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Effects of electrode placement on
electrical stimulation for wound
healing
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Effective wound healing is directly linked to survival. Long-term unhealed wounds impair quality of life
and incur significant costs. Electrical stimulation (ES) influences wound healing by modulating signals
that requlate cell proliferation, migration, and immune response. In ES treatment, the placement of
electrodes is a critical factor, as it impacts the environmental conditions and cell polarity essential for
wound healing. This study analyzed the effects of various electrode placements to identify the optimal
setup for accelerating wound healing. The optimized electrode placement enhanced wound healing in
a rat model of full-thickness skin defect over 17 days, and the electrical field (EF) was analyzed using
simulations. In-vivo, the optimized electrode placement achieved a 16.7% reduction in wound area
compared to the control group. In simulation, a forward vector of the EF from the optimized electrode
placement was observed. The findings suggest that optimizing the electrode placement for ES is
beneficial to wound healing.

A wound is defined as an injury or disorder of the skin structure, extending from the epithelium to the deep tissues
and organs!. The natural wound healing process initiates with the occurrence of a wound and typically spans 4 to
6 weeks, encompassing phases of coagulation and hemostasis, inflammation, proliferation, and remodeling2’5.
Factors, whether local, systemic, or general, can impede wound healing®”. Chronic wounds are defined as those
that fail to restore anatomic and functional integrity within 3 months®. Factors such as aging and diabetes can
lead to delayed wound healing, which may progress to chronic wounds. Chronic wounds can lead to increased
healthcare costs due to extended healing periods, infections, mutilations, complications, and reduced quality of
life. In the United States, 6.5 million patients annually incur over US$25 billion in expenses related to chronic
wounds’. Furthermore, chronic wounds are vulnerable to exogenous pathogens, such as sepsis'’. Additionally,
diabetic foot ulcers (DFUs), which are a complication of diabetes, can lead to amputations and high mortality
rates'!. Consequently, quality of life significantly declines. Addressing these issues by shortening the healing
period and preventing chronic wounds can reduce both economic costs and the prevalence of complications,
ultimately enhancing quality of life. Therefore, accelerating wound healing is crucial both to shorten the healing
period and to prevent the development of chronic wounds.

A variety of strategies have been studied to accelerate wound healing and to prevent and treat chronic wounds.
Treatments such as ultrasound, compression bandage, cell transplantation, dressings, infrared, hyperbaric
oxygen therapy, and ES have utilized for wound healing""'>-2!. Several experimental approaches have proven
effective in accelerating wound healing. However, these treatments present challenges such as high treatment
and development costs, prolonged healing duration, and patient stress. ES has garnered attention as a generally
safe, cost effective, and efficient treatment for chronic wounds caused by various factors?2-26,

ES treatment utilizes the biological principles of wound healing. The physiological factors of wound healing
are known as trans-epithelial potential (TEP), which ranges from 10 to 60 mV across the epidermis?”*.
Wound formation disrupts the highly resistive epithelium, thereby creating a pathway of lower resistance. This
disruption leads to a loss of TEP and ion movements, resulting in a potential difference that directs towards the
wound site and induces endogenous EF*-3!. Cell migration for wound healing is induced by endogenous EF*>>.
ES generates exogenous EF that imitates endogenous EF and promotes cell migration. Proper ES application
accelerates wound healing significantly, as various studies have shown the effectiveness of ES in accelerating the
healing process especially hard-to-heal wounds®*~*%. However, specific parameters must be considered when
applying ES. The first is the waveform of stimulation. Variations in stimulation waveform have been shown
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to impact effectiveness; high voltage pulse current (HVPC) is most effective in reducing wound size>”-*. The
second parameter is the placement of electrodes. Electrode placement affect the formation of exogenous EF¥.
In wound healing, the formation of exogenous EF, including its direction and penetration depth, is crucial due
to the different polarities of cells predominantly located in the dermis layers***!. Inappropriate direction and
penetration depth of EF can hinder wound healing and potentially lead to chronic wounds. Previous studies
have employed four methods of electrode placement. The first method involves placing ground and active
electrodes on opposite sides of the wound*?~*4. The second method positions an active electrode on the wound
and a ground electrode adjacent to it*>%°. The third method places an active electrode on the wound and ground
electrodes on both side of the wound>. The remaining methods utilize a ring-shaped electrode that positions
an active electrode on the wound and a ground electrode around the wound'>*”. Several studies that adopted
the first three placements failed to explain their choice or assess the impact of these placements>*42-4¢, These
placements are not expected to facilitate optimal wound healing. In silico studies suggest that a ring-shaped
electrode configuration most closely mimics endogenous EF*®. However, there are challenges associated with
applying ring-shaped electrodes to wounds of varying sizes and shapes due to the fixed size of electrode. In
a study conducted by Song, Joseph W,, et al., an electrode for wound healing with a diameter of 8 mm was
developed'®. However, this electrode was unable to apply to wounds exceeding 8 mm in diameter. In summary,
while several studies have investigated the effects of stimulation waveforms, research on the impact of electrode
placement is lacking. Moreover, the application of electrode placements is not standardized, limiting their
compatibility with various wound types.

