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Abstract

There is a growing interest in bioelectric wound treatment and electrotaxis, the process by which 

cells detect an electric field and orient their migration along its direction, has emerged as a 

potential cornerstone of the endogenous wound healing response. Despite recognition of the 

importance of electrotaxis in wound healing, no experimental demonstration to date has shown 

that the actual closing of a wound can be accelerated solely by the electrotaxis response itself, 

and in vivo systems are too complex to resolve cell migration from other healing stages such 

as proliferation and inflammation. This uncertainty has led to a lack of standardization between 

stimulation methods, model systems, and electrode technology required for device development. 

In this paper, we present a ‘healing-on-chip’ approach that is a standardized, low-cost, model for 

investigating electrically accelerated wound healing. Our device provides a biomimetic convergent 

field geometry that more closely resembles actual wound fields. We validate this device by using 

electrical stimulation to close a 1.5 mm gap between two large (30 mm2) layers of primary 

skin keratinocyte to completely heal the gap twice as quickly as in an unstimulated tissue. This 

demonstration proves that convergent electrotaxis is both possible and can accelerate healing and 

offers an accessible ‘healing-on-a-chip’ platform to explore future bioelectric interfaces.
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1. Introduction

Since du Bois-Reymond first characterized the naturally occurring ‘wound current’ nearly 

two centuries ago (Bois-Reymond, 1848), there has been significant interest in applying 

external electrical stimulation to improve wound healing (Anderson et al., 2016; Hunckler 

and De Mel, 2017; Tai et al., 2018). The potential for this approach is becoming increasingly 

apparent, with the pressing need for new technologies to expedite and improve wound care 
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given increasing prevalence and healthcare burden of wound treatments (Martinengo et al., 

2019; Padula and Delarmente, 2019)

There is growing evidence from in vitro and in vivo studies that electrical stimulation has 

therapeutic potential. Improvement in skin healing in animal models upon electric field 

stimulation has been demonstrated in recent years (Jang et al., 2018; Kai et al., 2017; Liang 

et al., 2020; Long et al., 2018; Wang et al., 2020; Yu et al., 2019), while clinical research on 

human subjects using electrical stimulation to treat chronic wounds such as pressure ulcers, 

ischemic wounds, and diabetic wounds also reported varying levels of success (Franek et 

al., 2012; Kloth, 2014, 2005; Morris, 2006; Ud-Din and Bayat, 2014). Commercial products 

are available for wound clinics (ACP, 2017; Ovens, 2014) and recent clinical guidelines now 

include evaluations and recommendations for electrical stimulation treatment for pressure 

ulcers (Haesler, 2014).

However, despite the promising outlook, bioelectric wound therapy is far from the standard 

of care. This discrepancy is due to broad gaps in both technology development and 

biological knowledge describing how electrical stimulation may act to improve wound 

healing. Technologically, optimum stimulation parameters for field strength, biointerface 

design, and current delivery mode remain unclear (Khouri et al., 2017; Zhao et al., 2014). 

Biologically, there is uncertainty about how the key wound healing mechanisms--cell 

migration, proliferation, and inflammation—are affected by electric stimulation (Tai et al., 

2018). This ambiguity has resulted in a lack of standardization in stimulation schemes, 

model systems, and technology that can all lead to issues of reproducibility and lengthy 

design iterations that have slowed progress (Ashrafi et al., 2017; Isseroff and Dahle, 2012; 

Kloth, 2005). Furthermore, there have been very few experimental designs that allowed 

close observation of directed cellular motion and its role in wound healing. In vivo and 

clinical studies that use a central cathode and peripheral anode mainly use pulsed or 

biphasic electrical currents instead of direct current, targeting other aspects of the wound 

response instead of directed cellular motion (Kai et al., 2017; Kloth, 2014). Moreover, these 

methodologies are not compatible with live imaging of the cellular response.

Here, we begin to address this problem by integrating a popular technical approach used 

in other branches of biotechnology—’organ-on-a-chip’ systems—to reduce the complexity 

of biomedical problems for increased tractability and translatability. Organ-on-a-chip (OoC) 

platforms are model systems that capture a specific and critical physiological behavior of 

the in vivo system in a standardized, rapid, lower-cost in vitro model. To date, OoCs have 

clearly proven their value in other fields by aiding discoveries and treatments for lung, gut, 

and vascular pathologies (Wang et al., 2015; Zhang and Radisic, 2017; Zhang et al., 2018). 

Here, we use an OoC approach to integrate a ‘healing-on-a-chip’ platform with a custom 

electrobioreactor designed from the ground up to investigate electrically accelerated wound 

healing.

