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SUPPLEMENTAL DATA 

 
a. Bioreactor materials and manufacture for cell compatibility 
The DC bioreactor design used in this study was created with the goal of building a 

customizable and affordable system in which cells could be exposed to electrical current via their 
growth substrate, as the substrate is in contact with the most cell area. Indium tin oxide (ITO) 
was an ideal choice for the conductive substrate given that cells can grow directly on top of it 
(without a need for coating) and it has low impedance. For the culture well design, we used 3D 
printed nylon because it is stable, non-toxic, and easy to adapt for specific applications. To affix 
wells to the ITO substrate, we used silicone glue rated for aquarium use as this provided a 

nontoxic material that could withstand being submerged into fluid for multiple days at 37C. 
Adipose-derived stem cells (ASCs) were cultured in the assembled bioreactors under similar 
conditions as were used for electrical stimulation (ES) studies (but were not exposed to any ES). 
ASCs were seeded in bioreactor wells at 7.5x104 cells/well. After allowing cells to adhere 
overnight, media was switched to StemPro and cultures were maintained for 48 or 72 hours. 
Next, samples were processed for Live/Dead staining using calcein AM (Thermo Fisher L3224) 

and Hoechst (Thermo Fisher 62249). Stain was incubated on cells for 45 minutes at 37C and then 
washed off with PBS. Tiled fluorescence images were obtained on a Zeiss Axio Observer 
microscope and processed for total cells (Hoescht) and live cells (calcein AM) using ImageJ and 
MATLAB custom scripts. Figure S1 shows that cells were evenly spreading and >85% alive after 
48 or 72 hours in the ITO bioreactor wells. 
 



 
Figure S1.ASC viability in the ITO wells used for the DC bioreactor. (A) 5X tiled images were obtained to determine viability of ASCs 
stained with calcein AM (live) and Hoescht (all). Scalebar is 1000 µm. (B) Percent viability after 48 or 72 hours cultured in StemPro 
secretome media. Data are mean ±std, n=11-12/group across 3 biological replicates 

b. Bioreactor electrochemical impedance and equivalent circuit modeling (AC bioreactor) 
Multiple AC bioreactor wells were characterized via electrochemical impedance 

spectroscopy with a potentiostat and frequency response analyzer (Metrohm Autolab). The 
impedance calculations were performed at open circuit potential and with a two-terminal set-up 
in which one bioreactor electrode was attached to the working/sense potentiostat input and the 
other to the counter/ground input. A sinusoidal voltage of 10 mV was applied over a frequency 
range of 10 Hz-100 kHz. The electrolyte media was 3 mL of that used for ASC electrical stimulation 
(StemPro MSC SFM XenoFree complete medium, Thermo Fisher Scientific A1067501). The 
spectra with StemPro media at 37°C for frequencies between 1 and 100,000 Hz are shown in 
Figure S2A (n=4). 

The impedance spectra were then fit to an equivalent circuit matching the model for a 
blocking (i.e., non-reactive) system, which can be represented by a constant phase element (CPE) 
in series with an electrolyte resistance (𝑅𝑒). The CPE is an element whose impedance is given by  

𝑍𝐶𝑃𝐸 =  
1

(𝑗𝜔)𝛼𝑄
              [𝐸𝑞𝑛 1],  

where 𝜔 is the angular frequency, and 𝛼 (a constant between 0 and 1) and 𝑄 (with units F/s(1-)) 
are parameters of the CPE10. The CPE represents the capacitive nature of the 
electrode/electrolyte interface that shows frequency dispersion and cannot be modeled as a 
pure capacitor.  

To analyze the effect of the capacitive nature of the electrode/electrolyte with respect to a 
voltage-controlled stimulus, we use transient circuit analysis and an effective interfacial 
capacitance value. We use the CPE model developed by Brug et al. for a surface distribution of 
time constants (potentially resulting from surface heterogeneities) to calculate an effective 
double layer capacitance for the blocking electrode system3. The equation used for the effective 
capacitance is 

𝐶𝑒𝑓𝑓 = 𝑄1/𝛼𝑅𝑒
(1−𝛼)/𝛼          [𝐸𝑞𝑛 2]10. 



Replacing the CPE element with an ideal capacitor of value equal to 𝐶𝑒𝑓𝑓, we were able to 

model the voltage across the resistive media (𝑅𝑒) using LTSpice (Analog Devices), a standard 
circuit simulator, for various stimulus waveforms.  