In this study, we report on the effect of wound healing based on various electrode placements. To address
the limitations of conventional wound treatments, such as electrode placements with unclear principles and
electrodes of a fixed size, we developed an adaptable electrode placement without a fixed shape. The groups were
categorized based on several criteria, and the effects of EF on wound healing were quantified and compared
across multiple experimental settings. In this experiment, proliferation and remodeling were promoted after
7 days of hemostasis and inflammation?’. In-vivo animal models were employed to examine the impacts of
varying electrode numbers and positions. Physiological analysis was conducted on full thickness wound models
located on the dorsal area of rats to investigate collagen secretion, epithelium layer thickness, and wound size.
Simulation analysis evaluated the formation of EFs and electric currents using COMSOL Multiphysics software.
The study investigated the direction, density, and penetration depth of EFs and electric currents. Different
electrode placements resulted in varying rates of wound healing and the formation of EFs. The correlation
between in-vivo and in silico results was analyzed to optimize electrode placement in ES for wound healing.
To address the limitations of current wound treatment methods, including electrode placement with unclear
principles and fixed-size electrodes, we developed a versatile electrode placement. The groups were categorized
based on multiple criteria, and the effects on wound healing were evaluated across various experimental settings.
This study aims to confirm the impact of electrode placement on wound healing and to suggest guidelines for
applying ES treatment to diverse types of wounds.

Methods

Animal use

The in-vivo study was approved by the Institutional Animal Care and Use Committee of Soonchunhyang
University with an approval number SCH23-0028. All animal experiments adhered to international guidelines
for the care and use of laboratory animals and are reported under the ARRIVE guidelines.

Properties of electrical stimulation

A custom-built high voltage pulsed current (HVPC) stimulator was developed for this study. The overall
architecture of the stimulator is summarized in a block diagram (Fig. 1a). The device is capable of delivering
pulsed stimulation with a maximum peak voltage of 60 V. Stimulation parameters, including pulse width,
frequency, and amplitude, are controlled via a Bluetooth-enabled interface developed in C#.

The electrical performance and safety of the stimulator were validated by an officially certified testing agency
(Osong Medical Innovation Foundation, Korea), in accordance with medical device standards for low-frequency
electrical stimulators. The results of the electrical safety test (Test report number: MDDC-T20-BM185)
confirmed stable and accurate output characteristics, with a pulse width error of 2.22 £1.69%, a frequency error
0f 0.10+0.00%, and a peak voltage error of —5.46 +3.60%.

HVPC, which was used in this study, features a monophasic twin-peak waveform and has demonstrated
efficacy in wound healing compared to other waveforms, such as direct current (DC) or alternating current
(AC)*”38, The stimulation parameters were 50 V amplitude, 100 Hz frequency, and 1% duty ratio (Fig. 1b).
During the measurements, the size and placement of electrodes matched those used in the in-vivo experiments.

Sample size

In accordance with the 3Rs principles (Replacement, Reduction, and Refinement), the number of animals was
minimized. The size of group was based on previous studies on rat model®®. A total of 32 rats were randomly
divided into four groups. The animals were excluded if the animal died prematurely, preventing the collection of
histological data. Results were obtained from the following sample sizes: Control (n=8), Group 1 (n=7), Group
2 (n=8), Group 3 (n=7).

