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depleting perm-selective membranes† 
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In this study, an ion depleted zone created by an ion-selective membrane was used to impose a high and uniform constant 

extracellular potential over an entire ~1000-cell rat cardiomyocyte (rCM) colony on-a-chip to trigger synchronized voltage-

gated ion channel activities while preserving cell viability, thus extending single-cell voltage-clamp ion channel studies to 

an entire normalized colony. Image analysis indicated that rCM beating was strengthened and accelerated (by a factor of 

~2) within minutes of ion depletion and the duration of contraction and relaxation phases were significantly reduced.  

After the initial synchronization, the entire colony responds collectively to external potential changes such that beating 

over the entire colony can be activated or deactivated within 0.1 s. These newly observed collective dynamic responses, 

due to simultaneous ion channel activation/deactivation by a uniform constant-potential extracellular environment, 

suggest that perm-selective membrane modules on cell culture chips can facilitate studies of extracellular cardiac cell 

electrical communication and how ion-channel related pathologies affect cardiac cell synchronization. The future 

appications of this new technology can lead to better drug screening platforms for cardiotoxicity as well as platforms that 

can facilitate synchronized maturation of pluripotent stem cells into colonies with high electrical connectivity. 

Introduction 

Exogenous electric fields though underappreciated, find 

relevance for tissue engineering applications in circadian rhythm, 

cancer progression, wound healing, pluripotent stem cell 

maturation and regeneration
1–6

. Exogenous fields have been 

applied to electrically excitable cells such as cardiomyocytes to 

biomimic the in vivo environment
7
. Both Alternating (AC) and Direct 

(DC) Current stimulations have been shown to promote 

cardiomyocyte (CM) contraction in long term cultures that could 

otherwise show a decrease in contractile properties over time
8–10

. 

Additionally, various advanced microfluidic techniques have been 

utilized to apply electrical stimulations to heart-on-chip platforms 

for cardiotherapeutic drug screening studies, disease modeling, and 

monitoring of CMs contractile properties
11–13

. AC field is commonly 

used in cardiac development, defibrillation and pacing cells to a 

desired physiological frequency
14

. AC field has also been used to 

mature pluripotent stem cells into cardiomyocytes
6,15

. The 

exogenous fields typically have low amplitude (1-6 V/cm), low 

frequency (0.1-6Hz), with (0.25-10ms) monophasic/biphasic 

square/sinusoidal pulse waveform
16

. Short-duration (~ms) but high 

power AC field has also been shown to successfully treat cardiac 

dysrhythmias
17

. Although the threshold for defibrillation is around 

(6-36 V/cm), a much higher field is required to counter the signal 

loss in the skin. Unfortunately, electric fields beyond 50V/cm lead 

to irreversible and potentially lethal cellular damage
18–20

. 

Additionally, both DC and AC currents that exceed ~3mA lead to 

harmful Faradaic products, pH changes, and high Joule heating 

(~tens mW) causing additional cell death along with undesirable air 

bubble formation in microchannels
7,19–21

. Also, typical cell culture 

medium has a homogenous electrolyte distribution and a potential 

gradient (field) that drives an ionic current through the medium. 

Consequently, each cell sees a different potential in its extracellular 

environment. Moreover, since the extracellular medium is much 

more conducting than the cell membrane, very little field 

penetrates the cell membrane and most field lines circumvent the 

cells altogether. The induced voltage drop across most cells in the 

earlier experiments with external fields is hence less than the 

approximately 20mV - 50mV required to activate or deactivate ion 

channels. Consequently, even though many of the studied 
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phenomena (including various pathologies) are related to how 

voltage-gated ion channel activities affect the entire colony, actual 

studies of how a cell colony responds collectively to induced voltage 

across the membrane of each cell by an external field is under 

studied
22

. In contrast, there is a huge body of voltage clamp studies 

of how cross-channel voltage changes the ion-channel conductance 

of a single cell, in the absence of any intercellular electrical 

communication or even single-cell autonomous action potential 

dynamics
23–30

. Additionally, a large focus for cardiotoxicity testing in 

drug development has been in the automation of this technology 

for high throughput drug discovery
28,30-33

. Unfortunately, these 

developments in addition to testing on single cells, also only test a 

single ion channel, the human Ether-a-go-go-Related Gene (hERG) 

and are inadequate in completely ruling out potentially toxic 

compounds prior to costly and time intensive dog telemetry 

studies
34

 .Both the single ion channel and single-cell deficiencies of 

the voltage-clamp technique hence prevents in-depth study of how 

voltage-gated ion-channel pathologies and drugs are connected to 

dynamic intercellular communication in a multicellular culture. 

