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H I G H L I G H T S    

• Manufacture of a microfluidic platform (MFP) for medium-throughput applications.  

• Silanization and plasma treatment enables incorporation of PEMA film into MFP.  

• PEMA based coatings enable culture of iPSC-derived neurons and myotubes in MFPs.  

• RABV tracing and optogenetics showed neuromuscular circuit formation in MFPs.  
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A B S T R A C T   

Neuromuscular circuits (NMCs) are vital for voluntary movement, and effective models of NMCs are needed to 
understand the pathogenesis of, as well as to identify effective treatments for, multiple diseases, including 
Duchenne's muscular dystrophy and amyotrophic lateral sclerosis. Microfluidics are ideal for recapitulating the 
central and peripheral compartments of NMCs, but myotubes often detach before functional NMCs are formed. 
In addition, microfluidic systems are often limited to a single experimental unit, which significantly limits their 
application in disease modeling and drug discovery. Here, we developed a microfluidic platform (MFP) con-
taining over 100 experimental units, making it suitable for medium-throughput applications. To overcome de-
tachment, we incorporated a reactive polymer surface allowing customization of the environment to culture 
different cell types. Using this approach, we identified conditions that enable long-term co-culture of human 
motor neurons and myotubes differentiated from human induced pluripotent stem cells inside our MFP. 
Optogenetics demonstrated the formation of functional NMCs. Furthermore, we developed a novel application of 
the rabies tracing assay to efficiently identify NMCs in our MFP. Therefore, our MFP enables large-scale gen-
eration and quantification of functional NMCs for disease modeling and pharmacological drug targeting.   

1. Introduction 

Neuromuscular circuits (NMCs), consisting of motor neurons (MNs) 
innervating skeletal muscles, are critical for voluntary movement. 
Degeneration of the NMC plays a critical role in several disorders, in-
cluding amyotrophic lateral sclerosis, spinal muscular atrophy, and 

Duchenne muscular dystrophy. It is thought, moreover, that the dete-
riorating connection between MNs and myotubes is one of the earliest 
stages of amyotrophic lateral sclerosis, suggesting that therapeutics 
focusing on protecting MNs alone might not prevent motor dysfunction 
in patients [1]. Instead, drugs must also preserve NMCs in order to be 
effective. Additionally, NMCs are used by pathogens, such as rabies 
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virus, to invade the central nervous system (CNS). Once in the CNS, 
these pathogens cause acute flaccid paralysis and death and effective 
drugs are needed to prevent viral spreading. Therefore, models of 
human NMCs are critical for the development of drugs for a variety of 
disorders. 

Although transgenic mouse models have been widely used to study 
diseases involving NMCs [2–5], there are important species-specific 
differences, and drugs identified using these models have often failed in 
clinical trials. In comparison to animal models, cell culture has the 
advantage of being faster, more cost-effective and reproducible. How-
ever, cell culture often relies on transformed cell lines that do not ac-
curately model NMCs. Induced pluripotent stem cells (iPSCs) are ideal 
tools for generating functional skeletal muscle and MNs. Through re-
programming, iPSCs can be obtained from a patient with a specific 
phenotype and genotype to recapitulate disease pathogenesis. Thus, in 
principle, iPSC-derived models can be used to generate NMCs, and two- 
dimensional (2D) in vitro culture models have been developed to study 
human iPSC-derived NMCs [6–8]. 

Microfluidic systems are well suited for generating models of human 
NMCs as they have the potential to physically compartmentalize dif-
ferent cell types. Taylor et al. previously proposed a poly-
dimethylsiloxane (PDMS)-based microfluidic separation chamber, 
which enables the investigation of axonal biology [9]. A similar concept 
was adapted for studying iPSC-derived NMCs [10]. Recently, a com-
partmentalized microfluidic system was used to establish a physiolo-
gical model of the NMC using iPSC-derived MN spheroids and three- 
dimensional (3D) skeletal muscle bundles [11]. However, skeletal 
myotubes detach from the glass surface after approximately one week 
[12–15], which is not enough time to form functional NMCs. Over-
coming myotube detachment is one of the most important challenges in 
being able to generate 2D microfluidic models of NMCs. In addition, 
current microfluidic models of the NMCs are often limited to one ex-
perimental unit at a time, and the assays used to evaluate NMC function 
are complicated and laborious, considerably restricting their applica-
tion in disease modeling and drug discovery [16]. For example, recent 
reports used live cell calcium imaging and muscle contraction to assess 
the function of NMCs in microfluidic models [11,17], a procedure that 
is extremely cumbersome even for small-scale studies. 

Here, we designed and manufactured a novel microfluidic platform 
(MFP) for modeling human NMCs. Each experimental unit contains a 
CNS and peripheral chamber connected by micro-channels for MN 
axons, and each MFP contains over 100 individual experimental units, 
making it suitable for medium-throughput applications, such as disease 
modeling and drug discovery. By introducing a thin film of the reactive 
polymer poly(ethylene-alt-maleic anhydride) (PEMA) inside the MFP, 
we were able to create a customized micro-environment enabling cul-
tivation of iPSC-derived MNs and skeletal myotubes for at least 3 
weeks, resulting in the formation of NMCs. Optogenetics was used to 
demonstrate that functional NMCs were formed in our MFP. 
Furthermore, we showed the first proof-of-principle for using mono-
synaptic rabies tracing to detect NMCs in our MFP. Therefore, our MFP 
and rabies tracing system make it possible to model human NMCs for 
medium-throughput applications. 

2. Materials and methods 

2.1. Master fabrication 

The master used for the fabrication of the microfluidic platforms 
includes structures with different heights, exactly 100 lines with a 
height of 3 μm, width of 6 μm and length of 900 μm connecting two 
squared pillars with a height of 400 μm and side of 3.5 mm. 

The master was produced by a multi photolithography process using 
photoresists with different viscosity to create two layers with different 
heights. The first layer of SU8 3025 diluted in thinner (1:1 w/w) was 
spin coated at 6000 rpm for 30 s on a 4” silicon wafer and then exposed 

to UV light (200 mJ/cm2) through a chromium mask containing both 
the chambers and channels geometry. After post baking, a second layer 
of SU8 2150 was spin coated on top of the first layer at 1000 rpm for 
30 s. By using a mask aligner (EVG 620 UV-NIL and μCP tools) the 
structures on the first layer were aligned with a photo mask containing 
only the chambers geometry and exposed to UV light (400 mJ/cm2). 
After baking, the photoresist was developed in Mr600 Developer for 
10 min. 

2.2. PDMS replica molding 

The structures from the master were replicated on PDMS by soft 
lithography process. The base (Sylgard 184) and curing agent were 
mixed in ratio 10:1 (w/w), degassed, poured on the master surface and 
polymerized in an oven at 75 °C for 1.5 h. The cured PDMS replica was 
peeled off the master surface and the features corresponding to wells 
were punched out with a 3.5 mm biopsy punch. 

