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Water-powered, electronics-free dressings that
electrically stimulate wounds for rapid wound closure

Rajaram Kaveti'
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Chronic wounds affect ~2% of the U.S. population and increase risks of amputation and mortality. Unfortunately,
treatments for such wounds are often expensive, complex, and only moderately effective. Electrotherapy repre-
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sents a cost-effective treatment; however, its reliance on bulky equipment limits its clinical use. Here, we introduce
water-powered, electronics-free dressings (WPEDs) that offer a unique solution to this issue. The WPED performs
even under harsh conditions—situations wherein many present treatments fail. It uses a flexible, biocompatible
magnesium-silver/silver chloride battery and a pair of stimulation electrodes; upon the addition of water, the bat-
tery creates a radial electric field. Experiments in diabetic mice confirm the WPED’s ability to accelerate wound
closure and promote healing by increasing epidermal thickness, modulating inflammation, and promoting angio-
genesis. Across preclinical wound models, the WPED-treated group heals faster than the control with wound
closure rates comparable to treatments requiring expensive biologics and/or complex electronics. The results
demonstrate the WPED's potential as an effective and more practical wound treatment dressing.

INTRODUCTION
Chronic wounds are characterized by impaired healing and affect
millions globally (1). These wounds result from a variety of factors,
including prolonged exposure of skin to external pressure, venous
and arterial insufficiency, peripheral neuropathy, diabetes mellitus,
and surgical complications (2, 3). The U.S. Centers for Medicare &
Medicaid Services alone spends more than $28 billion annually to
treat such wounds (4) and the expenditure is expected to grow for
the foreseeable future due to the increasing number of individuals
with diabetes, obesity, cancer, and other comorbidities (5, 6).
Present products for treating chronic wounds include occlusive
dressings (7), hydrogels (8), skin substitutes (9), and topical growth
factors (10). While occlusive dressings, gauze, and hydrogels are
relatively low-cost and user-friendly, they show limited effectiveness
against complex chronic wounds. More advanced treatments such
as skin substitutes and topical growth factors are still only moder-
ately effective, at best achieving complete wound healing in ~50%
of cases (11), while often costing well over $1000, and sometimes
more than $20,000, per wound closure (12). Current research into
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biologics-based systems includes stem cell-loaded hydrogels (13-
15), growth factor delivery systems (16-21), and multilayered scaf-
folds (22, 23). However, stem cells and growth factors remain
expensive and challenging to work with, and scaffolds can suffer
from shrinkage and fail to recreate the heterogeneous skin environ-
ment (24). There is therefore a need to develop low-cost, highly ef-
fective treatments. In this context, electrotherapy, which involves
the use of an external electrical field to drive wound closure, shows
great promise (25-28) with recent examples illustrating low-cost,
skin-friendly electrodes for efficient delivery of electrical stimula-
tion to wounds (29, 30). Preclinical and clinical studies show that
electrotherapy leads to increased cell migration, venous blood flow,
and cell proliferation, among other pro-healing effects resulting in
rapid wound closure (31-33). However, achieving the best patient
outcomes using this method requires daily treatment for several
hours typically for weeks at a time (34). This places an exorbitant
strain on the patients, as the stimulation electrodes are connected to
bulky benchtop devices, restricting patient mobility for the duration
of treatment and limiting the practical use of electrotherapy in
wound care (35-37).

Emerging work in the area of battery-free, radio frequency (RF)-
powered (25, 38) and battery-powered wearable electronics enables
the realization of miniaturized, smart dressings that support electro-
therapy (26-28, 39-43). However, battery-powered systems are still
quite bulky and pose safety concerns when interfaced with the deli-
cate wound. Battery-free, RF-powered platforms require that patients
are in the vicinity of a transmitting antenna to wirelessly power the
device, which restricts patient mobility. These systems also require
meticulously designed transmission and receiving antennae and rely
on expensive and bulky equipment such as RF amplifiers, function
generators, and advanced impedance matching units (44, 45). More-
over, the fragility of both battery-powered and battery-free electronics—
based systems limit their use in body regions that bear high pressures
and are prone to developing chronic wounds, such as the heel of
the foot and the sacrum (46). Triboelectric nanogenerators offer an
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unconventional approach to delivering electrotherapy (47, 48), though
they generate an electrical field only when the participant is moving
(39) or when interfaced with an external tethered linear motor (49).
Beyond wound healing, electrotherapy systems also show promise in
other areas of tissue regeneration, including cell modulation (50),
nerve regeneration (51), and osteogenesis (52, 53).

Here, we describe a water-powered, electronics-free dressing
(WPED; Fig. 1A) that electrically stimulates the wound, leading to rates
of wound closure comparable to those with expensive biologics- or
electronics-based approaches (27, 28, 49, 54-58) at a fraction of the
cost (~$1 per dressing). The device includes a flexible, water-
powered battery and a pair of thin-film stimulation electrodes
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Fig. 1. Materials, design, and working principle of WPED. (A) Photographs of WPED illustrating its conformability. (B) Zoomed-in image of WPED showing the water-
powered battery. (C) Exploded view schematic illustration of WPED showing the main components of the system. (D) Key steps involved in using WPED demonstrated
with a dummy wound on the ball of a foot of a human participant. (E) Cross-sectional view illustrations showing the activation and working mechanism of WPED.
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seamlessly integrated with a commercial dressing. The battery
produces an electrical field across the stimulation electrodes when
activated with water. Unlike present examples of electronics-based
electrotherapy dressings, the water-powered dressings offer several
hours of continuous stimulation with no restriction on patient
mobility, robust performance (even under extreme temperatures,
ambient humidity, and external pressures), and long shelf-life owing
to their materials, design architecture, and working principle.
Through rigorous benchtop and in vivo studies in diabetic mice, we
demonstrate that the WPED offers an inexpensive yet highly effec-
tive wound treatment alternative to present approaches.

