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SUMMARY:  27 
This protocol demonstrates the use of compartmentalized microfluidic chips, injection molded in 28 
a cyclic olefin copolymer to cultured neurons differentiated from human stem cells. These chips 29 
are preassembled and easier-to-use than traditional compartmentalized poly(dimethylsiloxane) 30 
devices. Multiple common experimental paradigms are described here, including viral labeling, 31 
fluidic isolation, axotomy, and immunostaining. 32 
 33 
ABSTRACT:  34 
Use of microfluidic devices to compartmentalize cultured neurons has become a standard 35 
method in neuroscience. This protocol shows how to use a pre-assembled multi-compartment 36 
chip made in a cyclic olefin copolymer (COC) to compartmentalize neurons differentiated from 37 
human stem cells. The footprint of these COC chips are the same as a standard microscope slide 38 
and are equally compatible with high resolution microscopy. Neurons are differentiated from 39 
human neural stem cells (NSCs) into glutamatergic neurons within the chip and maintained for 5 40 
weeks, allowing sufficient time for these neurons to develop synapses and dendritic spines. 41 
Further, we demonstrate multiple common experimental procedures using these multi-42 
compartment chips, including viral labeling, establishing microenvironments, axotomy, and 43 
immunocytochemistry.  44 
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 45 
INTRODUCTION:  46 
Human stem cell differentiated neurons (hSC-neurons) are increasingly used for biological 47 
research. These neurons, which can be derived from human source material, are of great interest 48 
for translational research, including the study of traumatic brain injuries and neurodegenerative 49 
disorders such as Alzheimer’s disease. Thus, tools to improve and facilitate the study of hSC-50 
neurons are in demand.  51 
 52 
To study the unique polarized morphology of neurons, many researchers use multi-53 
compartmentalized microfluidic devices1-11. These devices enable measurements and 54 
manipulations of long projection neurons with unique subcellular access. Multi-55 
compartmentalized microfluidic devices consist of two parallel microfluidic compartments 56 
separated by microgrooves, which guide axonal growth. Neurons or neural stem cells (NSCs) are 57 
plated in the somatodendritic compartment, and then adhere to the bottom of the compartment 58 
surface after minutes. Differentiated neurons grow and extend their axons/projections through 59 
the microgroove region into an adjacent and isolated axonal compartment. In the past, these 60 
devices were exclusively made using poly (dimethylsiloxane) (PDMS) replica molding. PDMS 61 
devices have many drawbacks previously described12, including persistent hydrophobicity and 62 
the need to assemble to a glass coverslip immediately prior to use. Pre-assembled injection 63 
molded chips overcome many of these drawbacks and are sold commercially (see Table of 64 
Materials)12. The compartments of these chips are permanently made hydrophilic and the entire 65 
chip is injection molded in optically transparent cyclic olefin copolymer (COC).  66 
 67 
This protocol demonstrates how to use this COC chip to differentiate human NSCs into excitatory 68 
neurons, and to separate and fluidically isolate their long neuronal projections. For this 69 
demonstration, neurons were differentiated from NIH-approved H9 stem cells. Similar 70 
procedures can be used to differentiate human induced pluripotent stem cells.  71 
 72 
PROTOCOL:  73 
 74 
NOTE: Figure 1A,B shows a schematic of the pre-assembled COC chip, including the locations of 75 
the main channels or compartments, wells, and microgrooves. The compartmentalized chip can 76 
establish distinct fluidic microenvironments within a compartment as demonstrate by the 77 
isolation of food coloring dye (Figure 1C). The protocol for preparing the pre-assembled multi-78 
compartment chip is given in Nagendran et al., Section 112.  79 
 80 
1. Coating of multi-compartment chips for hSC-neurons 81 
 82 
NOTE: Figure 2A shows an overview of the coating procedures. 83 
 84 
1.1. Dissolve poly-L-ornithine in cell culture-grade distilled water to make 600 µL of solution 85 
per chip of a 20 µg/mL working solution. 86 
 87 



   