2.3. PLO coating and PLO-PDMS device 

In order to achieve the PLO coating on glass coverslip, first it was 
cleaned with ethanol and acetone by sonication. The cleaned glass 
coverslip was incubated in 30% PLO commercial stock (Sigma P4957, 
in PBS) at 37 °C in a 5% CO2 incubator overnight. After the incubation, 
the coverslip was washed with sterile water and was dried and sterilized 
under UV for 20 min. The punched PDMS replica was cleaned with 
water followed by ethanol under sonication and then air-dried. It was 
incubated in DMEM/F-12 and Neurobasal medium (1:1) supplemented 
with 100 μg/ml penicillin-streptomycin (Biochrom) and 2 mM L-gluta-
mine (Biochrom) (PSG), N2 and B27 supplement (N2B27, Thermo 
Fisher) at 37 °C in a 5% CO2 incubator for two days. After the incuba-
tion, the PDMS replicas were washed under sonication with sterile 
water and dried and sterilized under UV for 20 min. The dried PDMS 
replica was placed and gently pressed on the PLO-coated glass cover-
slip. Subsequently, Laminin (5 μg/ml, LN521, biolamina) (PLO- 
Laminin), was applied inside the chambers. The prepared assembly was 
placed under desiccation to remove air bubbles from the micro-chan-
nels. Afterward, the assembly was incubated at 37 °C for 2 h or at room 
temperature overnight. 

2.4. PEMA coating 

In order to coat glass cover slips with PEMA, they were first cleaned 
using ultrasonication for 30 min in milliQ H20 and ethanol (Fisher 
Chemicals). Subsequently, cover slips were cleaned with RCA solution 
(volume ratio = milliQ H20: H202 (35%, AppliChem): NH3 (28–30 wt%, 
Acros Organics) = 5 : 1: 1) for 10 min at 70 °C, rinsed with milliQ and 
dried with N2-gas. Silanization was performed by incubating cover slips 
for 2 h in 20 mM 3-Aminopropyltriethoxysilane in isopropanol/water 
(9:1) (M = 221 g/mol). Subsequently, cover slips were rinsed in iso-
propanol and dried with N2-gas. After further drying the cover slips at 
120 °C for 1 h, they were spin-coated with PEMA copolymer solution 
(0.3 wt% PE-MSA (Sigma, M = 125,000) in acetone (Fisher Chemicals): 
Tetrahydrofurane (Acros) = 1 : 2, filtered) for 30 s at 4000 rpm 
(1500 rpm/s). The spin-coated slides were incubated for 2 h at 120 °C. 
To remove excess polymer, slides were immersed for 15 min, rinsed 
using acetone and dried at 120 °C. 

2.5. PEMA-PDMS device bonding 

The punched PDMS replica (with structures facing up) was treated 
with oxygen plasma (200 W, 30 s) and immediately used for silaniza-
tion process by APTES under desiccation for 1 h. Meanwhile, the PEMA- 
coated glass coverslip was annealed at 120 °C on a hot-plate. The sila-
nized PDMS replica was placed (with structures facing down) on an 
annealed PEMA-coated coverslip and pressed gently. The assembly was 
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allowed to bond at 120 °C on a hot-plate for 2 h with approximately 
650 g of weight on top of the assembly. Afterward, the PEMA-PDMS 
bonded device was treated with air plasma (50 W, 120 s) to render the 
micro-channels hydrophilic in order to facilitate the filling of the 
channels with cyclo(Arg-Ala-Asp-D-Tyr-Lys) (cRGD) (Peptides 
International, 50 μg/ml) in borat buffer (pH = 8) (PEMA-cRGD- 
Laminin) or BME (biotechne, 12–18 μg/ml) (PEMA-BME). PEMA-BME 
MFPs were incubated at room temperature overnight. PEMA-cRGD- 
Laminin MFPs were washed after 2 h incubation at room temperature 
and incubated with Laminin overnight. Laminin and BME were washed 
two times with PBS before plating the cells. 

2.6. Preparation of the glass cover slips 

Glass cover slips were cleaned in ethanol, washed two times with 
sterile water and incubated under UV for 20 min. Afterward, they were 
incubated at room temperature over night with Laminin (Laminin) or 
BME (BME). Glass cover slips with PLO functionalization were coated 
with PLO as described above, incubated at room temperature over night 
with Laminin (PLO-Laminin), BME (PLO-BME) or PBS (PLO). PEMA 
glass cover slips were prepared as described above. After heat activa-
tion at 120 °C in a dry-oven, PEMA slides were cooled and subsequently 
incubated with Laminin (PEMA-Laminin) or BME (PEMA-BME) over-
night at room temperature, or with cRGD for 2 h at room temperature. 
cRGD was washed off after incubation using PBS. PEMA-cRGD-Laminin 
slides were then incubated with Laminin overnight at room tempera-
ture. Glass cover slips were applied inside a 12-well culture plate before 
seeding the cells. 

2.7. Differentiation of motor neurons 

iPSCs used in this project were previously generated and char-
acterized [18]. For the derivation of MNPs, iPSCs were cultured on a 6- 
well plate until they reached 80% confluency. The cells were incubated 
with collagenase IV at 37 °C. Pieces of colonies were collected by se-
dimentation and resuspended in hESC medium (KO-DMEM supple-
mented with 20% serum replacement, PSG, 1% non-essential amino 
acids and 0.1 mM β-mercaptoethanol) supplemented with 200 μM as-
corbic acid (AA, Sigma), 3 μM CHIR99021 (CHIR, Axon), 0.5 μM dor-
somorphin (Selleck Chem), 10 μM SB-431542 (SB, Biomol) and 5 μM Y- 
27632 dihydrochloride (Y, Abcam) and plated in a 10 cm petri dish. 
After four days, medium was replaced with N2B27 supplemented with 
200 μM AA, 3 μM CHIR, 0.5 μM purmorphamine (PMA, Cayman), 
0.1 μM retinoic acid (RA, Sigma), 2 μM SB (Cayman), 2 μM DMH-1 
(Tocris) and maintained for another two days. The embryoid bodiess 
formed in the suspension culture were disaggregated and plated on 
Matrigel (Corning) coated 12-well dishes. After four to six days, 
medium was replaced by motor neuron precursor cell medium (MNP 
medium) which additionally contained 0.5 mM valproic acid (VPA, 
Cayman). Motor neuron precursor cells (MNPs) were plated at a density 
of 3 × 105 cells on a 12-well plate and cultured in N2B27 supplemented 
with 200 μM AA, 1 μM RA, 2 pg/μl glia-derived growth factor (GD, 
Peptrotech), 1 pg/μl brain-derived growth factor (BD, Peprotech) and 
0.5 μM smoothened agonist (Biomol) for six days. Afterward, medium 
was exchanged to maturation medium (MAT) consisting of N2B27 
supplemented with 200 μM AA, 0.1 mM dibutyryl cyclic-AMP sodium 
salt (Sigma), 1.5 pg/μl transforming growth factor beta 3 (Peprotech), 
4 pg/μl GD, 2 pg/μl BD and 5 pg/μl activin A (aA, eBioscience). After 
48 h, pre-differentiated MNs were replated inside the MFP 
(6 × 104 cells) or onto 24-mm glass cover slips (5 × 105 cells). MNs 
were matured by changing MAT without aA and with 0.1 μM γ-secre-
tase inhibitor (compound E, Merck) every second day. 