RESULTS

Working principle and key components of WPED

Figure 1A shows images of the lightweight, thin, flexible WPED. It
involves a biocompatible magnesium-silver/silver chloride (Mg-Ag/
AgCl) battery (area: 0.64 cm* weight: 47 mg; capacity: 0.4 mAh)
affixed to the nonadhesive side of a commercial bandage (Tega-
derm) and a pair of carbon-based stimulation electrodes on the ad-
hesive side (facing the wound). The complete system (battery +
electrodes + Tegaderm) is light (290 mg, only ~20% heavier than
Tegaderm) and highly flexible for conformal attachment on curvi-
linear body parts such as toes (fig. S1A). Tables S1 and S2 show the
specifications and performance metrics for WPED, respectively. A
degradation test performed by continuously incubating the carbon-
based stimulation electrodes in artificial wound fluid (AWF) at 37°C
for 7 days shows negligible impact on their electrical properties (re-
sistance increment of <10%) indicating their inert electrical behav-
ior and suitability for interfacing with wounds (fig. S1B).

Figure 1B shows a close-up view of WPED, while Fig. 1C illus-
trates a schematic representation of the key components of the
dressing. The water-powered battery, based on our previous work
(59), is ring-shaped for easy visual assessment of the wound. The
battery includes a magnesium (Mg) anode and a silver/silver chlo-
ride (Ag/AgCl) cathode with a dry cellulose separator impregnated
with sodium chloride (NaCl). The battery is packaged within a poly-
ethylene terephthalate film and is in an open-circuit state (i.e., inac-
tive state) when the separator is dry. The separator includes an inlet
pad where the user introduces water to activate the battery and a
“check” pad to visually indicate complete hydration of the separator
and successful activation of the battery. The working principle of the
“check” pad is presented in fig. S2A and described in our previous
work (60). Upon activation, the battery produces a voltage (~1.5 V)
across the pair of stimulation electrodes which include a central disk
electrode connected to the anode (Mg; negative electrode) and an
outer ring electrode attached to the cathode (Ag/AgCl; positive elec-
trode). Such a configuration ensures a radial electrical field pointing
to the wound center in line with the endogenous electrical field,
critical for promoting healing (25). Key attributes of using the water-
powered battery over conventional thin-film batteries include the
ability to offer on-demand electrotherapy, simplicity, and no reli-
ance on toxic electrolytes, as is the case with conventional batteries.
Figure 1D and movie S1 demonstrate the key steps involved and the
ease of using these standalone dressings. The user simply applies the
dressing to the wound and touches the inlet pad with a moist finger-
tip to activate the dormant battery until the “check” pad changes
color, indicating successful activation. Figure 1E shows the working
principle of the dressing.
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Eventual evaporation of the water from the separator leads to an
increase in the internal resistance of the battery culminating in its
deactivation when the separator is nearly dry. An advanced version
of the WPED includes a humidity indicator (Humidity Detection
Test Paper, Bartovation, USA) affixed to the inlet pad to provide a
real-time visual indication of the moisture content of the separator
(fig. S2B). The humidity indicator changes its color from blue to
light pink when water is added to the inlet pad. The indicator re-
turns to its blue color when the separator dries due to water evapo-
ration. As shown in fig. S2B, the user can simply look at the color of
the humidity indicator to gauge the real-time status of the WPED’s
ability to deliver electrical stimulation. Advanced versions of WPED
could also be developed in the future that include additional electro-
chromic displays (61) that provide a colorimetric indication of the
instantaneous output voltage of the WPED for a more accurate as-
sessment of its real-time ability to electrically stimulate wounds.

Three-dimensional morphable stimulation electrodes for
deep and complex wounds

Wound beds can have complex, deep, and irregularly shaped three-
dimensional (3D) contours (56). Integration of the WPED with
such wounds requires stimulation electrode designs with mechani-
cal features capable of conformally mounting on such 3D-contoured
soft tissues (3, 62). In this context, kirigami-inspired designs offer a
unique solution due to their ability to assume 3D morphable struc-
tures and accommodate large, out-of-plane deformations (63, 64).
The fabrication processes involved in realizing WPED allow the de-
velopment of advanced versions of the therapy platform with
kirigami-inspired 3D morphable stimulation electrodes as shown
in Fig. 2A.

The device includes a self-similar serpentine outer electrode
(OE) and spiral-shaped inner electrode (IE). Figure 2B shows the
ability of the kirigami-based electrodes to expand in 3D under vary-
ing degrees of strains. Figure 2C shows corresponding simulation
results capturing the stress generated within the stimulation elec-
trodes. The kirigami electrodes exhibit elastic deformation with uni-
form stress distribution across the electrode lengths resulting in a
stable mechanical deformation. Electrical characterization of the
stimulation electrodes reveals stable resistance for both electrodes
with only ~14 and ~13% increase in resistance for the OF under
100% biaxial strain (ultimate elongation of ~130%) and IE under
~2500% uniaxial strain (ultimate elongation of ~3300%), respec-
tively, which is comparable to previous studies (65). The sharp rise
in the resistance beyond these strains could be attributed to micro-
cracks generated in the carbon layer.

The configurable nature of the kirigami-based stimulation elec-
trodes allows the OE to expand laterally for mounting it along the
periphery and the spiral-shaped IE to unwind and interface with the
center of wounds with various complex shapes, sizes, and depths, as
shown in Fig. 2 (E and F), fig. 3, and movie S2.

Electrical characterization of WPED

Complete hydration of the separator is important to ensure the bat-
tery attains maximum possible capacity which is critical for deliver-
ing long durations of electrical stimulation. Figure 3A shows the
effect of the total volume of water applied on the areal capacity of the
battery. Increasing the amount of water introduced into the battery
leads to an increase in the ionic conductivity of the separator and a
decrease in the battery’s internal resistance resulting in increasing
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Fig. 2. Kirigami-inspired WPED for complex, deep wounds. (A) Photographic images of WPED with kirigami-inspired stimulation electrodes (left), device under bent
(center), and rolled (right) state. Inset shows the side view of WPED. Scale bar, 1 cm. (B) Photographs of kirigami-based stimulation electrodes under 0, 30, 60, and 120%
biaxial and uniaxial stretching for outer and inner electrodes, respectively. Inset shows the top view of electrodes. Scale bar, 1 cm. (C) Corresponding mechanical finite
element analysis (FEA) results for kirigami-based stimulation electrodes. (D) Relative change in the electrical resistance of kirigami electrodes as a function of strain.n = 3.
A photograph showing the top view (E) and a photograph showing the cross-sectional view (F) of kirigami-based WPED interfaced with an artificial deep wound with
complex shape and contours (diameter: 3.2 cm; depth: 2.1 cm). All data are means + SD.