While external electrodes and external electrode arrays can 

influence and pace the cells, they cannot sustain a constant 

potential over the entire colony so that the ion-channel activities of 

the entire synchronized colony can be studied.    

In this report, we introduce a novel non-invasive, flow-free and 

user-friendly technique to generate a high, uniform potential in the 

extracellular environment of an entire rCM colony by isolating the 

colony with low conductivity solutions. The steady-state and high-

gradient ion concentration profile of low conductivity buffer is 

imposed without external reservoirs and is sustained indefinitely by 

the ion-depletion action of a perm-selective membrane. Such 

steady concentration gradient is otherwise difficult as the diffusion 

time is on the order of minutes for the dimension of a typical chip. 

Electric fields applied at the two ends of the ion-depletion zone 

enter and exit the high-conductivity colony without Joule heating or 

a significant current and the colony maintained a constant (tunable) 

voltage. The polarity of the extracellular voltage at the colony can 

also be changed, if the perm-selective membrane is replaced by one 

with opposite selectivity. In the current report, we only apply a 

positive extracellular voltage with a cation exchange membrane 

(CEM). Instead of using Nafion or other monolithic membranes 

synthesized in situ
35-37

, we cut pieces from commercial desalination 

membranes and assemble them into our chips. We have previously 

used such low-cost membrane-based microfluidic devices to induce 

depletion action for pH actuation, analyte concentration/isolation 

and molecular sensing
38-41

. The electric field in the depleted region 

is as high as 100V/cm, higher than any previously published DC or 

AC exogenous fields, but with a relatively low current (~100s 

    ~sub mW) to minimize Joule heating. This novel synchronization 

technique demonstrates significant usability not only in its ability to 

rapidly synchronize entire cardiac colonies demonstrated in this 

study, but also potentially in the fields of drug development to 

bridge the gap between high throughput hERG voltage-clamp 

studies and low throughput costly dog telemtry studies. 

Additionally, this technique can provide useful insight in cardiac 

development and human induced pluripotent stem cell (hiPSC) 

derived cardiomyocyte (iCM) and neuron maturation. 

Materials and Methods:  

Microfluidics and device fabrication: 

Wax mold printing 

The mold was designed in SolidWorks 2017 software (Dassault 

Systemes SolidWorks Corporation, USA) and was transferred as an 

STL (stereo-lithography) file to a wax 3D printer (Solidscape Studio- 

Solidscape, Inc.). A sacrificial layer (Melt/Dissolvable wax 

(Solidscape, Inc)) was made around the main structure (Midas 

Castable Material (Solidscape Inc., USA)) to prevent mold breakage 

during post processing. Once the print job is completed, the print 

bed is removed from the printer and placed on top of a hotplate for 

1 hour at 75°C to loosen the wax mold for subsequent detachment. 

The sacrificial wax layer was then dissolved in BIOACT VSO (Vantage 

Specialty Chemicals) solvent for 2 days. When the sacrificial layer is 

fully dissolved, the devices are removed from the solvent and 

carefully wiped clean with narrow fiber paint brushes. They are 

then immersed in USP grade white mineral oil for the removal of 

trace amounts of VSO, and then rigorously air dried with an air 

blower.  

PDMS device fabrication 

A 1:10 weight ratio of curing agent and polydimethylsiloxane 

(PDMS, Sylgard 184, Dow Corning) base was mixed thoroughly and 

then degassed for 30 minutes to remove air bubbles. PDMS was 

then poured into the previously described molds and degassed 

again to remove any trapped air bubbles, followed by overnight 

curing at 35°C. After curing, the wax print was removed by washing 

with dimethyl sulfoxide (manufacturer) (DMSO) for 3 hours to 

completely dissolve the wax mold. To remove the DMSO residual on 

the PDMS, isopropanol (IPA) was sprayed onto the PDMS. The 

DMSO was then thoroughly removed and a 1mm biopsy punch was 

used to punch inlets and outlets. Both the device surface and 

25x75mm glass slides (Ted Pella, USA) were rinsed with IPA, dried, 

and then placed into a plasma cleaner (Harrick-Plasma PDC-

001,USA) for 2 minutes for air plasma treatment. Following air 

plasma treatment, devices were bonded together and incubated 

overnight at 80°C. 