2.8. Differentiation of skeletal myotubes 

iPSC-derived myoblasts (MBs) were obtained from the laboratory of 

April Pyle (UCLA, USA), using a protocol previously described [19]. In 
brief, iPSCs (S21 line) were directed to differentiate for 50 days and 
myogenic progenitor cells enriched by flow cytometry using cell surface 
markers HNK1-ERBB3+NGFR+. iPSC MBs were then maintained in 
SkBM-2 supplemented with 20 ng/ml human fibroblast growth factor 2 
(Peprotech). For differentiation into skeletal myotubes, MBs were 
plated into the MFP (1 × 104 cells) or onto glass cover slips inside a 12- 
well plate. After 1 day, they achieved 70–80% confluency and were 
then cultured in DMEM-F12 (Thermo Fisher) supplemented with N2 
supplement (1:100, Thermo Fisher), ITS-G (Thermo Fisher), insulin-like 
growth factor 10 ng/ml (Peptrotech), 10 μM SB and PSG. Six days later, 
the medium was supplemented with 10% FBS (Thermo Fisher), 100 ng/ 
ml recombinant rat agrin (R&D), 4 pg/μl GD (PeproTech). 

2.9. Immunocytochemistry 

Cells were fixed for 20 min at room temperature in 4% paraf-
ormaldehyde in PBS. Permeabilization and blocking of nonspecific 
epitopes was performed simultaneously using 0.1% Triton X-100, 1% 
BSA and 10% FBS in PBS for 45 min. Subsequently, the primary anti-
bodies (mouse anti tubulin beta 3 (TUBB3) (1:1000, Covance), mono-
clonal Anti-Myosin (MY-32) (1:500, Sigma), microtubule-associated 
protein 2 (MAP2) (1:5000, Abcam), neurofilament heavy polypeptide 
(SMI-32) (1:500, Millipore), choline Acetyltransferase (CHAT) (1:400, 
Millipore), Islet-1 (1:1500, Abcam), titin (T11) (1:1000, Bio-Techne), 
sarcomeric alpha Actinin antibody (EA-53) (1:200, GeneTex) were ap-
plied overnight at 4 °C in 0.1% BSA in PBS. The next day, the cells were 
washed with 0.1% BSA in PBS and incubated with the secondary an-
tibody for 1 h at room temperature. Conjugated bungarotoxin (α- 
Bungarotoxin, CF®640R, biotium, 1:500) was included in the secondary 
antibody incubation step. Finally, cells were washed three times with 
0.1% BSA in PBS-T (0.005% Tween-20), including Hoechst counter-
staining for nuclei in the second washing step. Cells were imaged either 
with a Zeiss ApoTome or a laser scanning confocal microscope (Zeiss 
LSM780/FCS) and, if necessary, pictures from individual channels were 
merged using Fiji. 

2.10. Axonal outgrowth 

MNs were seeded inside one compartment of the MFP and channel 
exits of the opposed compartment were captured every 12 h using the 
IncuCyte live cell imaging system. Neurite outgrowth was quantified 
using the neurite analysis assay on phase contrast images provided by 
the IncuCyte NeuroTrack Software Module or by counting the number 
of neurites per frame. Time of axonal outgrowth was measured by 
monitoring microchannel exits of the peripheral compartment daily and 
noting down at which day the first axons grew through the micro- 
channels. 

2.11. RNA isolation and qPCR analysis 

RNA samples were harvested using the NucleoSpin RNA kit 
(Macherny Nagel) according to the manufacturer's instructions. 
Complementary DNA was produced by reverse transcription using M- 
MLV RT (Promega). Quantitative polymerase chain reaction (qPCR) 
was performed using iTaq Universal SYBR Green mix (Biorad) and 
primer at a concentration of 2.5 μM (MYH-8 fw ACATTACTGGCTGGC 
TGGAC, hMYH-8 rev TTCGCGCTGCTATCTGCTTC; MYOG fw CCAGC 
GAATGCAGCTCTCAC, MYG rev GCAGATGATCCCCTGGGTTG; ACTA1 
fw AAGATCAAGATCATCGCCCCG, ACTA1 rev CCTCGTCGTACTCCTG 
CTTG; GAPDH fw CTCCTGTTCGACAGTCAGCC, GAPDH rev ACCAAA 
TCCGTTGACTCCGAC; HPRT1 fw CCCTGGCGTCGTGATTAGTG, HPRT1 
rev TCGAGCAAGACGTTCAGTCC) using the Lightcycler 480 (Roche). 
Cycling conditions were set as follows: denaturation for 10 min at 95 °C, 
40 cycles alternating 15 s at 95 °C and 60 s at 60 °C of 15 s. Crossing 
points were determined by LightCycler 480 software. Relative 
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expression levels were quantified using the 2−2Δ method and normal-
ized to housekeeping genes glycerinaldehyd-3-phosphat-dehydrogenase 
(GAPDH) and Hypoxanthine-Phosphoribosyl-Transferase 1 (HPRT1) 
and to the undifferentiated MBs. 

2.12. Optogenetics 

Optogenetic competent skeletal myotubes and MNs were derived by 
infecting them with pLV- EF1α-ChR2-EYFP (plasmid backbone 
pLV_TRET_hNgn2_UBC_Puro was a gift from Ron Weiss (Addgene 
plasmid # 61,474) [20] and the EF1α promoter as well as ChR2-EYFP 
were taken from pAAV-EF1a-double floxed-hChR2(H134R)-EYFP- 
WPRE-HGHpA, a gift from Karl Deisseroth (Addgene plasmid # 
20,298)) and pLenti-hSyn-CatCh-EYFP-UBC-puro (the plasmid back-
bone was a gift from Karl Deisseroth (Addgene plasmid # 26,775) [21], 
CatCh-EYFP [22], a kind gift of Ernst Bamberg and the UBC-puro cas-
sette [20] was a gift from Ron Weiss (Addgene plasmid # 61,474)), 
respectively. After 10 days, cells were used for optogenetic stimulation. 
Myotubes were stimulated using blue light pulses (475 nm) of 20 ms at 
a frequency of 0.2 Hz. To detect functional NMCs, MNs were stimulated 
using blue light pulses (475 nm) of 200 ms at a frequency of 0.2 Hz. 
Cells were video captured while recording using a Zeiss Axiovert 200 
4D-System. Videos were processed using Metamorph and Fiji and 
contraction was quantified by change in pixel as a result of muscle 
movement. 

2.13. Generation of the myoblast starter cells 

The construct for the generation of the starter population was pur-
chased from Addgene (number 30,195) and the human Synapsin pro-
motor was replaced by the human Elongation factor-1 alpha (hEF1α) 
promotor. The plasmid was transfected into HEK293T cells together 
with VSVG and Gag/Pol vector (provided by the Calegari group, CRTD, 
Germany). Supernatant was harvested after 48 and 96 h and con-
centrated by ultracentrifugation at 32,500 rpm for 3 h 30 min and re-
suspended in PBS. MBs were infected and sorted against green fluor-
escent protein (GFP) using the BD FACS AriaIII. 