areal capacity. The areal capacity peaks at ~4.5 mAh/cm? for ~20 pl/
cm? of water followed by a small decrease for batteries exposed to
higher quantities of water. This decrement in the battery capacity
can be attributed to the accelerated oxide formation on the Mg an-
ode leading to an increase in the battery’s internal resistance as re-
ported by us previously (59). Figure S4 shows the importance of the
“check” pad to ascertain the appropriate activation of the battery.
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The dressing includes a 0.64-cm” battery suitable for treating 1-cm
diameter wounds as described later. The images clearly show that
the “check” pad changes color only when the minimum required
quantity of water (~20 pl/cm?) is applied to the battery. Figure 3B
shows that the capacity of the battery is negligibly affected by the
source of the water and that it can be powered even using the wound
exudate, thus opening the possibility for developing a dressing that
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(B) Effect of type of fluid used to activate the battery on capacity; discharge current: 1 mA/cm?. DIW, deionized water; PBS, phosphate-buffered saline, pH 7; AWF, artificial
wound fluid. (C) Duration of stimulation for different loads simulating different stages of wound healing. Effect of (D) temperature, (E) ambient humidity, (F) applied pres-
sure, and (G) bending stress on duration of stimulation. (H) Duration of stimulation offered by WPED of fixed battery capacity (0.4 mAh) for treating wounds of different
diameters. (1) Effect of battery capacity on duration of stimulation for treating wounds of fixed size. n = 4. (D) to (G) WPED applied to a load resistance (25 kilohms) simulat-
ing average wound resistance per fig. S3A. (H) and (I) Phantom wounds were created using chicken breasts with a diameter of 2.5 cm and a thickness of 2 cm. All data are

means + SD.

harvests local wound exudate to power the electrotherapy system.
The AWF is prepared on the basis of previous work (66, 67).

The duration of stimulation offered by the dressing also depends
on the impedance of the wound which changes as the wound heals
(27, 68). Figure S5A shows daily wound impedances (wound size:
1-cm diameter) in male diabetic (db/db) mice (age: 11 to 13 weeks;
n = 6) widely used for studying diabetic foot ulcer, a type of chronic
wound (28, 49, 56-58, 67). Wound impedance is measured by apply-
ing a pair of carbon electrodes (same as that used for stimulation) to
the wound and interfacing it with an electrochemical impedance
analyzer. Figure S5B exhibits an image of the experimental setup.
The impedance gradually increases from 10 to 60 kilohms from the
day of injury to full recovery (by day 15) consistent with previous
studies (27). In vitro characterization of WPED involves connecting
the stimulation electrodes across a resistor of varying resistance (to
simulate wound status at different stages of healing), applying water
to power the dressing, and recording the voltage across the resistor.
All experiments include dressings composed of a 0.64-cm” battery
connected to a central disk electrode (diameter: 2 mm) and outer
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ring electrode (outer diameter: 9 mm; inner diameter: 7.4 mm) de-
signed to treat a 1-cm diameter wound (Fig. 1, A and B) unless oth-
erwise noted. The results obtained with such stimulation electrodes
are applicable to the kirigami-based system (Fig. 2) as well since the
performance of the WPED does not depend on the design of the
stimulation electrodes.

Several prior studies show that daily treatment of electrical stim-
ulation ranging from 15 min to 6 hours can expedite wound healing
(table S3). Moreover, these studies show that a wide range of electri-
cal stimulation parameters (amplitudes, DC/AC, and duration of
stimulation) have similar effects on wound healing. Separately, stud-
ies reveal that a minimum electrical field strength of 100 mV/mm is
necessary to support pro-healing processes and expedite wound
closure (69, 70). These studies indicate that even a time-varying
electrical field (as is the case in WPED) will promote healing as long
as the field strength is greater than 100 mV/mm. We therefore define
the duration of stimulation for WPED as the duration over which
the WPED offers an electrical field strength of at least 100 mV/mm.
Figure 3C shows that the duration of stimulation varies from 0.5 to
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>7 hours depending on the wound impedance. Figure S5C shows
the reproducible performance of WPED as a function of wound im-
pedance. The dressing attains an initial output voltage of 1.5 V which
gradually decreases until it reaches 0 V. The WPED’s maximum volt-
age (1.5 V) is consistent with previous reports, where stimulating
voltages ranging from 1 to 6 V have been reported. (25, 26, 28, 29).
Unlike previous examples of electronics-based electrotherapy sys-
tems that produce a constant electrical field for a predetermined
period of time, WPED generates a time-varying electrical field with
a duration of stimulation dependent on the wound impedance. Ad-
vanced versions of WPED could include a preprogrammed voltage
regulator to stabilize its output voltage. Nevertheless, it delivers long
durations of stimulation (at least ~0.5 hours) irrespective of the wound
impedance, which is critical for facilitating healing as reported pre-
viously (71, 72) and as described later in in vivo studies.

The WPED with a 0.4-mAh battery offers >3.5-hour stimulation
at temperatures up to 35°C (Fig. 3D). Investigation of the dressing’s
ability to deliver electrical stimulation at extreme temperatures (<0°
and >35°C) reveals that the duration of stimulation decreases only
by ~1 hour for elevated temperatures (up to 45°C) due to higher
rates of water evaporation. On the other hand, the supersaturated
salt electrolyte remains in the liquid state at subzero temperatures,
ensuring the functioning of the battery even at such low tempera-
tures. The reduced rates of evaporation at these temperatures facili-
tate the delivery of a substantially higher duration of stimulation.
These results highlight the dressing’s ability to perform even under
harsh conditions wherein conventional lithium and alkaline battery-
powered dressings face deterioration, thus opening possibilities for
offering effective wound treatments in extreme weather conditions.
The rate of water evaporation at higher temperatures could be mini-
mized by developing separators using hygroscopic polymers that
tightly bind water molecules (73, 74). Under arid conditions [30%
relative humidity (RH)], the dressing offers stimulation for ~1 hour
which increases to ~10.5 hours at 60% RH and then falls to ~4.5 hours
at 90% RH (Fig. 3E). Figure S5D exhibits typical evolution of voltage
as a function of time under different ambient humidity levels. These
results are expected as increased humidity levels reduce water evap-
oration while very high humidity levels accelerate Mg oxidation
leading to a lower duration of stimulation and increased variability
in voltage due to excessive generation of hydrogen gas bubbles at
the electrode-separator interface. These issues can be alleviated by
using Mg alloys, special electrode coatings, and/or additives to the
separator to reduce corrosion and hydrogen gas production (75, 76).
The duration of stimulation can be extended by nearly six times by
preloading glycerol in the separator which acts as a humectant and
reduces water evaporation from the separator (fig. S5E). Such mod-
ifications to the WPED can be especially beneficial to its perfor-
mance in low-humidity settings. While these studies show that the
performance of the WPED depends on ambient temperature and
humidity, the results reveal that WPED offers hours-long stimulation
irrespective of changes in these factors.