While there are many effects that applied electrical stimulation may have on tissue growth 

and healing, one of the most well-characterized is electrotaxis—the directed motion of cells 

in response to an electric current. The mechanism of current detection is thought to be 

electrophoresis of charged membrane-bound receptors in the presence of an electric field, 
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resulting in an asymmetric distribution of these proteins that triggers downstream signaling 

of the cell migration machinery (Allen et al., 2013). Electrotaxis is seen in over 20 cell types 

across multiple organisms where cells sense and track electrochemical potential gradients 

(~1 V/cm) that emerge during development and injury healing (Cortese et al., 2014; Kennard 

and Theriot, 2020; McCaig et al., 2009). In vivo, these fields result in negative polarization 

of the center of a skin wound relative to the periphery of the wound (Shen et al., 2016; 

Wahlsten et al., 2016). Direct current fields are analogous to fields in vivo (McCaig et 

al., 2005), in contrast to the pulsed DC or AC stimulation used in many in vivo studies 

(Hunckler and De Mel, 2017; Long et al., 2018), and are sufficient to induce the electrotaxis 

response as shown in in vitro assays that demonstrated control of cells and simple tissues 

using spatially programmed electric cues (Cohen et al., 2014; Gokoffski et al., 2019; Zajdel 

et al., 2020). Given the ubiquity of electrotaxis and the sensitivity of cell migration to 

electrical cues, electrotaxis likely plays a significant role in the reepithelialization stage of 

wound healing, and perhaps other phases.

However, at present there is no study, either in vitro or in vivo that conclusively indicates 

that electrotaxis itself can accelerate wound closure to completion as electrotaxis has 

primarily been studied in isolated single cells to elucidate the molecular biology of the 

process. This gap stems from the technological limitations of current devices used to 

study electrotaxis. Nearly all devices use a single electrode pair to apply a uniform, 

unidirectional field across tissues—such a field would cause one side of a wound to 

close and the other side to worsen. To our knowledge, there is only one prior convergent 

field study that reports accelerated wound edge migration (Sun et al., 2012), although this 

study focused on fibroblasts and provided stimulation for 2 hrs, which was insufficient to 

actually close the wound model, hence further investigation is warranted. In addition, most 

studies and devices do not generalize well to macroscale tissues and wounds since precise 

tissues with reproducible, millimetric wounds must be grown inside the electrobioreactor. 

Finally, macroscale cell migration requires stable electrical stimulation over many hours, 

and the common, bleach-based electrode preparation process is insufficient for long-term 

stimulation (>4 hours). An ideal bioelectric ‘wound-on-a-chip’ platform should address 

these issues.

Here we build on our prior work (Cohen et al., 2014; Zajdel et al., 2020) to create a 

new electrobioreactor to study healing in a macroscale skin-on-a-chip model using primary 

mouse skin monolayers which migrate toward the cathode when stimulated (Figure 1), and 

to use electrical stimulation to accelerate closure of 1.5 mm large model skin wounds by 

at least 2X over unstimulated skin layers (Figures 2, 3). To accomplish this, we developed 

electrotaxis infrastructure specifically designed to recapitulate the constraints of wound 

healing, delivering a sustained converging electric field to a tissue (Figure 1). With this 

device, we were able to engineer and stimulate the largest tissues yet tested with electrotaxis 

(30 mm2) for 12 hours, while also exploring the consequences of continuing stimulation 

beyond the point of wound closure and tissue collision.
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2. Material and Methods

2.1. Cell Culture

Primary keratinocytes were originally harvested from mice (courtesy of the Devenport 

Laboratory, Princeton University). Cells were cultured in E-medium supplemented with 

15% serum and 50 μM calcium and maintained at 37 °C under 5% CO2 and 95% relative 

humidity. Cells were split before reaching 70% confluence and a given sample was used 

only for 15-30 passages.

2.2. Device fabrication and assembly

This device assembly is a modified version of the SCHEEPDOG bioreactor from our prior 

work, and our methods are similar to those published previously (Zajdel et al., 2020). 

The chamber geometry was designed in vector graphics software (Affinity Designer) and 

then simulated in finite element software (COMSOL) to predict the field geometry. The 

stencil defining the pattern was cut from a 250 μm thick sheet of silicone rubber (Bisco 

HT-6240, Stockwell Elastomers) by a computer-controlled cutter (Cameo, Silhouette). This 

stencil was applied to a 10 cm tissue culture dish (Falcon) and formed the outline of the 

electro-stimulation zone. Fibronectin was adsorbed to the dish’s surface to provide a matrix 

for cellular adhesion (protein was dissolved to 50 μg/mL in DI water, applied to the dish for 

30 min at 37 °C, then rinsed three times with DI water). A second silicone stencil defined 

two 3x10 mm microwells, and 10 μL of a seeding solution of cells (singulated keratinocytes 

suspended in media at a density of 2.0 × 106 cells/ mL) was added to each well. Cells were 

left to settle for 6 hours in a humidified chamber at 37 °C. After this settling period, the dish 

was filled with 10 mL of media and incubated for 14 hours to form confluent monolayers.