2.14. RABVΔG-mCherry production and infection of myoblast starter cells 

ENVA pseudotyped RABVΔG-mCherry was produced according to 
Osakada and Callaway [23] using the pSADdeltaG-mCherry vector 
(Addgene, 32,636). Production cell lines were provided by John 
Naughton (Salk Institute, USA). The protocol was stopped after step 60 
and the virus was concentrated via ultracentrifugation only once at 
32.500 rpm for 3 h 30 min. Tittering was performed using TVA-ex-
pressing HEK293T cells (provided by John Naughton at the Salk In-
stitute, USA) as described [23]. Titers were 2–3x107 TU/ml and the 
myotube starter population was infected by adding 0.5 μl pseudotyped 
virus to the peripheral compartment. 

2.15. Image analysis 

To assess the adhesion time on glass cover slips with different 
substrates, MNs or myotubes were monitored daily using a cell culture 
microscope and the day of detachment was noted for each condition. 
Detachment experiments were stopped after 21 days of culturing and 
repeated three times. The adhesion time of the three replicates was 
averaged. Glass cover slips were immunostained with MY-32 and 
TUBB3. Images were captured and analyzed regarding cluster size, 
axonal growth and number of myotubes. Cluster size of MN cultures 
was determined by measuring the diameter of the MN clusters using 
ImageJ. Axonal growth was evaluated by measuring the percentage 
area of TUBB3 positive neurites using Fiji. Numbers of myotubes were 
generated by counting MY-32 positive myotubes per image. 

2.16. Electrophysiology 

Standard MEA chambers (60MEA200/30iR-Ti-gr, Multichannel 
Systems) were coated with Poly-D-lysine (PDL, 1 mg/ml stock, 50 μl per 
electrode area) and incubated overnight at 37 °C. The arrays were 
washed three times with sterile ddH2O and dried. Laminin (5 μg/ml, 
LN521, biolamina) was added to the electrode area (50 μl) and in-
cubated overnight at room temperature. After eight days differentia-
tion, MNs were dissociated with Accutase seeded on each MEA chip 
(200,000 cells per MEA in total). The cells were cultured in conditional 
medium including 75% N2B27 supplemented with 200 μM AA, 0.1 mM 
dibutyryl cyclic-AMP sodium salt (Sigma), 1.5 pg/μl transforming 
growth factor beta 3 (Peprotech), 4 pg/μl GD, 2 pg/μl BD and 5 pg/μl 
activin A (aA, eBioscience) and 25% astrocyte medium (DMEM plus N2 
Supplement, 10% One Shot™ Fetal Bovine Serum and 1% penicillin- 
streptomycin) collected from cultured rat primary cortical astrocytes. 
Half of the media was exchanged weekly with fresh media. Spontaneous 
neural network activities of motor neurons were recorded by using 
MEA1060-Inv-BC (sampling rate 25 K Hz) and software user interface 
(MC_Rack) provided by Micro Channel Systems (MCS). The sponta-
neous activities of the differentiated motor neural networks were col-
lected 15 and 18 days after replating. To be sure about spontaneous 
action potentials generated from MNs, spontaneous electrical activities 
were evaluated in the presence of 1 μM TTX (abcam). Additionally, the 
neuronal action potentials were recorded after washing out TTX. 
Recorded data were replayed, and filtered (Butterworth 2nd order, high 
pass filter cut-off at 100 Hz) and timestamps of the action potential 
were detected by a negative threshold (−5 standard deviation of the 
peak-to-peak noise). The shape and timing of the action potential were 
also considered in this analysis. The definition of active electrodes in 
the analysis was the electrodes that recorded more than three action 
potentials per minute (0.05 Hz). The average spike frequency (action 
potentials per second) was measured. Action potential frequency dif-
ferences under different conditions were statically tested for sig-
nificance (Student's t-test). For all analyses, p  <  0.05 was considered 
as significant. 

2.17. PEMA-MFP characterization 

The bonding strength was tested by activating a pressure-driven 
flow inside the MFP micro-channels by using the Fluigent MFCS™-EX 
microfluidic controller. One vial containing dH2O was connected to one 
of the MFP chambers via FEP tubing (I.D. 250 μm, O.D. 1.5 mm, 
Postnova Analytics GmbH, Germany) and an in-line flow sensor was 
included between the vial and the MFP chamber (Fluigent Flow Unit 
M). The flow, through the tubing towards the MFP, was activated by 
pressurizing the liquid inside the vial via the microfluidic controller and 
the corresponding flow rate was measured through the flow sensor. The 
pressure was increased in magnitude of 10 mbar with a lag time of 
5 min until it reached the critical pressure (Pc), at which delamination 
of PDMS from the PEMA-coated cover slip was observed under inverted 
microscope (Zeiss, Axio Observer. A1). The MFP was treated with air 
plasma (120 s, 50 W) to favor spontaneous capillary motion of the li-
quids inside the micro-channels. After plasma treatment, one of the 
MFP wells was filled, pipetting 40 μl of dH2O, and the penetration dy-
namics inside the micro-channels was recorded at 1000 fps by using an 
inverted microscope (Zeiss, Axio Observer. A1) equipped with a fast 
camera (Mikroton, EoSens CL 1362). The recorded video was analyzed 
by Fiji to reconstruct the penetration dynamics, measuring the length 
covered by the liquid, z, with time inside the MFP micro-channels. The 
experimental data reported in Fig. 6E were fitted by using the Lucas- 
Washburn equation (z = A∙(time)0.5), which is usually employed to de-
scribe the advancement motion of a fluid front in a capillary [24]. 
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Fig. 1. Derivation of MNs and skeletal myotubes from iPSCs (A) Schematic of MN differentiation protocol. MNPs = motor neuron progenitors. (B) Immunostaining of 
iPSC-derived MNs for the neuronal markers MAP2 and TUBB3 and the MN markers CHAT, SMI-32 and Islet-1. Scale bar = 50 μm. (C) Quantification of MN differ-
entiation efficiency using Islet-1 immunostaining. n = 3. Error bars show SEM. (D) Multi-electrode array recording of MNs showing spontaneous activity (base line), 
which can be blocked using 1 μM tetrodotoxin (TTX) treatment and recovered by washing out (E) Quantification of action potential frequency shows significant effect of 
TTX, which proves electrical activity of neurons. (F) Schematic of skeletal myotube differentiation protocol. Bars indicated SEM. ** and *** indicate p  <  0.01 and 
0.001, respectively, according to t-test. (G) Quantitative RT-PCR showing increased expression of the indicated skeletal myotube markers. Bars indicated SEM. * and ** 
indicate p  <  0.05 and 0.01, respectively, according to one-way ANOVA and Dunnett's multiple comparisons test. (H) Myotube contraction after contraction optogenetic 
stimulation using ChR2-EYFP with 20 ms blue light pulses (475 nm) at 0.2 Hz. (I) Skeletal myotubes differentiated from myoblasts show skeletal muscle marker 
expression (MY-32, titin, α-actinin) and striation. Scale bar = 25 μm. (J) Skeletal myotubes display acetylcholine receptor clusters visualized with fluorescently 
conjugated α-bungarotoxin (BTX). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3. Results 

3.1. Differentiation of iPSCs into functional MNs and myotubes 

To model the CNS component of the NMC, we derived MNs from 
iPSCs via expandable motor neuron precursors (MNPs) (Fig. 1A). MNs 
displayed expression of the neuronal markers, TUBB3 and MAP2 as well 
as the MN marker CHAT and SMI-32 (Fig. 1B). MNs differentiated into 
Islet-1-positive MNs with an efficiency of approximately 50% (Fig. 1B 
and C). Multielectrode array analysis demonstrated that MNs sponta-
neously fired action potentials (Fig. 1D and E), demonstrating that they 
were electrophysiologically functional. 

