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OPEN A system for bioelectronic

delivery of treatment directed
toward wound healing

Prabhat Baniya'*’, Maryam Tebyani®®, Narges Asefifeyzabadi?, Tiffany Nguyen?,

Cristian Hernandez?, Kan Zhu?3, Houpu Li?, John Selberg?’, Hao-Chieh Hsieh?,

Pattawong Pansodteel®, Hsin-yaYang?, Cynthia Recendez?3, Gordon Keller?,

Wan Shen Hee?, Elham Aslankoohi?, Roslyn Rivkah Isseroff?, Min Zhao?*3, Marcella Gomez*,
Marco Rolandi*** & Mircea Teodorescu>"™

The development of wearable bioelectronic systems is a promising approach for optimal delivery of
therapeutic treatments. These systems can provide continuous delivery of ions, charged biomolecules,
and an electric field for various medical applications. However, rapid prototyping of wearable
bioelectronic systems for controlled delivery of specific treatments with a scalable fabrication process
is challenging. We present a wearable bioelectronic system comprised of a polydimethylsiloxane
(PDMS) device cast in customizable 3D printed molds and a printed circuit board (PCB), which employs
commercially available engineering components and tools throughout design and fabrication. The
system, featuring solution-filled reservoirs, embedded electrodes, and hydrogel-filled capillary
tubing, is assembled modularly. The PDMS and PCB both contain matching through-holes designed
to hold metallic contact posts coated with silver epoxy, allowing for mechanical and electrical
integration. This assembly scheme allows us to interchange subsystem components, such as various
PCB designs and reservoir solutions. We present three PCB designs: a wired version and two battery-
powered versions with and without onboard memory. The wired design uses an external voltage
controller for device actuation. The battery-powered PCB design uses a microcontroller unit to enable
pre-programmed applied voltages and deep sleep mode to prolong battery run time. Finally, the
battery-powered PCB with onboard memory is developed to record delivered currents, which enables
us to verify treatment dose delivered. To demonstrate the functionality of the platform, the devices
are used to deliver H' in vivo using mouse models and fluoxetine ex vivo using a simulated wound
environment. Immunohistochemistry staining shows an improvement of 35.86% in the M1/M2 ratio
of Ht—treated wounds compared with control wounds, indicating the potential of the platform to
improve wound healing.

Wearable bioelectronic devices are a promising approach to personalizing medicine for improved treatment
outcomes' . These devices enable the programmable delivery of drugs for spatiotemporal modulation of biologi-
cal environments®. In comparison, conventional drug delivery methods, such as oral administration, can result
in low bioavailability and suboptimal drug dosing’. There are many design considerations involved in making
bioelectronic devices functional in practice, including wearability, continuous device operation, power manage-
ment, and wireless communication®. Wearable drug delivery platforms should comply with biocompatibility and
weight requirements while ensuring accurate dosing. Another consideration is that collecting sufficient data
is pivotal in supporting evidence-based practices and for clinical acceptance of treatment strategies employed
by bioelectronic devices’. Therefore, the manufacturability of bioelectronic devices, specifically the need for
scalable prototype production processes, is crucial for producing enough platforms to validate their efficacy.
Moreover, many bioelectronic delivery systems require implanting devices to allow for prolonged delivery of
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ions®1. Wearable wireless devices have been demonstrated for intermittent delivery and signaling with less strin-
gent power requirements'*~'°. Other wearable devices rely on wiring to traditional power supplies'”'s. Wireless
implants have allowed optogenetic experiments in moving mice'>?° but require the use of specialized cages for
wireless power transfer. We address many of these interdisciplinary challenges through a wearable bioelectronic
delivery system. Specifically, the device can sustain continuous delivery of ions, charged biomolecules, and an
electric field in vivo and ex vivo. This standalone system can be extended to act as part of a closed-loop wearable
drug delivery platform?'.