Chronic wounds often form at the foot or sacrum, areas that ex-
perience high external pressure loads (77-79). Figure 3F shows the
performance of the dressing when subjected to external pressures in
the range typically experienced by these body parts (0 to 450 kPa)
(78). The duration of stimulation increases with pressure possibly
due to reduced separation between the anode and cathode resulting
in lower internal battery resistance and thus lower energy loss.
Figure 3G illustrates the effect of bending stress on the dressing. The
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bending radii are selected to emulate conditions when the dressing
is applied to curved surfaces (e.g., toes). A trend similar to Fig. 3F is
recorded for such bending stresses. Figure S5F illustrates the effect
of bending strain on the battery’s output voltage. The data reveal that
battery voltage decreases by only ~11% when the dressing is sub-
jected to a bending strain of 100% (bending radius: 0.5 mm). Results
in Fig. 3 (F and G) are quite interesting as they reveal that the dress-
ing performs robustly for several hours even when continuously
subjected to extremely high pressures (450 kPa) and bending stress
(bending radius: 0.5 mm), unlike the expected performance from
wireless electronics-based devices. The data reported in Fig. 3 (A to
G) and fig. S5 are acquired by interfacing the WPED with a resistor
(25 kilohms) to mimic average wound impedance.

The effect of wound size and battery capacity is investigated by
applying WPED to a phantom wound (chicken breast; fig. S6A). Fig-
ure 3H shows that the duration of stimulation reduces by only 30%
as the wound size increases fourfold. Figure S6B exhibits representa-
tive voltage versus duration of stimulation plots, while fig. S6C and
fig. S6D illustrate the Nyquist plots and impedances for the three
sizes of the phantom wounds studied in this experiment. Here, the
battery (capacity: 0.4 mAh; area: 0.64 cm?) and the central disk stim-
ulation electrode (diameter: 2 mm) are maintained for all wound
sizes, while the diameter of the ring electrode is matched with that of
the wound. Results obtained while investigating the effect of battery
size (and hence its capacity) on stimulation performance appear in
Fig. 3I. A clear increase in duration of stimulation for a fixed wound
size (diameter: 1 cm) is recorded as a function of battery area and
capacity, demonstrating the ability of WPED to offer uninterrupted,
multiday electrotherapy treatment. Furthermore, the dry nature of
the batteries offers long shelf life; when tested after 7 months from
the time of fabrication, the batteries show an average discharge ca-
pacity of 0.39 mAh which represents a 2.5% reduction in the capac-
ity when compared to that of a freshly fabricated battery (0.4 mAh)
(fig. S7). The small decrease in the battery capacity can be attributed
to the formation of an oxide layer on the Mg surface during storage
and can be minimized with tight vacuum-sealed packaging. The sys-
tematic experiments described in Fig. 3 and figs. S5 to S7 clearly
demonstrate the potential of WPED to offer reliable, wound-specific
electrotherapy treatment under conditions simulating real-life sce-
narios in a completely untethered and unencumbered fashion.

Finite element analysis studies

A 3D finite element analysis (FEA)-based wound-on-skin model al-
lows spatial simulation of the electric field distribution around the
wound site (25). The disk electrode is positioned on the adipose tis-
sue, while the OE is placed on the dermis, replicating in vivo condi-
tions. This setup allows the electric field to permeate the dermis and
fortify the endogenous electric field, facilitating wound healing. The
directional electric field, originating from the custom-designed
electrical stimulation electrodes, creates an inward DC flow from
the healthy site toward the center of the wound, mimicking natu-
rally occurring endogenous wound currents (80). Figure 4A shows
the spatial potential distribution for a wound (diameter: 1 cm). A
peak electric field strength of ~530 mV/mm is produced near the
central disk electrode which attenuates to ~100 mV/mm near the
inner edge of the ring electrode (Fig. 4B). Such electrical field
strengths are recognized as sufficient to induce migration of human
keratinocyte cells and modulate cell behavior, including cell-cell
junctions, cell division orientation, and cell migration trajectories
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Fig. 4. Finite element analysis studies. (A) Electric potential distribution profile between the two stimulation electrodes with a battery output voltage of 1.6 V. (B) Top
(left) and side (right) view of the electric field distribution at the wound site when treated with a WPED offering a voltage of 0.5, 1.0, 1.6 V. FEA simulation results showing
electric field distribution profile across the wound length for different (C) applied voltages for a wound (diameter: 1 cm), (D) wound shapes, and (E) wound diameters.

(galvanostatic or electrotactic) (69, 81, 82) necessary to promote
wound closure (28, 83, 84). Moreover, this distribution aligns with
the effective DC electric field intensity known to enhance dorsal
root ganglion neurite outgrowth, stimulate neurotrophic factors re-
leased by Schwann cells, and induce PC12 cell differentiation, as
reported in previous studies (85-87). The electric field strength and
distribution are influenced by the output voltage of the battery
(Fig. 4C and fig. S8), wound shape (Fig. 4D and fig. S9), and wound
size (Fig. 4E and fig. S10). The WPED can be easily adapted to treat
deep wounds with narrow openings (e.g., puncture wounds) as
demonstrated in fig. S11. Here, the two stimulation electrodes are
mounted on either side of the wound to generate an electrical field
across the wound. Such configuration for placing stimulation elec-
trodes is widely used in several clinical settings (88). In the case of
deep wounds, the electric field substantially diminishes when elec-
trodes are positioned at the center and the periphery of the wound.
Kirigami-inspired electrodes (Fig. 2 and fig. S3) may offer enhanced
spatial electrical field strength and distribution while enabling im-
proved conformal attachment to treat such wounds.

Evaluation of WPED in a diabetic mouse wound model

Before testing in vivo, the biocompatibility of WPED was evaluated
using NIH/3T3 mouse fibroblasts cultured with standard media
(fig. S12A) or standard media conditioned with the dressing
(fig. S12B) for 72 hours. Quantification of live/dead staining at
72 hours reveals no substantial difference between the two groups
(fig. S12C), confirming the dressing’s biocompatibility.