The three acrylic pieces comprising the reusable device insert were laser milled (VLS 3.5, 

Universal Laser Systems) out of a 5.2 mm thick acrylic sheet. These individual layers of 

acrylic were stacked, clamped and solvent welded together with acrylic cement (SCIGRIP 

4, SCIGRIP Assembly Adhesives) and set for 24 h. The lid cap for the assembly was cut 

from a 3 mm thick acrylic sheet and a self-adhesive 1 mm-thick silicone sheet was adhered 

to one side to provide a better seal against the device insert. All components were sterilized 

by exposure to 5 min UV radiation in a cell culture hood just before assembly.

After the cell incubation period, the stencil was removed, and the device was assembled 

immediately. To fabricate the integrated salt bridges, 4% w/v agarose was melted into 

phosphate buffered saline pH 7.4 on a hot plate. Once fully melted, the agarose was cast 

into the three slots in the acrylic device to serve as bridges. Once the agarose bridges had 

solidified, 5-10 mL of PBS was added to each of the three saline reservoirs associated with 

the agarose bridges. Then, the device was inserted into the tissue culture dish and clamped 

against the silicone stencil using four modified C-clamps (Humboldt Manufacturing Co.), 

taking care to avoid trapping air bubbles. Next, the chloridized silver electrodes were 

inserted into the lid cap and pressed against the acrylic device, so each electrode rested 

within a separate saline reservoir. Then, a Ti-wire recording electrode was inserted into each 

well, until it contacted one of the agarose bridges. The completed assembly was then moved 

to the microscope for imaging.
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2.3. Electrode Preparation and Characterization

The silver chloride electrodes used in convergent wound healing assays were prepared 

by electroplating silver chloride onto silver foil electrodes. To prepare them, silver foil 

electrodes were immersed in 0.1 M KCl and poised at 3-5 V against a titanium wire counter 

electrode to a target current density of 1 mA/cm2 and plated for 14-16 hours. Bleach 

immersion electrodes were prepared for the basis of comparison by submerging clean silver 

foil in a commercial 8% bleach solution for 24 hours.

We characterized the cathodic performance of these electrode materials by using a 

potentiostat to sweep five sequential cyclic voltammetry (CV) cycles in a three-cell 

electrochemical cell. The working electrode was 3 cm2 of the cathode material under test, 

the counter electrode was a 15 cm2 silver chloride foil, and the reference was a standard 

Ag/AgCl reference (SYC Technologies, Inc.). Normal operating conditions in our device 

show a cathodic potential of −1.5 to −1.7 V vs. Ag/AgCl when delivering a current of 6-8 

mA, so voltage was swept from 0 to −2 V vs. Ag/AgCl.

2.4. Instrumentation

Two Keithley source meters (Keithley 2400/2450, Tektronix) supplied current to the 

stimulation electrodes, and both sources shared the central cathode. A USB oscilloscope 

(Analog Discovery 2, Digilent Inc.) measured the chamber voltage at the Ti recording 

electrodes, and both meters shared the central probe. A custom MATLAB script adjusted the 

output currents using proportional feedback control to maintain the desired field strength, 

and stimulation between the two pairs were alternated every 30 seconds so only one source 

was active at a given time.

2.5. Microscopy

Time lapse images were acquired on an automated Zeiss (Observer Z1) inverted 

fluorescence microscope equipped with an XY motorized stage controlled by Slidebook 

(Intelligent Imaging Innovations, 3i). The microscope was fully incubated at 37 °C within 

a polycarbonate enclosure. A peristaltic pump (Instech Laboratories) inside the chamber 

perfused fresh media through the electro-bioreactor at a rate of 2 mL/h. Polyolefin tubing 

with 1/32” inner diameter and 3/32” outer diameter (Flexelene™, United States Plastic 

Corp.) conducted media from the pump to the device. This tubing was connected to the 

acrylic device via a contact fit with a 2.0 mm inlet/outlet access holes cut in the device lid. 

To regulate media pH, 5% CO2 was continuously bubbled through the media reservoir. All 

imaging used a 5X/0.16 fluorescence objective. Cells were either labeled by a lipophilic 

cytoplasmic dye (CellBrite Red, Biotium) and imaged with a Cy5 filter set (λex/λem 

644/665 nm) and 300 msec exposure per image or labeled with a live nuclear dye (NucBlue, 

Invitrogen) and imaged with a DAPI filter set (λex/λem 358/461 nm) and 200 msec exposure 

per image. The outline of the central electrode slit was visualized by illumination with the 

DAPI filter set and a one-time 300 msec exposure. Fluorescence illumination was supplied 

by a metal halide lamp (xCite 120, EXFO). Images were captured at 10 min intervals.