Wound model of full-thickness skin defect

For the full-thickness skin defect model, Sprague-Dawley rats (KOATECH, Korea) weighing between 240 and
260 g were utilized after a 1-week acclimatization period and were housed with free access to food and water
and 12 h/12 h regular day and night. All procedures were conducted under anesthesia with isoflurane in oxygen.
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Fig. 1. (a) A custom-built HVPC stimulator block diagram (b) Stimulation waveform parameter of ES
for wound healing. (¢) Wound model of full-thickness skin defect on the dorsal surface of rat. (d) Group
categorization by electrode placement. (e) Front (left) and back (right) images of the modified electrode.
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After hair removal and disinfection with alcohol gauze, a full-thickness wound was created on the dorsal surface
of the rats using a biopsy punch (Fig. 1¢). The wound had a diameter of 10 mm. Apart from the control group,
three additional groups (1, 2, and 3) received ES treatment (Fig. 1d). The control group was untreated, and no
electrodes were placed. Group 1 received treatment with one ground electrode and one active electrode, with the
ground electrode placed over the wound and the active electrode placed around the wound. The centers of the
two electrodes were spaced 20 mm apart. Groups 2 and 3 received treatments involving one ground electrode and
three active electrodes. In Group 2, the ground electrode was placed over the wound, and the active electrodes
were placed around the wound. The centers of the ground electrode and the active electrode were spaced 20 mm
apart and each of three active electrodes were equidistant from neighboring active electrodes. In Group 3, one
ground electrode and three active electrodes were placed around the wound. The centers of all electrodes and
the wound were spaced 20 mm apart, with each electrode equidistant from its neighbors. Electrodes (VTX5050,
Axelgaard Manufacturing Co., Ltd., California), which are commercially available and validated for safety, were
used with a circular design and a reduced diameter of 10 mm (Fig. le). During each stimulation session, a
saline-soaked gauze was placed over the wound. The positions of the electrodes remained consistent throughout
the study and were secured with medical tape. HVPC stimulation was applied for 30 min per day®'. During
stimulation, the rats were kept anesthetized, and the study spanned 17 days.

The experiment began on day 0, and the wound area was photographed daily using a digital camera. Wound
size was quantified with the Image]J 1.54 g software (https://wsr.imagej.net/ij/), and the percentage of wound area
was calculated using Eq. (1), where N is the date of the experiment.

Wound area = (Day N wound size) / (Day 0 wound size) x 100(%) (1)

Histology

After 17 days, animals were anesthetized with isoflurane and euthanized using carbon dioxide. Subsequently,
tissue samples were collected from around the wound on the dorsal surface. These samples were fixed in 4%
paraformaldehyde and embedded in paraffin blocks. Once sliced, these sections underwent deparaffinization
and dehydration using Xylene and EtOH. The slices were then stained with hematoxylin and eosin (H&E) for
microscopic examination. The epithelium and granulation tissue gaps were analyzed.

Statistical analysis

Data analysis was performed by SPS529.0.2.0 statistical software (https://www.ibm.com/products/spss). Results
are presented as mean + standard error of the mean (SEM). Statistical analyses were conducted using the Kruskal
Wallis test. A p-value<0.05 was considered statistically significant. As a non-parametric test, it was applied
without correction for multiple comparisons.

Simulation analysis

Wound and electrode model

We constructed a three-dimensional finite element model of wound and electrode using COMSOL Multiphysics
5.5 (https://www.comsol.com/). To develop a wound model, a cylindrical skin model was created with a total
thickness of 13.514 mm and a diameter of 120 mm. This skin layer included the stratum corneum, epidermis,
dermis, subcutis fat, and muscle, with thicknesses of 0.014 mm, 0.3 mm, 2.2 mm, 3 mm, 3 mm, and 5 mm,
respectively. A wound with a depth of 4 mm and a diameter of 10 mm was simulated at the center of the skin
model, penetrating to the middle of the subcutis layer. The wound was filled with phosphate-buffered saline
(PBS), which exhibits good electrical conductivity, drawing upon prior research®® that established the wound
model. The geometries of the skin and wound models are displayed in the upper section of Fig. 2a; the lower
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Fig. 2. Geometry and three-dimensional finite element model in COMSOL Multiphysics. (a) Geometry and
finite element model of the skin and the wound. (b) Geometry and finite element model of the electrode
model. (c) Constructed mesh of Group s finite element model.
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Thickness [mm] | Conductivity [¢ in S/m]
Ag (Silver) - 6.16E + 06
Gel - 1%°
PBS - 1.4%
Air - 1.00E-132
Stratum corneum | 0.014* 2.00E-06*%
Epidermis 0.3 0.026
Dermis 2.2 0.222%
Subcutis 348 0.08%8
Fat 3 2.50E-02>*
Muscle 5 5.00E-01°*