Next, skeletal myotubes were differentiated from iPSC-derived 
myoblast cells. After an initial induction phase, myotubes were matured 
in the presence of FBS, Agrin, and GDNF (Fig. 1F). After 8 days, 
quantitative RT-PCR showed that myotubes expressed the skeletal 
muscle markers MYH8, MYOG and ACTA1 (Fig. 1G). Culturing for 21 
days resulted in myotubes that could be stimulated to contract using 
optogenetics (Fig. 1H). Immunostaining confirmed expression of fast 
myosin skeletal heavy chain (MY-32), titin and skeletal α-actinin, 
which showed patterns of striation (Fig. 1I), and α-Bungarotoxin (BTX) 
staining identified formation of dense acetylcholine receptor clusters 
(Fig. 1J). These results demonstrate the formation of terminal differ-
entiated skeletal myotubes. 

3.2. Designing a medium-throughput MFP 

Since the NMC consists of two different compartments, the CNS and 
the peripheral skeletal muscle, we designed and manufactured an MFP 
with two compartments interconnected by 100 micro-channels 
(Fig. 2A). The micro-channels had lengths of 900 μm (Fig. 2B), which 
were shown to exclusively allow axonal growth into the separated 
compartment [9]. By plating MN somas in one compartment and 
myotubes in the other compartment, it is possible to generate a min-
iature NMC with MN somas in a compartment representing the CNS and 
the peripheral myotube compartment representing the periphery 
(Fig. 2A). The MFP is made up of 126 experimental units in a 384-well 
microtiter format (Fig. 2A), facilitating the usage of liquid handling 
devices and automated imaging systems. Each MFP was prepared by 
curing PDMS on a photoresist master, peeling it off, punching holes and 
attaching it against a glass cover slip (Fig. 2B). 

3.3. Coating with poly-l-ornithine (PLO)-Laminin is not sufficient for 
culturing iPSC-derived myotubes 

To model the CNS component of an NMC, we assembled the MFP 
using a PLO-Laminin coated glass cover slip, and iPSC-derived MNs 
were applied to the CNS compartment (Fig. 3A). Axonal outgrowth was 
tracked inside the peripheral compartment. After 12 days, MFPs were 
immunostained for the neuronal-specific marker β3-tubulin (TUBB3), 
showing that MNs effectively attached inside the CNS compartment of 
the MFP (Fig. 3B). Furthermore, live-cell imaging demonstrated that 
axons extended into the peripheral compartment four days after plating 
the dissociated MNs into the MFP (Fig. 3C). Axonal growth was con-
tinuous for at least 10 days (Fig. 3C). Therefore, we could show that our 
PLO-Laminin coated MFP is sufficient for culturing MNs inside the CNS 
compartment and that these neurons can access the peripheral com-
partment. 

To generate a model of an NMC, iPSC-derived myoblast cells were 
seeded and differentiated in the peripheral compartment. However, 
differentiating cells started detaching from the PLO-Laminin coating 
after only five days (Fig. 3D), which is not enough time for a co-culture 
to form an NMC [11,25]. 

As MB-derived myotubes are generally cultured on Matrigel-coated 
plastic dishes [19], we tested different surface coatings on glass cover 
slips to identify a coating compatible with culturing both MNs and 

myotubes. As positive controls, myotubes and MNs were cultured on 
glass cover slips coated with basal membrane extract (BME), a Matrigel 
replacement, and PLO-Laminin, respectively. As negative controls, cells 
were cultured on untreated glass cover slips. Unfortunately, myotubes 
detached from all conditions using PLO-functionalized glass (Fig. 3D). 
Although myotubes attached to BME as well as to Laminin alone 
(Fig. 3D), MNs did not (Fig. 3E). Instead, MNs showed prominent 
clustering (Fig. 3F and G). The cluster diameter of MNs cultured on 
BME and Laminin was significantly larger in comparison to the pre-
viously used PLO-Laminin coating (Fig. 3F), demonstrating that MNs 
prefer to attach to each other instead of the substrate [26]. Therefore, 
an alternative substrate is needed to culture both MNs and myotubes in 
our MFPs. 

3.4. PEMA coated glass slides are suitable for culturing human MNs and 
myotubes 

The properties of maleic anhydride copolymers are ideal for func-
tionalizing glass surfaces for cell culture because they can be covalently 
bound to glass surfaces as well as amino-terminated molecules such as 
lysine or the N-terminus of proteins. For this reason, maleic anhydride 
copolymers have previously been used to create customized extra-
cellular matrix (ECM) microenvironments [27–29]. We hypothesized 
that functionalization of the glass surface inside the MFP could be used 
for culturing MNs as well as myotubes. 

PDMS presents a hydrophobic surface and wetting of the micro- 
channels requires a hydrophilic environment. Thus, more commonly 
used maleic anhydride copolymers, such as poly(maleic anhydride-alt- 
1-octadecene), were ruled out due to their hydrophobic behavior re-
sulting from long alkyl chains. The short ethylene unit of PEMA renders 
the copolymer water soluble [27]. Therefore, PEMA functionalization 
was used to create MFPs compatible with culturing MNs and myotubes. 

Since PEMA can reactively bind to a variety of proteins, we tested 
different substrates using both myotubes and MNs, including PEMA- 
BME, PEMA-Laminin, PEMA-cyclic RGD, and PEMA-cRGD-Laminin. As 
positive controls, myotubes and MNs were cultured on BME and PLO- 
Laminin, respectively. Untreated PEMA functionalized glass was used 
as a negative control. After 21 days of cultivation, MNs and myotubes 
adhered to all substrates except PEMA-cRGD and untreated PEMA glass 
slides (Fig. 4A–C and E). The number of myotubes on PEMA-BME, 
PEMA-Laminin, and PEMA-cRGD-Laminin were similar to BME, the 
positive control (Fig. 4C and F). Skeletal myotubes showed patterns of 
striation for all conditions, indicating maturation (Fig. 4D). However, 
when cultured on PEMA-Laminin slides, MNs formed significantly 
larger clusters compared to the standard coating, PLO-laminin, de-
monstrating that MNs adhere poorly to PEMA-Laminin (Fig. 4E and G). 
Immunostaining for TUBB3 showed that axonal growth was impaired 
on PEMA-cRGD coated slides compared to PLO-Laminin (Fig. 4H). Since 
axonal outgrowth is critical for MNs to innervate myotubes in the ad-
jacent chamber, PEMA-cRGD was excluded from future use. PEMA-BME 
and PEMA-cRGD-Laminin gave the best results for MN attachment and 
axonal outgrowth. We also found that C2C12-derived myotubes at-
tached when using PEMA-BME, PEMA-cRGD and PEMA-cRGD-Laminin 
functionalized glass, demonstrating the robustness of our approach 
(Fig. S1). Taken together, these results demonstrate that MNs as well as 
myotubes can be cultured on PEMA-BME and PEMA-cRGD-Laminin 
functionalized glass cover slips. Thus, PEMA-BME and PEMA-cRGD- 
Laminin were selected for further development of our MFP. 