For experiments assessing proliferation, 5-ethynyl-2’-deoxyuridine (EdU, Invitrogen) was 

added to the perfusion media at a concentration of 10 μM for the final 6 hours of stimulation 
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in a given time-course, which lasted up to 12 hours. This 6 hour incubation strategy was 

used to avoid EdU saturating the tissue. Immediately after the experiment, cells were 

fixed and permeabilized, then EdU was labeled with Alexa Fluor 488 azide following the 

manufacturer’s protocol (Click-iT EdU Imaging Kit, Invitrogen). Additionally, cell nuclei 

were labeled with Hoescht 33342 at a concentration of 5 μg/mL for 30 minutes. Cells 

labeled in this way were imaged on a Nikon Ti2 with a Nikon Qi2 CMOS camera and NIS 

Elements software. Images for EdU visualization were captured with a GFP filter set at 50% 

lamp power (SOLA Lumencor, USA) and 400 ms exposure time while images for Hoescht 

33342 were captured with a DAPI filter set at 50% lamp power and 500 ms exposure time.

2.6. Image Processing

Tissue velocity maps were generated using PIVLab, a MATLAB script performing FFT

based PIV (Thielicke and Stamhuis, 2014). Iterative window analysis was performed using 

first 160×160 μm windows followed by 80×80 μm windows, both with 50% step overlap. 

Vector validation excluded vectors beyond five standard deviations and replaced them with 

interpolated vectors. Line integral convolution was used to visualize the flow field at certain 

time points and presented as the flow map. The velocity vector fields were then imported 

into MATLAB for kymograph generation and plotting. When required, labeled nuclei were 

tracked using FIJI’S TrackMate plugin set to detect spots via Laplacian of the Gaussian 

filtering and to link using Linear Motion Tracking (Tinevez et al., 2017).

When counting labeled cells for proliferation analysis, FIJI was used to apply a Gaussian 

blur to the image, then the Find Maxima function was used to count cells inside a region of 

interest. The count of the total population labeled by Hoescht 33342 was compared to the 

number of cells with any level of EdU incorporation to assess the fraction of cells actively 

proliferating. The tissue bulk regions and center were analyzed separately. Bulk regions of 

interest, approximately 4.5 mm X 2.5 mm, were selected on either side of the cathode to 

avoid biases from the edge of the tissue. A central region of interest, approximately 0.25 mm 

X 2.5 mm, was selected to analyze the high-density tissue directly underneath the cathode.

2.7. Statistical Analysis

Significance of the increase in wound closure rate assessed by EdU labeling was determined 

by the two-sample t-test, computed in MATLAB with the Statistics and Machine Learning 

toolbox.

2.8. Data and Enabling Materials availability

All analysis code, device schematics, implementation guides, and validation data 

will be provided via our updated GitHub repository as listed here: https://qithub.com/

CohenLabPrinceton/SCHEEPDOG

3. Results

3.1. Device design for convergent electrical stimulation.

Our new electrobioreactor departs from most extant electrotaxis systems by generating an 

electric field that converges at the center of model wounds, and functions as follows. The 
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device consists of an acrylic insert clamped to a standard tissue culture dish, holding 

electrodes and agarose salt bridges in position (Figure 1A). Three chloridized silver 

stimulation electrodes (anodes at left and right, cathode at center) are isolated from each 

other in separate saline reservoirs and electrical contact with the culture media is provided 

by 4% agarose w/v salt bridges cast inside the insert, one per reservoir (Figure 1B). The 

~500 μm thin, laser-milled, agarose bridge serves as a central cathode and is aligned directly 

over the wound site (Figure 1C, see ‘*’). The result is a stable, uniform field that converges 

upon the central electrode as confirmed by simulation (Figure 1D,E).

To reliably generate reproducible tissues and linear wounds, we use a silicone stencil 

templating method (Cohen et al., 2014; Heinrich et al., 2020) that prepares confluent 

monolayers the evening before an experiment. We then assemble the electrobioreactor over 

these tissues prior to imaging. For these experiments, we use layers of keratinocytes from 

primary skin cultured under basal conditions optimized for electrotaxis (Zajdel et al., 2020). 

After the tissues have grown, the stencils are removed, and the device is clamped over the 

cells, aligned such that that the central slit electrode is in the gap between cells (Figure 

1E). Then, a computer-controlled source meter (Keithley 2450) is connected to each pair 

of electrodes (left-center and right-center), with both sources sharing the central cathode, 

to supply an electric current. The field within the chamber is continuously monitored 

by a digital oscilloscope and the current output of each source meter is adjusted via 

closed-loop control to maintain a constant 2 V/cm field strength directed toward the central 

cathode. We specifically chose this field strength as it has previously been validated and 

was chosen to amplify the approximate field strength experienced in vivo (McCaig et al., 

2009). The current density experienced by cells was 0.8-1.0 mA/mm2. To extend cathode 

lifetime, only one source was active at a time, alternating between left-center and right

center stimulation every 30 seconds to produce a time-averaged convergent field. While 

continuous, simultaneous stimulation is effective and results in a roughly 8-10% higher 

mean edge speed than alternating between each side (see Supplementary Information, Figure 

S1 for a comparison), our strategy effectively halved the rate of cathode degradation while 

doubling system lifetime. From a cellular perspective, this strategy is safe as we and others 

have previously shown that cells still respond to electrical stimuli at lower duty cycles 

(50-60%) (Ren et al., 2019; Zajdel et al., 2020). Oxygen delivery and waste management 

are handled by perfusing fresh media through the bioreactor at 2 mL/h, turning over the 

chamber volume ~11 times per hour. The resulting system provides a robust convergent field 

to viable cells.