Table 1. Electrical properties of materials used in the wound and electrode model.

Group 1 Group 2 Group 3

Tetrahedral elements 7,218,596 7,309,296 7,218,583
Triangular elements 633,203 647,723 647,853
Edge elements 5,933 7,053 7,129
Vertex elements 109 165 169

Minimum elements quality | 4.33E-04 1.66E-04 4.33E-04

Average elements quality 0.6163 0.6157 0.6149
Element volume ratio 3.97E-12 1.76E-12 1.24E-12
Mesh volume 8.0E09 mm?® | 8.0E09 mm?® | 8.0E09 mm?

Table 2. Statistical data of mesh for each electrode placement. The unit of measurement for elements is
numbers.

section details the finite element model of the skin and wound as developed in COMSOL Multiphysics. The
electrode was designed as a cylindrical shape with a height of 1.2 mm and a diameter of 10 mm, composed of
Ag (Silver) as substrate of the electrode and conductive gel, with an Ag layer having a height of 0.2 mm and a
diameter of 4 mm positioned at the upper center of the gel. Figures in the upper and lower sections of Fig. 2b
depict the geometry and finite element model of the electrode. The boundary conditions of the electrodes are
indicated by dotted lines in the upper section of Fig. 2b. The electric potential of the electrodes (either active or
ground) was applied to the horizontal mid-plane of the Ag component, located 0.1 mm below the top surface
of the electrode. Electric insulation conditions were applied to all external surfaces of the electrode except for
the bottom surface in contact with the skin. This approach differs from the conventional method, in which the
electrode volume is excluded from the modeling domain and a fixed voltage is imposed only on the electrode
surface to ensure numerical stability and computational efficiency. However, due to the high conductivity of
silver, the potential was uniformly distributed across the Ag surface, resulting in numerically equivalent behavior
to the conventional fixed-surface voltage condition. Validation of the potential distribution confirmed that a
nearly constant potential was maintained across the entire Ag layer, and the corresponding voltage distribution
map is provided in Supplementary Figure S1. A cube-shaped air domain with a length of 2000 mm, which was
filled with air, was constructed around the wound model. For the cube-shaped air domain surrounding the skin
model, electric insulation boundary conditions were applied to all external faces to prevent current leakage. The
electrical properties of the materials used in the wound and electrode model are summarized in Table 1485255,

We constructed our model based on several assumptions. Initially, we assumed that the wound and electrode
models were composed of homogeneous isotropic materials, using materials with constant electrical conductivity.
Additionally, the wound model omitted several skin tissue components, such as sweat glands, lymph vessels, and
blood vessels (arteries, veins, capillaries). Moreover, cellular processes such as the Na + /K + pump and different
cell types, including keratinocyte and macrophage, were not considered.

The electrode placement and the distance between the electrodes and the wound were set to match the in-
vivo experimental conditions described in Fig. 1c. The mesh statistics of the finite element model are presented
in Table 2. Figure 2c¢ illustrates the mesh formed by the electrode placement for group 1, the lower section shows
the side view of the constructed model, while the upper section depicts the mesh of the ground electrode placed
on the wound.

Simulation setting for each electrode placement

The potential was set in Ag, as shown in Fig. 2b, to conduct the simulation of each electrode placement of ES. The
potential of the ground electrode was set to ground, and the potential of the active electrode was set to the root
mean square voltage (Vims: 2.887 V), calculated by Eq. (2), where T is period, V() is potential for one period
of the stimulation waveform described in Fig. 2a.
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1 (T
vrms: T/O V(t) dt (2)

We performed simulations only for exogenous EF and excluded the effects of endogenous EF to clarify ES-
induced EF and electric current flow. Moreover, the constructed model solved the Poisson equation (V-(o
VV)=0; 0=conductivity, V = potential) under the quasi-static assumption.