Prior studies reveal that electrical stimulation accelerates migra-
tion in many cell types, including keratinocytes, fibroblasts, and
macrophages (89). However, when tested in an in vitro scratch assay
(fig. S13A), WPED slowed the migration of NIH/3T3 mouse fibro-
blasts (fig. S13B). Studies show that electrical stimulation can
cause NIH/3T3 mouse fibroblasts to contract and develop larger focal
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adhesions (90). Separately, studies reveal that focal adhesion size
causes a decrease in cell migration speed above a certain threshold
(91). Figure S13C exhibits representative microscopic images of
cells after receiving electrical stimulation for 24 hours via WPED
(control: no electrical stimulation). A clear contraction in cell
morphology is observed in cells that received electrical stimulation
which could correlate with an increase in focal adhesion size and
thus decreased migration speed. The exact mechanism by which
electrical stimulation accelerates healing is still being actively inves-
tigated (92), and in vitro testing does not wholly recreate the in vivo
environment. Given the pro-healing results in vivo (discussed later),
it is likely that the effects of electrical stimulation are due to a com-
bination of cellular processes, such as an up-regulation of angiogen-
ic factors and other growth factors (93, 94) that cannot be captured
in a scratch test. The WPED’s mechanism for promoting wound clo-
sure needs further investigation which could be achieved through
systematic transcriptomic and proteomic analyses of the wound tis-
sue (95).

Investigation of WPED in a wound closure diabetic (db/db)
mouse model reveals its ability to accelerate wound closure. Wounds
in these animals heal through a combination of epithelialization and
contraction (96) and several studies leverage this model to study
wound healing as it recapitulates wound repair impairment of hu-
man diabetic ulcers (97-100). Experiments involve creating a full-
thickness excisional dermal wound (diameter: 1 cm) on the dorsum
of each mouse (Fig. 5A, left) followed by covering it with the WPED
(“Stim”; n = 8) as shown in Fig. 5A (right). Next, applying water
to the battery initiates electrotherapy. The animal studies involve
WPED design, as shown in Fig. 1, because of the simple, circular, and
shallow nature of the wounds. Figure 5B shows infrared (IR) images
of a mouse before and after activation of the WPED revealing that
the electrical field generated by the dressing does not cause any
measurable temperature variations in the adjacent tissue which is
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important to avoid any thermally induced damage to the wound.
Daily replacement and activation of the dressing over a period of 11
days after injury ensure sustained electrotherapy treatment. Such di-
urnal treatment is similar to the recommended treatment for becapl-
ermin (U.S. Food and Drug Administration-approved product for
diabetic foot ulcers) (101, 102). Moreover, exchanging the WPED is
fast, taking <1 min (movie S1), which is comparable to replacing
conventional dressings. Additional studies involving animals treated
with inactive dressing (“Sham”; no activation of the battery with wa-
ter; n = 8) and occlusive dressing (“Control”; Tegaderm-only; n = 7)
enable deconvolution of the effects of electrotherapy on wound clo-
sure from those due to material and geometric features of the stimu-
lation electrodes and Tegaderm.

Representative images of wounds in three randomly selected
mice each belonging to the three treatment groups captured on
days 0, 3, 6, and 11 after injury appear in Fig. 5C. Figure 5D pro-
vides the longitudinal evolution of wound size for all animals in
each group. Investigation of these results reveals that the Stim
group displays substantially increased rates of wound closure

beginning day 4 after injury compared to other groups. More spe-
cifically by day 11, 75% of wounds in the Stim group fully closed
compared to 12.5 and 0% in the Sham and Control groups, respec-
tively. Extended assessment beyond day 11 reveals that 88% of
wounds in the Stim group completely close by day 13, while only
50 and 28% of wounds in the Sham and Control groups close at
this time point. Overall, the animals that receive WPED treatment
show 1.23% faster closure of wounds by day 11 as compared to
other groups (Fig. 5E). The wound closure rate offered by these
low-cost, easy-to-use dressings is 1.2X faster than becaplermin
(54, 55) and is comparable to wound closure rates reported in the
literature (27, 28, 49, 56-58) that rely on expensive biologics and/
or electronics (table S4). The higher wound closure rates observed
in the Sham group compared to the Control group can possibly be
attributed to the stimulation electrodes serving as anchoring
structures for migrating cells to adhere to, similar to the role many
scaffolds play in wound healing (103-107). Figure 5F and fig. S14
exhibit representative movement profiles and total average dis-
tance traveled, respectively, by mice in the three groups. Movie S3
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Fig. 5. In vivo evaluation of WPED in db/db mice. (A) Representative image of a db/db mouse wound before (left) and after (right) applying WPED. (B) Infrared images
of a mouse wearing WPED before (left) and 5 min after (right) activation. (C) Representative macroscopic views of wounds on days 0, 3, 6, and 11 for the Control, Sham,
and Stim groups. Scale bar, 10 mm. (D) Relative size of the wounds over time for the three groups. n = 8 for Sham and Stim. n = 7 for Control. A two-way analysis of variance
(ANOVA) with multiple comparisons was performed, comparing the Sham and Control means with the Stim mean. *P < 0.05 for both comparisons. (E) Wound closure on
day 11. Tukey's multiple comparisons test was performed. **P < 0.01 for both comparisons. ns, not significant. (F) Representative movement trajectories of individual

Control, Sham, and Stim mice over 10 min. Scale bar, 5 mm.
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shows a freely moving mouse wearing WPED. These results reveal
that the WPED does not impede animal mobility in any way
owing to its conformal, lightweight nature.