Stable DC stimulation and cell viability require that the electrodes remain intact throughout 

an entire experiment, so optimization of electrode chemistry is an important consideration. 

Virtually all DC electrotaxis chambers use an anode and a cathode to inject Faradaic current 

through a sample, using combinations of salt bridges, media perfusion, and heavy buffering 

to prevent the build-up of toxic electrochemical by-products or harmful pH changes due to 

electrolysis at the electrodes (Li et al., 2020; Schopf et al., 2016; Zhao et al., 2014). Because 

the current used in our device is moderate (~4-6 mA) and the 1.5 mm gap between tissues 

is relatively large, the central cathode must be able to sink current for an extended period 

to induce tissue convergence, ideally 12 hours or more. To support this, our system uses 

electrically chloridized silver foil as electrodes, which degrades at the cathode into ionic 
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silver and chloride during stimulation. This reaction is more favorable than the hydrolysis 

cathodal half-reaction, which evolves hydrogen gas from the solution and increases pH 

(Li et al., 2020). This allows for safe stimulation until AgCl is depleted at the cathode, 

when evolution of H2 then becomes favorable and pH increases rapidly, which can cause 

cytotoxicity. Therefore, sufficient chloridization of the silver foil is paramount for extended 

electrode lifetime. We compared our chloridization method with bleach immersion, another 

technique commonly used to chloridize silver. We performed repeated cyclic voltammetry to 

compare electrode preparations and found that this method of electroplating silver chloride 

resulted in more stable cathodes (Supplementary Information, Figure S2). While we and 

several others use electroplating (Kemkemer et al., 2020; Zhao et al., 2014), the majority 

of the community relies on bleaching, which we found to be unstable and motivated us 

to provide this characterization to help define new best practices. Our combined approach 

of robust silver chloridization, agarose diffusion barriers to prevent ionic silver reaching 

the tissue, and media perfusion integrates numerous best practices in the electrotaxis field 

to maximize cell viability during stimulation in our device, allowing for extended wound 

healing experiments.

3.2. Accelerating gap wound closure.

To evaluate this platform for in vitro healing, we patterned two 10 x 3 mm tissues spaced 

1.5 mm apart with the central cathode aligned over the wound center (Figure 1F). The 

acrylic outline of the central cathode slit fluoresces weakly when imaged using a standard 

DAPI filter set, so the alignment between the central cathode and the tissues could be tuned 

and verified. We then applied convergent electrical stimulation over 12 hours, with striking 

results (Figure 2, Videos 1 and 2). In the non-stimulated control case, cell proliferation and 

migration lead to the slow expansion of tissues and gradual, but incomplete closure of the 

wound over 12 hours (~50% closure, N=3). However, convergent bioelectric stimulation led 

to complete closure between 11-12 h (N=3). More specifically, the edge migration speed 

was twice as fast in the stimulated case as in the control, measuring 29.4 ± 3.3 μm/h 

and 61.0 ± 7.9 μm/h for the control and stimulated cases, respectively. The two-sample 

t-test was performed on the edge speeds (N=6 edges for each condition) to determine 

that this difference is statistically significant (p = 4 x 10−6). To conclusively attribute this 

effect to electrical stimulation rather than temperature effects (Joule heating has been linked 

to increased migration speeds in prior studies (Allen et al., 2013; Ream et al., 2003)) 

we monitored the device temperature during stimulation (Figure S3). The steady state 

temperature in the bioreactor only rose from 37±0.5 °C to 38±0.5 °C over the experiment. 

This 1 °C (3%) increase in incubation temperature is unlikely to account for ~2X increase 

in migration speed during stimulation, especially given prior work relating temperature to 

migration during electrotaxis (Allen et al., 2013). We hypothesize that perfusion and media 

turn over helps to exchange heat and mitigate any effects from Joule heating. Taken together, 

this is the first demonstration of convergent field stimulation accelerating in vitro wound 

healing to millimeter-scale gap closure, and the results prove that electrotaxis alone is 

sufficient for this acceleration.
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3.3. Driven collective migration during healing.

To better characterize device performance and its effects on large scale tissue growth and 

motion, we performed particle image velocimetry (PIV) on each tissue. Representative 

horizontal velocity kymographs for both the control and convergent stimulation cases are 

shown in Figure 3 (compare with Video 1). To provide context of spatial dynamics within 

a given tissue, we show representative heatmaps of horizontal velocity and line integral 

convolution (LIC) migration maps to visualize the overall flow of cellular motion at 4 hours 

after the onset of stimulation (steady state). Throughout the control tissue (Figures 3A-C), 

there is little net outwards motion, except for slow expansion at the edges. Disorder is 

apparent in the velocity and migration maps of the control tissues, which lack large regions 

of coordinated movement, as expected for non-stimulated tissues (Figures 3B,C). In contrast, 

bioelectric stimulation resulted in nearly uniformly high-speed motion throughout the tissue, 

converging on the gap within 15 minutes of the field turning on, as visualized in the velocity 

and migration maps (Figures 3D-F). The large number of parallel streaklines along the 

stimulation direction in the migration map demonstrates highly coordinated motion across 

the tissue in alignment with the stimulus (Figures 3F). These visualizations reveal that the 

electric field acts a global migration cue across a large area, confirming that cells experience 

a highly uniform field as predicted by simulation (Figure 1D,E).