1.2. Aspirate the remaining PBS left after preparing the chips from the wells. When aspirating, 88 
ensure that the pipet tip is away from the channel opening. 89 
 90 
NOTE: The microfluidic channels must remain filled for the entirety of this procedure. Do not 91 
aspirate liquid from the channels/compartments, only the wells. 92 
 93 
1.3.  Load 150 µL of poly-L-ornithine working solution in the upper right well. Wait for 90 s or 94 
until liquid begins to fill the lower right well. Add 150 µL of media to the lower right well and wait 95 
for 5 min to let the liquid pass through the microgrooves.  96 
 97 
1.4. Add 150 µL of media to the upper left well. Wait 90 s and then add 150 µL to the lower 98 
left well. Wrap the holder of the chip(s) with parafilm and place at 4 °C overnight. 99 
 100 
NOTE: Alternatively, place the chip and holder at 37 °C for 1 h. 101 
 102 
1.5. Aspirate the media from the wells, ensuring that the pipet tip is placed away from the 103 
channel opening. Add 150 µL of sterile water to the upper right well. Wait for 90 s and then add 104 
150 µL to the lower right well. Wait for 5 min to let the liquid pass through the microgrooves. 105 
 106 
1.6.  Add 150 µL of sterile water to the upper left well, wait 90 s and then add another 150 µL 107 
to the lower left well. 108 
 109 
1.7. Repeat steps 1.5-1.6. 110 
 111 
1.8. Thaw laminin slowly at 2 °C to 8 °C and prepare a 10 µg/mL working solution. 112 
 113 
1.9. Load 150 µL of the laminin working solution to the upper right well. Wait for 90 s or until 114 
liquid begins to fill the lower right well. Pipet 150 µL to the lower right well. Wait for 5 min to let 115 
the laminin go through the microgrooves. 116 
 117 
1.10.  Add 150 µL of laminin to the upper left well. Wait 90 s and then add 150 µL to the lower 118 
left well. Incubate the chip within its holder for 2 h at 37 °C. 119 
 120 
1.11.  Rinse the chip with PBS (without Ca2+ and Mg2+). Load 150 µL of PBS to the upper right 121 
well. Wait for 90 s or until liquid begins to fill the lower right well. Add 150 µL of PBS to the lower 122 
right well and wait for 5 min to let the PBS go through the microgrooves. 123 
 124 
1.12.  Pipet 150 µL of PBS to the upper left well. After 90 s pipet 150 µL to the lower left well. 125 
 126 
1.13. Rinse the chip with NSC media (see Table of Materials). Load 150 µL of media to the upper 127 
right well. After 90 s or when liquid passes through the right channel into the lower right well, 128 
add 150 µL to the lower right well. Wait for 5 min to let the media flow through the microgrooves.  129 
 130 



   

1.14. Add 150 µL of media to the upper left well and another 150 µL to the lower left well. 131 
Incubate the chip overnight in a 37 °C incubator with 5% CO2 to pre-condition the chip. 132 
 133 
2. Seeding NSCs into the multicompartment chip 134 
 135 
NOTE: This protocol used commercially purchased NSCs, unlike our previous publication which 136 
began with human embryonic stems cells5. In this protocol neural stem cells are plated directly 137 
into the plastic chips where they differentiate into neurons. The cells can be allowed to 138 
proliferate as NSCs (without differentiation) for up to 2 passages and stored in vials in liquid N2 139 
for further use. This protocol uses NSC vials stored in liquid N2 after passage 1 or 2. Figure 2B 140 
shows an overview of the coating procedures. 141 
 142 
2.1. Thaw NSCs according to manufacturer’s instructions.  143 
 144 
NOTE: This procedure applies to H9-derived NSCs. Other cell lines will require cell density 145 
optimization.  146 
 147 
2.2. Count the cell concentration using a hemocytometer and adjust using NSC media to get a 148 
concentration of 7 x 106 cells per mL. 149 
 150 
2.3. Aspirate media from each well of the chip. Avoid aspirating media from the main 151 
channels.  152 
 153 
2.4. Pipet 5 µL of the cell solution to the upper right well, followed by 5 µL to the lower right 154 
well (70,000 cells total). Ensure that the cells are pipetted towards the main channel openings. 155 
Use a microscope to check that cells have entered the channel. Wait 5 min for cells to adhere to 156 
the bottom of the chip. 157 
 158 
NOTE: Either or both compartments can be used to load cells.  159 
 160 
2.5. Pipet ~150 µL of NSC media to the upper right well and then 150 µL to the lower right 161 
well. Repeat on the left side. Incubate at 5% CO2, 37 °C within a suitable humidified container. 162 
 163 
2.6. After 48 hours, aspirate NSC media from the wells and replace with neural differentiation 164 
media by adding 150 µL to each top well and each bottom well. 165 
 166 
2.7. Culture neurons within a 5% CO2, 37 °C incubator within a suitable humidified container. 167 
 168 
NOTE:  Media should be replaced every 2-3 days. Because of the small volumes used in the chip, 169 
evaporation even within a humidified incubator can substantially impact cell viability. Use a 170 
suitable secondary container to provide additional humidity for long-term culture of cells with 171 
the chip (see Table of Materials).  172 
 173 
3. Viral fluorescent labeling of hSC-neurons within the chip 174 



