents 
used in the manuscript and replaced them with generic names. Name brands are 
mentioned in the material table.  
 

8. “Please note that your protocol will be used to generate the script for the video and 
must contain everything that you would like shown in the video. Please 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. 
Please ensure specific details (e.g. button clicks for software actions, numerical 
values for settings, etc) are present in your protocol steps. There should be enough 
detail in each step to supplement the actions seen in the video so that viewers can 
easily replicate the protocol.” 
 
As suggested, we supplemented details to the manuscript protocol that will be used 
for the video script (i.e. hydrogel protocol). I also highlighted the portion that will be 
used as the video script. I hope that this is sufficient for the video script.   
 

9. “The Protocol should be made up almost entirely of discrete steps without large 
paragraphs of text between sections. Please simplify the Protocol so that individual 
steps contain only 2-3 actions per step and a maximum of 4 sentences per step. In 
the JoVE Protocol format, “Notes” should be concise and used sparingly. They 
should only be used to provide extraneous details, optional steps, or 
recommendations that are not critical to a step. Please consider moving some of the 
notes about the protocol to the discussion section.” 
 
Each step in the protocol was simplified and broken up into concise and direct steps. 
We also moved some of the “Note” into the discussion section such as “The quality 
of cell culture is the healthiest and best when the hydrogels are used as soon as 
possible or stored in the sterile 37oC incubator up to two days.” which is in the 1.3.20 
step.  



 
10. “Please format the manuscript as: paragraph Indentation: 0 for both left and right and 

special: none, Line spacings: single. Please include a single line space between 
each step, sub-step and note in the protocol section. Please use Calibri 12 points 
and one-inch margins on all the side. After including a one-line space between each 
protocol step, highlight up to 3 pages of protocol text for inclusion in the protocol 
section of the video. This will clarify what needs to be filmed.” 
 
We reformatted the manuscript following the guideline including indentation, spacing, 
margin, font and font size. We also highlighted the portion of the protocol that will be 
used for the video script.  
 

11. “Please add limitations of your technique and the significance with respect to existing 
methods to your discussion.” 
 
The limitations and advantages of this technique in respect to existing methods in the 
field were added to the discussion section, specifically line 567-575. 
 

12. “Please include a space between numbers and units, e.g., 1 kPa (not 1KPa) in fig 4 
and 5” 
 
In the revised version, the space is now included between number and unit in the 
figure legend and throughout the manuscript. 
 

13. “Please sort the Materials Table alphabetically by the name of the material.” 
 

Material table in the excel file is sorted in alphabetical order by the name of the 
material.  

 
Reviewer 1: 
 
Reviewer 1 noted “The development of methods to study the role of mechanics on development 
and cell differentiation is an important area of research”. Moreover, this reviewer also noted 
some concerns as follow: 
 

1. “This manuscript claims the optimization of such methods for the neural crest cells; 
however, the changes are minimal and probably optimized for the particular cell line 
used (O9-1 cells). For example, the authors say, "Another change is to sterilize 
coverslips using the method of passing it back and forth in the flame using an alcohol 
burner", this is a trivial modification, frequently used in many laboratories, or "One of the 
major changes made in this protocol is to incubate hydrogels in Collagen I at 37oC 
overnight", this is almost certain dependent on the cell type and cannot be described as 
an optimized method for 'neural crest' in general.” 

 
We thank the reviewer for this comment. We have revised our discussion part 
accordingly to focus on major modifications such as “One of the changes made in this 
protocol is to incubate hydrogels in Collagen I, diluted in 0.2% acetic acid instead of 50 
mM HEPES at 37oC overnight. The low pH of acetic acid as the solvent leads to a 
homogenous distribution and higher amounts of Collagen I incorporation, thus a more 
even attachment of the ECM protein” In addition, we showed data to compare culturing 



the O9-1 cells on hydrogels made according to both the original and modified protocol, 
which we found the modification have benefited the cell culture.  

 
We further supplemented additional information and discussion regarding O9-1 cells as 
a powerful model for studying neural crest cells in vitro. O9-1 cells are a stable NC cell 
line that were isolated from mouse embryo (E) at E8.5, and able to mimic NC in vivo by 
differentiating into various NC derived cell types. Therefore O9-1 cells are utilized as a 
nice in vitro model to study the effects and changes of NCCs in response to mechanical 
changes. We hope this will provide more insights about O9-1 cells for the readers and 
why O9-1 cell is the NCCs model for in vitro experiments.  
 

