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Development of a wireless
bioelectronic actuator for wound
healing in a porcine model
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Wireless bioelectronic actuators have been developed to deliver targeted treatments over multiple
days while continuously monitoring delivery, thereby improving wound healing. Specifically, these
devices can deliver charged biomolecules such as fluoxetine cations (FIxT) and electric field (EF) in
freely moving pigs. Treatments can be controlled and monitored in real time via WiFi, with options

for both user-specified delivery rates and durations, as well as automated closed-loop (CL) control.

The devices are engineered to handle various failure scenarios that may arise in dynamic, real-world
experiments—such as communication or power interruptions—ensuring that valuable experimental
data is collected with minimal disruption. The ion pump features eight drug reservoirs and channels
arranged around a 20 mm diameter-wound, with a central ground electrode (0 V). When voltages above
0V are applied to the outer channels, currents flow from the reservoirs and channels into the wound,
delivering FIx* and/or EF depending on the reservoir solution. The device records applied voltages and
currents locally to a microSD card at a high sampling rate, while simultaneously transmitting real-time
measurements via a local WiFi network to a wound healing algorithm running on a nearby laptop. CL
control of current/delivery rate is performed by an onboard microcontroller unit (MCU) and current-
source microchips, based on instructions received from the wound healing algorithm. A graphical

user interface (GUI) provides intuitive user control and real-time data visualization, with support for
multiple devices. In vivo studies over seven days showed that FIx+-treated wounds had a trend toward
lower M1/M2 macrophage ratio and greater re-epithelialization compared to controls (standard-of-
care), demonstrating the actuator’s potential to enhance wound healing.

Wearable and implantable bioelectronic devices have applications in remote health monitoring!, wound healing?,
diabetes, cancer, contraception, and the treatment of various other diseases’. Wound healing treatment remains
one of the major medical challenges to date. Wound healing is an intricate physiological process that unfolds in
four overlapping phases: hemostasis, inflammation, proliferation, and maturation*-®. Advancements in wound
care include various types of smart dressings and patches that promote wound healing’~® through thermo-
responsive mechanisms for drug and antibiotic delivery, necessitating the use of microheaters and external power
supplies!'. Other traditional devices rely on wiring to bulky power supplies for applying exogenous electric fields
with manual tuning of field strength to accelerate wound closure!'?, which limits their practicality for real-time
treatment.

Self-powered and self-activated wearable piezoelectric!® and triboelectric nanogenerators for electrical
stimulation (ES)'*!> and drug delivery'® have been demonstrated, but are limited to skin wound healing and
offer little control over stimulation strength or drug release profiles. Electronic drug delivery (EDD) systems
offer more precise spatiotemporal control of drug release rate, timing, and dosage, while reducing systemic
side effects and improving patient compliance!”"! in wound healing applications?’. In EDD systems, the rate
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and total dose of charged drug molecules are controlled by monitoring and adjusting the stimulation current
amplitude and duration, respectively, enabling better drug penetration and sustained delivery into tissue
compared to traditional oral and needle-based (hypodermic) methods?!-%.

Moreover, wireless EDD devices provide ease of connectivity* for real-time, continuous monitoring and
remote control of drug dosage, allowing for localized, on-demand drug delivery'®?>-28, Furthermore, wireless
devices enable experimentation on a multitude of freely moving animals (each animal could carry multiple
devices), providing more data and larger sample sizes per experiment, while minimally altering animal behavior
compared to tethered systems®, thereby enabling better statistical analysis. Due to limited space at the wound
site, small yet efficient antenna designs are essential for realizing reliable wireless links for bidirectional
communication, despite variable antenna orientation, interference between multiple devices, and detuning in
the presence of bodily tissues-particularly in ingestible bioelectronics®.

Notably, wearable wireless devices have also been demonstrated in vivo for accelerating wound healing.
Most recently, a wireless bioelectronic system was demonstrated for antibiotic drug delivery (TCP-25 AMP) in
combination with ES to treat infected chronic wounds in mouse models, while monitoring wound infection and
inflammatory biomarkers such as temperature, pH, ammonium, glucose, lactate, and uric acid®.. A wirelessly
controlled micropump, in combination with a microneedle array, has been used for controlled release of VEGF
with specific temporal profiles in diabetic mice*. This system achieves improved wound closure by utilizing
microneedle arrays to transdermally reach deeper layers of the wound bed and improve the bioavailability and
effectiveness of delivered drugs. Electronically controlled antibacterial cefazolin delivery through a closed-
loop (CL) feedback system-using sensed temperature, pH, and uric acid levels at the wound site-has also been
shown to treat infection and increase wound closure rates in rats'?. The use of electrically stimulated hydrogel
electrodes was demonstrated by** to reduce wound size and increase dermal thickness in mice via CL control of
stimulation in response to changes in wound impedance and temperature. Table 1 compares our work with other
similar studies reported in the literature.

Our fully integrated wireless bioelectronic device consists of polydimethylsiloxane (PDMS) reservoirs that
hold charged drug molecules in solution and interface with the wound through hydrogel-filled capillaries®,
while ensuring biocompatibility®. In this paper, we describe in detail the design of a printed circuit board (PCB)
used to drive small electrical currents through the solution in the PDMS reservoirs and capillaries, as shown
in Fig. 1a, to push charged drug molecules into the wound. The wireless bioelectronic device is validated and
verified through in vivo experiments®*3¢-33, This is a proof-of-concept system designed to gather preclinical data
in a standardized wound model. Future work involves improved designs to create modular sensor and actuator
components so that the system will be adaptable to wounds of any shape and size.

As illustrated in Fig. 1b, the electrical currents are monitored in real time and wirelessly through a graphical
user interface (GUI) running on a nearby laptop. Users can also remotely control the devices in real time to start,
stop, or adjust actuation as needed. The devices can additionally be placed in CL mode with the laptop to control
the drug delivery rate based on target current levels set by a machine learning-based wound healing algorithm?°.

Results and discussion

Experimental setup

Figure 1b shows the experimental setup on a pig for multi-day Flx* and/or EF delivery. The devices are placed
on the back of a pig and communicate wirelessly with a nearby laptop through a local WiFi network that is set
up using a commercial router. The real-time data measured by the devices can also be remotely monitored and
controlled through a 5G internet connectivity, as illustrated in Supplementary Fig. S1 online. Six wounds (left: 1,
2, 3; right: 5, 6, 7) were created on the pig. Wounds 1, 2, 5, and 6 were used as the treatment group and wounds
3 and 7 as the standard-of-care control group (no devices); see Supplementary Fig. S2 online. The actuated
devices wirelessly receive commands from, and send measured voltages and currents to, a laptop where a wound
healing algorithm?®’ determines the target current levels based on wound stage predictions obtained from wound
images*2.

Device Drug delivered Animal model | Actuation parameters | Wound healing mechanism
Wireless bioelectronic actuator (this work) Fluoxetine & EF Pig gé/QZiij%éA’ 0-2¢h Il\l/ff/pl\i/}gelialization

Wireless, stretchable bioelectronic system?! TCP-25 AMP & ES | Mice ll)\é 1 mA, 10-20 min Antibacterial

Wireless micropump/microneedle system?? VEGF Diabetic mice |3V, 10 min Vascularization

Wireless smart wound dressing!® Cefazolin Rat i;)CS V.90 Antibacterial

Wireless, closed-loop, smart bandage ES Mice Séfti\f]ieévdhx&(lj3'56 MHz E;:;f(%;;:s;tive

Wireless, programmable, refillable hydrogel*’ Metformin Rat OA_(% /\Ig (3:0 min, 10 Hz iﬁgﬂ)agcetz?:é

Wireless, closed-loop, micropump microneedle array*! | VEGF Mice 15)‘?:2-14'56 V. 1-7mA Eﬁﬁg;gzﬁ;ﬁg&on

Table 1. Comparison with other wireless wound-healing systems in animal models.

Scientific Reports|  (2025) 15:39106 | https://doi.org/10.1038/s41598-025-26161-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Capillary
tube >, |

Radiation  (b)
pattern Measured current Wound images Algorithm Predictions

(actuator) (camera)

microSD /1 A ANV A AN AR A A AN 100
13 [ ANANAN N A MAANAAN S Hemostasis Maturation
s J5 PN ANANAAPNIA ARSI AN :80
@ h AN AN AANARAANANN =60
Q
3/, N AAMARAAANA A A AN g 40-
P AR AAAA A o,
2x 4-channel Is PN VNANAANAA NN s o
|I-DACs I | MAAAANANA A AN AN ] Time
Time -
WiFi router
ion pump —
I N |
Lens Camera sensor S
i holder =~ Enclosure
p <—Raspberry.Pi = Target current
<~ Power bank =
<
g
=
O
i <Epidermis Time
I ..<Dermis
b | < Hypodermis
1 Muscle

Actuator (See Fig. 1a)

Figure 1. a Exploded view of the integrated PCB-PDMS wireless bioelectronic actuator. Created with
Autodesk Fusion 2024. b Wireless bioelectronic devices are placed on the back of a pig to enable wireless
communication with a laptop for real-time data acquisition and control of Flx* and/or EF delivery for wound
healing. The actuators measure the current passing through each wound, while cameras capture images of the
wound surface. A wound healing algorithm running on the laptop processes these images to predict the wound
healing stage. Based on these predictions, target current levels are set and transmitted to the actuator to control
the current-and thereby the drug delivery rate. This cycle repeats until the target dose is achieved. Created with
BioRender.com, Autodesk Fusion 2024, Microsoft PowerPoint 2025, and Adobe Illustrator 2023.