   

 175 
NOTE: Multiple virus can be used to label neurons within the chip. Instructions below describe 176 
the use of G-deleted Rabies-mCherry or –eGFP virus. Potentially infectious materials must be 177 
handled according to applicable rules and regulations, and may require additional training and 178 
institutional approval. 179 
 180 
3.1. Warm ~400 µL of fresh neural differentiation media per chip to 37 °C. 181 
 182 
3.2. Remove 50 µL of media from one well of the axon compartment into a centrifuge tube 183 
and then add 100,000 viral units of modified rabies virus to the tube.  184 
 185 
NOTE:  Properly dispose spent pipet tips and centrifuge tubes containing virus. 186 
 187 
3.3. Remove the remaining neural differentiation media from the axonal compartment and 188 
place into a centrifuge tube. Store at 37 °C. 189 
 190 
NOTE: Make sure that the channels remain filled with liquid. 191 
 192 
3.4. Mix the 50 µL of virus solution with 150 µL of warmed media. Pipet 100 µL to one well of 193 
the axon compartment and 100 µL to the other axon compartment well. Incubate for 2 h within 194 
a 37 °C incubator.  195 
 196 
NOTE: The difference in volumes between the axonal and somatic compartments helps ensure 197 
the virus stays in the axonal compartment during infection/incubation times.  198 
 199 
3.5. Withdraw and dispose of virus-containing media. 200 
 201 
CAUTION: Do not remove liquid within the enclosed microfluidic channels.  202 
 203 
3.6. Gently pipet 75 µL of fresh media to one axon compartment well and let the media flow 204 
through the channel into other axon well. 205 
 206 
3.7. Remove media from the axon compartment and dispose properly. 207 
 208 
3.8. Repeat steps 3.6 and 3.7. 209 
 210 
3.9. Fill the axon compartment with the saved media. Pipet an additional 50 µL fresh media, 211 
if needed, and then return the chip to the incubator. This additional fresh media is to count 212 
towards loss of media during liquid transfer and evaporation during the process.  213 
 214 
NOTE: Visible fluorescent labeling using these modified rabies viruses occurs by 48 h and up to 215 
8 days after which cell death of infected neurons generally occurs due to virus toxicity. Neuron 216 
imaging can be performed as with other standard culture platforms (e.g., glass bottom dishes), 217 
but special consideration is needed to maintain sufficient humidity to prevent evaporative losses.  218 



   