Under the described conditions, we conducted several simulation analyses. We assessed the current density
in the longitudinal section across the wound and the ground electrode for each electrode placement to determine
how ES-induced electric current flow varied across each skin layer and wound. Furthermore, we evaluated the
skin layer that exhibited the highest current density by ES, extracting the maximum, minimum, and average
current density values from each skin layer. These values were then used to evaluate the penetration depth of
electric current for each electrode placement.

The dermis is a skin layer that contains various wound-related cells including macrophages, fibroblasts, and
neutrophils, and plays an essential role throughout the healing phases (e.g., inflammatory, proliferative)?®:4!.
Consequently, we explored the current density and EF resulting from ES in the cross section at the horizontal
center of the dermis layer (1.1 mm above the interface between subcutis and dermis or 1.414 mm depth from
the skin surface). Additionally, assuming that the size of the wound decreases due to ES, we assessed the EF of
the dermis when the wound diameter was 10 mm, 8 mm, and 4 mm.

Results

In-vivo effect of electrode placement on wound healing

Wound area analysis

To evaluate the impact of electrode placement on wound healing, an in-vivo experiment utilized a wound
model of full-thickness skin defect. Figure 3a presents representative images of wound closure at various time
points across different groups. By day 7, there was no significant closure of the wounds in both control and
experimental groups. By day 10, the wound areas began to decrease in the experimental groups. Subsequently,
the wound areas gradually decreased over time in both the control and experimental groups. The wound area
ratios were calculated based on the wound area at different time points, as shown in Fig. 3b. By day 15, the
wound area ratio for group 3 was 17.8+2.4%. This group showed a statistically significant decrease compared to
the control group, which was 32.2+3.8%. By day 17, the wound area ratios for the control group, group 1, and
group 2 were 25.6+3.5%, 15.9+2.3%, and 17.5+3.0% respectively. In contrast, the wound area ratio for group
3 significantly decreased, reaching 8.9 +0.7%. Figure 3c illustrates the progression of the wound tracing analysis
over time. By day 17, wounds in group 3 had nearly closed, whereas those in the control group, group 1, and
group 2 were still clearly visible.

Histology analysis
Histological analysis was utilized to assess the influence of electrode placement on wound healing in ES
treatment. Figure 4a presents the H&E staining results of wounds sampled after 17 days, where red arrows
indicate the wound edge, showing re-epithelialization level, and black arrows denote granulation tissue, showing
cell proliferation level. By examining the gap of epithelium and granulation tissue, one can histologically
evaluate the impact of electrode placement on wound healing in ES treatment. Figure 4a and b demonstrate that
the epithelium gap of group 3 (2.5+£0.3 mm) was statistically significantly smaller than that of control group
(4.2£0.4 mm), group 1 (3.9£0.6 mm), and group 2 (3.9 +0.5 mm). Granulation tissue appeared in both control
and experimental groups in Fig. 4a. In group 3 (2.9£0.3 mm), the size of the granulation tissue gap, signaling
the end of the proliferation phase, was statistically significantly the smallest in both Fig. 4a and c. The sizes of
the granulation tissue gaps in the control group, group 1, and group 2 were 5.1+0.5 mm, 4.9+0.6 mm, and
4.3+0.4 mm, respectively.

The wound healing rate and H&E staining results from in-vivo experiments demonstrated that the electrode
placement using four electrodes placed around the wound (group 3) significantly enhanced wound healing
compared to the other groups (group 1, group 2).

Simulation analysis

We conducted a simulation analysis to compare and assess the electric current and EF generated by different
electrode placements. These quantitative simulation results were obtained several assumptions, including
homogeneous isotropic material properties, simplified tissue composition, and cellular processes. Accordingly,
the results are intended to provide qualitative insights rather than precise quantitative predictions.