Design of wireless bioelectronic actuator
Fig. 1a shows the CAD model of the wireless bioelectronic actuator PCB with a WiFi/Bluetooth-capable
microcontroller unit (MCU), microSD card, analog-to-digital converters (ADCs), and current-source digital-to-
analog converters (I-DACs), with the PDMS device underneath. As shown in Fig. 1a, the PCB ring has an outer
diameter of 43 mm and an inner diameter of 20 mm. There are 8 plated through-holes (PTHs), each 1.75 mm in
diameter, where contact pins and electrode wires can be inserted to achieve mechanical and electrical integration
with the PDMS device. The holes are located at a radial distance of 19 mm from the center. The simplified circuit
diagram of the PCB is shown in Fig. 2a. The inter-integrated circuit (IC) clock and data pins of the onboard
MCU (Espressif ESP32-PICO-D4*) are connected to the respective pins of the I-DACs and ADCs to carry
out instructions for setting the target currents (applied voltages are varied to achieve this) at the electrodes
(actuation) and for reading the differential voltages at the current-sensing resistors (sensing), respectively. The
PCB ring includes a micro-USB connector for powering the electronics. The connector is also used to flash
the onboard MCU chip with the control program using a USB-A/C port on a laptop. As shown in Fig. 2a, the
I-DAC outputs are connected to the contact pins in the PDMS, and the ADC measures the current I; through
each channel i by detecting the voltage drop across a high-precision (0.1%) current-sense resistor, R; = 10 k(2.
The top and bottom views of the fabricated prototype integrated with PDMS are shown in Fig. 2b and c.
The PDMS is filled with Steinberg solution®**” (for EF) in the center and odd-numbered reservoirs and Flx*
solution®® in the even-numbered reservoirs. Before the PCB is integrated with the PDMS, each channel is
separately and linearly calibrated in the 2 to 50 1+A range by measuring the currents passing through a 46.13 kQ2
resistor (mid-scale value chosen although any resistor with < 84 k(2 resistance can be used so that I-DAC stays in
the linear range without saturation) using a high-precision multimeter (see Supplementary Fig. S3 online). The
resistors are removed after calibration and then integrated with the PDMS. The PCB has 8 PTHs for electrical
and mechanical integration with the PDMS device. The integration is achieved with the help of 8 platinum (Pt)-
coated pins that are inserted into the PDMS through-holes, as depicted in Fig. 1a. Each pin has a diameter and
length of 1.6 mm and 4.8 mm, respectively. The pins are made of low-alloy steel but are Pt-coated to prevent
corrosion. A conductive silver epoxy paste is manually coated on the bottom half before the pins are inserted into
the PDMS through-holes. Therefore, each pin is electrically connected with the embedded wires (electrodes) in
the PDMS holes. The 8 PTHs of the PCB mechanically align with the PDMS through-holes, allowing the PCB
to be placed flush on the PDMS by guiding the PTHs over the pins. The protruding top portion of the pins is
soldered to the pads of the PTHs to complete the PCB-PDMS integration, as shown in Fig. 1a. There is also a
reference (REF) PTH, which serves as the electrical ground (0 V) of the PCB. A silver (Ag) wire is soldered to
this PTH and inserted through the PDMS ion pump to establish an electrical connection with the center channel
in the PDMS lid. After that, hydrogel-filled capillaries are manually inserted (using a push metal tool) in the
9 channel outlets at the bottom of the PDMS, as depicted in Fig. 1a. The capillaries provide a cation-selective
electrical path between the reservoirs’ solution and the biological sample that is in contact with the device. Next,
using a syringe, each reservoir is filled with either 10 mM Flx HCl solution* or Steinberg solution®**’, depending
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Figure 2. a Simplified circuit diagram of the wireless bioelectronic actuator PCB. b Top view of the PCB
prototype with integrated PDMS. ¢ Bottom view of the PCB prototype with integrated PDMS.

on whether Flx* or EF is to be delivered. Finally, the entire device is enclosed in a 3D-printed enclosure, as
shown in Fig. 1b, to safeguard it from physical impacts resulting from animal movement.

The detailed circuit diagram in Supplementary Fig. S4 online shows the circuitry for the microUSB-to-serial
converter for flashing, voltage regulation and filtering, impedance matching for the antenna, two 8-channel
ADCs, two 4-channel I-DACs, current-sensing resistors, serial peripheral interface (SPI) for the microSD card,
and operational amplifiers as buffers. An LED (D1) is also included, which connects to an MCU GPIO pin to
indicate the WiFi connection status. It blinks when the MCU is attempting to connect to a WiFi network and
turns off once the connection is established. An unregulated 5 V output from a power source (e.g., a power bank
or battery) is regulated down to 3.3 V as the supply voltage for the MCU, and to 4.7 V as the supply voltage for
the I-DACs and ADCs, using two separate low-dropout (LDO) regulators, as shown in Supplementary Fig. S4
online. Moreover, a Schottky diode (D2) is placed in series between the 5 V rail and the 3.3 V LDO input to
provide reverse current protection for the MCU and USB port.

I-DAC, ADC, and translator

As shown in Fig. 2a, the actuation and sensing circuitry consists of I-DACs and ADCs, respectively. Both utilize
a higher supply voltage of 4.7 V. Given that the 5 V output from most power sources is unregulated, it cannot be
directly used to power the circuitry, since this would limit measurement accuracy. Therefore, an LDO regulator
is incorporated to provide a regulated 4.7 V supply for the circuitry. The 4.7 V supply enables higher applied
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voltages and higher actuation currents than a 3.3 V supply. The I-DACs utilized are two Texas Instruments
DAC63004, each having Ngq. = 8-bit resolution with four outputs, and each can provide variable applied
voltage V; in the range from 0 to Voo = 4.7 V at each of its outputs. Each output can provide a current I; in the
range from 0 to Imaz = 50 nA. As shown in Fig. 2a and Supplementary S4 online, each output is connected to
a current-sense resistor, 12; = 10 k{2 &= 0.1%, which in turn is connected to an electrode (Ag or AgCl wires) in
the PDMS. A 0.37 mm diameter Ag wire and an AgCl wire are used as the working electrode (WE) and reference
electrode (RE), respectively. Each electrode can be set as either the WE (by setting I; > 0 pA) or the RE (by
setting V; = 0V) for a specified duration. Additionally, each output can also be set to a high-impedance (Hi-Z)
state, which electronically disconnects an I-DAC output from its electrode, resulting in a channel current I; ~ 0
1A (open circuit). This feature allows the disabling of individual channels and provides better spatial control of
actuation if/when needed. Moreover, the I-DACs enable rapid current control with negligible delay across all
eight channels.

As shown in Supplementary Fig. S4 online, two eight-input ADCs are utilized to measure the voltage drop
across each resistor R;. Operational amplifiers (op-amps) configured as voltage buffers are utilized at the ADC
inputs to present a very high input impedance, which prevents current loading due to the ADCs and enables
accurate measurement of actuation currents. A dedicated pair of inputs of the ADCs is connected across
each resistor R; to measure the voltage drop. The ADCs utilized are two Burr-Brown ADS7828, each with a
Nade = 12-bit resolution, which translates to 0.8 mV for voltage and 0.08 1A for current measurements. Both
the I-DAC and ADC support the I2C fast mode, in which the clock speed is set to 400 KHz, allowing the MCU
to set or measure voltages at < 0.1 ms intervals. The I>C pins of the MCU, SCL and SDA, are pulled up externally
by strong pull-up resistors (2 kS2) to allow fast rise times (to meet setup and hold time requirements) needed for
the fast mode. The ADCs sample the analog applied V; and electrode Vg, voltages across each resistor R; and
convert them into 12-bit integers for each channel. A burst of sixteen samples is taken at each input, spaced 0.5
ms apart. The MCU then finds the average of these samples to reduce noise. The sampling interval between the
averages is 100 ms. The MCU stores these point-averaged Nqqc = 12-bit integer codes A; and Ag,, for applied
voltage and electrode voltage, respectively, on the microSD card via the SPI bus for each channel i. The average
applied V; and electrode Vg, voltages at each channel i can be found as

Ai/p,
Vi/g, = mVCC (1)

The voltage drop, (Vi — VE, ), across resistor R; can then be used to find the current flowing at each channel i as

Vi — Vg,
I = 7 2)
Equations (1) and (2) allow the calculation of voltage and current at each channel, respectively, when the ADC
and I-DAC codes are uncalibrated and represent the ideal voltage and current transfer functions of the device.
When both ADC and I-DAC codes are calibrated using the two-point calibration method, the voltage and
current at each channel are calculated using Supplementary Egs. (2) [ADC voltage], (6) [I-DAC current], and
(12) [ADC current], resulting in more accurate measurements (since the noise is calibrated out) and representing
the calibrated transfer functions of the device.

The ideal and calibrated voltage transfer functions of the ADC for channel 1, using a load resistance of
R; = 80.4 k2 (near full load resistance chosen so that the input voltage can swing the entire 0-4.7 V linear
range without saturation), are shown in Fig. 3a. The ideal and calibrated current transfer functions of the I-DAC
for channel 1 are shown in Fig. 3b. These are obtained from Supplementary Eqs. (1) [ideal ADC], (2) [calibrated
ADC], (5) [ideal I-DAC], and (6) [calibrated I-DAC], as the I-DAC output code D; is varied from 0 to oNdae _ 1,
i.e, 0to 50 A current output. The absolute errors are also included and are calculated as the difference between
the device and true voltages/currents. At each point (2 A steps), true values of voltages and currents at the
channels are recorded with a multimeter (see Supplementary Fig. S3 online), whereas the device values (averaged
from 200 samples = 20 s for each step) are recorded by the device itself. The absolute voltage error (mV) increases
linearly with higher input voltage (and by extension, input current), and the I-DAC absolute current error (u
A) increases linearly with higher input code up to near full-scale (4.7 V), after which both drop sharply due to
saturation (non-linearity) of the I-DAC. The multimeter measurements (labeled“measured”) lie closer to the
calibrated transfer function curves, which is to be expected since they are recorded after the device is calibrated
and serve as an additional cross-check. The measured curves somewhat bend and don't increase proportionally
near the upper limit, in contrast to a straight diagonal line (ideal/calibrated response). The deviation between
the ideal and calibrated voltage transfer function for the ADC is negligible, as evident in Fig. 3a, but some
deviation for the I-DAC is noticeable in Fig. 3b, particularly as a small positive full-scale error (offset plus gain
error). Other channels also show similar performance, as shown in Supplementary Figs. S5 and S6 online. The
maximum absolute voltage error is 70 mV, and the maximum absolute current error is 1.25 A, both of which
occur at channel 3 when the input voltage is 4.2 V.