Neonatal rat cardiomyocyte isolation 

Animal studies were approved by the Institutional Animal Care 

and Use Committee at the University of Notre Dame. The animal 

procedures conformed to the NIH Guide for the Care and Use of 

Laboratory Animals. Neonatal rCMs were isolated from 2 day old 

rats (Sprague-Dawley, Charles River Laboratories) using a previously 

established protocol
42

. Briefly, the pups were anesthetized with 

isoflurane followed by immediate decapitation and excision of the 

heart. The hearts were then digested and ventricular 

cardiomyocytes were isolated and seeded into the microfluidic 

device as described. 

Device seeding 
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Prior to rCMs isolation, devices were washed with PBS (VWR, 

USA) and sterilized under UV light for 30 minutes. Devices were 

then incubated with fibronectin (50 µg/mL) (Sigma Aldrich, USA) for 

30 minutes at 37˚C. After incubation, custom made PDMS blockers 

were inserted into the two large reservoirs and outlets in the 

depletion channel to localize rCM attachment to the seeding 

channel. Following blocker placement, the devices were washed 

with fresh, filtered DMEM supplemented with FBS (10%) (Hyclone, 

USA) and penicillin (1%) (Sigma Aldrich, USA). Finally, devices were 

placed in a petri disch containing 1.5mL of PBS supplemented with 

penicillin (5%) and stored until seeding. 

Following rCM isolation, 20l of the cell suspension (~150,000 

cells) were seeded into each device. Devices were then cultured 

overnight under normal incubation conditions (37˚C, 21% O2, 5% 

CO2) to allow for cell attachment. The next day, cell attachment was 

confirmed and the media was changed to remove any cell debris 

and/or dead cells remaining in the device. Devices were then 

imaged using a Zeiss Axiovert 200M Fluorescence/Live cell imaging 

inverted microscope. 

Voltage measurement  

In order to perform voltage measurements within the 

microfluidic device, a new 3D printed mold was designed and 

manufactured as described above. Two different aluminum wires 

were attached to the junction of seeding and depletion channel 

respectively to measure the voltage drop across the ends of the 

connecting channel. To perform voltage measurement tests, the 

wires coming from the two ends were connecting to a digital 

multimeter (34401A Agilent Multimeter, USA). The data was 

recorded using BenchVue software (Keysight Technologies, USA).      

Experimentation: 

Electrical stimulation  

CEMs with negative charge due to organosulfanate groups 

were procured from Mega a.s. (Czech Republic). Membrane 

reservoir fabrication was performed as described previously
43

. 

Briefly, a small piece of CEM (~      ) was embedded in a two 

component fast curing resin (TAP Plastic Inc., USA) in 1:1 ratio for 

30 minutes in a custom designed mold in a two component silicon 

RTV system (TAP Plastic Inc.). After releasing the mold, a hollow 

cylindrical structure with an exposed CEM surface was obtained. 

The membrane was kept in a microcentrifuge tube (Argos 

Technologies, USA) filled with Phosphate Buffer Saline (PBS) (Fisher 

Scientific, USA) for overnight swelling followed by overnight UV 

sterilization. While performing experiments, the membrane 

reservoir was gently pushed inside the PDMS device seeded with 

rCMs. For the other reservoir, 1000 µl pipette tips (VWR, USA) were 

cut with a razor blade and were gently pushed to create a seal with 

the PDMS and filled with cell media. The cell media was then 

subsequently changed to remove any trapped bubble during the 

process and was kept under normal cell culture conditions for 30 

minutes. The device was then placed in a sterilized Zeiss Stage 

Incubator, under standard culture conditions and incubated for 20 

minutes to achieve synchronous beating. For stimulation tests with 

the CEM, two platinum electrodes were inserted into the device, 

with the negative electrode placed in the membrane reservoir and 

the positive in the open reservoir. For no membrane studies, the 

two open reservoirs were filled with cell media and electrodes were 

placed in them. Voltage was then applied using a DC power supply 

(Biorad PowerPac Basic Electrophoresis Power Supply, USA) and 

current was observed using a digital multimeter (34401A Agilent 

Multimeter, USA). A voltage of 45V was chosen and is applied 

throughout the paper unless otherwise mentioned. All videos were 

recorded at 30 fps.  

Video analysis 

The video files were converted from ZEN files to .avi, which are 

subsequently analyzed via a custom written image analysis code in 

Matlab based on previously published algorithms
7,44

. The approach 

is based on the analysis of the change in pixel intensity in a bright 

field video over time with respect to its subsequent frame. 