3.4. Convergent migration near the field singularity.

Having demonstrated that the in vitro healing process can be electrically accelerated overall, 

we next characterized cellular responses specifically during the final stages of wound 

closure. Unlike traditional electrotaxis chambers where the electrodes are significantly distal 

to the tissue to ensure a uniform field, our healing-on-a-chip device requires a central 

electrode to focus cell migration into the wound zone. Since the central electrode has a 

finite width (~500 μm here) that is smaller than the wound, tissues will eventually pass 

underneath the electrode and enter the ‘electrode shadow’ during the final stages of healing 

and convergence. Any discrete electrode produces field non-uniformities close to its surface, 

so as cells enter the electrode shadow, they will experience a very different field than out 

in the fully developed zones far from the center. Our simulation predicts a sharp decrease 

in electric field strength that begins about 500 μm on either side of the central cathode 

above the convergence region (Figure 4A). We quantified the actual effects of the central 

field singularity by stimulating closed tissues for 6 hours and using a live nuclear dye to 

track cells in that central zone (Video 3). We averaged PIV across the region surrounding 

the closure zone over the stimulation period (Figure 4B, asterisks and error bars) and 

fit a sigmoid function to the data (Figure 4B, inset) showing that there is a strong, steady

state response far from the central electrode that steadily weakens as cells approach the 

central electrode and enter the electrode shadow (Figure 4, dashed blue line; magenta zone 

shows electrode shadow). While this local weakening of the electrotactic response closely 

resembled the trend in our simulations, cells nonetheless continued to directionally migrate 

deep into the electrode shadow zone, only to dropping to <50% of the steady state velocity 

once cells were ~100 μm off the electrode midline. These data show that the effective 

electrode size is smaller than its physical, 500 μm width (Figure 4B, compare dotted black 

boundaries to electrode boundaries), suggesting that even relatively large electrodes can still 

promote last-mile healing.
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We suggest two reasons for why the ‘effective electrode’ size would be smaller than its 

physical size. First, the threshold field strength that elicits an electrotaxis response is 

lower than the 2 V/cm we target in stimulation. As the field strength rolls off, it is still 

‘therapeutic’ for some distance, given that physiological field strengths are on the order of 1 

V/cm (McCaig et al., 2009). Second, the monolayers carry some memory of the electrotaxis 

response that continues to influence their responses after the stimulus changes (Ren et al., 

2019; Zajdel et al., 2020). Keratinocytes polarize in response to the field stimulus, and this 

polarization takes time to decay once a stimulus is no longer detected. This could lead to 

cells effectively coasting, unguided, during the last gap before tissue closure.

3.5. Risks and significance of continued stimulation post gap-healing.

Critically, we also observed potential consequences to continued electrical stimulation after 

a wound had closed. As has been noted previously (Ream et al., 2003), electrotaxis appears 

to override basic cellular safety mechanisms such as contact inhibition, so cells will continue 

trying to directionally migrate as long as stimulation is active. In our wound healing model, 

stimulating after a tissue had closed would continue to drive cell migration towards where 

the center of the wound had previously been. This inevitably caused an increase in local 

cell density, and we measured a >2X increase (from 750 to 1600 cells/mm2) in cell density 

under the electrode shadow relative to density distal to the central electrode (Figure 4C-E), 

showing there is potential for a high-density zone to build up due to continued post-healing 

stimulation that could potentially alter the healing process such as by overconcentrating cells 

within the wound bed or potentially altering scar formation in vivo (Oliveira et al., 2019). 

Comparing individual cell trajectories within the central zone confirmed that cells within the 

electrode shadow horizontally translated a shorter distance than those that were farther away 

(Figure 4F,G). This reduction in overall translation extended, in a graded fashion, outwards 

500 μm from the center in either direction, consistent with the reduction of speed cells 

experience as they enter the electrode shadow. Nevertheless, there is net migration towards 

the center, even for cells that were initially positioned under the electrode, suggesting again 

that the electrode’s influence extends underneath its width despite significant weakening of 

the effective field strength.