The ideal and calibrated current transfer functions of the ADC for channel 1, again using a load resistance
of R1 = 80.4 k2, along with the absolute error between the device and true currents, are shown in Fig. 3c,
which are obtained from Supplementary Egs. (9) and (11), respectively. True current values in 2 A increments
are recorded using a multimeter placed in series with the load resistance. The multimeter measurements
(labeled“measured”) closely follow the calibrated current transfer function curve, indicating high current
measurement accuracy within the full-scale 50 1A range after calibration. The ADC’s absolute current error (in
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Parameter Specifications

Channels 2X 4-actuation (I-DACs), 2 X 8-sensing (ADCs)
Applied voltage V; 0to4.7V

Channel current I; 0to 50 nA

Actuation resolution 8-bit I-DACs (0.2 nA)
Sensing resolution 12-bit ADCs (1.1 mV)
Averaging factor 16 (0.5 ms apart)
Sampling period between averages | 100 ms

Power management Active/light sleep/standby
Typical delivery duration 24 h per day (up to 7 d)
microSD card size 4 to 32 GBytes

Current sensing resistors I2; 10 kQ240.1%

Table 2. Specifications of wireless biolectronic actuator.

1A) also increases linearly with input current, but drops sharply near full-scale due to saturation-induced non-
linearity. Other channels also show similar performance as shown in Supplementary Fig. S7 online.

As illustrated in Fig. 2a and Supplementary Fig. S4 online, the MCU and microSD card are powered by a
3.3V rail, as they do not support higher voltages. For I2C communication, a 3.3 V to 4.7 V level translator chip
is employed to enable communication between the 3.3 V MCU and the 4.7 V. ADCs/I-DACs. The translator
resolves logic-level mismatches by mediating the SCL (clock) and SDA (data) lines between the MCU and the

peripheral devices.

Table 2 summarizes the main controller specifications. I)C communication between the MCU (master) and
I-DACs/ADC:s (slaves) proceeds as follows. To start communication, the master sends a START condition on
the I°C bus (switching SDA line from HIGH to LOW followed by switching SCL line from HIGH to LOW)
(see Fig. 2a and Supplementary Fig. S4 online). The MCU then transmits a 7-bit slave address along with a read
(HIGH) or write (LOW) bit-together forming the address byte-on the SDA line. All the slaves read each bit
serially. Each bit is read when the SCL is HIGH, requiring 8 clock cycles. The slave with the matching address
acknowledges by pulling SDA LOW on the 9th clock cycle. After that, the MCU typically sends a control byte
to configure the slave (e.g., select an ADC/I-DAC channel to read/write, power up/down channels, etc.), which
is acknowledged by the slave. Then, one or more data bytes are transferred between the MCU and the slave
(e.g., read a voltage measurement from the ADC, set a voltage or current at the I-DAC output). After each byte
is transferred, the receiver acknowledges the sender. Finally, to stop communication, the master sends a STOP
condition (switching SCL line from LOW to HIGH followed by switching SDA line from LOW to HIGH).
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GUI and laptop software

As illustrated in Fig. 1b, the wireless bioelectronic actuator is remotely operated via a GUI on a laptop connected
to a local WiFi network established using a commercial router. To verify that the device is functioning correctly,
real-time current and voltage measurements are first validated by setting a target current across a known resistor
at all eight outer and center channels, respectively (see Supplementary Fig. S3 online).

The GUI and backend data processing software are implemented in Python using the Spyder (Anaconda3)
IDE. The user flow diagram for the GUI, laptop software, and device firmware (instruction flow) is shown in
Fig. 4. The GUI includes push buttons for scanning the WiFi network to detect all connected devices (Find
Devices), a drop-down menu to select a device from among those found, loading the actuation table (Load),
showing the actuation table, enabling CL control (Close Loop), calibrating the I-DACs and ADCs (Calibrate),
real-time viewing of measured voltages and currents (View Readings), displaying SD card data stored on the
device (Show SD Card Data), transferring files from the device to the laptop (Copy), deleting files on the device
(Delete), and starting (Start) or stopping (Stop) the actuation (see Supplementary Fig. S8 online).

When powered up, the device automatically connects to the network, and the router assigns it a unique IP
address. The laptop is also connected to the same network. When the Find Devices button is pressed in the
GUI, the software scans the network to detect all connected devices, each of which is uniquely identified by its
media access control (MAC) and IP address. When a user initiates a specific action on a selected device (e.g.,
by pressing the Start button), the laptop first establishes a TCP/IP connection with the device and sends a high-
level command indicating the action to be performed, as depicted in Fig. 4. On the device side, each command
is uniquely identified, and the appropriate sequence of tasks is executed by the firmware.

For example, during actuation, a fixed-duration sequence of target currents is first loaded from a .csv file
(actuation table) by pressing the Load button and selecting the file on the laptop. Next, pressing the Start button
instructs the firmware to apply the specified target currents at the channels, measure the resulting voltages and
currents, and wirelessly transmit the data in real time to the laptop for immediate viewing and/or CL control.
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Figure 4. Flowchart for data acquisition and control, showing the communication between a laptop and a
wireless bioelectronic actuator. The GUI running on the laptop includes several buttons, represented by gray
parallelograms. Each button press typically establishes a TCP/IP connection with a selected device via the
local WiFi network. Depending on the button pressed, the device performs specific tasks such as calibration,
viewing measurements, showing SD card data, copying files, deleting files, starting open-loop actuation,
stopping actuation, or enabling CL control.
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Simultaneously, for redundancy and reliability, the data is also logged locally on the device’s microSD card at a
higher sampling rate, leveraging its lower latency compared to WiFi transmission. After the actuation completes,
the SD card data is automatically transferred to the laptop. The sequence of tasks performed by the laptop and
device for all GUI functions is detailed in the flowchart shown in Fig. 4.

Device firmware and MCU flashing

When a button is pressed on the GUI, high-level commands are sent wirelessly to the device, where the firmware
breaks them into a sequence of low-level tasks for the MCU to execute, as depicted in Fig. 4. The device firmware
is a control program written in C++ using the Arduino IDE environment. Once the device completes the action,
it disconnects from the laptop and enters standby mode so that it can accept further commands from the
laptop. As shown in Fig. 2a and Supplementary Fig. S4 online, the PCB houses a Universal Serial Bus (USB)-to-
Universal Asynchronous Receiver and Transmitter (UART) bridge called CP2102N (an IC from Silicon Labs)
that allows direct connection to a laptop’s USB port for flashing the MCU with custom firmware and debugging
the firmware, if needed.

The main tasks the firmware performs are TCP/IP communication, data acquisition (through the ADCs),
control (via the I-DACs), and reading from/writing to the microSD card, distributed between the two cores of
the MCU, as depicted in Fig. 2a. The microUSB connector on the PCB is used as an interface for flashing and
powering purposes via a USB-A cable connected to a laptop or power source. The microUSB connector’s D+
and D- data pins are connected to the corresponding pins of the UART bridge for data transfer, as shown in
Supplementary Fig. S4 online. The bridge itself is connected to the MCU for transmitting and receiving UART
data through the TxD and RxD pins*’. The process of flashing the PCB takes less than 1 min due to the 3 Mbps
transfer rates supported by the UART bridge. The MCU is put into flashing mode by the UART bridge through the
use of RTS and DTR pins, which are connected to two transistors that control the state of the MCU pins IO0 and
EN, as shown in Supplementary Fig. S4 online. By putting the IO0 and EN pins through a set sequence of logic
HIGH and LOW states, the UART instructs the MCU to initiate flashing mode for downloading firmware. The
firmware is then transferred to the flash memory of the MCU via the RxD pin. All of these low-level operations
are handled internally by the Arduino IDE during the flashing process. Print statements are used in the firmware
to send device status updates to the UART bridge via the TxD pin, and then to the laptop through the microUSB
connector for display/debugging on the Arduino IDE’s serial monitor. The firmware can be updated easily by
re-flashing the MCU’s memory.

The firmware takes advantage of multicore processing. The MCU on the device has two cores: 0 and 1,
as depicted in Fig. 2a. Core 0 is dedicated to sampling data from the ADCs and changing the I-DAC output
voltage, while Core 1 is dedicated to handling TCP/IP commands for WiFi communication with the laptop and
reading/writing to the microSD card. During actuation, the data from the ADCs come at a faster rate than can
be transmitted wirelessly. Core 0 stores the measured ADC data into a sequence of allocated memory buffers,
while Core 1 sends the data in a first-in, first-out (FIFO) fashion to the laptop while also recording it on the
microSD card. This allows the system to record data at higher sampling rates than would otherwise be possible.
The number of buffers and buffer size must be high enough to prevent overfill and data loss, and is determined
by the worst-case latency of WiFi transmission, which is on the order of a few seconds. As illustrated in Fig. 2a,
the buffers are referenced in a circular fashion for efficient utilization of memory. Intercore communication is
handled through flag variables in the integrated 4-MB SPI flash of the MCU. The data is continuously sampled,
only pausing momentarily (< 1 s) to avoid race conditions when a new CL command is received and the target
currents and applied voltages must be changed.

microSD card interface

The SPI communication protocol is used for data transmission between the MCU (master) and the microSD
card (slave), as illustrated in Fig. 2a and Supplementary Fig. S4 online. The four default SPI pins of the MCU
- MOSI (23), MISO (19), SCLK (18), and CS (5) - are connected to the CMD, DATO, CLK, and DATS3 pins,
respectively, of the microSD card connector to provide full-duplex communication. SPI Mode 0 is used for data
transfer. This means that the SCLK (clock) signal stays LOW when there is no data transmission (i.e., when CS is
HIGH), and data is simultaneously received (on the MISO pin) on the rising edge and transmitted (on the MOSI
pin) on the falling edge of the clock by the MCU.

As indicated in Supplementary Fig. S4 online, the SPI pins are pulled up by 10 k€2 resistors to provide faster
rise times required by high-speed microSD cards, which cannot be achieved using the weak internal pull-up
resistors (45 k(2) of the MCU. Pull-up resistors of 10 k{2 are also used on the SD card pins DAT0-DAT3, even
though they are not connected to the MCU (since SPI mode is being used), to prevent the card from entering
an incorrect state.