Parameters for illumination for optical microscopy were optimized 

before taking a video. Fig. 1(e) shows a representative trace of rCMs 

contraction extracted from image analysis. The raw trace was 

normalized to its mean value during the analysis time interval. The 

obtained time series was then further analyzed to obtain various 

time scale parameters such as peak to peak time, contraction time 

(CT), Relaxation Time (RT), Contraction-Relaxation Duration (CRD), 

number of peaks, normalized Maximum Contraction Speed (MCS) 

and normalized Maximum Relaxation Speed (MRS). The beating 

frequency was calculated by dividing the obtained number of 

contraction peaks by the duration of the observation period. Each 

experimental trace of beating frequency was normalized to its 

initial 10s value to quantitatively represent the progression of 

beating frequency in each experiment. The onset of contraction 

denotes the time point the intensity is 10% above its difference 

from the peak amplitude and its baseline value. The CT is then 

calculated as the difference between the onset time till the velocity 

becomes minimum. The RT is also calculated in a similar fashion. 

The end of relaxation is marked as the 90% reduction in its 

amplitude value with respect to its baseline value. The CRD was 

then calculated by summing both the CT and RT. “Image correlated 

field potential duration” was defined as the time interval between 

the onset of contraction to the peak of relaxation motion. 

Immunohistochemistry 

 Standard immunohistochemistry staining was performed. 

Briefly, rCMs were fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences, USA) for 30 minutes followed by 

permeabilization with 0.1% Triton-X (Thermo Fisher Scientific, USA) 

for 15 minutes. Samples were then blocked and then incubated 

with cardiac troponin t (Abcam, USA) and HCN2 (Abcam, USA) 

primary antibodies overnight at 4C. After primary antibody 

incubation, samples were then incubated with secondary antibody 

for 6 hours at 4C followed by DAPI staining for 10 minutes at room 

temperature. Samples were then imaged with a Zeiss Axio 

Observer.Z1 fluorescence microscope and processed with Zeiss Zen 

software. 
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Statistical analysis 

The data in this study has been presented as Mean ± Standard 

Error of the Mean (S.E.M) unless otherwise specified. For box and 

whisker plots, the whiskers represent the SEM. The obtained data 

was compared with either a two sample t test or, for experiments 

with more than two sample groups, a one-way ANOVA with Tukey’s 

post hoc test was performed and the value of p<0.05 was 

considered significant.  

Results and discussions:  

Figure 1 shows the overall device design and predicted and 

measured voltage drops at distinct regions of the device. We 

deplete the ions in the straight channel shown in Fig. 1(a). The cells 

are seeded in a parallel channel and are connected to the first 

depletion channel by a side channel. This field potential is still lower 

than the threshold field required to damage molecules such as DNA 

or proteins present within the cell culture and media (tens of 

kV/cm)
45

. Because of the electrode placement, our simulation of 

the leaky dielectric model of electrolytes in Fig. 1(b) shows that 

depletion occurs only in the depletion channel. The field is 

negligible in the cross channel and the cell colony sees a uniform 

potential that can be controlled via the applied voltage.   

 The depletion channel contains a CEM embedded in 

polyurethane resin and a reservoir for applying voltage. All the 

experiments were performed by generating a depletion front in the 

depletion channel whereas ion enrichment experiments caused the 

current in the circuit to rise past 3mA resulting in cell death. Fig. 

1(c) demonstrates the extent of depletion through the use of a 

charged fluorescence dye solution. It is shown to extend slightly 

into the connecting side channel but not into the cell channel, as is 

consistent with our simulation. Fig. 1(d) represents the bright field 

image of the region of interest, at the junction between the side 

and cell channel. Fig. 1(e) is a schematic of the time series obtained 

from image analysis described in detail in the experimentation and 

video analysis sections. 

Figure 1: Overview of the experimental platform (a) Schematic representation of the experimental setup (b) Finite element simulation results of field and potential in the zoomed 

section showing a uniform potential in the cell colony (c) A picture of the chip showing location of the depletion front developed by the applied field. A negatively charged 

Fluorescein dye is used to track the depletion front. Scale bar represents 300m (d) A bright field image of the region where rCMs are seeded (Scale bar is 100m) and (e) a 

representative trace obtained by image analysis and time series analysis. 

(a) (b) 

(c) (d) (e) 
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The beating motion of rCMs in a small neighborhood was 

observed via timelapse imaging (see Supplementary Video 1 in 

Supplementary Materials: DOI: 10.1039/ x0xx00000x). The rCMs 

exhibit first a contraction peak followed by a relaxation peak and 

then a long stationary transient is observed before the twin peaks 

appear again. As shown by Hayakawa et al
46

, the contraction phase 

is related to the depolarized plateau phase and the relaxation phase 

occurs during the hyperpolarization phase (see Fig. S1 in 

Supplementary Materials: DOI: 10.1039/ x0xx00000x). To facilitate 

fabrication of the required multilayer structure design, 3D-printed 

meltable wax mold was used to fabricate smooth 300 μm wide 

channels. Fig. S3 (Supplementary Materials: DOI: 10.1039/ 

x0xx00000x) shows the fabrication process which is described in 

detail in microfluidics device fabrication section. 