In this paper, we first describe the fundamental operating principle of our proposed bioelectronic delivery
system shown in Fig. 1A, which consists of a custom polydimethylsiloxane (PDMS) device that is integrated with
a printed circuit board (PCB). We detail the fabrication and integration process of our system, which emphasizes
modularity, along with in vivo and ex vivo experimental results for multiple versions of our platform, as shown
in Fig. 1B-D, with their respective circuit diagrams in Fig. 1IE-G. In particular, modularity in the integration
process allows the structure of the PDMS device to remain unchanged while the PCB is updated to achieve
varying levels of system functionality. In related work by our group, the devices have been shown to accelerate
wound healing in mouse models demonstrated by statistically significant improvement in macrophage M1/M2
ratio and reepithelialization through the delivery of fluoxetine, as detailed by Li et al.** and of an electric field,
as detailed by Hernandez et al.>.
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Figure 1. (A) The fundamental operating principle of the bioelectronic circuit for the proposed wearable
delivery system. (B) Wired device for short-duration delivery using an external voltage controller. (C) Battery-
powered device for long-duration delivery. (D) Battery-powered in vivo device with memory for long-duration
delivery. (E) Circuit diagram of wired PCB showing electrical connection to the PDMS and underlying wound
bed. (F) Circuit diagram of battery-operated PCB showing electrical connection to the PDMS and wound bed.
(G) Circuit diagram of battery-operated PCB with memory showing electrical connection to the PDMS and
wound bed.
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Results and discussion

To deliver treatment doses with a biocompatible system, we use PDMS as an intermediary between biological
samples, such as a wound bed, and traditional electronic components. We describe the scalable fabrication
process and demonstrate the resulting delivery system both in vivo and ex vivo.

Figure 1A shows the bioelectronic circuits of the proposed delivery platform. When a positive voltage V; is
applied between the working electrode (WE) and reference electrode (RE), drug cations (e.g., HT, FIx™, etc.) are
pushed through cation-selective hydrogel-filled capillaries from the WE and into the wound bed in exchange
for endogenous sodium cations (Na*) at the RE. Figure 1B-D show fabricated prototypes of the wired, battery-
powered, and memory-enabled battery-powered system. Each PCB provides four actuation channels whose
current can be sensed using resistors, R;, that are in series with the voltages, V;, applied by an external control-
ler or MCU, as shown in Fig. 1IE-G. Mechanically, the PCB is ring-shaped to provide a viewport through the
PDMS to the biological sample. Electrically, the PCB is connected to the wound bed through electrodes, aqueous
reservoirs, and hydrogel-filled capillaries, which are all contained within a custom PDMS body. The electrodes
are metal wires whose material can be optimized based on the treatment plan, such as platinum (Pt) wires for
H™ delivery or a combination of silver (Ag)/silver chloride (AgCl) wires for Flx* delivery. The reservoirs can
also be filled as required with substances such as HT or FIx™. Notably, one of the final steps in the fabrication
process is filling the PDMS reservoirs, and the voltages applied to the device can be programmed within supply
voltage constraints. This provides a modular platform where various treatment plans can be selected by a user
or an automated system. The reservoirs are also refillable, provided that the device is unmounted and inactive
so it can be handled for refilling via syringe. Finally, the PCBs can be removed from the PDMS device if needed,
and reused with a new PDMS device once the posts have been re-coated with silver paste.

This work focuses on expedited wound healing?, one application for bioelectronic drug delivery devices.
This complex physiological process can be understood as four overlapping phases: hemostasis, inflammation,
proliferation, and maturation®-%’. Wound healing requires the cooperative activity of numerous cell types and
information guiding cells to grow and implement tissue morphogenesis to a specific, fully regenerative outcome.
To accelerate and improve the wound healing response, a bioelectronic device can provide instructive signals that
mimic similar processes in highly regenerative animals. The most important conduits for such signals known
to date are the nervous system and migratory immune cells?®* . Bioelectronic devices can manipulate the latter
of these two central processes by activating macrophages toward reparative functions*’-*!. Macrophages fulfill
critical roles during wound healing, spanning from early-stage inflammation to late-stage maturation. Accurately
controlling macrophage distribution, migration, and function polarization between the M1 inflammatory phe-
notype and the M2 anti-inflammatory pro-reparative phenotype in a spatial-temporal manner corresponding
to wound status offers a powerful approach to regulated wound healing. In particular, promoting the shift to the
M2 pro-reparative phenotype early in the wound healing cycle through H delivery and a reduction in pH levels
can serve as a significant benchmark of a system’s ability to expedite wound healing.