Antenna and impedance matching

As shown in Fig. 1a, a 3D metal antenna is used for transmitting and receiving 2.45 GHz radio signals for
WiFi communication. The antenna is tuned to this frequency using an impedance-matching network, which is
connected to the LNA pin of the MCU, as illustrated in Supplementary Fig. S4 online. The m-matching network
maximizes power transfer between the LNA and the antenna at 2.45 GHz. The PCB board material, thickness,
trace width/length, and the proximity of other electronic components dictate the values of capacitors C1, Ca,
and inductor L required for adjusting the resonant frequency of the antenna.

Based on the manufacturer’s recommendation, the following values were utilized: C1 = 2.7 pE, C2 = 4.7
pE and L1 = 1.6 nH*. These values are used to cancel out the parasitic reactance (capacitance and inductance)
associated with transmission lines routed from the LNA to the antenna input. The antenna is surface-mounted at
the edge of the board to minimize resonant frequency shifts and interference from nearby circuits/components.
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Figure 5. CL control of current in the wireless bioelectronic device using onboard I-DACs with pulsed
current. The target currents are determined by the wound healing algorithm running on a laptop, based on
wound stage probabilities calculated from wound images captured by the cameras. Created with Autodesk
Fusion 2024, BioRender.com, Microsoft PowerPoint 2025, and Adobe Illustrator 2023.

Delivery | Ch. 1 Ch.2 Ch.3 Ch. 4 Ch.5 Ch.6 Ch.7 Ch. 8

EF 4.4-50 pA | 0 pA 4.4-50 pA | 0 pA 4.4-50 pA | 0 pA 4.4-50 pA | 0 pA
Flxt+ ov 245-5pA |0V 245-5pA |0V 245-5pA |0V 2.45-5 pA
Stop ov ov ov ov ov ov ov ov

Table 3. Target currents and voltages for Flx™ and EF delivery.

The PCB comprising the matching network and the antenna was simulated in COMSOL using the finite
element method. The reflection coeflicient magnitude |S11| at the matching network input, with the antenna as
its load, is -15.3 dB at 2.45 GHz, which indicates that 97% of the power provided by the LNA is accepted by the
antenna and the network. The maximum gain of the antenna is 1.2 dBi. Fig. 1a shows the 3D gain pattern of the
antenna and how it aligns with the structure of the antenna itself. Supplementary Fig. S9 online shows the 3D,
horizontal, and vertical plane radiation patterns of the antenna.

Closed-loop (CL) control of current

Fig. 5 shows a simple high-level diagram of how the wireless bioelectronic device typically operates in
conjunction with a wound healing algorithm?®® running on a laptop to ensure CL control of current for Flx*
delivery. When a positive voltage V; is applied between the WE at the reservoir and the RE at the center of
the PDMS ion pump, drug cations (e.g., Flx*) are pushed through cation-selective hydrogel-filled capillaries
from the reservoir into the wound bed in exchange for endogenous sodium cations (Na*t) at the RE. Flx* is
delivered from even channels 2, 4, 6, and 8 until a target dose is reached. The center and odd channels are filled
with Steinberg solution (for EF) and grounded (0 V) during Flx* delivery to reduce delivery resistance and
improve delivery efficiency. The currents from even channels are time-integrated individually, scaled by delivery
efficiency, and added together to determine the total dose delivered in real-time. The device can also deliver
EF from odd channels 1, 3, 5, and 7, and this involves a similar CL control of current until a target duration
is reached (integration and dose calculation steps are skipped in Fig. 5). Even channels are all open-circuited
(Hi-Z, 0 ptA) so that Flx* is not delivered. This also ensures that the direction of the applied EF is radially
inward, since the center channel is always grounded (0 V). The target current range is also wider and higher for
EF delivery. Table 3 lists the target current ranges for Flx* and EF delivery. The CL begins by setting the target
current levels based on wound stage probabilities calculated from wound images captured by the cameras?*?
and wirelessly transmitted to the laptop. The target currents are calculated by the algorithm on the laptop and
then wirelessly transmitted to the device. To maintain target levels, the onboard I-DACs on the device rapidly
adjust (increase or decrease) the applied voltages at each channel without noticeable delays. The current can
change due to the dynamic nature of wound and contact resistances, which are manifestations of bodily fluids
and animal movement, respectively. However, such changes are rapidly compensated for by the I-DACs through
rapid hardware-based feedback, which involves adjusting the applied voltage quickly to minimize current
fluctuations. This can be seen in Fig. 5, where the applied voltage (red) is adjusted to keep the current (blue) at
the target level (black). Moreover, the device firmware has been optimized to reduce communication latency by
efficiently multitasking between data acquisition/control and handling TCP/IP commands from the laptop. This
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also significantly reduces data acquisition gaps and control action delay, enabling the device to quickly respond
when the target current changes. The currents are pulsed (which is why they appear filled) at a 92.3% duty cycle
(target value for 60 s, 0 1A for 5 s) to allow electrodes to charge and discharge until the target dose of 0.025 mg
is reached, after which all channels are grounded (0 V) to stop delivery. The CL control operation can run for an
entire day or until the target dose/duration is reached, whichever is earlier, as the camera captures new images of
the wound and updates the probabilities of the wound stage.

Power consumption

Table 4 shows the different operating modes of the device and the typical current consumption in each mode.
Just before the start and immediately after the end of an experiment, the devices are typically in standby
mode, in which an actuation can be started. Normally, during FIx™ or EF delivery, the device is in actuation
(transmission) mode, and data is transmitted in real-time to a laptop. Sometimes, the laptop can be disconnected
from the device for power-saving purposes while allowing the devices to continue delivering. This mode is called
actuation (no transmission), but CL control and real-time data viewing features are lost. The devices also take
advantage of sleep mode to reduce overall power consumption when they are not actuating, especially during
long in vivo experiments. Since each device can generally reach the target dose within 6 to 12 h, the device can
be put into sleep mode for the rest of the day to save power. During the experiment, the power banks connected
to the devices can only be replaced once a day due to the limitations and protocols of animal handling. The use
of sleep mode provides enough power savings to allow multiple devices to run and actuate on their respective
wounds each day.

Failure resiliency

Software and firmware improvements have been implemented on the laptop and device to handle occasional
communication and power loss scenarios. When communication failures occur, network exceptions are raised
in the software and handled on the laptop by continuously attempting to reestablish the connection with the
device. Moreover, a resume feature has been incorporated into the firmware to resume interrupted actuation
resulting from a power failure. Since the last recorded state (timestamp, duration, and target currents) of the
actuation prior to power loss is stored on the microSD card, this information is used to continue actuation, and
shortly after, the laptop can reestablish the connection with the device to resume CL control.

Experimental results

As shown in Fig. 1b, the wireless bioelectronic devices were used on pigs to deliver EF and/or FlxT for 7 days.
After the experiment, both the treated and control wounds were analyzed and compared in terms of wound
healing metrics such as the M1/M2 macrophage ratio and re-epithelialization. For Flx* delivery on a wound,
the current level dictates the delivery rate, which, in combination with the actuation duration, dictates the total
dose delivered. The actuation duration for delivery was set to 23 h per day to reach a target dose of 0.025 mg per
wound, but the delivered dose may reach the target earlier, as shown in Fig. 5, in which case the channels are
grounded (0 V) to stop the delivery for the remainder of the period. The remaining 1 h allows for power bank
replacement and animal care (food and water) in preparation for actuation over the next 23 h. For EF delivery,
the current level dictates the strength of the applied EE and the current range is set by the algorithm based on
the wound stage probabilities. The actuation duration for EF delivery is also limited to 23 h per day for the same
reason as Flx+ delivery.

Some representative experimental results from the device, showing 7-day EF (Day 0-1) and Flx* (Day 1-6)
delivery in a pig wound, are presented in Fig. 6. The measured currents and voltages on Day 1 at all eight
channels are shown in Fig. 6a. The temporal progression of Flx* dose per channel (D;) over a period of 7
days is shown in Fig. 6b. The spatial distribution of D; for each day is shown in Fig. 6¢. CL control of current
is performed to achieve and maintain specific target levels, as shown in Fig. 6a for Day 1 actuation, when the
treatment is switched from EF to Flx* at the 6-hour mark. On Day 0 and before this mark, EF is delivered from
the odd channels (top row), as seen by the pulsed nature of the current (blue) at channels 1, 3, 5, and 7, where the
top envelope tries to follow the changing target current (black), whereas the even channels 2, 4, 6, and 8 (bottom
row) are set to 0 pA to disable FIxT delivery. After this mark, Flx* is delivered from the even channels (bottom
row), whereas the odd channels are set to 0 V (red) to stop EF delivery, following the scheme of Table 3. On Day
0, as shown in Fig. 6b, only EF is delivered and FIx™ is not delivered at all, based on the recommendations made
by the wound healing algorithm. The decision on when to switch from EF to Flx is also made by the algorithm.

Fluoxetine dose calculation
For FIx* delivery, the four even-channel reservoirs in the PDMS ion pump shown in Fig. 1a are filled with a 10
mM Flx HCl solution®, and the corresponding capillaries are loaded with Flx* cations. The currents measured by

Operating mode Current (mA) | Comments

Sleep <10 No actuation, WiFi disabled, can be woken up after a preprogrammed time to put into standby mode
Standby ~ 50 No actuation, WiFi connected, ready to accept commands

Actuation (No transmission) | 70-150 Data recorded on SD card, no transmission to laptop

Actuation (Transmission) 70-170 Data recorded on SD card and real-time transmission to laptop via WiFi

Table 4. Current consumption by the wireless bioelectronic actuator across different operating modes.
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Figure 6. Experimental data from 7-day EF/FIx* delivery on a wound. a Measured applied voltages and
currents at the 8 channels on Day 1. b Temporal variation of accumulated per-channel and total dose during
the 23 h delivery window on each day. All data presented as mean + s.d. ¢ Spatial variation of accumulated per-
channel and total dose delivered at the end of the 23 h delivery window on each day.

the wireless bioelectronic actuator are directly proportional to the rate of Flx* delivery. To quantify the total Flx*
dose delivered, the current at each even channel is cumulatively integrated and summed, as diagrammatically
indicated in Fig. 5. The accumulated charge exchange, Q;, at channel i at time ¢ can be calculated as

Qi(t) = /0 Ldr (©) 3)

The total accumulated charge exchange, Q (in coulombs), is the sum of the charge exchanges at all even channels,
from ¢ = 2 to 8, and is given by

Q) =Y Q)  (C) 0)

For Flx* treatment, the accumulated dose D; at channel i at time ¢ can be calculated by integrating only the
positive currents I;H (£) = I;() > 0 as follows:
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where 7 = 2.2 £ 1.1% [mean + standard deviation (s.d.)] is the Flx* delivery efficiency of the device, based
on HPLC calibration in vitro®;, M = 309.33 g/mol is the molar mass of Flx; F' = 96485.3321 C/mol is the
Faraday’s constant; and Q; (t) = fot I (r)dr.