To demonstrate that the cell channel is under a uniform 

potential, we measure the voltage drop across the connecting side 

channel in two chips as shown in Fig. 2(a), one with and the other 

without the CEM membrane. Fig. 2 (b) and Fig. 2(c) depicts the 

measured voltage in response to irregular ‘ON’ and ‘OFF’ switching 

of the voltage. With the CEM membrane, a characteristic RC 

transient after voltage activation leads to a constant voltage drop. 

Without the membrane, a constant potential is never reached in 

the cell colony. Instead, rapid fluctuations are observed, quite 

possibly due to microbubble formation and Faradaic reactions, 

which are expected beyond 10V
47

. Depletion action by the CEM has 

hence eliminated such fluctuations and produced a constant 

potential in the cell channel.  

Effect of voltage on rCM beating dynamics 

`Fig. 3 demonstrates the effect of the uniform potential 

microenvironment on beating rCMs during the first five minutes of 

application through CEM. The rCMs start responding to the 

elevated extracellular potential instantaneously. This is evident 

from the normalized contraction-relaxation trace obtained from 

image analysis as presented in Fig. 3(a) showing a discernable 

difference in the time series before and immediately during the 

application of voltage. Some reduction in the width of both the 

contraction and relaxation peaks is also evident. In order to better 

visualize the transient, the normalized beating frequencies were 

calculated after every 10s and plotted against time as shown in Fig. 

3(b). For initial 30s no voltage was applied, and the voltage was 

turned on subsequently after that for the rest of the five-minute 

recordings. Under the influence of the applied external field, the 

beating frequency increased and then saturates at around 3 

minutes for the stimulated cases. The beating frequency remained 

roughly stable for the next two minutes at a higher beat rate than 

(a) (b) (c) 

  
  

V 

Figure 2: Voltage drop measurement across the connecting channel. (a) Schematics of 

voltage measurement setup and observed voltage change across the side channel with 

(b) and without (c) a CEM 

Figure 3: Effect of voltage on the time scales of uniformly beating rCMs with and without CEM during first five minutes of the depletion (a) The trace evaluated from image analysis 

depicting the abrupt transition when voltage is turned on (b) The beating frequency transient. The beating frequency is normalised by dividing the frequency obtained in each 10s 

interval with its initial 10s value (n=5) (c) The beating frequency transient in the control study without using a membrane (n=3) (c) The comparison of total time taken to complete 

an oscillation, CT and RT scales before applying voltage (0-30s) and during the application of voltage (210-240s) for a 30s time interval in all cases (*p <0.05) (e) The peak to peak 

time before and during the electrical stimulation (*p <0.05) (f) Correlated Field potential duration (onset of contraction to relaxation peak) obtained from Image analysis vs the 

total contraction-relaxation time CRD taken for a beat indicates contraction initiation dynamics is reduced in duration in proportion to the full contraction duration .    

Voltage ON Voltage OFF 

(a) 
(c) (b) 

(d) (e) (f) 
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the original beating frequency (2.23  0.52-fold change compared 

to baseline). The control transient trace shown in Fig 3(c) 

represents the un-stimulated control sample when no voltage was 

applied to the setup and approximately maintained its original 

value till the end of the five-minute recording window. Most 

striking is the separation of the contraction/relaxation twin peaks 

reduces significantly as seen in Fig. 3(d).  

To explore the effect of spatial uniformity of the extracellular 

potential introduced by the depletion action of the CEM, a voltage 

was applied without using CEM. A potential of 45V was 

unsuccessful as Joule heating caused permanent damage to the 

cells within five minutes of field induction. In order to perform a 

control study without CEM, the device was operated at a constant 

current. The current through CEM saturates in the range of 0.1 mA -

0.7 mA during the first five minutes and a higher end current, i.e. 

0.7 mA was used for the control study as shown in Fig. 3(c). In these 

experiments without CEM, synchronized beating was not observed 

and the beating profile of the cells was unstable and irregular. The 

beating frequency in two of the no membrane control studies 

decreased below its initial value till the end of five-minute time 

period while it was highly unstable in the other one as shown in Fig. 

3(e). This “counter example” highlights the effect of non-uniform 

potential. Without the depletion, the potential varies significantly 

across the cell colony and synchronization becomes impossible.  