3.6. Extended stimulation effects on cell cycle progression

Since cell migration and proliferation are both affected by cell density, we characterized the 

time course of cell cycle progression during stimulation by assaying EdU incorporation (Yu 

et al., 2009). An increase or decrease in the rate of EdU uptake indicates a corresponding 

change in DNA synthesis, and we analyzed central and bulk regions separately. We observed 

a significant decrease in the proliferation rates in stimulated tissue bulks (far from the 

cathode) starting at 3 hours that continued onwards to 12 hours (Supplementary Information, 

Figure S4), with the overall proliferation rate dropping from ~55% to ~23%, relative 

to ~53% to ~49% for the control. This reduction is consistent with prior studies that 

demonstrate a similar effect of DC stimulation (Ren et al., 2019; Wang et al., 2003). More 

surprisingly, we observed a transient increase in proliferation rate immediately underneath 

the cathode where the electric field converged for the first 6 hours of stimulation. This is 

unexpected since the local increase in cell density might have led to contact inhibition. We 

hypothesize that the local environment underneath the electrode may differ significantly 
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from conditions in the bulk in terms of local current density and ion fluxes, which might 

have significant and unexpected impacts on proliferation during the onset of stimulation. 

These results suggest that more thorough study of the effects of electrical stimulation 

on proliferation is warranted, and that other stimulation schemes such as pulsed DC or 

AC might have complementary effects for wound healing. More specifically, these results 

highlight the importance of considering electrode/cell proximity as a design variable.

4. Discussion

Overall, we present a bioelectric, healing-on-a-chip (HoC) platform designed specifically 

to study the role of electrotaxis and other electrical phenomena in wound healing. Unique 

for electrical stimulation bioreactors, our approach creates a field stimulation pattern that 

mimics that found in wounds in vivo, with the field converging at the center of the wound 

gap. This capability allows us to directly explore the actual healing process, rather than 

purely unidirectional cell migration. Therefore, our platform allows study of the in vitro 
healing process spanning initial injury, ‘first contact’ as the sides of the wound meet 

and, critically, post-closure behavior after the wound has healed. Using this platform and 

unoptimized stimulation parameters, we demonstrate ~2X acceleration of wound closure 

in an in vitro skin layer model due solely to electrotactic effects. This demonstration 

visualizes the effect of electrotaxis itself accelerating the healing process, expanding upon 

prior convergent stimulation work (Sun et al. 2012) to demonstrate complete, accelerated 

closure millimeter-scale gap wounds for the first time. The stability, reproducibility, and 

programmability of the platform make it suitable to deeply explore key technological and 

biological questions, and we have taken care to ensure the device is easily replicable and 

accessible to a broad audience.

That even naïve stimulation had a strong, positive effect on in vitro healing is encouraging, 

and establishes a clear baseline against which future parameter optimization studies can 

be compared. This approach could be critical to the community as standardization and 

optimization of stimulation approaches remains an open question. To address this, we 

explored the effects of stimulating beyond initial closure of the wound by electrically 

stimulating a closed tissue, and the resulting cellular pile-up indicates both the potency of 

electrotaxis to drive migration and the importance of being able to fine-tune and intelligently 

adjust stimulation in practice to avoid detrimental effects of overstimulation. Such cellular 

pile-ups also speak more fundamentally to the role of electrotaxis as a tool to modulate and 

explore interactions at the boundaries between tissues.

Because tight coupling between cell cycle progression and cell migration has been 

demonstrated (Molinie et al., 2019), we studied the effect of prolonged stimulation 

on proliferation via an EdU incorporation assay. Our brief survey showed reduced 

proliferation in both the bulk and cathode region starting after extended stimulation, but also 

unexpectedly showed an increase in proliferation rate directly under the cathode during the 

onset of stimulation. This increase suggests potential changes in the ionic environment at an 

electrode directly over tissues has implications for the dynamics of the cell cycle. Additional 

studies of the dynamics of proliferation directly under a stimulation electrode would also 
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work towards the understanding required to better prescribe stimulation programs for 

optimal healing.

While we specifically investigated healing in monolayers of primary skin cells in this 

study, in principle, any adherent cell type is compatible with this system. We used the 

primary mouse keratinocyte skin layer model as it is a standard model in the field 

and allowed us to place our work in the context of other studies. Wound healing in 
vivo clearly involves complex coordination across multiple cell types (e.g. macrophages 

and immune cells, fibroblasts, and vascular cells, and epidermal cells) and phases, (e.g. 

inflammation, granulation, and re-epithelialization) (Tai et al., 2018). That our platform 

supports pre-engineering tissue configurations means that co-cultures or more complex 

tissue models can be grown first and then incorporated into the bioreactor to allow more 

complex studies on healing. When linked to stimulation optimization approaches, it may be 

possible to determine modalities that preferentially target a given cell type, or process such 

as proliferation vs. migration during healing. Again, these questions benefit from a field 

geometry that enables a healing phenotype.

We look forward to the translation of our findings, and those of others in this space, into 

therapeutic applications in wound healing, both for acute and chronic wounds. Having 

confirmed the power of direct current stimulation to produce safe, strong directed cellular 

migration, future research would include testing the stimulation on more complex, 3D 

models as well as scaling up our technology to cover larger wounds than presented here. 