2. “The author conclude that cells increase adhesion to the substrate in stiffer gels by 
analysing the levels of vinculin. This conclusion is incorrect, as they need to analyse 
focal adhesion, as vinculin levels are not a direct red-out of focal adhesions.” 

 
We thank the reviewer for this comment. We agree that the expression of Vinculin does 
not directly display focal adhesions as focal adhesions are composed of other proteins 
as well. Yet it has been build that Vinculin could reflect the focal adhesion, so we have 
modified the conclusion to present our data more accurately. In many studies across 
various cell types, the increase of Vinculin recruitment or overexpression of vinculin are 
observed to have higher cell adhesion, while Vinculin knock-down led to decrease of cell 
adhesion and also decrease in size of focal adhesion. These indicate the connection 
between vinculin and focal adhesion of cells. In addition, we have showed the 
immunofluorescence staining of vinculin from 1 kPa and 40 kPa to compliment the RT-
qPCR data in our revised manuscript.  
 

3. “Figures 1 does not contribute to the method and could be deleted.” 

 
As suggested, we have removed the figure 1.  

 
Reviewer 2:  
 
We thank the reviewer for the positive comment “Overall, the experimental design, data 
acquisition, analyses and interpretation are sounded and reasonably convincing. It would make 
significant impact on research of mechanical signaling of NCCs with the modified PA gel 
system.” 
 
However, reviewer 2 also raised some key concerns that could benefit and strengthen the 
overall manuscript. We have done more experiments and addressed these concerns below: 
 

1. “It would be necessary to have a type of control PA gel and a type of cell other than NCC 
working side-by-side with this modified PA gel system and NCCs to provide comparative 
data in supporting the conclusions. Specifically, the gene expressions of major NCCs 
markers may be presented to show the compatibility of the gel systems to the NCCs. 
This is critical to claim the significance of having a reliable and efficient system for 
NCCs.” 
 
We thank the reviewer for the suggestions and have performed further experiments as 
suggested. We have cultured wild type O9-1 cells onto both gel systems that made 
following our modified protocol and the original protocol. We found the NCC marker, 
Tfap2α,was expressed in O9-1 cells cultured on both system, while expression is 



stronger in cells grown on the modified system compared to the original one, suggesting 
the modifications benefitted maintenance of NCCs. 
 
We also supplemented another cell line, P19, and assessed its growth on the gel 
systems comparing to our model, O9-1 NCC. P19 is an embryonic carcinoma cell line 
that is derived from embryo-derived tetrocarcinoma in mice. Using their corresponding 
protocol for culture, both cell lines were plated onto 1 kPa and 40 kPa and the cell 
growth quality of each cell line was observed. The P19 cells did not grow as healthy as 
O9-1 cells.  

 
2. “It is recommended to add the immunocytochemistry images of vinculin on low and high 

stuffiness gels to complement and further support the qPCR data.” 
 

We thank the reviewer for this suggestion. We have added the immunofluorescence 
images of Vinculin of WT O9-1 cells plated on 1 kPa and 40 kPa hydrogels to 
complement and further support the RT-qPCR data in the manuscript.  

 
3. “In addition to uneven surfaces and imperfect homogeneity of the gel solutions on 

coverslip, please comment on the possible effect of gel thickness on the large variations 
of your AFM measurements. What is the average thickness of your modified PA gel of 
various stiffness on coverslip?” 

 
As suggested, we have supplemented the possible effect of gel thickness on the 
variations of the AFM measurement in the discussion section. We referenced a reported 
study that investigated the variation in thickness (from 15-1000 µm) affecting the 
Young’s moduli via AFM, which they concluded the differences in Young’s moduli 
between thickness were not significant. In addition, we also measured the thickness of 
the hydrogels via AFM. The average thickness of the hydrogels was measured to be 

approximately 342.6 m with the standard deviation of 27m from the center to the outer 
area of the gel in order to monitor the varying thickness across the surface.  

 