Since the beating rate stabilizes within the first three minutes 

of voltage being applied, the beating dynamics can be contrasted to 

better understand the effect of a high extracellular potential on the 

rCMs. An arbitrary 30s time interval (210 - 240s) was chosen when 

the beat rate was stable and contrasted against the first 30s when 

no electric field was applied. As shown in Fig. 3(d), the RT and CT 

both decrease appreciably compared to when no field was applied. 

In Fig 3(e), the significant difference in the peak-to-peak CRD 

duration of the cells at equilibrium in the polarized phase is also 

apparent in Fig. 3(a). These effects were not observed without the 

CEM. To establish the depolarization cycle is self-similar, the image 

correlated applied potential duration between the onset of 

Figure 4: (a) Comparison of cardiomyocytes motion kinetics with literature (ref 46,55,59-61) depicting the effect of voltage gated ion channel agonists/antagonists.[FWHM (Full 

width at half maximum), roughly corresponding to the CRD peak-to-peak time between contraction and relaxation, is from the trace obtained by using Calcium dye (Fluo-4) and 

CRD is the Contraction-Relaxation time obtained from bright field video analysis. (b) Cartoon schematic of an rCM HCN2 channel with the voltage turned off (closed) and on (open). 

(c and d) rCMs stained for cardiac troponin t (cTTNT, red) and HCN2 (magenta). 

80µm 100µm 
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contraction to the relaxation peak was plotted against the CRD 

between peaks in Fig. 3(f) and a good linear and near-identical 

correlation was observed during the “off” (R=0.995) and “on” 

(R=0.977) states. This suggests that the entire depolarized phase is 

reduced in duration due to voltage-gated activities.  

We are able to form hypothesis on ion-channel mechanisms 

from the dynamics triggered by uniform constant potential.  From 

voltage clamp experiments, a positive extracellular potential (or a 

negative intracellular potential) is known to activate HCN ion 

channels and deactivate all other Calcium, Sodium and Potassium 

channels, for cardiomyocytes Fig. 4(a)
48–54

. In prior voltage clamp 

and drug activation/inhibition experiments on voltage-gated ion 

channel conductance, the duration of the long polarized interval 

between the twin contraction/relaxation peaks, when the cell is in 

equilibrium and motionless, is reduced by activating HCN ion 

channels to trigger depolarization sooner and the width of the 

depolarized plateau is shortened by deactivating L-type Cav ion 

channels which sustain a positive membrane potential
46,55–58

. Our 

observation that the peak-to-peak time is reduced by a factor of 

two and the contraction and relaxation intervals are also reduced is 

consistent with activated HCN and deactivated L-type Cav channels 

by a positive extracellular potential. This suggests that these 

channels may be more sensitive to a positive external potential 

than other cardiac related ion channels.  

As HCN channel is the only channel that is activated by a 

positive external potential based on the literature from single-cell 

voltage clamp experiments, and it might be chiefly responsible for 

the duration of the polarized phase with negative membrane 

potential
57,58

, we suggest that these observations are at least 

partially due to activation of the HCN2 channels Fig. 4(b). In this 

study, we confirmed the existence of HCN2 channels in our 

neonatal rCM cells in Fig. 4 (c and d) via immunostaining. In future 

studies, we will look to further confirm this observation with drug-

activated HCN studies.  

We are able to confirm that drug-deactivated Cav ion channels 

reduce the peak-to-peak contraction and relaxation CRD durations 

and amplitudes during the depolarized phase with respect to 

controls by analyzing existing literature
46,55,59-61

 as presented in Fig. 

4(a). No other drug activated or deactivated ion channels examined 

in the literature show this particular feature. The amount of 

reduction in both CRD duration and amplitude of these two peaks is 

comparable to our data qualitatively. This suggests that we can 

mimic drug deactivation of Cav ion channels with our uniform 

positive potential on the entire rCM colony. This timescale of 

milliseconds is a much more rapid assay than drug induced studies 

which typically induce a response on the scale of seconds to 

minutes. It is to be noted that the data taken from literature shown 

in Fig 4(a) has high variability and experiments were performed in 

different devices. However, we have utilized them to solely develop 

a qualitative estimate of rCM behavior. Completely testing of the 

hypothesis requires very extensive and detailed experimentation 

which is beyond the scope of the current manuscript. These 

suggested mechanisms are proof-of-concept studies to show the 

Voltage ON Voltage OFF 

(a) (b) 

(c) (d) (e) 