Using the impedance spectra from Figure S2A, the equivalent circuit model was developed 
for the AC bioreactor to estimate theoretical electrical field strengths for 1 Hz, 20 Hz, and 1000 
Hz square pulse waves as a function of the capacitance model described above (Figure S2B). 
These results were then employed to determine the difference in applied versus actual electrical 
field strengths in the bioreactor (Figure 2).  

 
Figure S2. AC Bioreactor impedance characterization and modeling. (A) Impedance spectra for 4 individual wells in the AC 
bioreactor. (B) Equivalent circuit model for the AC bioreactor and fitted parameters for model to generate simulated electrical 
fields. 

c. Secretome media selection 
 In the literature, secretome media varies based on the cell type, as well as the final 

application of the cells and their secretome. For example, researchers commonly use DMEM with 
10% FBS in their electrical stimulation experiments8,9,14,15 when their goal is to simply observe 
the effect of ES on the cells. Depending on the application of the secretome, researchers 
sometimes use more specific media to prime the cells towards a certain phenotype which would 
increase its secretion of particular growth factors. For example, Claycomb medium was used for 
myocardial phenotype12 or StemPro Osteocyte and StemPro Adipocyte was used for osteogenic 
and adipogenic differentiation 2 in the literature, respectively. Another study used MesenPro RS 
medium when looking at the effect of ES on ASC differentiation, to ensure that ASCs remained in 
an undifferentiated state until introduction of electrical stimuli5. Researchers working with the 
secreted products of cells generally use serum-free medium during stimulation1 to prevent serum 
from interfering with subsequent protein composition characterization13. To determine which 
media would be more suitable for supporting ASC viability and health during electrical 
stimulation, we conducted a metabolic analysis of ASCs cultured in either DMEM-F12 or StemPro 
MSC SFM XenoFree medium. StemPro, although serum free, contains a growth factor 
supplement that was hypothesized to potentially better support cells during ES. Further, it has 
been utilized before by other researchers seeking to optimize xeno- and serum-free culture 
conditions11,13,16.  After 3 days in culture without electrical stimulation, StemPro promoted 
significantly higher metabolic activity than DMEM-F12 (Figure S3A), as measured by a standard 
AlamarBlue incubation (Thermo Fisher DAL1100). Figure S3B shows that ASCs under electrical 
stimulation (1 hour x 3 days, 20 mV/mm) had significant reduction in metabolic activity when 



cultured in DMEM-F12 but not in StemPro. Thus, StemPro was used in all subsequent 
assessments.  

 

 
Figure S3. Secretome media comparison for optimal ASC metabolism. (A) ASCs cultured under static conditions in StemPro media 
for three days as compared to DMEM-F12. (B) ASC metabolic activity measured 24 hours after applied ES in either DMEM-F12 
medium or Stempro medium. ES parameters included 20 mV/mm, 500 µs pulses applied at 1000 Hz using the AC bioreactor for 1 
hour x 3 days. Data are mean ± std, n=6/group and were normalized to respective NoES controls. *p-value<0.05, ***p-
value<0.0001 compared to NoES DMEM-F12 

d. Schwann cell response to low-level ES 
Human Schwann cells were used as a neural cell comparison for ASCs, given their better 

characterized response to ES4,6,7. Schwann cells were purchased from Sciencell (1700) and 

cultured in the recommended medium from Sciencell (1701). After seeding, cells were cultured 

overnight in their growth media before being switched to StemPro secretome media. ES applied 

in the AC bioreactor at 1 Hz (500 µs, square pulse, 20 mV/mm) for 24 hours (followed by 24 hours 

of non-stimulated incubation) resulted in similar patterns of vascular endothelial growth factor 

(VEGF) and brain-derived neurotrophic factor (BDNF) upregulation at the gene level as compared 

to ASCs. As with the ASCs, gene expression changes were less than 1.5-fold different from the 

NoES control but were statistically significant (Figure S4). Only a single biological replication (n=4) 

was conducted for this study, so future studies will be necessary to confirm this comparison to 

ASCs. Overall, these results indicate that ASCs are comparably responsive to low-level, low-

frequency stimulation as the electrically responsive Schwann cells.  



 

Figure S4. AC Bioreactor: Continuous ES was applied to Schwann cells with square pulses (500 µs width) at a peak voltage of 674 
mV (20 mV/mm) and a frequency of 1 Hz. Schwann cell gene expression results for VEGF and BDNF 24 hours post-stimulation. 
Data are mean ± std, n=4/group for PCR with 1 biological replicate. *p-value<0.05 compared to NoES 
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