3.5. PEMA MFP device preparation using PDMS silanization and plasma 
treatment 

Next, we aimed to incorporate the PEMA copolymer surface inside 
our MFP. At first, a reversible sealing based on the conformal contact of 
the PDMS replica [30] on a PEMA-coated cover slip was used. The 
conformal contact between the PDMS and PEMA-coated cover slip was 
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not enough to confine cell and axon growth respectively inside the 
chambers and micro-channels. Cells were able to grow at the PDMS/ 
PEMA interface delaminating the device with a consequent leakage of 
the culture medium (Fig. 5B, left). 

Hence, it was necessary to attain an irreversible seal between the 
covalent bonding of PEMA and PDMS. To enable it, primary amino 
groups are required at the PDMS surface. Modification of the PDMS 
surface using plasma treatment, followed by silanization was shown to 
create primary amino functional groups on the PDMS surface [31,32]. 
We silanized the PDMS device using APTES and heat activated the 
PEMA coated glass slides before assembly. In this way primary amino 
groups of the PDMS react with the anhydride groups of the PEMA co-
polymer, forming imide bonds [32]. Bonding strength between sila-
nized PDMS and PEMA was characterized by connecting the MFP to a 
microfluidic pressure controller in order to activate pressure-driven 
flow of dH2O inside the micro-channels. The pressure was varied be-
tween 50 and 730 mbar. Initially, a pressure of 50 mbar was applied to 
fill the chamber. For 50 mbar  <  P  <  100 mbar, the flow rate did not 
vary and the liquid was not able to enter the micro-channels due to the 
capillarity backpressure (Pb). For Pb = 100 mbar  <  P  <  700 mbar, the 
liquid started to move into the channels with a gradual increase of the 

flow rate from 0.2 μl/min up to 1.2 μl/min (Fig. 5A). For P = 700 mbar, 
the device started to delaminate after 80 s with a drastic increase of the 
flow rate (Fig. 5C). After the irreversible sealing of the MFP the MBs 
were seeded and we observed that, as expected, cell growth was re-
stricted to the respective compartment (Fig. 5B, right). However, when 
applying solution inside the chambers, we did not detect spontaneous 
filling of the micro-channels as previously found for the PLO functio-
nalized MFP (Fig. 5D, left panel). The small size of the channels 
(width = 6 μm, height = 3 μm) and the hydrophobic nature of PDMS in 
combination with the less hydrophilic PEMA surface compared to glass 
surface, disfavored the spontaneous penetration of the liquid with a 
capillarity backpressure. The capillarity pressure is expressed by the 
Young-Laplace equation, namely Pb = 2σcos(ϑ)/R, where σ is the sur-
face tension of the liquid, ϑ the effective contact angle and R the hy-
draulic radius [33]. For our hybrid micro-channel geometry, char-
acterized by three PDMS walls (ϑPDMS ≈ 115°) [34] and one PEMA wall 
(ϑPEMA ≈ 57°) [35], cos(ϑ)  <  0, the liquid cannot penetrate in the 
channel. In order to coat the PEMA surface in the micro-channel region 
of the MFP, it is necessary to make the PDMS walls of the microchannel 
hydrophilic in order to apply BME and cRGD inside the micro-channel. 
Plasma treatment can be used to change the PDMS wettability after the 

Fig. 2. Microfluidic platform for modeling NMCs (A) Schematic of MFP design, including 126 experimental units each with two chambers. (B) The MFP is manu-
factured by polymerizing PDMS on a photoresist master, punching to access chambers, and assembled with a glass cover slip. 
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MFP sealing [36], enabling easy filling of the micro-channel, without 
using an external pump system (Fig. 6C, right panel). We found that air 
plasma treatment (50 W) for 120 s is sufficient to achieve proper 
channel filling (Fig. 5D and E). The liquid pipetted in the MFP chamber 
filled the micro-channels in about 25 ms, with penetration dynamics in 
good agreement with the Lucas Washburn equation (Fig. 5E) [24]. By 
silanization of the PDMS and plasma treatment of the assembled device, 
we are now able to use PEMA-functionalized glass surfaces inside the 
MFP (Fig. 5F). 

3.6. Formation of human NMCs using our MFP 

To form NMCs within the MFP, MNs must extend their axons 
through the micro-channels to the peripheral compartment. For this 
reason, we evaluated axonal growth through the micro-channels of the 
PEMA-BME and PEMA-cRGD-Laminin coated MFPs. iPSC-derived MNs 
were plated in one chamber of the MFP, and immunostaining for 
TUBB3 was used to quantify axons exiting into the peripheral com-
partment. When cultured in MFPs with PEMA-cRGD-Laminin, MN ax-
onal outgrowth was significantly slower than in MFPs with PEMA-BME 

Fig. 3. Motor neurons and skeletal myotubes have different adhesion requirements (A) Schematic of the CNS compartment inside one experimental unit of the MFP. 
(B) Immunostaining for TUBB3 of MNs inside the CNS compartment. Scale bar = 100 μm. Axons enter the micro-channels towards the peripheral compartment. Scale 
bar = 25 μm. (C) Axons of MNs exit the micro-channels into the peripheral compartment four days (4Ds) after plating in the CNS compartment. Scale bar = 50 μm. 
(D–E) Number of days that (D) skeletal myotubes and (E) MNs were attached on glass cover slips functionalized as indicated. (F) Size of clusters formed by MNs in 
MFPs using glass cover slips functionalized as indicated. Bars in all graphs indicate SEM. Green bars indicate the positive control condition. Black bars indicate 
coatings resulting in cell detachment. Blue bars indicate conditions selected for further testing. * and ** indicate p  <  0.05 and 0.01, respectively, according to 
ordinary one-way ANOVA and Dunnett's multiple comparisons test. (G) Immunostaining for TUBB3 of MNs in the CNS compartment using the indicated condition. 
Scale bar = 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. PEMA-BME and PEMA-cRGD-Laminin are suitable coatings for culturing MNs and skeletal myotubes (A–B) Quantification of how long (A) myotubes and (B) 
MNs were attached when cultured as indicated. (C–D) Immunostaining of (C) myotubes for MY-32 (MyHC) (scale bar = 100 μm), which marks skeletal muscle, and 
(D) titin and α-actinin (scale bar = 25 μm) which marks sarcomeres which were cultured on glass cover slips functionalized as indicated. (E) Immunostaining of MNs 
for TUBB3, which were cultured on glass cover slips functionalized as indicated. Scale bar = 100 μm. (F) Quantification of myotubes after 21 days of culture as 
indicated. (G–H) Quantification of (G) cluster size and (H) axonal growth of MNs when cultured as indicated. Bars in all graphs indicate SEM. Green bars indicate the 
positive control condition. Black bars indicate coatings resulting in cell detachment. Blue bars indicate conditions selected for further testing. * and **** indicate 
p  <  0.05 and 0.0001, respectively, according to ordinary one-way ANOVA and Dunnett's multiple comparisons test. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 6A). Furthermore, we could show that PEMA-cRGD-Laminin 
coated MFPs showed a significantly lower number of axons exiting the 
micro-channels compared to MFPs with PEMA-BME (Fig. 6B and C), 
suggesting impaired axonal growth inside the peripheral compartment. 
In contrast, using MFPs with PEMA-BME, we observed that MNs ex-
tended their axons into the peripheral compartment after only two to 
three days (Fig. 6A), which is comparable with MFPs coated with the 
positive control, PLO-Laminin (Fig. 3C). Therefore, we selected MFPs 
with PEMA-BME as the most suitable coating to model the NMCs. 