Figure 5: Irregularly beating cells with regular beats during electrical stimulation and comparative studies (a) Trace of the entire event. Depicting sporadic beats which 

stabilized within minutes after the application of voltage.  (b) The beating frequency transient depicting the rCMs were beating intermittently. Application of voltage after the 

30s of recording showed that they stabilized and saturated to at an elevated beating frequency. (c) The percentage change in peak to peak time before and during the 

experiment between the no membrane control, membrane and irregularly beating cells with the membrane. Two sample t test was performed (*p<0.05) (d) The percentage 

change in CT, RT and contraction relaxation duration before and during the experiment between the no membrane control, membrane and irregularly beating cells with the 

membrane. Two sample t test was performed (*p<0.05, **p<0.1) (e) The percentage change in maximum contraction speed and maximum relaxation speed: before and 

during the experiment between the no membrane control, membrane and irregularly beating cells with the membrane. Two sample t test was performed (*p<0.1, 

**p=0.556). 
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usefulness of our technology. 

Effect of uniform potential in colony synchronization 

Our data also suggest that we are enhancing rCM 

synchronization with the applied uniform extracellular potential, 

which would be consistent with potential activation of the HCN ion 

channels. Our first observation on synchronization was seen during 

the first five minutes of voltage induction: application of voltage 

using CEM synchronized the beating rate of otherwise irregularly 

beating rCMs clusters into a single frequency. These rCM clusters 

were beating sporadically and stopped intermittently. When they 

did beat, there was local synchrony but not throughout the entire 

colony. The contraction-relaxation trace obtained from image 

analysis for the entire recorded time period of one such case is 

displayed in Fig. 5(a) where the irregularly beating cells are 

stabilized by the uniform potential during the first recorded five 

minutes. The corresponding beat rate is displayed in Fig 5(b) where 

the beating frequency was highly irregular before applying voltage. 

Turning on the voltage stabilized the beating frequency roughly 

during the first three recorded minutes. For comparison, the 

percentage change in the time scales in the 30 seconds interval 

before applying voltage and 30 seconds (210-240s) afterwards was 

calculated for all the cases: voltage without membrane, voltage 

with membrane and voltage with membrane on irregularly beating 

cells in Fig. 5 (c and d). Fig. 5(e) shows significant percentage 

change in the peak to peak time was observed between the cases 

when ion exchange membrane was present as compared to the one 

without it. The CT and RT time scales also showed a significant 

difference between the no-membrane cases as compared with the 

cases presented with the membrane. The percentage change in 

beat velocities for both relaxation and contraction were not 

significant for the cases with electrical stimulation with membrane 

as compared to the control samples without membrane. It is hence 

quite clear that the uniform potential introduced by the depletion 

action of the CEM significantly increases synchronization over the 

entire colony. As demonstrated in Figure 4 c and d, both the 

isotropic and non-uniform nature of the rCMs potentially hinder the 

synchronization efficiency of the constant-potential environment 

created using the ion depletion technology. There is extensive 

evidence in literature that an anisotropic environment promotes 

(c) 

  

  
    

1 

2 

3 4 

Image analysis of  
4 Region of interest (ROI) 

(b) (a) 

(e) (d) 

Figure 6: On command synchronization of cardiomyocytes with the applied voltage pulse (a) A snapshot of the image of the cells at the junction of the connecting channel and the 

cell channel. Four different spatial Region of Interest (ROI) were identified for subsequent image analysis. (b) The trace obtained from 4 ROI and their behaviour with ON/OFF 

applied field (c) The beating frequency each time when the voltage is switched ON and OFF. (d) The contraction (CT), relaxation (RT) and total (CRD) time to complete a beat during 

the time when the voltage in ON. Error bars are the standard deviation for the respective time scale (e) The percentage change in the relaxation, contraction and total time with 

respect to its pre-recorded value for each time when the voltage is switched ON.  
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enhanced electrical signaling and subsequent cardiomyocyte 

maturation both in rCMs and iCMs
62-69

. In a similar manner, the 

non-uniform nature of the rCM culture due to the inclusion (and 

subsequent proliferation) of cardiac fibroblasts which have been 

shown to significantly alter, and when present in larger quantities, 

potentially decrease signal propagation
70-73

. An increase in the rCM 

: fibroblast ratio could rectify this, as the inability of fibroblasts to 

trigger their own action potential and their propensity to dampen 

any signal passed through due to their internal resistance could 

potentially decrease ion movement between rCM clusters in the 

culture. Future studies will focus on these factors and the role they 

play both on the developed system itself, and in cardiomyocyte 

maturation.  

  hiPSCs have over the past decade established themselves as a 

promising cell resource for the study of human cardiac 

development and disease. Unfortunately, their use is hindered by 

issues regarding cell maturity and differentiation efficiency that 

prevent results directly mimicking what is seen clinically
14,74-78

. Long 

term AC stimulation of iCMs has shown promise as both a 

maturation and differentiation technique but have proven 

inadequate in definitively maturing iCMs to an adult phenotype
11,14

. 