The reason why only contributions of positive currents are integrated is because FlxT delivery is assumed to
occur only when the current is positive (i.e., FIx* cations flow from the reservoirs through the cation-selective
hydrogel to the wound bed and then diffuse away into the bloodstream), as illustrated in Fig. 5. When the
current is negative, endogenous cations such as Na* carry the current back to the reservoirs to maintain charge
balance and do not reverse or cancel out Flx* delivery. Hence, the positive and negative currents correspond to
the exchange of different types of ions-Flx* and endogenous cations, respectively.

The total accumulated dose, D (in grams, g), can be calculated by summing the accumulated channel doses,
D;, at all even channels ¢ = 2 to 8, as follows:

D) =) Di(t) (9 (6)

Using Egs. 5 and 6, the temporal variation of accumulated channel dose D; and total dose D from the measured
currents (shown in Fig. 6a) was calculated for Day 1, as shown in Fig. 6b. The spatial distribution of channel dose
D; at the wound edges and center at the end of Day 1 is illustrated in Fig. 6c. The dose delivery is non-uniform
across the wound; for example, see Day 1, D4 > Dg > D2 > D, even though the total dose D ~ 0.025 mg is
close to the Day 1 target.

This non-uniformity is attributed to variation in current at each channel, caused by differences in contact
quality, channel geometry, and wound resistance. If the resistance at a particular site is too high (e.g., due to poor
contact or faulty capillaries), the maximum voltage (i.e., Voo = 4.7 V supply) may be insufficient to achieve the
target current, resulting in reduced delivery. The dose delivery enabled by the bioelectronic device is gradual,
which helps improve bioavailability, unlike oral or topical drug administration.

The start of actuation is marked by a vertical line in Fig. 6b. Actuation typically begins between 12:00 PM and
2:00 PM and continues for 23 hours. The total accumulated dose D (represented by a gray dot) varies slightly
from day to day, despite a constant target dose. This small deviation is most likely due to numerical integration
errors accumulating over time during dose calculation.

In Fig. 6b, the slope of each D; curve reflects the delivery rate at that channel and serves as an indicator of
individual channel performance. A higher slope corresponds to a higher delivery rate, while a flat D; (i.e., zero
slope) indicates zero delivery. For instance, on Day 2 after the 60-hour mark, D2, D4, Ds, and Dsg exhibit near-
zero slopes, suggesting near-zero or negative currents, and thus, no further Flx* delivery, as the target dose had
already been reached. Conversely, before the 60-hour mark, those same channels have positive slopes, indicating
active Flx* delivery.

The central channel exhibits negative currents (not shown), as it serves as the return path for the channel
currents I; and does not contribute to delivery, as evidenced by the blue dots (0 mg) at the wound center in all
dose maps shown in Fig. 6¢c. On Day 0, no Flx ™ is delivered from any channel. From the temporal and spatial
dose profiles in Fig. 6b and ¢, it is evident that all four delivery channels function on Days 1-4, while only three
are functional on Days 5-6.

Theactual fluoxetine concentration in the wound tissue correlates with the cumulative dose (see Supplementary
Fig. S10a online), but was not detected in plasma (see Supplementary Fig. S10b online), suggesting localized,
rather than systemic, delivery of the drug from the device.

M1/M2 macrophage ratio

Quadruple staining of pig tissue was performed to reveal the count of M1 and M2 macrophages and to
determine the M1/M2 macrophage ratio across all wounds. The antibodies were selected, and the IHC staining
protocols were used. The M1 and M2 marker cells were labeled with iNOS and Arginase I, respectively, against
the background staining of the pan-macrophage M0 marker BA4D5, as shown in Fig. 7a for control and Flx+
-treated wounds as representative examples.

On average, the wound edges of Flx*-treated wounds showed a trend toward lower M1/M2 macrophage
ratio compared to control wounds, based on tissues harvested on Day 7, as shown in Fig. 7b, indicating the
advancement of the wound edge earlier into the proliferation (regenerative) phase in the treated wounds.
However, this trend did not reach statistical significance due to the small sample size. Furthermore, there is
a tendency for the M1/M2 macrophage ratio to decrease over time as the wound healing process advances (as
seen by comparing Day 3% to Day 7 harvest results in Fig. 7b). From the total number of M1 and M2 cells, the
reduction in M1/M2 macrophage ratio at the wound edge appears to be mainly due to the reduction in M1
marker-positive cells. This suggests that FIx* treatment selectively affects M1 macrophages at the wound edge
during early stages of wound healing, leading to a shift in the M1/M2 balance toward a less inflammatory state.
Consequently, confirming the statistical significance of this promising trend requires a larger study cohort.

Re-epithelialization
To determine re-epithelialization, 5 um sections were stained with the H&E staining protocol. H&E images of
Flx*-treated and control wounds from a 7-day Flxt delivery experiment are shown in Fig. 7c. Re-epithelialization
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Figure 7. In vivo results for wound tissues harvested on Day 7. a Representative IHC images showing

M1 macrophages (yellow) and M2 macrophages (red) at the wound edges from control (left) and Flx*
-treated (right) wounds. b Plot of the M1/M2 macrophage ratio for control and FlxT-treated wounds. All
data presented as mean =+ s.d. ¢ Representative H&E images showing re-epithelialization for control (top)
and Flx T -treated (bottom) wounds. The wound edge in each image is outlined by black dotted lines, and
re-epithelialization is indicated by yellow arrows extending from the wound edge. Images taken with BZ-II
Analyzer software and annotated in Adobe Illustrator 2023. d Plot of the re-epithelialization percentage for
control and Flx+ -treated wounds. All data presented as mean + s.d.

refers to the size of the newly formed epithelium, which is indicated by the yellow arrows. The images were
scored to determine the percentage of wound closure (referred to here as re-epithelialization %). Beginning
at the innermost edge of the mature collagen (wound edge, outlined by black dotted lines), the lengths of the
epithelial tongues and the width of the entire wound (yellow arrows) were measured. From these distances, the
percentage of closure for each wound was calculated. As shown in Fig. 7d, the Flx*-treated wounds, show a
trend of greater re-epithelialization compared to control wounds, based on tissues harvested on Day 7. However,
this difference has not reached statistical significance due to the small sample size. Moreover, Day 7 represents
an early time point for evaluating the rate of re-epithelialization; therefore, the observation period was extended
to three weeks, with the results detailed in Li et al.3.

Summary

In this study, we demonstrate the design, development, and verification of our wireless bioelectronic actuators
for wound healing in a porcine model. The devices are used to deliver fluoxetine cations (Flx*) and electric
field (EF) treatments in full-thickness wounds in pig models. Each treatment can be applied continuously for
up to 23 h per day for a period of 7 days. Immunohistochemistry (IHC) staining results show that Flx*-treated
wounds had a trend of improved M1/M2 macrophage ratio compared to control wounds at the wound edges.
Meanwhile, hematoxylin and eosin (H&E) staining results show that Flx*-treated wounds exhibit a trend
toward greater re-epithelialization compared to control wounds. More animal experiments are currently being
conducted to determine whether statistical significance can be achieved. We are also conducting experiments
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to better understand and correlate the actuation parameters and biological responses, in order to optimize the
timing and dose of the Flx* and EF treatments for accelerating wound healing.

Methods

Ethics statement

All pig experiments were conducted under the protocol approved by the University of California Davis (UC
Davis) Institutional Animal Care and Use Committee (IACUC). All methods were performed in accordance
with the UC Davis IACUC guidelines and regulations. All animal studies are reported in accordance with
ARRIVE guidelines.

PCB fabrication, assembly, and modeling

The CAD model of the PCB is shown in Fig. 1a, which was designed in Autodesk EAGLE. The prototype was
fabricated and assembled by a third-party PCB manufacturer. The contact pins were hand-soldered to the plated
through holes (PTHs) on the PCB. The 3D model of the PCB was created in Autodesk Fusion 360344,

PDMS fabrication, assembly, and modeling

The CAD models of the PDMS ion pump and lid are shown in Fig. 1a, which were created in Autodesk Fusion
360. Each PDMS piece also has its respective 3D mold design (see Supplementary Fig. S11 online). The STL
files of the molds were imported into the Formlabs PreForm software. The models were optimized for print
orientation, layout, and supports before uploading the resulting file to the Formlabs Form 3 SLA printer for
printing with Model V2 resin®. Figure 1a also shows the steps involved in the integration of the PCB with the
PDMS device.

Hydrogel-filled capillary preparation

In order to deliver ions such as FIxT, silica capillary tubes are filled with a polyanion hydrogel that selectively
conducts cations, following the process detailed by Baniya et al.3>, Dechiraju et al.**, and Asefifeyzabadi et al.°.
The tubes are then inserted at the bottom of the PDMS device, as shown in Fig. 1a. The hydrogel recipe requires
1 M AMPSA, 0.4 M PEGDA, and 0.05 M photoinitiator (12959) concentrations to produce a hydrogel with a
low swelling ratio (12%) and good conductivity (8.8 + 0.1 S/m). A several-centimeter length of the silica tubing
(inner diameter 0.8 mm, outer diameter 1 mm) used for the capillaries is etched with NaOH and further treated
with silane A174 to prevent the hydrogel from swelling out of the capillary after UV crosslinking for 5 min at
8 mW/cm?. Following UV curing, the capillary tubes are cut into 5 mm pieces. This designated length allows
for the easy insertion of capillaries into the PDMS device, with minimal cutting required to reach the final 5
mm length. Cutting the capillary tubing into short lengths beforehand also enables each tube to be checked
for electrical connection and loaded with 10 mM Flx HCl solution for Flx+ delivery. As shown in Fig. 1a, each
device has 9 hydrogel-filled capillary tubes inserted in it.