Histological analysis of the wounds further confirms the ability
of the WPED to stimulate wound healing beyond simply accelerat-
ing closure. Hematoxylin and eosin (H&E) staining (Fig. 6A) and

Masson’s trichrome staining (MTS) (Fig. 6B) performed on tissue
samples collected 13 days after injury reveal that the epidermis is 43
and 72% thicker (P < 0.0001) in the Stim group compared with the
Sham and Control groups, respectively, with no notable difference
between the epidermal thickness in the Sham and Control groups
(Fig. 6C). Figure 6B shows MTS from the three groups; analysis
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Fig. 6. Histological studies of wounds treated with WPED. (A) Representative cross-sectional images of wounds with hematoxylin and eosin stains for the Control,
Sham, and Stim mice 13 days after wounding. Scale bar, 1 mm. (B) Representative cross-sectional Masson’s trichrome stains of the center of the wounds for the Control,
Sham, and Stim mice 13 days after wounding. Scale bar, 100 pm. (C) Quantitative comparison of the epidermal thickness of the Control, Sham, and Stim wounds. Ordinary
one-way ANOVA with multiple comparisons was performed. *###P < 0.0001 for Control versus Stim and for Sham versus Stim. (D) Quantitative comparison of collagen
intensity of the Control, Sham, and Stim wounds. Tukey’s multiple comparisons test was performed. *P < 0.05 for Control versus Stim, **P < 0.01 for Sham versus Stim.
(E) Immunofluorescence staining for CD31 (red) and DAPI (blue) in tissue from the Control, Sham, and Stim wounds (left). Scale bars, 100 pm. Quantification of CD31 in-
tensity (right). Ordinary one-way ANOVA with multiple comparisons was performed. *P < 0.05 for Control versus Stim and for Sham versus Stim. (F) Immunofluorescence
staining for F4/80 (green) and iNOS (red) for the Control, Sham, and Stim wounds (top row). Immunofluorescence staining for F4/80 (green) and CD206 (red) for the Con-
trol, Sham, and Stim wounds (bottom row). Double staining appears yellow. Scale bars, 100 pm. (G) Quantification of M1/M2 macrophage ratio of the Control, Sham, and
Stim wounds. Tukey’s multiple comparisons test was performed. *P < 0.05 for Control versus Stim and for Sham versus Stim. a.u., arbitrary units.
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affirms increased collagen intensity in the Stim group as compared
with the Sham and Control groups (P < 0.01) (Fig. 6D).

Epidermal regeneration is a central aspect of re-epithelialization,
as the healthy epidermis acts as a barrier against pathogens and pre-
vents fluid loss (108, 109). Collagen is a main component of the
extracellular matrix and contributes to the elasticity and tensile
strength of skin. As wounds heal, collagen density, fiber size, and
orientation all change to return the skin to a healthy state (110, I111).
The increased rate of wound closure, thicker epidermis, and in-
creased collagen intensity seen in the Stim group highlight the de-
vice’s ability to promote effective healing beyond simply accelerating
wound closure.

Immunohistochemical staining results further support im-
provements in healing for wounds treated with WPED. Previous
studies in human and animal models of wound healing show the
ability of electrical stimulation to promote angiogenesis, which fa-
cilitates the transport of oxygen and nutrients to the wound site
(27,56, 112, 113). CD31 (also known as PECAM-1) is a commonly
used biomarker to identify blood vessels (114). CD31 staining is
notably higher (P < 0.05) for the Stim group than for the Sham or
Control groups (Fig. 6E). In addition, as a wound progresses
through the phases of wound healing, from inflammation to prolif-
eration and remodeling, pro-inflammatory M1 macrophages are
replaced with M2 macrophages that promote cell proliferation and
tissue remodeling (115, 116). Figure 6F shows staining for F4/80
(a pan-macrophage marker) and inducible nitric oxide synthase
(iNOS; an M1 marker) or CD206 (an M2 marker). A substantially
(P = 0.007) lower ratio of M1 to M2 markers is seen in the Stim
group compared to the Sham and Control groups (Fig. 6G), but no
notable difference between the Sham and Control groups is ob-
served. The low M1/M2 macrophage ratio suggests that WPED
itself does not trigger an inflammatory response and that electro-
therapy offered by WPED reduces inflammation, as previously re-
ported for wounds treated with electrotherapy (117-119). Chronic
wounds often fail to exit the inflammatory phase (116, 120, 121); as
such, the anti-inflammatory characteristics of WPED further ren-
der it useful for chronic wound treatment.

Reported examples of electrical stimulation-based devices offer
increases in CD31 staining (27, 29, 49), epidermal thickness (25,
49), collagen intensity (27), and a shift in the ratio of M1 to M2
macrophages (28). Likewise, other wound-healing technologies
show increased CD31 expression, epidermal thickness, and colla-
gen expression (56, 122, 123). The user-friendly WPED offers sim-
ilar pro-healing capabilities at a fraction of the cost compared to
the above-referenced technologies, making it preferable for treat-
ing wounds.

DISCUSSION

This work describes a low-cost, electronics-free, water-powered
dressing for delivering electrotherapy that accelerates wound heal-
ing at rates comparable to those offered by expensive therapeutics.
The technology uses an Mg-Ag/AgCl battery with a cellulose
separator. The addition of a small amount of water activates the bat-
tery, which provides on-demand electrical stimulation for several
hours even when the system is subjected to extreme strains. Our
benchtop studies further show that tailoring the battery size enables
continuous electrical stimulation over several days thus circumvent-
ing the need for daily replacement of the dressing. This device is
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lightweight and highly flexible and can be easily integrated into
existing bandages. The manufacturing versatility enables the realiza-
tion of electrotherapy dressings with advanced 3D morphable kiri-
gami electrodes that can be readily configured to treat wounds of
different shapes, sizes, and contours. In addition, the device requires
no external electronics or specialized knowledge, rendering it ideal
for point-of-care treatment.

The device is validated in a diabetic mouse wound-healing mod-
el. Wounds receiving electrotherapy show faster wound closure,
with 75% of the wounds achieving total wound closure by day 11,
compared with 12.5% for wounds treated with sham devices and 0%
in the case of wounds with only occlusive dressing. Electrotherapy-
treated wounds exhibit improved epidermal thickness and angio-
genesis and reduced inflammation as compared with untreated
mice and mice wearing sham devices.

The low-cost, easy-to-use technology described here offers
great potential to improve wound healing in a wide range of set-
tings, extreme weather conditions, and use cases. To expand the
impact of this work, future research will investigate the device’s
efficacy in a porcine model of full-thickness dermal wound heal-
ing which is characterized by deep wounds (~1 cm) and more
closely resembles human skin remodeling and wound healing.
Such studies could further elucidate the precise molecular mecha-
nisms by which the WPED promotes healing and allow testing of
its ability to treat deep wounds. This would help translate the de-
vice toward human use. Furthermore, the effect of the device
should be characterized in more depth by using advanced molecu-
lar biology techniques, for instance, flow cytometry, transcrip-
tomics, and proteomics. Additional research should focus on
investigating the effect of stimulation time on healing, as this is an
underexplored area. Since the device can be modified to provide
different amounts of stimulation, this would further allow for
custom treatments specific to individual wounds. Several prior
studies show that electrical stimulation can disrupt biofilms and
inhibit bacterial infection in wounds (124, 125). Future work will
explore this device’s ability to prevent infection as well as pro-
mote healing, expanding the device’s impact as a regenerative
technology.