The stimulation method developed in our study demonstrates for 

the first time, to our knowledge, the effect of DC electric field on 

cardiomyocyte autonomous synchronization. This rapid 

synchronization technique demonstrates great promise to enable 

novel studies to better promote iCM differentiation efficiency, 

maturation, and synchronization that will be further investigated in 

future studies.  

On demand switching of synchronized beating with uniform 

potential 

We observed an interesting event when the voltage was 

continuously applied to the rCMs in the microfluidic chip. As the 

depletion front approaches the junction of the depletion channel, 

localized change in the ionic strength occurs. In order to check the 

synchronous behavior of the cells and their spatial variations, four 

different spatial regions were identified as shown in Fig. 6(a). A 

binary mask was generated for each of these regions of interests 

and subsequent image analysis was performed on them one at a 

time. The trace obtained from image analysis from each of these 

four spatial locations is shown in Fig 6(b). The trace profiles reveal 

that the cells were beating ‘on command’ with the applied voltage. 

No phase difference or delay in the onset of contraction and 

relaxation was observed. As shown in Fig. 6(b), the 30s time period 

of square pulse voltage was applied five times. Every time rCMs 

responded to the applied electric field and stopped and started 

beating synchronously. As shown in Fig. 6(c), when the voltage was 

on at 45V, rCMs were beating synchronously and smoothly. When 

the voltage is turned off after 30s, the entire cluster stopped 

beating, with beating resuming at a higher frequency when the 

electric field was turned back on.  The CT and RT show a decrease in 

their absolute values when the applied potential was switched on 

as evident from Fig. 6(d). The percent change was calculated in the 

peak-to-peak time scale, CT and RT with respect to the case when 

no voltage was applied to it. 70% reduction in peak-to-peak time 

was observed while for other time scales (contraction and 

relaxation) more than 50% reduction was observed as shown in Fig. 

6(e).   

A constant high DC potential in an extracellular environment to 

activate ion channels synchronously over the entire colony can offer 

invaluable insight into the electric coupling of neuron and cardiac 

cells. In neuron communication, extracellular charge generation due 

to ion channel fluxes have long been speculated to produce 

extracellular potentials that are far stronger than the action 

potential of a single neuron. This extracellular charge and potential 

has been hypothesized to be responsible for long-range 

synchronization of neuron cells by a mechanism termed “ephaptic 

coupling”
79

. A strong cloud of extracellular charge, released by a 

localized subset of synchronized cells, can produce far-reaching 

fields to recruit other cells to fire their ion channels synchronously. 

Long-range synchronization of cerebellar Purkinje cells, for 

example, has been attributed to this external field mechanism
80

. 

These observations demonstrates that potentially, neighboring cell 

communication can differ from global synchronization, with 

disparate time scales and potential amplitudes. It has yet to be 

established, to our knowledge, if such an external Ephaptic coupling 

mechanism exists within the heart and its potential relevance to the 

cardiovascular physiology. The on-chip system developed in this 

study will enable such new mechanisms to be studied for cardiac 

tissue and beyond. 

Conclusions 

In conclusion, we have used a permselective membrane on a chip to 

produce a uniform potential over an entire colony of rCMs, such 

that each cell in the colony sees the same elevated extracellular 

potential. From image and time series analysis, we see evidence 

that the uniformly applied external potential potentially 

synchronously deactivates L-type      and activates HCN voltage 

gated ion channels. The former effect produces a similar reduction 

in the contraction and relaxation durations as drug-deactivation 

studies. Three novel synchronization phenomena were observed: a 

rapid on command synchronization of rCMs with the applied 

external potential, the ability to reversibly stop rCMs from 

contracting completely, and the ability to normalize irregular 

beating frequencies. Enabling voltage-gated channel activities 

synchronously over the entire communicating colony, without the 

use of voltage clamps, could allow better characterization of ion 

channel related pathology and drug effects on cell communication 

and synchronization, bridging the gap between the high 

throughput, but relatively narrow automated voltage clamp 

technologies and high cost, time intensive dog telemetry studies. 

We believe that such collective feedback induced by the constant 

potential microenvironment should also be invaluable in training 

pluripotent stem cells into cardiomyocytes or neuronal colonies 

with high connectivity.   
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