Animal experiments

Yorkshire-mixed breed female pigs, weighing 70-80 lbs and approximately 4-5 months old, were used. As
illustrated in Supplementary Fig. S1 online, the pigs were acclimated and trained for harness use with positive
reinforcement (food treats) for 7-10 days prior to the surgery?’. Overnight fasting with ad libitum water was
applied before both the surgery and device changes. On the surgery day (Day 0), the pigs were induced under
general anesthesia, intubated endotracheally, and maintained under anesthesia using masked inhalation of
isoflurane (1-5% to effect). Telazol (5.5 mg/kg by intramuscular injection) was administered for anesthetic
induction. Blood samples were collected before surgery and at the endpoint. The back skin was clipped, depilated,
and prepared with 2% chlorhexidine scrubs and isopropyl alcohol rinses.

As shown in Fig. 1b, six circular, 20 mm in diameter, full-thickness excisional wounds were created bilaterally
on each side of the dorsum in each pig (see Supplementary Fig. S2 online). The four cranial wounds (wounds 1,
2, 5, 6) were treated with the devices. In contrast, the two caudal wounds (wounds 3 and 7) served as standard-
of-care controls (no devices applied; wounds were sealed with Conformant 2 wound veil, Optifoam bolsters,
and Tegaderm film dressings). The entire wound area was covered with cushion foam sheets and a compression
dressing/pig jacket to protect the site. Analgesic medication buprenorphine was administered at extubation, and
a fentanyl patch was applied for 72 hours for post-operative pain management. The 20 mm diameter wounds
(3.14 cm? area) used in this study are taken from two pigs and are smaller than average human wounds. This
was done because smaller wounds heal within a short period of about three weeks, allowing us to maintain
the animals and perform multiple assays within a reasonable timeframe. Observations from these small, acute
wounds can potentially be compared to human chronic wounds, such as diabetic foot ulcers, which have similar
wound sizes ranging from 1.5 to 5.5 cm? area*®->. The device design offers a degree of modularity and flexibility
to accommodate different wound sizes. For example, increasing only the PDMS notch diameter and depth may
be sufficient for use in a larger wound, while the rest of the device components can remain unchanged.

At the end of the surgery, as illustrated in Fig. 1b, two sets of Raspberry Pi units and power banks-each
capable of supporting two devices on the same side-were placed in pouches on each shoulder of the animal
and connected to the devices to initiate daily imaging and actuation cycles. Each Raspberry Pi captured images
sequentially from its two connected devices, which were applied to two treated wounds, as detailed by Hee
et al.*2. The device camera is located above the actuator. As shown in Figs. 1b and 5, the camera consists of a
LED ring for brightfield illumination of the wound surface, a lens/sensor stack for image capture, an HDMI
connection to the Raspberry Pi for image acquisition/storage, and a USB power connection to the power bank*2.
Wound images were acquired every 2 hours and transmitted wirelessly to a laptop via a local WiFi network
for CL control. The imaging cycle lasted the entire 24 hours per day. Wound location on pigs may affect the
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healing rate®!. Therefore, the anatomical locations of the device-treated and control wounds should be varied
when possible. However, in this study, the device-treated wounds were restricted to the cranial side due to the
limitation imposed by the connecting wires running from the treated wounds to the shoulder pouches.

Figures 1b and 5 show the mechanism of EF and/or Flx* delivery from the actuator. A positively charged
drug molecule is electrically driven into the wound by applying a positive voltage between the edge and center
channels. As a result, ionic currents flow at each channel and can be monitored in real time by the user, as
illustrated in Fig. 1b. The actuation cycle lasted between 6 and 23 h per day until a specific target dose for
Flx* (e.g., 0.025 mg per wound) or actuation duration for EF was reached.

The in vivo experiments were conducted over 7 days, with daily wound examination and power bank
replacement to initiate new device cycles. Each day began with fully charged power banks to ensure sufficient
power for device operation. New imaging and actuation cycles were initiated shortly after plugging in the power
banks while the animal stood still with food treats (no additional anesthesia required). At the beginning of Day
3, the devices, wound dressings, cushion foam sheets, and compression jacket were replaced under anesthesia.
At the end of the experiment (Day 7 start), the animals were humanely euthanized with pentobarbital > 100 mg/
kg IV, the devices were retrieved, and wound tissues were harvested and bisected for IHC and H&E analyses to
determine macrophage count and re-epithelialization rate, respectively.

Fluoxetine in wound tissue and plasma

The wound tissue concentration of fluoxetine was determined by HPLC at the end of topical fluoxetine treatment.
Topical fluoxetine was administered daily to pig wounds for 7 days, and wound tissues were collected one day
after the final dose was administered. Pig wound tissues (20-30 mg) were cryo-pulverized in liquid nitrogen,
resuspended in 0.250 mL methanol containing 0.5% (v/v) formic acid, and sonicated for 15 min in a sonicating
bath. The homogenates were centrifuged, and the supernatants were brought to 0.5 mL by adding 0.25 mL
water. A 10 pL of the final extract was injected for analysis. Measurements were performed using reverse-phase
HPLC with UV absorbance detection. Separation was achieved on an Acquity UPLC BEH C18 column (3.0
mm ID X 100 mm L, 1.7 um particles) at a flow rate of 0.450 mL/min and a column temperature of 35 °C. The
mobile phase consisted of 35:65 acetonitrile:45 mM phosphate buffer (pH = 6.0), and the column effluent was
monitored at 230 nm.

To evaluate whether cumulative topical fluoxetine treatment caused systemic exposure, fluoxetine
concentrations in pig blood were also measured. Animals received topical fluoxetine on four wounds per day
for 7 days, and whole blood samples were collected one day after the final dose was administered. Plasma was
separated and fluoxetine extracted and quantified by HPLC. Blood samples were collected in EDTA-treated tubes
and centrifuged. Plasma extraction was performed using C18 cartridge solid-phase extraction (SPE) as follows:
cartridges were mounted on a vacuum manifold and conditioned with two volumes of methanol and one volume
of water. Pig plasma (0.5 mL) was spiked with 50.0 xL internal standard solution (40.0 pg/mL fluvoxamine in
methanol), diluted with 0.5 mL H,0, and passed through the conditioned SPE cartridges. Cartridges were then
rinsed with one volume of H,O followed by one volume of 50:50 methanol:H,0. Fluoxetine and norfluoxetine
were eluted with 0.5 mL methanol containing 0.5% (v/v) formic acid. The eluate was brought to 1.0 mL by
adding 0.5 mL H,O, and 10 pL was injected for analysis. See Supplementary Fig. S10 online for fluoxetine
concentrations in tissue and plasma.

Histology

The wound tissue was fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned to 5 pum thick for
H&E staining to determine the re-epithelialization rate. The H&E stained sections were imaged using a Keyence
BZ-9000 inverted microscope under brightfield, and scored with the BZ-II Viewer and Analyzer software
(Keyence, Osaka, Japan). The wound edge was defined by the absence of underlying adipose tissue and hair
follicles, and the re-epithelialization rate was determined by the percentage of the combined length of the newly
formed epidermis®"*2, as shown previously in Fig. 7c with yellow lines.

Macrophage IHC staining
To analyze the phenotypic alterations in macrophages during pig wound healing following Flx* and/or EF
delivery, we developed a robust IHC protocol featuring quadruple staining to unveil M1/M2 profiles within the
same tissue section. This assay encompasses the preparation of experimental pig tissues, involving their embedding
in paraffin, followed by sectioning and subsequent staining. This staining process entails the application of
specialized antibodies tailored to discern distinct macrophage markers. Within each wound sample, four distinct
fluorescent markers are employed, providing the foundation for establishing a comprehensive macrophage
panel. These markers encompass: (1) DAPI: Labels all cell nuclei. (2) CD68 (BA4D5): Marks pan-macrophage
cells. 3) iNOS: Identifies M1-like macrophages. 4) Arginase I: Identifies M2-like macrophages. Identification of
M1 and M2 cells is based on the combination of fluorescent signals. An M1 cell is distinguished by fluorescence
in DAPI (blue), CD68 (green), and iNOS (yellow), whereas an M2 cell exhibits fluorescence in DAPI (blue),
CD68 (green), and Arginase I (red). This quadruple-staining technique ensures a precise representation for
subsequent M1/M2 macrophage ratio calculations. To accomplish this, a customized Cell Profiler pipeline is
employed for the recognition of double-positive cells. These cells are subsequently semi-quantified to ascertain
the M1/M2 macrophage ratio. This calculation proves pivotal in comparing treated and control wounds, offering
vital insights into the efficacy of bioengineered PDMS devices in delivering FIx* and/or EF. This assay plays a
critical role in understanding the influence of these treatments on macrophage polarization and, consequently,
wound healing.

The THC protocol is completed over two days. Wound tissue is harvested, fixed in paraformaldehyde,
embedded in paraffin and sectioned, and the slides are used for IHC analysis. First the slides are warmed for 30 -
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60 min at 60 °C, followed by deparaffinization using 3 xylene washes on a shaker totaling one hour, then followed
by 5 min washes in a graded alcohol station, starting from 100% ethanol progressing to 50% ethanol, and then
finally ending with PBS washes. Slides then undergo the antigen retrieval step in a rice cooker/vegetable steamer
for 40 min, in a bath of EDTA Ph 8.0. Slides are cooled for 30 min. PBS/PBST washes are performed for 1 h total.
Slides are then blocked with 10% Donkey Serum + 3% BSA + PBST (tritonx-100 at 1%) for 2 hours at room
temperature in a humidified slide box. Primary antibodies are then incubated overnight at room temperature
for 12-16 h in a humidified slide box. Primary antibodies are incubated at the following dilutions: iNOS 1:50
(Thermo fisher, cat # PA1036), Arginase I 1:50 (Thermo fisher, cat # PA518392), and BA4D5 1:20 (Bio-Rad, cat
# MCA2317GA). The next day, slides are washed for 1 hour in PBS and PBST. Then incubated for 1.5 h in 1:200
diluted secondary antibodies dyed with different Alexafluors. Afterward, a TRUEVIEW autofluorescence kit is
added for 5 min, followed by a 15 min incubation in DAPI. Then slides are mounted with nail polish and imaged
on Zeiss Confocal LSM 900. After imaging, photos are viewed through Image] and analyzed using a program
called Cell Profiler to label colocalization and assist in manual counting of each image. Eight images are taken, 4
in the wound center and 2 at both wound edges.