 219 
4. Fluidic isolation, axotomy, and immunostaining within the chip 220 
 221 

4.1. Follow fluidic isolation, axotomy, and immunostaining with the chip as described 222 
in Nagendran et al.12.  223 

 224 
REPRESENTATIVE RESULTS:  225 
After one week (7-10 days) in the chip with differentiation media, NSCs differentiate into neurons 226 
and neuronal projections enter the axonal compartment (Figure 3). Within the chip, neurons 227 
attach and distribute evenly within the somatic compartment. In comparison, neurons in PDMS 228 
devices clump/aggregate as early as 5 days post addition of differentiation media, leading to 229 
compromised cell health as can be seen in the Figure 3B (day 13 magnified image). Neurons in 230 
the chips look healthy with bundled axons. Healthy neurons can be maintained within the chips 231 
for 4-5 weeks.  232 
 233 
To visualize neuron maturation and dendritic spine development, modified rabies virus was 234 
delivered to the axonal compartment at Day 29 to retrograde label neurons, including dendritic 235 
spines, with mCherry fluorescent protein. Four days after rabies virus infection, neurons 236 
extending axons into the axonal compartment expressed mCherry. The neurons at differentiation 237 
day 33 showed formation of dendritic spines (Figure 4). Visualization of dendritic spines 238 
demonstrates that NSC derived neurons differentiated within the chips form mature synapses. 239 
 240 
The multi-compartment chip is also compatible with immunocytochemistry to visualize the 241 
cellular localization of protein. After 26 days of maintaining neurons in differentiation media, 242 
neurons were labeled for the excitatory synaptic marker, vGlut1 (Figure 5). These results show 243 
that virally labeled neurons co-localize with vGlut1 (Figure 5E) and neuron specific marker, β-244 
tubulin III (Figure 5F-H). 245 
 246 
The ability to create distinct microenvironments isolated to axons was also demonstrated using 247 
Alexa Fluor 488 hydrazide, a low molecular weight fluorescent dye (Figure 6). 248 
 249 
Axon injury studies are commonly performed within compartmentalized devices. A proof of 250 
principle experiment was performed to selectively injure axons of differentiated neurons with 251 
the pre-assembled COC chip (Figure 7). Results were equivalent to silicone compartmentalized 252 
devices6,13,14. 253 
 254 
FIGURE AND TABLE LEGENDS:  255 
 256 
Figure 1: The pre-assembled COC, multicompartment microfluidic chip. (A) A drawing of the 257 
chip identifying the upper and lower wells. The size of the chip is 75 mm x 25 mm, the size of 258 
standard microscope slides. (B) A zoomed in region showing the channels and microgrooves 259 
separating the channels. Additional details are provided in Nagendran et al.12. (C) This 260 
photograph illustrates the creation of isolated microenvironments within each compartment 261 
using food coloring dye. This entire figure has been reproduced from 12. 262 



   

 263 
Figure 2: Plastic compartmentalized chip coating and NSC cell plating timeline. (A) Plastic 264 
multicompartment chips were coated with a pre-coating solution, and then poly-L-ornithine and 265 
laminin before pre-conditioning with NSC media. (B) NSCs were plated with 7 x 104 cells in the 266 
somatic compartment of the chip. The cells were grown in NSC media for 24 h and then the media 267 
was replaced with neural differentiation media. Differentiated neurons were observed by 7-10 268 
days post differentiation.  269 
 270 
Figure 3: hSC-neuron growth comparison in chips and PDMS devices. (A) A phase contrast image 271 
of hSC-neurons grown at 13 days after differentiation in the plastic multicompartment chip. (B) 272 
A zoomed in region of hSC-neurons cultured within the white box in (A) and an equivalent region 273 
within a PDMS device (right). hSC-neurons within the chips attach well. Aggregated neuron 274 
clusters form in PDMS-based devices. Representative of 2 independent experiments. 275 
 276 
Figure 4: Human NSC derived neurons show dendritic spine morphology. Retrograde labeled 277 
mCherry neuron at differentiation day 33 grown within the chip. The magnified region outlined 278 
in red, highlights the presence of dendritic spines, which provide evidence supporting the 279 
development of mature glutamatergic synapses. Red arrows point towards dendritic spines.  280 
 281 
Figure 5: Human NSC derived neurons cultured within chips exhibit excitatory synapses. 282 
Immunostaining was performed at differentiation day 26. Neuron imaging was performed in the 283 
somatic compartment. A) vGlut1 (green) and (B) DAPI (blue) immunolabeling. (C) mCherry-284 
labeled neurons (red) retrograde labeled using a modified rabies virus. (D) A merged fluorescent 285 
micrograph of (A-C). (E) Dendritic spines and vGlut1 positive puncta colocalized with mCherry-286 
positive dendrites, shown in a zoomed in region from (D). Immunofluorescence micrographs of 287 
(F) neuron specific marker, β-tubulin III (magenta), and (G) vGlut1 (green). (H) Overlay of β-288 
tubulin III, and vGlut1. 289 
 290 
Figure 6: Virally transduced mCherry neurons extend projections into an axon localized 291 
microenvironment established within the preassembled COC chip. (A) mCherry labeled neuron 292 
extend axons through the microgrooves of the chip and into an isolated axon compartment. 293 
Isolation of the axon compartment is visualized using Alexa Fluor 488 hydrazide. Imaging of 294 
neurons occurred at differentiation day 26 and 3 days after infection with the modified rabies 295 
virus. (B) The fluorescence image in (A) is merged with a DIC image. Note the location of the 296 
microgrooves.  297 
 298 
Figure 7: Axotomy performed within the COC multicompartment chip. (A) mCherry labeled 299 
neurons at differentiation day 33 were imaged before axotomy. ‘Fire’ color look-up table. (B) 300 
Immediately after axotomy, showing that axons are completely severed.  301 
 302 
Table 1: Comparision of multi-compartment COC chips and silicone devices for culturing 303 
neurons  304 
 305 
DISCUSSION:  306 