MATERIALS AND METHODS

Fabrication of WPED

Battery

Screen printing of carbon ink (E3178, Ercon, USA) on a 75-pm-thick
sheet of polyimide (PI; Argon Inc., CA, USA), subsequent baking at
120°C for 20 min, and CO; laser (Fusion Edge, Epilog, USA) pat-
terning (speed: 10%; power: 3%; frequency: 7%) formed the current
collectors for the anode and cathode. Anode fabrication involved
applying a thin layer of carbon ink onto the laser patterned PI/
carbon-based anode current collector followed by attaching a
100-pm-thick magnesium (Alibaba) ring to it, and baking at 120°C
for 10 min. The cathode fabrication process comprised screen-
printing Ag/AgClink (E2414, Ercon, USA) onto the cathode current
collector and baking at 80° and 120°C each for 20 min. A separator
with NaCl salt loadings of 2.4 mg/cm?* was fabricated as described
in a previous study (59). Insertion of a separator between the anode
and cathode and packaging of the battery assembly within a laser-
patterned waterproof tape (Gorilla Glue Inc., OH) completed the
battery fabrication process.
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Stimulation electrodes

Fabrication began by laser patterning of PI sheet, followed by the
application of carbon ink on both sides and subsequent baking at
120°C for 10 min. Next, encapsulation of interconnects with ep-
oxy resin (Epoxy Marine, Loctite, Henkel Corp., OH) defined the
active electrode areas and contact pads.

WPED assembly

The process began with punching two 1.5-mm-diameter holes in
a commercial 4.5 cm X 4.5 cm bandage (Tegaderm, 3M, USA)
which served as apertures for connecting stimulation electrodes
with the battery. Next, mounting the battery on top (nonadhesive
side) and the stimulation electrode pair on the bottom (adhesive
side) of the commercial bandage followed by bonding the IE to
the contact pad of the anode (Mg electrode) and OE to the contact
pad of the cathode (Ag/AgCl electrode) using carbon ink com-
pleted the WPED assembly process.

Simulation and experimental characterization of the
mechanical properties of WPED

Full 3D finite element analysis (FEA) was carried out to predict
the mechanical response of serpentine (width: 0.3 mm; thickness:
0.1 mm) and kirigami (width: 0.3 mm; thickness: 0.1 mm) stimu-
lation electrodes with corresponding structure layouts and mate-
rial properties using the Structural Mechanics Module in a
commercial software (COMSOL Multiphysics 6.0). A tetrahe-
dral meshing with maximum and minimum mesh sizes of ~0.3
and ~0.01 pm was used. The Young’s modulus and Poisson’s ratio
were set at 2.5 GPa and 0.34 for PI and 110 GPa and 0.34 for car-
bon film, respectively, per literature (45, 126, 127). The motion
of the serpentine and kirigami electrodes was simulated by fixing
their base with a fixed support and deformation was applied to
the tip of the electrodes with a pivot joint. Next, the distribution
of stress/strain of electrodes under different stretching lengths
was studied.

A custom-designed mechanical stretching machine was used
to test the biaxial stress response of the self-similar serpentine outer
ring electrode under different strains. Similarly, the spiral-shaped
IE was fixed to a substrate and subjected to uniaxial strains per-
pendicular to the plane of the OE. The displacement of both the
electrodes was measured with a digital caliper and their electri-
cal resistance as a function of strain was captured using a digital
multimeter.

Electromagnetic simulation of WPED

FEA was conducted using commercial software (COMSOL Multi-
physics 6.0) to determine the electric potential and electric field
generated and distributed during the electrical stimulation around
the electrodes and in the wound area. The skin was composed of
tissue layers that include stratum corneum (thickness: 0.25 mm),
epidermis (thickness: 0.75 mm), dermis (thickness: 1.5 mm), and
subcutis (thickness: 2.5 mm). The electrical conductivities of these
four tissues were assumed to be 2 X 107°,0.026, 0.222, and 0.08 S/m,
respectively, while the relative permittivities were assumed to
be 5 x 10% 5 x 10% 5 x 10%, and 5 x 107, respectively, per liter-
ature (25).

The electric field was described by

V.D=p
E=-VV
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where D is the electric displacement field, p is the charge density, E
is the electric field, and V is the electric potential of the electrode.

The geometries of planar electrodes and tissue layers were mod-
eled using tetrahedral mesh elements and placed around the wound.
Furthermore, to ensure high accuracy of computation, a conver-
gence test of the mesh size was performed. The potential of the cath-
ode (outer ring electrode) and anode (inner disk electrode) was set
to be 1.6 and 0V, respectively.

Electrochemical, electrical, and thermal characterizations
Open circuit potentiometry, chronopotentiometry, and impedance
spectroscopy measurements were performed using a potentiostat
(PalmSens4, PalmSens, NL). The discharge behavior of batteries
with different electrolytes was investigated using a multichannel po-
tentiostat (MultiPalmSens4, PalmSens, NL) with current densities
of 1 mA/cm? until the voltage dropped to 0 V. Studies investigating
the duration of stimulation as a function of wound resistance were
obtained by interfacing the battery to different load resistance and
capturing the battery voltage using a digital multimeter (BT-90EPC,
BTMeter, USA). Electrochemical impedance spectroscopy mea-
surements were performed for frequencies ranging from 0.1 Hz to
100 kHz with an amplitude of 10-mV and 0-V bias. Thermograms
were captured by a commercial IR camera (CompactPRO Fast-
frame, Seek Thermal, USA). Humidity-controlled experiments were
conducted in a testing chamber that consisted of a humidity genera-
tor (HUL535W, Honeywell, USA), a dehumidifier (TP30WKN,
Honeywell, USA), and a humidity controller (IHC-200, INKBIRD,
CN). All tests were carried out at room temperature unless other-
wise stated. All experiments were repeated four times (n = 4) and
data were reported as average + SD.