PDMS design

The PDMS device is inserted into the wound for FlxT and/or EF delivery, as shown in Fig. 1b. The design and
fabrication of the PDMS device follow a process similar to that outlined by Baniya et al.**. Figure la shows
the CAD model of the PDMS device, which consists of two pieces: the ion pump and the lid, each of which is
fabricated separately from its respective 3D-printed mold (see Supplementary Fig. S11 online). The molds are
filled with PDMS and then cured. The two PDMS pieces are then demolded and bonded together. A clamp is
used to bond the two pieces to ensure good manufacturing yield.

The PDMS ion pump contains reservoirs to store the drug solution of interest and through-holes for electronic
interfacing. The PDMS lid seals the reservoirs and contains a notch with a diameter of 20 mm and a depth of 8-10
mm, which roughly matches the wound dimensions. The notch has nine vertical channels (eight at the edge, one
at the center) that connect the reservoirs to the wound bed. Hydrogel-filled capillaries are inserted at the bottom
of the channels to prevent solution leakage while allowing the passage of positively charged ions/biomolecules,
such as Flx+, to the wound upon voltage application.

The PDMS lid thickness (optical path) is chosen so that the camera can maintain a clear focus on the wound
bed through its lens, as shown in Figs. 1b and 5. A deep cut is made at the wounding site to remove the thick fat
layer, allowing the notch to be inserted and reach the muscle layer, as shown in Figs. 1b and 5.

Data availability
The data generated and analyzed during this study are available from the corresponding author on reasonable
request.

Received: 28 June 2025; Accepted: 27 October 2025
Published online: 07 November 2025

References
1. Cascales, J. P. et al. Wearable device for remote monitoring of transcutaneous tissue oxygenation. Biomed. Opt. Express 11, 6989—
7002. https://doi.org/10.1364/BOE.408850 (2020).
2. Freedman, B. R. et al. Breakthrough treatments for accelerated wound healing. Sci. Adv. 9, eade7007. https://doi.org/10.1126/scia
dv.ade7007 (2023).
3. Kar, A. et al. Wearable and implantable devices for drug delivery: Applications and challenges. Biomaterials 283, 121435. https://d
o0i.org/10.1016/j.biomaterials.2022.121435 (2022).
4. Singer, A.]. & Clark, R. A. Cutaneous wound healing. N. Engl. ]. Med. 341,738-746. https://doi.org/10.1056/NEJM199909023411006
(1999). PMID: 10471461.
5. Baum, C. L. & Arpey, C. J. Normal cutaneous wound healing: Clinical correlation with cellular and molecular events. Dermatol.
Surg. 31, 674-686. https://doi.org/10.1111/j.1524-4725.2005.31612 (2005).
6. Liu, Z.-]. & Velazquez, O. C. Hyperoxia, endothelial progenitor cell mobilization, and diabetic wound healing. Antioxid. Redox
Signal. 10, 1869-1882. https://doi.org/10.1089/ars.2008.2121 (2008). PMID: 18627349.
7. Mirani, B. et al. An advanced multifunctional hydrogel-based dressing for wound monitoring and drug delivery. Adv. Healthc.
Mater. 6, 1700718. https://doi.org/10.1002/adhm.201700718 (2017).
8. Chi, J. et al. Antibacterial and angiogenic chitosan microneedle array patch for promoting wound healing. Bioact. Mater. 5, 253~
259. https://doi.org/10.1016/j.bioactmat.2020.02.004 (2020).
9. Mostafalu, P. et al. A textile dressing for temporal and dosage controlled drug delivery. Adv. Funct. Mater. 27, 1702399. https://doi
.0rg/10.1002/adfm.201702399 (2017).
10. Xu, G. et al. Battery-free and wireless smart wound dressing for wound infection monitoring and electrically controlled on-
demand drug delivery. Adv. Funct. Mater. 31, 2100852. https://doi.org/10.1002/adfm.202100852 (2021).
11. Chen, Y. et al. Optimizing microenvironment by integrating negative pressure and exogenous electric fields via a flexible porous
conductive dressing to accelerate wound healing. Biomater. Sci. 9, 238-251 (2021).
12. Liang, Y. et al. Application of stable continuous external electric field promotes wound healing in pig wound model.
Bioelectrochemistry 135, 107578. https://doi.org/10.1016/j.bioelechem.2020.107578 (2020).
13. Du, S. et al. Bioinspired hybrid patches with self-adhesive hydrogel and piezoelectric nanogenerator for promoting skin wound
healing. Nano Res. 13, 2525-2533 (2020).
14. Long, Y. et al. Effective wound healing enabled by discrete alternative electric fields from wearable nanogenerators. ACS Nano 12,
12533-12540. https://doi.org/10.1021/acsnano.8b07038 (2018). PMID: 30488695.
15. Liu, W. et al. Multimodal antibacterial e-skin patch driven by oxidative stress for real-time wound-status monitoring and integrated
treatment of chronic wounds. Adv. Funct. Mater. 35, 2424698. https://doi.org/10.1002/adfm.202424698 (2025).
16. Ouyang, Q. et al. Self-powered, on-demand transdermal drug delivery system driven by triboelectric nanogenerator. Nano Energy
62, 610-619. https://doi.org/10.1016/j.nanoen.2019.05.056 (2019).
17. Liu, S. et al. Flexible transient bioelectronic system enables multifunctional active-controlled drug delivery. Adv. Funct. Mater. 33,
2215034. https://doi.org/10.1002/adfm.202215034 (2023).

Scientific Reports |

(2025) 15:39106 | https://doi.org/10.1038/s41598-025-26161-3 nature portfolio


https://doi.org/10.1364/BOE.408850
https://doi.org/10.1126/sciadv.ade7007
https://doi.org/10.1126/sciadv.ade7007
https://doi.org/10.1016/j.biomaterials.2022.121435
https://doi.org/10.1016/j.biomaterials.2022.121435
https://doi.org/10.1056/NEJM199909023411006
https://doi.org/10.1111/j.1524-4725.2005.31612
https://doi.org/10.1089/ars.2008.2121
https://doi.org/10.1002/adhm.201700718
https://doi.org/10.1016/j.bioactmat.2020.02.004
https://doi.org/10.1002/adfm.201702399
https://doi.org/10.1002/adfm.201702399
https://doi.org/10.1002/adfm.202100852
https://doi.org/10.1016/j.bioelechem.2020.107578
https://doi.org/10.1021/acsnano.8b07038
https://doi.org/10.1002/adfm.202424698
https://doi.org/10.1016/j.nanoen.2019.05.056
https://doi.org/10.1002/adfm.202215034
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Liu, G, Lu, Y., Zhang, F. & Liu, Q. Electronically powered drug delivery devices: considerations and challenges. Expert Opin. Drug
Deliv. 19, 1636-1649. https://doi.org/10.1080/17425247.2022.2141709 (2022). PMID: 36305080.

Vadlapatla, R., Wong, E. Y. & Gayakwad, S. G. Electronic drug delivery systems: An overview. J. Drug Deliv. Sci. Technol. 41,
359-366. https://doi.org/10.1016/j.jddst.2017.08.008 (2017).

Li, H. et al. Programmable delivery of fluoxetine via wearable bioelectronics for wound healing in vivo. Adv. Mater. Technol. https:
//doi.org/10.1002/admt.202301115 (2023).

Song, K., Ha, U, Lee, ]., Bong, K. & Yoo, H.-J. An 87- mA - min iontophoresis controller ic with dual-mode impedance sensor for
patch-type transdermal drug delivery system. IEEE J. Solid-State Circuits 49, 167-178. https://doi.org/10.1109/JSSC.2013.2282090
(2014).

Mori, K. et al. Remote-controllable dosage management through a wearable iontophoretic patch utilizing a cell phone. J. Control.
Release 355, 1-6. https://doi.org/10.1016/j.jconrel.2023.01.046 (2023).

Bakshi, P,, Vora, D., Hemmady, K. & Banga, A. Iontophoretic skin delivery systems: Success and failures. Int. J. Pharm. 586, 119584.
https://doi.org/10.1016/j.ijpharm.2020.119584 (2020).

Ghanim, R., Kaushik, A., Park, ]. & Abramson, A. Communication protocols integrating wearables, ingestibles, and implantables
for closed-loop therapies. Device 1, 100092. https://doi.org/10.1016/j.device.2023.100092 (2023).

Liu, J. et al. Wireless, battery-free and wearable device for electrically controlled drug delivery: sodium salicylate released from
bilayer polypyrrole by near-field communication on smartphone. Biomed. Microdevices 22, 1-10 (2020).

Mostafalu, P. et al. Smart bandage for monitoring and treatment of chronic wounds. Small 14, 1703509. https://doi.org/10.1002/s
mll.201703509 (2018).

Del Bono, E et al. Design of a closed-loop wireless power transfer system for an implantable drug delivery device. IEEE Sens. J.
https://doi.org/10.1109/JSEN.2023.3270521 (2023).

Li, J.,, Li, Z., Xiao, J. & Nie, C. Conformable electrochemical devices for closed-loop wound management. Front. Bioeng. Biotechnol.
https://doi.org/10.3389/fbioe.2023.1331567 (2023).

Wentz, C. T. et al. A wirelessly powered and controlled device for optical neural control of freely-behaving animals. J. Neural Eng.
8, 046021. https://doi.org/10.1088/1741-2560/8/4/046021 (2011).