   

The preassembled multi-compartment COC chip is an easy-to-use compartmentalized platform 307 
to differentiate and maintain human NSCs into neurons for long-term (>4 weeks). In this protocol, 308 
we demonstrate the differentiation of human NSCs into glutamatergic neurons, retrograde label 309 
neurons, perform immunocytochemistry, visualize dendritic spine morphology and perform 310 
axotomy. These chips are compatible with high resolution imaging and there is no 311 
autofluorescence with the COC12.  312 
 313 
COC multi-compartment chips are functionally equivalent to silicone-based compartmentalized 314 
devices, and have benefits and drawbacks as described previously12. Table 1 compares multi-315 
compartment COC chips and silicone devices for culturing hSC-neurons. The COC 316 
compartmentalized chips provide a better hydrophilic surface for attachment and maintenance 317 
of stem cells over a long culture period. PDMS-based devices need to be assembled and attached 318 
to glass coverslips. The hydrophobic nature of the PDMS devices causes aggregation of stem 319 
cells5; this leads to both challenges in imaging at the cellular level and greater susceptibility to 320 
physical damage due the movement of cell aggregates during media changes. The plastic chip 321 
overcomes these challenges. COC is gas impermeable, unlike PDMS, so air pockets trapped or 322 
formed within the channels must be removed by the user. The pre-coating solution reduces the 323 
possibility for air to become trapped in the channels. This solution consists of ethanol and other 324 
agents. A previously published protocol for culturing murine neurons within these plastic chips 325 
provides additional details about pipetting cells and media within the chips12. NSCs are more 326 
fragile that murine neurons, so must be handled more gently. It is also critical to mix the stem 327 
cells thoroughly before plating by gently pipetting them up and down.  328 
 329 
Use of neurons derived from in vitro differentiated human stem cells is becoming increasingly 330 
popular in medicine and research. These neurons are important for research and clinical 331 
applications for many CNS disorders, including neurodegenerative diseases and traumatic brain 332 
injuries. These neurons closely resemble human fetal neurons15. In the future, appropriately aged 333 
neurons could be generated from stem cells to mimic age-related neuronal function and used in 334 
conjunction with these compartmentalized devices. These devices will facilitate research in 335 
diseases affecting axon health and function such as axon deficits in neurons of patients diagnosed 336 
with autism spectrum disorders and axonal regeneration after injury16,17.  337 
 338 
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Table 1:  Comparision of multi-compartment plastic chips and PDMS devices for culturing neurons.

Plastic multi-compartment chips PDMS multi-compartment devices

isolate axons isolate axons

establish microenvironments establish microenvironments

axotomize neurons axotomize neurons

optically transparent optically transparent

compatible with high resolution imaging compatible with high resolution imaging

compatible with fluorescence microscopy compatible with fluorescence microscopy

fully assembled assembly to substrate required

healthy axons >21 days healthy axons >14 days

hydrophilic culturing surface hydrophobic

gas impermeable gas permeable

rounded microgrooves and channels straight microgrooves

not compatible with laser ablation Can be used for laser ablation when PDMS 

chambers are assembled on special laser 

ablation compatible slides. 

device cannot be altered to remove top top is removable for staining within 

microgrooves

not compatible with mineral oil-based immersion 

oils (silicone-based oils are fine)

compatible with mineral oil-based immersion 

oils

 impermeable to small molecules and organic 

solvents absorption of small molecules & organic solvents

No leakage issues with the chip coating with poly-L-ornithine and laminin make 

the devices leaky

differentiated neurons remain evenly distributed 

(> 4 weeks) at the tested cell densities differentiated neurons begin to aggregate after 3-