We analyzed how the electric current flow varied across the skin layers and wound regions based on the current
density in the longitudinal section across the wound and the ground electrode for each electrode placement. In
group 2, where an electrode and the wound region displayed the highest current density (maximum value of
wound surface =3.1092 A/m?). Group 1 was lower than group 2 but exhibited a high current density (maximum
value of wound surface=1.0637 A/m?). In the wound region, group 3 demonstrated the lowest current density
(maximum value of wound surface =0.063636 A/m?). Placing the electrode on the wound (group 1, group 2)
induced a higher current density than when the electrode was not placed on the wound (group 3). Moreover,
group 2, with a greater number of electrodes, showed a higher induced current density than group 1. This trend
remained consistent across all skin layers, particularly within the dermis.

We examined the current density for each skin layer to predict the current induced by ES in each layer (Table
3). We confirmed that, although the average current density of each skin layer varied depending on electrode
placement, the dermis consistently showed the highest values for all electrode placements. When analyzing the
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Fig. 3. In-vivo wound healing effect of electrode placement in ES. (a) Representative images of wounds on the
dorsal of rat treated by ES of different electrode placements. (b) Quantification of wound area ratios within

17 days, control (gray), group 1(black), group 2 (red), group 3 (blue). *p <0.05 between the control group and
group 3, #p <0.05 between group 1 and group 3, §p <0.05 between group 2 and group 3 by Kruskal Wallis test.
(c) Wound tracing analysis at different time points in different groups.

current density in the dermis across different electrode placements, both the maximum and average values were
highest in group 2, followed by group 1, and then group 3 (maximum: 2.10E + 00 A/m?, 8.04E-01 A/m?, 4.79E-
01 A/m? average: 5.11E-02 A/m?, 2.28E-02 A/m?, 1.93E-02 A/m?, respectively). Thus, ES induced the highest
current density in the dermis layer regardless of the electrode placement, with group 2 showing the highest
current density compared to the other groups.

We investigated the current density (Fig. 5a) induced by ES in a cross section of the dermis layer. The
maximum current density and EF showed highest values in group 2, followed by group 1, and group 3 (current
density: 1.52097 A/m?, 0.52494 A/m?, 0.25049 A/m?, respectively). We also studied the EF at locations across
the wound and at the ground electrode for wound diameters of 10 mm, 8 mm, and 2 mm, and assessed the EF
strength in the dermis relative to the wound diameter (Fig. 5b). The EF strength near the wound area was higher
in group 2, followed by group 1, and group 3, independent of the wound diameter. Moreover, we observed that,
for all electrode placements, the EF strength generally increased as the wound size decreased. Notably, group 3
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Fig. 4. H&E wound healing effect of electrode placement in ES treatment (a) Representative images of H&E
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Corneum | 2.33E-13 | 7.74E-01 | 2.97E-03 | 1.00E-12 | 7.96E-01 | 8.84E-03 | 5.43E-13 | 5.54E-01 | 4.46E-03

Epidermis | 2.53E-09 | 5.92E-01 | 5.47E-03 | 1.16E-08 | 8.70E-01 | 1.43E-02 | 5.08E-09 | 4.28E-01 | 6.39E-03
Dermis 8.15E-07 | 8.04E-01 | 2.28E-02 | 1.68E-06 | 2.10E+00 | 5.11E-02 | 2.72E-06 | 4.79E-01 | 1.93E-02
Subcutis 5.10E-05 | 1.71E-01 | 7.67E-03 | 1.04E-04 | 4.81E-01 | 1.66E-02 | 1.69E-04 | 1.09E-01 | 6.21E-03
Fat 7.20E-05 | 5.69E-02 | 3.17E-03 | 1.46E-04 | 1.69E-01 | 6.33E-03 | 2.30E-04 | 4.03E-02 | 2.73E-03
Muscle 1.39E-06 | 7.09E-02 | 1.21E-02 | 3.94E-06 | 1.25E-01 | 1.44E-02 | 1.26E-06 | 4.44E-02 | 1.13E-02

Table 3. Current density of each skin layer for each electrode placement. Min = Minimum value;
Max =Maximum value; Avg = Average value.

demonstrated no significant change in the average EF value at 1 mm from the center of the wound, group 1 and
group 2 exhibited substantial increase in the average EF value at a wound diameter of 4 mm compared to 10 mm
and 8 mm (Table 4).