Recently developed therapeutic electrical appliances are on the scale of ~10 cm (Kloth, 

2014; Ovens, 2014), which is sufficient size to cover a small ulcer wound, suggesting it 

is possible to scale up the stimulation geometry in this paper to cover real-life wounds in 

patients.

5. Conclusions

Our bioelectric ‘Healing-on-a-Chip’ approach is fully open and intended to be modified 

and tailored for a variety of applications. We provide complete design files, computational 

models, and stimulation code, and the basic approach lends itself to easy customization. 

For instance, electrode shape, size, number, and location can easily be adjusted without 

additional cost or significant complexity. Field stimulation strategies can be tested by 

attaching any desired power supplies or running arbitrary stimulation code to activate 

electrode sequences. Our autofluorescence alignment approach makes it possible to 

accurately align a given electrode configuration to a given wound and removes much of the 

ambiguity and difficulty this process would normally introduce. We hope the demonstrations 

here and flexibility of the device can help accelerate healing-on-a-chip research, improve 

translation for future in vivo applications, and even support new, research on general 

interactions between colliding tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Convergent field stimulation device. (A) Layer-based assembly of the bioreactor onto a 

tissue culture dish. Cells are patterned in the center of the dish, then a 250 μm-thick silicone 

stencil is placed to define the stimulation area and height. Agarose bridges are cast inside an 

acrylic insert, then clamped into the dish and against the silicone stencil. The reservoirs on 

the topside of the acrylic insert are filled with phosphate-buffered saline (PBS). Chloridized 

silver electrodes and titanium wire recording probes are inserted in each reservoir, all held 

in place by a lid cap. (B) Device cross-section sketch and (C) photograph of the sectioned 

agarose bridges stained with green food coloring for contrast. The narrow cathode is labelled 

with ‘*’. (D) Numeric simulation of the electric field in the device, showing constant 2 

V/cm field strength converging toward the center, with a steep drop-off in strength starting 

±500 μm from the center. (E) Simulated field strength versus x-position in the device. 

(F) Microscope capture of the central area of the assembled device, showing the central 

electrode 500 μm wide positioned between the two tissues. The cells (white) were labelled 

with a Cy5 lipophilic dye and the outline of the central electrode was visualized with a DAPI 

filter set (λex/ λem 358/461 nm) and filled via post-processing in ImageJ (magenta).

Zajdel et al. Page 16

Biosens Bioelectron. Author manuscript; available in PMC 2022 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Dynamics of accelerated wound closure of keratinocyte monolayers. (A) Timepoint 

comparison of stimulation versus control for keratinocytes labelled with a Cy5 cytoplasmic 

dye. Gap boundaries are demarked by magenta lines. Initial gap between tissues was 1.5 

mm, and this gap closed by 12 hours in the stimulated case, while roughly 50% of the gap 

remained in the control case. (B) Gap closure normalized to the initial gap width for N 

= 3 tissues in each condition. Shaded region represents one standard deviation. (C) Edge 

expansion speeds averaged over an 8 h period. The average edge expansion was 29.4 ± 

3.3 μm/h and 61.0 ± 7.9 μm/h for the control and stimulated cases, respectively. Error 

bars represent standard deviation (N=6 edges in each condition). There is a statistically 

significant increase in edge speed when stimulated as determined by the two-sample t-test (p 

= 4 x 10−6).
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Figure 3. 
Convergent stimulation results in coherent migration response towards the center. 

Representative kymograph of Vx averaged across x-position in a control (A) and stimulated 

(D) tissue pair. The control tissues expand uniformly outwards, while the stimulated tissues 

converge towards the cathode with uniformly high speed across the tissue area (~60 μm/h 

directed towards the gap). Horizontal velocity maps (B,E) and migration maps (C,F) in 

representative tissue pairs.
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Figure 4. 
Response of migrating cells near the center of a closed tissue. Dotted vertical magenta lines 

indicate approximate cathode boundaries in each respective graph. (A) Numeric simulation 

results for the electric field of the channel in cross section. The horizontal dotted line is the 

section of the electric field plotted in the next panel. (B) Average horizontal velocity plotted 

as blue *’s with error bars representing standard deviation (N = 2). The dashed blue line 

indicates a least-squares fit of a sigmoid function to the data, and the formula for this fit 

is inset in the lower right quadrant of the plot. The region where the horizontal velocity’s 

magnitude drops to < 50% of the steady state value is marked by dot- dash black lines. 

Predicted strength from numeric simulation (reproduced from Figure 1E) is plotted as a red 

solid line. (C) DAPI images of cell nuclei and (D) density maps for tissues at the onset of 

stimulation (t = 0 h) and after six hours of stimulation (t = 6 h). (E) Average cell density 

versus x-position, where x = 0 is the center of the cathode. Error bars represent standard 

deviation (N = 2). (F) Montage of 6-hour trajectories of individual cells in proximity with 

the center. Each track is coloured by net x-displacement. (G) Total horizontal displacement 

of cell versus its starting x-position relative to the center of the cathode at x = 0.
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