4 days in culture at the tested cell densities 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Alexa Fluor hydrazide 488 ThermoFisher Scientific A10436

Alexa Fluor secondary antibodies ThermoFisher Scientific 1:1000

anti_beta-tubulin III Aves TUJ 1:1000

anti-vGAT antibody Synaptic Systems 131 003 1:1000

anti-vGlut1 antibody NeuroMab 75-066 clone N28/9, 1:100

complete neural stem cell media:
 REC HU EGF

10 UG BIOSOURCE (TM) ThermoFisher Scientific PHG0314 20ng/mL 
REC HU FGF BASIC

10 UG BIOSOURCE (TM) ThermoFisher Scientific PHG0024 20ng/mL 
GlutaMAX Supplement (100X) ThermoFisher Scientific 35050061 2mM 

KnockOut DMEM/F-12 ThermoFisher Scientific 12660012

StemPro Neural Supplement ThermoFisher Scientific A1050801 2%

Epifluorescence imaging system

EVOS Fluorescence imaging 

system AMF4300 10x objective

fluorinated ethylene propylene film American Durafilm 50A 0.5 mil thickness

Fluoromount G ThermoFisher Scientific 00-4958-02

Gibco DPBS without Calcium and 

Magnesium ThermoFisher Scientific 14190144
GIBCO HUMAN NSC (H9) KIT

COMBO KIT 

   Gibco N7800200

Gibco Laminin ThermoFisher Scientific 23017015

Glass Pasteur pipettes Sigma-Aldrich CLS7095D5X 5.75 in length
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H9-DERIVED HU NEURAL STEM CELL

1E6 CELLS/VIAL; 1 ML ThermoFisher Scientific 510088

hibernate-E Medium ThermoFisher Scientific A1247601

Incubator, 5% CO2 37 °C

Laser scanning confocal imaging 

system Olympus FV3000RS 30x silicone oil objective

modified rabies virus

Salk Institute for Biological 

Studies

G-deleted Rabies-

eGFP

Material Transfer 

Agreement required

Mr. Frosty ThermoFisher Scientific 5100-0001

Neural differentiation media Per 100 mL. 

Antibiotic-Antimycotic (100x) ThermoFisher Scientific 15240112 1mL (100X)

Ascorbic acid Sigma Aldrich A8960 200mM 

BDNF ThermoFisher Scientific PHC7074 40 ng/mL 

Gibco B27 Plus Supplement (50X) FisherScientific A3582801 2mL (50X)

Gibco CultureOne Supplement (100X) FisherScientific A3320201 1mL (100X)
Gibco Neurobasal Plus Medium FisherScientific A3582901

StemPro Accutase Cell Dissociation 

Reagent ThermoFisher Scientific A1110501

Taylor Wharton Liquid N2 dewar FisherScientific 20HCB11M

triton X-100 ThermoFisher Scientific 28314

XC pre-coat Xona Microfluidics, LLC XC Pre-Coat included with XonaChips

XonaChip Xona Microfluidics, LLC XC450

450 µm length 

microgroove barrier





complete neural stem cell media:

KnockOut DMEM/F-12 ThermoFisher Scientific 
 REC HU EGF

10 UG BIOSOURCE (TM) ThermoFisher Scientific
REC HU FGF BASIC

10 UG BIOSOURCE (TM) ThermoFisher Scientific

StemPro Neural Supplement ThermoFisher Scientific

GlutaMAX Supplement (100X) ThermoFisher Scientific

Neural differentiation media

Gibco Neurobasal Plus Medium FisherScientific

Gibco B27 Plus Supplement (50X) FisherScientific

Gibco CultureOne Supplement (100X) FisherScientific

BDNF ThermoFisher Scientific

Ascorbic acid Sigma Aldrich

Antibiotic-Antimycotic (100x) ThermoFisher Scientific



12660012

PHG0314 20ng/mL 

PHG0024 20ng/mL 

A1050801 2%

35050061 2mM 

Per 100 mL. 

A3582901

A3582801 2mL (50X)

A3320201 1mL (100X)

PHC7074 40 ng/mL 

A8960 200mM 

15240112 1mL (100X)
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