Discussions
This study performed both in-vivo experiments and simulations to explore how different electrode placements
affect the EF and wound healing facilitated by ES.

ESisa treatment used to heal chronic and acute wounds, and wound healing can be accelerated by modulating
the EF. Previous studies have reported that ES increases fibroblast proliferation and the expression of reparative
factors in wound healing process**. Furthermore, the electric field generated by electrical stimulation governs the
direction of cell migration and promotes cell migration, a phenomenon known as electrotaxis or galvanotaxis®~.
An EF that mimics the endogenous EF accelerates wound healing, whereas an EF with a vector opposite to
the endogenous EF disrupts the cell migration directionality and impedes wound healing. This study aimed to
explore the impact of electrode placement on EF and wound healing.
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Fig. 5. Simulation analysis for each electrode placement. (a) Current density distribution across the section

of the dermis when wound diameter is 10 mm. (b) Electric field distribution in the dermis across the wound
and near the ground electrode when the wound diameter decreases from 10 to 4 mm. The green dotted line

indicates the point from which the electrical field measurements were taken for each electrode placement.

Electric field [mV/mm]
Wound diameter | Group 1 Group 2 Group 3
10 mm 0.6331+0.0018 | 1.8821+£0.0006 | 0.0438 +0.0004
8 mm 0.6699+0.0019 | 1.9938+0.0010 | 0.0480+0.0006
4 mm 1.9131£0.0291 | 5.5779+0.0807 | 0.0547 +0.0005

Table 4. Average value of the EF in the wound center (ranging from -1 mm to 1 mm). The value in the table
means average + standard error of the mean.

In-vivo experiments have shown that the wound area ratio provides an intuitive measure of wound healing
rate. As shown in the results, histological analysis indicated a reduction in the gap of epithelium and granulation
tissue near the wound, signifying advanced re-epithelialization and remodeling®. A decreased gap of epithelium
signifies re-epithelialization during the proliferation phase, and reduced gap of granulation tissue suggests
transition from the proliferation phase to the remodeling phase®”.The gaps of epithelium and granulation tissue
(Fig. 4a—c) indicate that ES under the electrode placement of group 3 notably promotes re-epithelialization and
remodeling, leading to the conclusion that this placement enables the most rapid wound healing. These findings
suggest that electrode placement influences the efficacy of ES treatment and that placing four electrodes around
the wound is optimal for accelerating re-epithelialization, remodeling, and overall wound healing.

The results of simulation indicate the formation of the EF by each electrode placement. Group 1 and group 2
exhibited high current densities at the edges of the wound and electrodes. Additionally, both group 1 and group
2 displayed a higher EF strength at the wound center compared to group 3 (Table 4). The peak in EF strength is
likely due to a change in the medium at the edges of the electrodes and the wound. Moreover, the current density
and electric field strength increase at the wound edge and center as the wound size decreases (Fig. 5a and b). A
higher EF strength at the wound center in group 1 and group 2, compared to the surrounding normal skin, may
impede wound healing. The stronger EF at the wound center, relative to periphery as wound size diminishes, may
generate an EF vector opposing the endogenous EF. These opposing vectors and EF strength gradients obstruct
cell migration®2. To facilitate correct cell migration direction, it is beneficial to maintain gradient of electric field
strength at the wound center with a differential in EF strength from the periphery, as demonstrated in group 2
(Fig. 5b). Moreover, simulation outcomes for group 1 and group 2 could lead to current overloading and heat
generation. Reports indicate that increased temperature and heat generation adversely wound healing cutaneous
vasoconstrictor responses, increasing oxidative stress, and reducing wound healing rates®®-%. In simulations of a
4 mm diameter wound, the EF strength average at+0.5 mm from the wound edge of group 1 (13.9774 mV/mm)
and group 2 (39.5161 mV/mm) is about 42.42 and 119.93 times higher, respectively than in group 3 (0.3295 mV/
mm). EF strength can be converted to current density and heat generation using Ohm’s law (Eq. 3), where J is
current density, o is electrical conductivity, and E is electric field, and Joule’s law (Eq. 4), where Q is heat, I is
current, R is resistance, and t is period. The current used in Eq. 4 of this study was derived from the RMS voltage.
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A qualitative evaluation of relative thermal risk can be performed by translating electric field strength into the
resulting heat generation. Heat generation at the wound edge of group 1 (2 mJ) and group 2 (15.7 mJ) exhibited
increases by factors of 2,000 and 15,700 respectively, compared to group 3 (0.001 m]). Elevated heat generation
is associated with an increased thermal risk. These findings imply that placing electrodes over a wound may
disrupt wound healing by causing disorientation in cell migration and heat generation.