Next, we cultured both MNs and myotubes using the PEMA-BME 
coated MFP. Differentiated MNs were applied inside the CNS com-
partment of the MFP and MBs were plated in the peripheral compart-
ment to form myotubes. After co-culturing for 21 days, immunostaining 
demonstrated that TUBB3-positive MNs as well as MY-32 - positive 
myotubes were successfully attached, differentiated, and cultured in-
side the MFP (Fig. 6D). MNs extended their axons inside the opposed 

peripheral compartment, where they attached to myotubes (Fig. 6E), 
and immunostaining showed the accumulation of fluorescently con-
jugated bungarotoxin at the distal ends of SMI-32-positive MN axons 
(Fig. 6F), consistent with the formation of neuromuscular junctions. We 
detected muscle twitching when myotubes were co-cultured with MNs 
(Video S1). To validate the formation of functional NMCs in our MFP, a 
lentiviral vector was used to overexpress the ChR2 derivate CatCh [22] 
specifically in iPSC-derived MNs, which were co-cultured with myo-
tubes in our MFP (Fig. 6G). In response to the stimulation of MNs with 
200 ms pulses of blue light (475 nm) every 5 s (0.2 Hz), myotube con-
traction was observed (Fig. 6H). Control cells were recorded without 
stimulation (Fig. 6H). These data demonstrate that functional NMCs are 
formed in our MFP. 

Supplementary data related to this article can be found at https:// 
doi.org/10.1016/j.biomaterials.2019.119537. 

To assess NMCs formation in our MFP, we applied monosynaptic 

Fig. 5. PEMA MFP device preparation using PDMS silanization and plasma treatment (A) Flowrate (μl/min) inside the PEMA-PDMS device corresponding to the 
applied pressure (mbar). Pb indicates capillarity backpressure, the pressure required to fill the well. Pc indicates the critical pressure, the pressure at which the PDMS 
delaminates from the PEMA-coated cover slip. (B) Silanization of PDMS results in sufficient bonding to prevent cell growth between the compartments. (C) Flowrate 
(μl/min) inside the PEMA-PDMS device over the time period (s) at constant critical pressure (Pc) of 700 mbar. (D) Bright-field image of filling the micro-channels 
without (left) and with (right) air plasma treatment. (E) Covered length (z) for water penetration inside the air plasma treated micro-channels over a time period 
(ms). The solid red line is the best fit curve by z = A∙(time)0.5 [24]. Bars indicate SD. (F) Schematic of PEMA MFP preparation. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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tracing using a recombinant rabies virus (RABV) [37,38]. First, we 
generated an MB “starter” population, which expressed a histone- 
tagged GFP, the avian ASLV type A (EnvA) receptor (TVA), and rabies 
glycoprotein (G) (Fig. 7A and B). After co-culturing starter MBs and 
MNs for 12 days in the MFP, differentiated starter myotubes were in-
fected with an RABV deletion mutant, in which the gene coding for G is 
replaced by mCherry (RABVΔG-mCherry) (Fig. 7C). EnvA pseudotyped 
RABVΔG-mCherry requires TVA for infection, which is only expressed 
by the starter myotubes (Fig. 7C). Since the starter cells express the 
glycoprotein, RABVΔG-mCherry is genetically complemented, leading 
to the production of infectious RABVΔG-mCherry particles that enter 
MNs connected via a functional NMC (Fig. 7C). However, since MNs do 
not express G, no additional infectious virus is produced. After seven 
days, the CNS and peripheral chambers were imaged using confocal 
microscopy. We found that HTB - myotubes showed mCherry expres-
sion 3 days following infection with RABVΔG-mCherry-EnvA (Fig. 7D), 
demonstrating that the starter myotubes were successfully infected, and 
seven days following infection, most of the HTB-myotubes expressed 

the mCherry reporter (Fig. 7D and E). Furthermore, mCherry-positive 
and GFP-negative MNs were detected in close proximity to the micro- 
channels 5 days following infection of the starter myotubes (Fig. 7F), 
and the number of traced MNs was significantly increased at 7 days 
following infection (Fig. 7F and G). Although skeletal myotubes show 
already mCherry expression 3 days following infection, MNs did not, 
suggesting that mCherry-positive cells are a result of RABV tracing in-
stead of direct infection. To demonstrate that MNs are the result of 
tracing, pure MN cultures were exposed to RABVΔG-mCherry-EnvA 
particles and analyzed using flow cytometry. Similar to uninfected 
controls, no mCherry-positive cells were detected in MNs following 
exposure to RABVΔG-mCherry-EnvA particles (Fig. S2). To further va-
lidate that mCherry-positive MNs are a result of retrograde RABV 
transmission across neuromuscular junctions (NMJs), MNs were co- 
cultured with skeletal myotubes not expressing TVA, hisGFP and G 
(HTB-negative). As expected, no traced MN were detected when co- 
cultured with HTB-negative skeletal muscle cells (Fig. S2). This de-
monstrates the formation of an NMC in the CNS and peripheral 

Fig. 6. Formation of functional motor units using MFPs with PEMA-BME (A–B) Quantification of (A) days required for MN axons to grow through the micro-channels 
and (B) number of MN axons per image. Error bars indicate SEM. * and *** indicate p  <  0.05 and 0.001, respectively, according to unpaired T-test with Welch's 
correction. (C) Immunostaining for TUBB3 of MNs axons exiting the micro-channels when cultured as indicated. Scale bar = 50 μm. (D) Immunostaining of MNs and 
myotubes for TUBB3 and MY-32, respectively, when cultured in MFPs with PEMA-BME for 21 days. Scale bar = 50 μm. (E) Phase contrast image showing axons of 
MNs exiting micro-channels and attaching to myotubes in the peripheral compartment. (F) Immunostaining of neuromuscular junctions (NMJs) using the MN marker 
SMI-32 as well as fluorescently conjugated BTX, which labels acetylcholine receptors. Scale bar = 5 μm. (G) Schematic of optogenetic set up. MNs and myotubes 
were cultivated in the PEMA-BME MFP, and MNs were infected with a lentivirus carrying CatCh-EYFP under a Synapsin promotor (SynP). (H) 10 days after infection 
cultures were illuminated with 200 ms blue light (475 nm) pulses every 5 s (0.2 Hz). Contraction was quantified by change in pixel. Myotubes showed contraction in 
response to light pulses. Contraction was not recorded without stimulation. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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compartments of our MFP using PEMA-BME coating. This is the first 
time that monosynaptic RABV tracing was adapted and successfully 
used to detect NMCs, which can be used for disease modeling in com-
bination with our MFP. 

