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SUPPLEMENTARY INFORMATION 

 

Table S1. Characterization of CGS substrates.  

Proportion of Tuj1-positive cells in culture on varying substrates with electrical stimulation 

(±800 mV, 100 Hz for 1 hr). Data are presented as Mean±S.D. (n=4). E indicates matrix 

stiffness; ρ indicates electrical conductivity.  
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Table S2. Summary and comparison of neural differentiation efficacy to previously 

published studies.  

INH: Inhibitors (DOR: Dorsomorphin, SB: SB431542, L: LDN193189, P/S/D: PD0325901, 

SU5402, DAPT cocktail), GFs: growth factors (BDNF: brain-derived neurotrophic factor, IGF: 

insulin-like growth factor, GDNF: glial cell -derived neurotrophic factor, and NT3: 

Neurotrophin-3), E: Matrix stiffness, ST: Stimulation and REF: Reference. NA indicates not 

applied. CS: Current study. 
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Table S3. Key resource table.  
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Table S4. Details of statistical analysis.  

 



 

 8 

Figures 

 

 

Figure S1. Characterization of CGS.  

(a) Electrical conductivity of different substrates including glass, PS (polystyrene) substrate, 

Stiff CGS (~12 kPa), and Soft CGS (~3 kPa)). (b) SEM images of CGS. Scale bars indicate 100 

(Left) and 50 µm (Right), respectively. (c) FTIR analysis of varying substrates including 

graphite, CNFs, GO, Stiff and Soft CGS after reducing GO by chemical reduction. FT-IR results 

showed that GO was fully reduced by reducing agents, forming CGS. In the presence of CNFs, 

CGS (Soft-CGS) showed negligible oxide groups, such as –OH (~3200 cm
-1

) and –COOH 

(~1700 cm
-1

).  (d) XPS analysis of GO and CGS. XPS analysis also showed that GO contained 

oxides groups including C-O and O-C=O in histogram, whereas CGS did not have high C-O and 

O-C=O bands. Interestingly, CGS showed a high peak of the sp
2
 carbon band, indicating that 

during oxide reduction, rGO was intertwined with CNFs due to a hydrophobic interaction; 

eventually forming the CGS. (e) Photograph comparing 2D CGS and 3D CGS. (f) SEM images 

comparing 2D CGS versus 3D CGS surfaces. Scale bars 40 µm. 
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Figure S2. (a) Schematic illustration of cell culture procedure. (b) Contrast images of iPSCs at 

0d and after 7d pre-treatment. Scale bars indicate 200 µm. (c) Proportion of positive cells in cell 

culture for 0 d and 7 d. Most iPSC markers including Oct4 and SSEA4 disappeared over 7d 

culture, whereas neural progenitor markers such as Nestin and PAX6 become strongly expressed. 

Values represent the mean of independent experiments (n = 4); error bars, S.D. (d) 

Representative images of iPSC cultures on 0d and 7d. Scale bars indicate 50 µm. (e) 

Representative immunocytofluorescence analysis of TUJ1 (Green) /MAP2 (Red) in iPSCs 

cultured on 2D CGS. Cell nuclei were counterstained with DAPI (Blue). Scale bars indicate 50 

µm. (f) Bar plot showing the percentage of cells labeled with TUJ1
+
 or MAP2

+
 at 7 d on 2D 

CGS. Values represent the mean of independent experiments (n = 4); error bars, S.D. (g) 

Representative immunofluorescence images indicating that Soft CGS promotes neuronal 

conversion by degrading polymerization of F-actin and exclusion of p-SMAD from the nucleus. 

Cells were stained with F-actin (Red) and p-SMAD (Green). Polymerization of F-actin in iPSCs 

on the CGSs of varying elasticity. Nuclei are shown in blue. Scale bars indicate 50 µm. (h) 

Histogram showing profile of F-actin. Cells on glass and Stiff CGS (E=12 kPa) exhibited more 

intense cytoplasmic F-actin staining than cells on Soft CGS (E=3 kPa). (i) Bar plot showing 

rigidity-dependent subcellular localization of p-SMAD in iPSCs cultured for 2 d on different 
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substrates. Percentage of p-SMAD indicates that p-SMAD was co-localized with DAPI. (i) 

Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test with ** P < 0.01. 

Values represent the mean of independent experiments (n = 4); error bars, S.D. (j) Schematic 

diagram of YAP and p-SMAD localization into cell nucleus. The stiff substrates induce RhoA 

expression. In this cascade, F-actin expression is accelerated by RhoA, resulting in co-

localization of YAP and p-SMAD. This co-localization in the cell nucleus subsequently induces 

transcription factors which are mainly utilized for self-renewal and preventing the cell 

differentiation process.  

 

Figure S3. Optimized electrical stimulation induces efficient neuronal conversion of iPSCs 

on CGS. 

(a) Cell viability analysis using Live/Dead staining. Frequency 100Hz unless otherwise noted in 

upper left hand corner. Stimulation for 1hr.  Green (calcein AM) and red (ethidium homodimer-

1) indicate viable and dead cells, respectively. Scale bar indicates 100 µm. (b) Cell viability 

analysis across different applied voltages ranging from 0 to ±2 V at 100Hz for 1 hr. (c) 

Proportion of Tuj1
+
 cells on Soft CGS with varying voltages at 100Hz for 1 hr. (d) Proportion of 

Tuj1
+
 cells with or without an exposure to the stimulation (±800 V/100 Hz for 1 hr) on different 

substrate stiffness. (e) TUJ1
+
 and MAP2

+
 at 7 d on CGSs of varying frequency patterns including 
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DC, AC 10Hz, and AC 50Hz. 800 mV was utilized to stimulate the cells.  (f) Bar plots showing 

the electrical stimulation-induced increase in TUJ1 and MAP2 on Stiff CGS. Analyzed using a 

one-way ANOVA, followed by Tukey’s HSD post hoc test with * and ** P < 0.05 and 0.01. 