J=0E (3)
Q=TI"Rt 4)

There have also been documented skin burns resulting from the application of transcranial direct current
stimulation (tDCS), which administers electrical stimulation through the skin®-¢2 Skin burns arise when
electrodes are placed on uneven skin layers during tDCS application, leading to a locally excessive increase
in current density around the sweat glands®. In in-vivo experiments, researchers observed an uneven wound
surface and a complex composition of blood, fat, and muscle, while simulations confirmed the excessively
increased current in both group 1 and group 2. These reports indicate that placing electrodes over wounds may
negatively affect wound healing.

A notable finding from this study is that the electrode placements employed in previous studies had
limitations, and this study proposes an alternative. Prior simulation studies revealed that the optimal placements
consisted of covering the wounded area with the ground electrode and the entire intact skin with the active
electrode?®. This ring type configuration was commonly employed in the development of electric stimulation
wound dressings'>**. However, in addition to the geometrical limitation whereby it cannot be applied to wounds
of varying sizes and shape, the ring type also poses a risk of the heat and excessive current generation at on the
wound.

This study has several limitations. First, the electrical stimulation used in the in-vivo experiments may not
be identical to that simulated in the computational model. In our simulation, the effects of electrical stimulation
on the electric field and current density were assessed using the root mean square voltage (V;-ms), which was
set to match the power of the stimulation waveform used in the in-vivo experiments. Although V;.,,s ensures
equivalent power delivery, discrepancies in the actual current between the simulation and in-vivo settings
may still arise. These differences may be further attributed to variations in electrode structure and material
properties (e.g., conductivity). Therefore, due to these potential discrepancies, the stimulation conditions in the
simulation may not fully replicate the experimental scenario. As a result, the simulation results were interpreted
qualitatively based on relative comparisons among experimental groups, rather than on absolute values. Future
work should aim to reduce the discrepancy between simulation and experimental conditions by incorporating
time-domain or Fourier finite element methods capable of representing pulsed waveforms, as well as by using
material properties measured directly under in-vivo conditions. Second, the influence of electrochemical
effects was not considered. The application of high-amplitude electrical stimulation can induce electrochemical
nonlinear effects. Since our study focused solely on electrode placement, electrochemical effects were excluded
from both the in-vivo and simulations. Due to discrepancies between the simulations and real biological
conditions, we refrained from performing a quantitative analysis based on the simulation results and reported
only qualitative evaluations. Direct measurement of current waveforms could help reveal potential nonlinear
effects and provide further insight into how electrochemical reactions might influence wound healing. Such
experimental investigations would complement the current findings and contribute to a deeper understanding
of interactions in electrical stimulation for wound healing. Considering electrochemical effects and aligning
the simulation environment more closely with real biological conditions to optimize wound healing treatment
would be an interesting and valuable research. Third, there is a limitation concerning heat generation induced
by electrical stimulation. In this study, we discussed the potential risk of heat generation among groups by
comparing the relative heat generation derived from Egs. (3) and (4). However, in actual in-vivo environments,
various physiological factors—such as the degree of electrode-skin contact, cell migration, bleeding at the
wound site, and inflammatory responses—can influence heat generation. These factors result in discrepancies
between the calculated or simulated predictions and the actual heat generation. The heat generation reported
in this study was calculated using a basic equation under highly limited conditions and should therefore be
interpreted with caution. Therefore, systematic follow-up studies are necessary to investigate the impact of heat
generation on wound healing under realistic physiological conditions.

In conclusion, this study suggests that increasing the number of electrodes, without placing them over the
wound, can most effectively accelerate wound healing by upregulating the re-epithelialization and remodeling
phases. This multi-integrative study presents a preclinical placement strategy to mitigate risks, emphasizing the
necessity to optimize ES treatments and demonstrating significant potential for improving the clinic strategy.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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