Khan, A. N., Cha, Y.-O., Giddens, H. & Hao, Y. Recent advances in organ specific wireless bioelectronic devices: Perspective on
biotelemetry and power transfer using antenna systems. Engineering 11, 27-41. https://doi.org/10.1016/j.eng.2021.10.019 (2022).
Sani, E. S. et al. A stretchable wireless wearable bioelectronic system for multiplexed monitoring and combination treatment of
infected chronic wounds. Sci. Adv. 9, eadf7388. https://doi.org/10.1126/sciadv.adf7388 (2023).

Derakhshandeh, H. et al. A wirelessly controlled smart bandage with 3d-printed miniaturized needle arrays. Adv. Funct. Mater. 30,
1905544. https://doi.org/10.1002/adfm.201905544 (2020).

Jiang, Y. et al. Wireless closed-loop smart bandage for chronic wound management and accelerated tissue regeneration. bioRxiv
https://doi.org/10.1101/2022.01.16.476432 (2022).

Li, H. et al. Remote-controlled wireless bioelectronics for fluoxetine therapy to promote wound healing in a porcine model. Adv.
Mater. Technol. https://doi.org/10.1002/admt.202500040 (2025).

Baniya, P. et al. A system for bioelectronic delivery of treatment directed toward wound healing. Sci. Rep. 13, 14766. https://doi.or
¢/10.1038/541598-023-41572-w (2023).

Li, H. et al. Towards adaptive bioelectronic wound therapy with integrated real-time diagnostics and machine learning-driven
closed-loop control. npj Biomed. Innov. 2, 31. https://doi.org/10.1038/s44385-025-00038-6 (2025).

Schorger, K. et al. Bioelectronic delivery of electric field increases re-epithelialization in early-stage porcine wounds. Submitted to
Communications Engineering.

Gallegos, A. et al. Fluoxetine delivery for wound treatment through an integrated bioelectronic device - pharmacokinetic
parameters and safety profile in swine. bioRxiv https://doi.org/10.1101/2025.03.11.642735 (2025).

Lu, E et al. Accelerating wound healing through deep reinforcement learning: A data-driven approach to optimal treatment.
Bioengineering https://doi.org/10.3390/bioengineering12070756 (2025).

Du, N. et al. Wireless, programmable, and refillable hydrogel bioelectronics for enhanced diabetic wound healing. Adv. Sci. 11,
2407820. https://doi.org/10.1002/advs.202407820 (2024).

Zhao, H. et al. A closed-loop smart dressing based on microneedle and electrochemical micropump for early diagnosis and in-time
therapy of chronic wound. Sens. Actuators B: Chem. 417, 136092. https://doi.org/10.1016/j.snb.2024.136092 (2024).

Hee, W. S. et al. Design and validation of a wearable imaging system for automated wound monitoring in porcine model. bioRxiv
https://doi.org/10.1101/2024.12.18.629174 (2024). https://www.biorxiv.org/content/early/2024/12/21/2024.12.18.629174.full.pdf.
Espressif Systems (Shanghai) CO., LTD. ESP32-PICO-KIT mini development board. ESP32-PICO-KIT V4/V4.1 Getting Started
Guide (2018). https://dl.espressif.com/dl/schematics/esp32-pico-kit-v4_schematic.pdf.

Pansodtee, P. et al. The multi-channel potentiostat: Development and evaluation of a scalable mini-potentiostat array for
investigating electrochemical reaction mechanisms. PLOS ONE 16, 1-14. https://doi.org/10.1371/journal.pone.0257167 (2021).
Dechiraju, H. et al. On-chip on-demand delivery of k+ for in vitro bioelectronics. AIP Adv. 12, 125205. https://doi.org/10.1063/5.
0129134 (2022).

Asefifeyzabadi, N. et al. A pro-reparative bioelectronic device for controlled delivery of ions and biomolecules. Wound Repair
Regen. 32, 709-719. https://doi.org/10.1111/wrr.13191 (2024).

Yang, H.-Y,, Galang, K. G., Gallegos, A., Ma, B. W. & Isseroff, R. R. Sling training with positive reinforcement to facilitate porcine
wound studies. JID Innov. 1, 100016 (2021).

Oyibo, S. O. et al. The effects of ulcer size and site, patient’s age, sex and type and duration of diabetes on the outcome of diabetic
foot ulcers. Diabet. Med. 18, 133-138. https://doi.org/10.1046/j.1464-5491.2001.00422.x (2001).

Sheehan, P, Jones, P, Caselli, A., Giurini, J. M. & Veves, A. Percent change in wound area of diabetic foot ulcers over a 4-week
period is a robust predictor of complete healing in a 12-week prospective trial. Diabetes Care 26, 1879-1882. https://doi.org/10.23
37/diacare.26.6.1879 (2003).

Macioch, T. et al. Health related quality of life in patients with diabetic foot ulceration-translation and polish adaptation of diabetic
foot ulcer scale short form. Health Qual. Life Outcomes 15, 15 (2017).

Villa-Martinez, G. et al. Differences in thickness of dermal layers in cranio-caudal anatomic locations in porcine skin wounds:
Implications for wound healing studies. Res. Vet. Sci. 186, 105572 (2025).

Yang, H.-Y. et al. Combination product of dermal matrix, preconditioned human mesenchymal stem cells and timolol promotes
wound healing in the porcine wound model. J. Biomed. Mater. Res. Part B: Appl. Biomater. 110, 1615-1623. https://doi.org/10.100
2/jbm.b.35022 (2022).

Author contributions

PB. designed, fabricated, and characterized the PCBs; developed the device GUI, software, firmware, and closed-
loop system; conceptualized the PCB-PDMS integration, and wrote the main manuscript. M. Tebyani, K.S., and
A.B. designed and fabricated the PDMS and integrated the PDMS with the PCB. W.S.H. and G.K. designed
and integrated the camera. H.L., N.A., C.H., TN, and K.D. prepared the capillary and performed ion-pump
experiments. H.Y. conducted the animal experiments. A.G. performed the H&E staining and quantified re-ep-

Scientific Reports|  (2025) 15:39106 | https://doi.org/10.1038/s41598-025-26161-3 nature portfolio


https://doi.org/10.1080/17425247.2022.2141709
https://doi.org/10.1016/j.jddst.2017.08.008
https://doi.org/10.1002/admt.202301115
https://doi.org/10.1002/admt.202301115
https://doi.org/10.1109/JSSC.2013.2282090
https://doi.org/10.1016/j.jconrel.2023.01.046
https://doi.org/10.1016/j.ijpharm.2020.119584
https://doi.org/10.1016/j.device.2023.100092
https://doi.org/10.1002/smll.201703509
https://doi.org/10.1002/smll.201703509
https://doi.org/10.1109/JSEN.2023.3270521
https://doi.org/10.3389/fbioe.2023.1331567
https://doi.org/10.1088/1741-2560/8/4/046021
https://doi.org/10.1016/j.eng.2021.10.019
https://doi.org/10.1126/sciadv.adf7388
https://doi.org/10.1002/adfm.201905544
https://doi.org/10.1101/2022.01.16.476432
https://doi.org/10.1002/admt.202500040
https://doi.org/10.1038/s41598-023-41572-w
https://doi.org/10.1038/s41598-023-41572-w
https://doi.org/10.1038/s44385-025-00038-6
https://doi.org/10.1101/2025.03.11.642735
https://doi.org/10.3390/bioengineering12070756
https://doi.org/10.1002/advs.202407820
https://doi.org/10.1016/j.snb.2024.136092
https://doi.org/10.1101/2024.12.18.629174
https://www.biorxiv.org/content/early/2024/12/21/2024.12.18.629174.full.pdf
https://dl.espressif.com/dl/schematics/esp32-pico-kit-v4_schematic.pdf
https://doi.org/10.1371/journal.pone.0257167
https://doi.org/10.1063/5.0129134
https://doi.org/10.1063/5.0129134
https://doi.org/10.1111/wrr.13191
https://doi.org/10.1046/j.1464-5491.2001.00422.x
https://doi.org/10.2337/diacare.26.6.1879
https://doi.org/10.2337/diacare.26.6.1879
https://doi.org/10.1002/jbm.b.35022
https://doi.org/10.1002/jbm.b.35022
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ithelialization. K.Z. and C.R. performed the THC staining and quantification of M1/M2 macrophage ratio. F.L.
wrote the wound healing algorithm. C.F. 3D-printed the device enclosures. E.A. coordinated the experiments.
M.R., M.Teodorescu, M.G., M.Z., and R.R.I. secured the funding and directed the research. All authors reviewed
the manuscript.

Funding

Funding for this research is provided by the Defense Advanced Research Projects Agency (DARPA) through
Cooperative Agreement Number D20AC00003 awarded by the U.S. Department of the Interior (DOI), Interior
Business Center.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-26161-3.

Correspondence and requests for materials should be addressed to P.B., M.R. or M.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:39106 | https://doi.org/10.1038/s41598-025-26161-3 nature portfolio


https://doi.org/10.1038/s41598-025-26161-3
https://doi.org/10.1038/s41598-025-26161-3
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Development of a wireless bioelectronic actuator for wound healing in a porcine model
	﻿Results and discussion
	﻿Experimental setup
	﻿Design of wireless bioelectronic actuator
	﻿I-DAC, ADC, and translator
	﻿GUI and laptop software
	﻿Device firmware and MCU flashing
	﻿microSD card interface
	﻿Antenna and impedance matching
	﻿Closed-loop (CL) control of current
	﻿Power consumption
	﻿Failure resiliency


	﻿Experimental results
	﻿Fluoxetine dose calculation
	﻿M1/M2 macrophage ratio
	﻿Re-epithelialization
	﻿Summary
	﻿Methods
	﻿Ethics statement
	﻿PCB fabrication, assembly, and modeling
	﻿PDMS fabrication, assembly, and modeling
	﻿Hydrogel-filled capillary preparation
	﻿Animal experiments
	﻿Fluoxetine in wound tissue and plasma
	﻿Histology
	﻿Macrophage IHC staining
	﻿PDMS design

	﻿References