Values represent the mean of independent experiments (n = 4); error bars, S.D. (g) The 

electrophysiological properties of iPSC-derived neurons after 7 days of culture demonstrated 

representative traces of membrane potential changes with step current injections in iPSC-derived 

neurons cultured 7 days on Soft CGS without (left) and with (right) one time electrical 

stimulation (Soft CGS
Stim

). A single spikelet was observed only in Soft CGS
Stim

 condition. (f) 

Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test with * and ** P < 

0.05 and 0.01. Values represent the mean of independent experiments (n = 4); error bars, S.D. 

 

Figure S4. Standard small molecule technique doesn’t show efficient immunofluorescent 

and electrophysiological characterization of iPSC-derived neurons. 

(a) Representative membrane potentials upon step current injections of iPSC-derived cells 

cultured 14 d and 21 d on glass substrate with small molecule technique. (b) The summary 

results of averaged spike amplitude from iPSC-derived cells on 14 d and 21 d. (c and d) 

Maximum spike number and percentage of cells with indicated firing frequencies at 14 d and 21 

d of differentiation on glass substrate with small molecule technique.  
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Figure S5. Electrical stimulation augments CNTF production in iPSCs cultured on Stiff 

CGS.  

(a) qRT-PCR analysis of neuronal markers: Nestin, neuroectodermal stem cell marker; Tubb3, 

early neuronal marker; Map2 and Syn1, matured-neuronal marker at 7 d on Glass, Stiff CGS, and 

Stiff CGS
Stim

. (b) The expression levels of neurotrophic factor genes at 1d after the electrical 

stimulation. Data are represented as Log2 such that positive values indicate upregulation and 

negative values indicate downregulation relative to cells on glass substrate. (c) CNTF in the 

supernatants of samples with varying substrates, determined by sandwich ELISA. (d) 

Immunocytochemistry analysis for the CNTF (Green) on Stiff CGS and Stiff CGS
Stim

. Cell 

nuclei are counterstained with DAPI (Blue). Scale bars indicate 25 µm. (e) 

Immunocytochemistry analysis for early neuronal differentiation (TUJ1, Red) and neural 

progenitors (Nestin, Green). Scale bar indicates 200 µm. Cell nuclei were counterstained with 

DAPI (Blue). (f and g) Percentages of cell proliferation marker (f, Ki67) and glial cell (g, 

GFAP) at 7 d on CGSs with or without an exposure to the electrical stimulation. (a-c, f-g) 

Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test with * and ** P < 

0.05 and 0.01. Values represent the mean of independent experiments (n = 4); error bars, S.D. 
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Figure S6. Quantification of the CNTF transcription at 5 days after stimulation from the 

cells. qRT-PCR analysis of CNTF for 5d on Soft CGS
Stim

.  Analyzed using a one-way ANOVA, 

followed by Tukey’s HSD post hoc test with ** P < 0.01 compared to baseline. Values represent 

the mean of independent experiments (n = 4); error bars, S.D. 

 

Figure S7. An exposure to CNTF promotes neuronal differentiation of iPSCs on soft CGS. 

(a) Immunocytochemistry analysis for TUJ1 of iPSCs on Glass. After preconditioning first 7 d, 

cells were passaged on glass and cells were maintained with N2B27 media in the presence of 

various neurotrophic factors including VEGFA, BDNF, NT3, and CNTF (1 ng/ml). Cell nuclei 

were counterstained with DAPI (Blue). Scale bar indicates 200 µm. (b) Quantification of TUJ1
+
 

at 14 d of differentiation. (b) Analyzed using a one-way ANOVA, followed by Tukey’s HSD 

post hoc test with ** P < 0.01. Values represent the mean of independent experiments (n = 4); 

error bars, S.D. 
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Figure S8. Assessment of immature and more mature neuronal markers (TUJ1 and MAP2) 

to demonstrate that combination of mechanical and electrical cues promotes earlier 

conversion of the iPSC-derived neurons.  Bar plot showing the percentage of cells labeled with 

TUJ1
+
 or MAP2

+
 on CGS substrates. Analyzed using a one-way ANOVA, followed by Tukey’s 

HSD post hoc test with ** P < 0.01. Values represent the mean of independent experiments (n = 

4); error bars, S.D. 

 

Figure S9. Assessment of immature and more mature neuronal markers (TUJ1 and MAP2) 

to demonstrate that addition of TV and CNTF promotes earlier conversion of the iPSC-

derived neurons. Bar plot showing the percentage of cells labeled with TUJ1
+
 or MAP2

+
 with 

the addition of factors. Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc 

test with ** P < 0.01. Values represent the mean of independent experiments (n = 4); error bars, 

S.D. 
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Figure S10. CNTF expression was successfully down-regulated by CNTF shRNA.  

(a) Representative in-cell western images of human iPSCs in different treatment conditions such 

as media (Control), Scramble knock-down (Scramble
KD

), and CNTF knock-down (CNTF
KD

). (b) 

Quantification of in-cell western images per groups. CNTF intensity was normalized to GAPDH 

expression. (b) Analyzed using a one-way ANOVA, followed by Tukey’s HSD post hoc test 

with ** P < 0.01. Values represent the mean of independent experiments (n = 4); error bars, S.D.  

 

 