In vitro biocompatibility test

In vitro biocompatibility testing was performed by using media that
had been incubated with the device for cell culture. To prepare the
incubated media, one device was incubated in 3 ml of Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS) for at least 24 hours. DMEM with 10% FBS was used as con-
trol media. Wild-type mouse embryonic fibroblasts (NIH/3T3, ATCC
CRL-1658, American Type Culture Collection) were plated in a 24-
well plate (N = 3 per group). All cells were plated at a density of
10,000 and were incubated for 24 hours in control media. After
24 hours, treated cells were switched to incubated media. This was
denoted as time ¢ = 0. At 24 and 48 hours after t = 0, the media were
aspirated, the cells were rinsed with phosphate-buffered saline, and
fresh media (either incubated or control) were applied. At 72 hours,
a live/dead staining kit (L3224, Invitrogen) was performed accord-
ing to the manufacturer’s protocol. The cells were imaged using a
fluorescence microscope (DMI6000 B, Leica). The cell viability was
quantified using Image] (NIH, 1.53s).

In vitro scratch assay

Mouse NIH/3T3 fibroblasts were cultured in DMEM with 10% FBS
for use in the in vitro cell migration assay. Stimulation electrodes
were fabricated on the bottom of 50-mm petri dishes and were con-
nected to WPED via wires. Such a setup enabled a flat surface for
culturing cells while also avoiding direct contact of the battery with
the culture media. A total of 5 x 10° fibroblasts were plated on each
dish and were grown to confluence. Scratches were made between
the anode and cathode of the electrode using a 200-pl pipette tip
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and the media were changed to DMEM with 5% FBS. Electrical
stimulation was applied to the cells by connecting the electrodes to
WPED. The cells were imaged after 24 hours and quantitative analy-
sis was performed using Image].

In vivo diabetic mouse wound-healing model

All animal procedures were approved by Columbia University Ani-
mal Care and Use Committee (protocol AC-AABK5600) and were
carried out in accordance with the approved guidelines. Male dia-
betic (db/db) mice (strain no. 000697, The Jackson Laboratory) were
obtained and acclimated to the facility for at least 4 days before sur-
gery. Before surgery, mice had their blood glucose measured with a
commercially available glucometer (Contour, Bayer) to ensure that
their blood levels were >250 mg dI™". For surgery, mice (ages 11 to
13 weeks) were anesthetized using isoflurane. The fur was removed
from the dorsum by shaving and using a depilatory cream and a full-
thickness dorsal wound was made using a 10-mm biopsy punch.
The stimulating devices were activated using a small volume of wa-
ter and the voltage across the device was verified to be between 1.5
and 1.7 V using a multimeter (U1272A, Keysight Technologies). The
stimulating devices or sham devices were immediately placed on the
wound and adhered to the skin with an occlusive dressing (Tegaderm,
3M). Control mice received occlusive dressing only. The mice were
housed individually after surgery. On subsequent days, the mice
were anesthetized using isoflurane, and the dressings and devices
were removed. The wounds were photographed with a standard
iPhone SE camera. Wound closure was quantified using Image],
where open wound was considered areas where moist tissue was vis-
ible (39, 128). Wounds were considered completely closed when
there was no drainage and no moist tissue visible, and the wounds
were completely re-epithelialized. Fresh devices were applied daily
to the wounds and affixed with occlusive dressing.

Histology and staining

Wound tissue was collected from euthanized mice 13 days after the
surgery was performed. The tissue was fixed in 4% formaldehyde for
over 24 hours. The Columbia University Molecular Pathology Shared
Resource (MPSR) facility embedded the tissue in paraffin, sectioned
the tissue into slices of 5 pm, and performed H&E and MTS. Whole-
slide scanning of the H&E and MST slides was performed by the
MPSR facility using an Aperio AT2 scanner (Leica) at 40X.

For immunofluorescence staining, slides were deparaffinized
in xylene and rehydrated in a descending ethanol rehydration
series. When staining for CD31, citrate buffer heat-induced an-
tigen retrieval was used. When staining for F4/80 with iNOS or
CD206, trypsin-based antigen retrieval was used. Slides were
blocked for 2 hours in serum solution (1% bovine serum albu-
min) and were incubated with primary antibody at 4°C over-
night. The primary antibodies used were rabbit recombinant
anti-CD31 (1:200; Abcam, ab281583), rat monoclonal anti-F4/80
(1:100; eBioscience, 53-4801-82), rabbit polyclonal anti-iNOS
(1:100; Abcam, ab3523), and rabbit polyclonal anti-mannose
receptor (1:200; Abcam, ab64693). The secondary antibody used
was goat anti-rabbit IgG (H + L) Secondary Antibody, Alexa
Fluor 594 (1:500; Invitrogen A11037). Antifade mounting medium
with 4',6-diamidino-2-phenylindole (DAPI) for nuclear coun-
terstaining was used (ProLong Gold Antifade Mountant with
DAPI, Invitrogen). Images were obtained at X10 magnification
using a Nikon Ti Eclipse inverted microscope.
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Tissue analysis

Aperio ImageScope (Leica Biosystems, v12.4.3) was used to quantify
epidermal thickness from H&E images. Three epidermal measure-
ments from across the wound were taken per image. For each MTS,
three square images of the collagen from across the wound were ex-
tracted at 40%, and Image] was used to quantify the intensity. Immu-
nofluorescence staining for CD31 was quantified as fluorescence
intensity for areas of the same size taken across the wound. For mac-
rophage analysis, M1 macrophages were counted as structures that
stained positively for both F4/80 and iNOS; M2 macrophages were
counted as structures that stained positively for both F4/80 and CD206.

Movement analysis

Mice wearing either stimulating devices, sham devices, or Tegaderm
only were individually placed in a 28 cm X 17 cm standard cage and
were allowed to freely explore. Mice were recorded for 10 min from
a standardized distance above the cage. DeepLabCut (version 2.3.7)
(129, 130) was used to analyze the videos. A total of 250 frames tak-
en from 12 videos were analyzed using a ResNet-50-based with de-
fault parameters for 10,000 training iterations. The test error was
2.31 pixels, and the train error was 2.46 pixels (image size was 1920
pixels by 1080 pixels). We then used a p-cutoff of 0.7 to condition
the X, Y coordinates for future analysis. This network was then used
to analyze videos from similar experimental settings.
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