4. Discussion 

Degeneration of NMCs plays a critical role in multiple diseases, in-
cluding amyotrophic lateral sclerosis, spinal muscular atrophy, and 
Duchenne muscular dystrophy. NMCs can be used by pathogenic 
viruses to invade the CNS. Models of human NMCs are urgently needed 

to better understand pathogenesis of neuromuscular diseases as well as 
identify novel drugs to counteract disease progression, but this has been 
challenging because NMCs involve both CNS and peripheral compart-
ments. Although microfluidics can compartmentalize cell cultures, 
these devices have been limited to a single experimental unit, making 
their use in disease modeling and drug discovery extremely cumber-
some. Here, we report the development of a medium-throughput MFP 
that can generate up to 126 NMCs in parallel. In addition, the MFP is 
designed to be compatible with automated liquid handling and imaging 
systems, making it a suitable platform for compound screening. 

One of the critical challenges with generating in vitro 2D models of 

Fig. 7. Rabies tracing of NMCs using MFPs with PEMA-BME (A) The starter skeletal myotubes are derived by transfecting myoblast cells with the pBOB-hEF1α-HTB 
lentivector carrying the EnvA receptor (TVA), histone GFP (hisGFP), and the RABV G protein under the control of a hEF1α promotor followed by differentiation into 
skeletal myotubes. (B) The HTB-myotube starter population shows nuclear GFP and expresses the skeletal muscle marker MY-32. Scale bar = 50 μm. (C) Diagram of 
retrograde monosynaptic tracing inside the microfluidic platform. (D) Quantification of the mCherry-positive area within the peripheral compartment of 1700 μm (y) 
from the micro-channels for myotubes expressing the mCherry reporter. (E) mCherry-positive myotubes within the peripheral compartment seven days following 
infection. Scale bar of tile scan = 500 μm. Dashed square marks position of close up. Scale bar of close up = 100 μm. (F) Quantification of traced MNs, which are 
mCherry-positive, in an area of 725 μm (x) from the micro-channels. The greatest number of traced MNs were detected seven days following infecting the HTB- 
myotubes with RABVΔG-mCherry-EnvA. Error bars indicate standard error of the mean (SEM). ** indicates p  <  0.01, according to one-way ANOVA and Dunnett's 
multiple comparisons test. (G) mCherry-positive traced MNs in the CNS compartment seven days following infection. Scale bar of tile scan = 500 μm. Dashed square 
marks position of close up. Scale bar of close up = 100 μm. 
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NMCs is that myotubes delaminate before functional circuits can be 
efficiently formed. We overcame this issue by developing an MFP with a 
reactive polymer surface of the maleic anhydride PEMA. One of the 
major advantages of using PEMA inside the MFP is that it can be 
crosslinked to a variety of ECM substrates as well as growth factors to 
glass surfaces. Thus, PEMA functionalization can create a customized 
microenvironment for each cell type in the respective microfluidic 
compartment. We identified specific conditions, including PEMA-BME 
and PEMA-cRGD-Laminin, which enable long-term cultivation of MNs 
as well as myotubes in our MFPs. 

Maleic anhydride copolymers, such as PEMA, have never been used 
inside microfluidic systems. To achieve long-term NMC cultures inside a 
PEMA functionalized MFP, we had to address specific aspects of fabri-
cation, including bonding and surface chemistry inside the micro- 
channels. To obtain an irreversible seal between PEMA and PDMS, si-
lanization of PDMS was carried out using oxygen plasma treatment and 
APTES. We could show that functionalizing PDMS with primary amino 
groups by silanization enables sufficient bonding of PDMS and PEMA to 
prevent medium leakage and cell growth between the boundaries 
(Fig. 5A–C). It is crucial to be able to fill micro-channels in order to be 
able to use the MFP. Glass surfaces coated with PEMA are more hy-
drophobic, and, thus, spontaneous filling of the micro-channels with 
aqueous solution was prevented. We were able to overcome the ca-
pillarity backpressure by using air plasma treatment to maintain an 
overall balance of surface tensions that favors the spontaneous pene-
tration of liquid inside the micro-channels. In this way, we achieved 
channel filling and were able to use the PEMA coated MFP for the in 
vitro NMC model. This is the first time a microfluidic system with a 
reactive polymer surface was established. Our fabrication approach is 
not only suitable to generate an MFP to mimic NMCs in vitro, but it is of 
interest for other lab-on-a-chip applications where an easy, flexible and 
stable surface functionalization with proteins or peptides is needed and 
capillarity or pressure-driven flow is required. 

Our optogenetics data demonstrate that functional NMCs were 
formed in our MFP. However, simply producing NMCs in parallel is not 
enough; an assay platform is needed that can be applied to quantify 
NMC formation. We addressed this issue by developing a novel appli-
cation of RABV tracing. Monosynaptic RABV tracing was originally 
developed to map the connectivity between specific neuronal popula-
tions inside the brain [38–40]. RABV tracing has proven to be very 
adaptable and was subsequently used to map the sensory and premotor 
circuit in mice [41,42]. To date, RABV has not been applied to skeletal 
muscle to trace directly connected MNs, and we demonstrated the first 
proof-of-principle that monosynaptic RABV tracing can be used on 
NMCs in vitro. In contrast to patch clamping, calcium imaging and 
muscle contraction assays, the RABV tracing assay can be automated 
relatively easily, making it suitable for drug discovery. Using our ap-
proach, multiple conditions could be tested in parallel, and lower- 
throughput approaches such as patch clamping, could be used for va-
lidation. RABV tracing could even facilitate patch clamping by identi-
fying specific MNs that are connected to myotubes, which could save 
the time normally required to test many different MNs before a func-
tional NMC is identified. 

One of the advantages of our MFP is that it can be modified to in-
corporate additional cell types. For example, Schwann cells play an 
important role in forming NMCs [43,44] and have been implicated in 
the pathogenesis of amyotrophic lateral sclerosis and spinal muscular 
atrophy [45]. Thus, our MFP could be modified to incorporate Schwann 
cells in addition to MNs and myotubes. A critical advantage of using 
PEMA functionalization in the MFP is that additional factors could be 
incorporated to promote survival and maturation including, for ex-
ample, VEGF and GDNF, which stimulate the growth cone and re-
generation of neuromuscular junctions [46,47]. 

Our MFP is well suited to identifying novel small molecule com-
pounds for a variety of disorders. Using iPSCs, it is possible to generate 
theoretically limitless quantities of MNs and myotubes from specific 

patients with known phenotypes and genotypes. For example, iPSC- 
derived MNs and myotubes can be generated from amyotrophic lateral 
sclerosis patients and cultured inside the medium-throughput MFP. 
Using the RABV tracing assay, changes in the numbers of NMCs can be 
detected by comparing the number of MNs with functional neuromus-
cular junctions to myotubes. In this manner, NMCs derived from pa-
tients could be compared with isogenic wild type controls. In addition, 
drug candidates could be screened for their ability to protect NMCs 
from degeneration. Development of an automated liquid handling as 
well as an imaging workflow would facilitate this application. 

Therefore, our study significantly advances the use of microfluidics 
to generate functional NMCs for medium-throughput applications, in-
cluding disease modeling and drug discovery. 
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