Wired bioelectronic system. First, we present a wired version of the system (see Fig. 1B), which relies
on connecting the PCB to an external voltage controller, based on a design demonstrated by Pansodtee et al.*2.
As a proof of concept, we demonstrate that the platform can achieve ionic delivery when used as a wearable
device in splinted, full-thickness wounds on C57B6 mouse models. Figure 2 shows the details of the wired
platform, including computer-aided design (CAD) assemblies of the PDMS and PCB subsystems. The PDMS
device has 4 reservoirs to hold aqueous source solutions, through-holes to support cylindrical posts for electrical
and mechanical interfacing with the PCB, hydrogel-filled capillaries for interfacing with the wound bed, and a
protruding notch designed to sit in a recessed wound bed.

Figure 3A shows the fabrication process for the PDMS device, which begins with resin 3D printing of two-part
molds which are sonicated in IPA, washed off with water, dried with N gas, and finally UV cured. The molds
are then filled with recently mixed and degassed PDMS and cured for 48 h in a 60 °C oven. Next, the two PDMS
pieces, referred to as the top and bottom piece, are demolded by running a sharp blade along the edges of the
mold, as shown for the top piece in Fig. 3B (left and middle). The top PDMS piece, shown as a CAD model in
Fig. 3A (left), contains the reservoirs, through-holes for electronics interfacing, and a capillary insertion site to
hold hydrogel-filled capillary tubes which come in contact with the wound surface. The bottom PDMS piece, as
shown in Fig. 3A (middle), functions as a lid that seals the exposed face of the reservoirs and features a 0.5 mm
tall, 6 mm diameter notch designed to sit in a wound. 4 electrodes are inserted in the top PDMS piece so that
one end of the wire is exposed to the reservoir and the other end to a neighboring through-hole, providing an
electrical path between them, as shown in Fig. 3B (right). To prevent leakage of solution from the reservoir to
the through-hole, we apply a drop of PDMS at the insertion point in the reservoir and allow the drop to cure. To
bond the top and bottom PDMS pieces, they are positioned in custom aluminum clamps which are put in an O,
chamber to activate the exposed PDMS surfaces. The clamp is closed with screws and bolts to ensure mechanical
contact and alignment, as shown in Fig. 3C (Bonding Top & Bottom PDMS). Once the devices are inspected to
ensure successful bonding and electrode placement, the devices are parylene coated with a thickness of 2.561
um to mitigate substance leakage and bubble formation in the reservoirs.

To mechanically interface the PDMS and the PCB body and to provide an electrical bridge from the embedded
electrodes to the PCB, 4 low-alloy steel contact posts are inserted in the PDMS through-holes. The contact posts
have a 1.6 mm diameter and 4.8 mm length and are located 7 mm from the center of the PDMS device. The post
material was selected due to its widespread availability and good solderability, which is comparable to that of
copper. The bottom half of the posts are manually coated with conductive silver epoxy paste and inserted into the
PDMS through-holes, which make contact with the embedded electrodes. The silver paste in the through-hole
hardens and further prevents leakage of reservoir solution into the through-hole. The PCB is designed with 4
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Figure 2. The wired bioelectronic system from Fig. 1B. (A) The PDMS device with embedded electrodes

and inserted contact posts. (B) The complete CAD assembly, with the PCB mounted over the PDMS. (C)

An exploded view of the wired bioelectronic system device showing individual components/layers. (D) The
fabricated prototype of the wired device connected to a breakout board via a ribbon cable. The breakout board
allows for easier connection to an external voltage controller.

plated through-holes (PTHs) that mechanically align with the PDMS through-holes. The PCB is placed flush on
the PDMS by guiding the PTHs over the corresponding posts. The protruding top portion of the contact posts
is soldered to the pads of the PTHs using a soldering iron, as shown in Fig. 2B.

Finally, the reservoirs are modularly filled with relevant delivery or sensing substances using a syringe, as
shown in Fig. 3C (Filling Reservoirs). Hydrogel-filled capillaries are manually inserted in the bottom surface of
the PDMS through the protruding 6 mm diameter notch until they reach the reservoirs’ capillary insertion site;
this provides a path between the reservoirs and the biological sample that will come in contact with the bottom
of the PDMS device. The capillary tubes (inner diameter 100 ;m, outer diameter 375 um, 2 - 3 mm tall) are
loaded with relevant molecules to provide a path from the reservoirs to the wound bed. The fabricated wired
device design weighs 2 g. Also, the PCB houses a side-entry, 0.5 mm pitch, flexible flat cable (FFC) connector.
The wired device is connected to an external voltage controlled via a breakout board and ribbon cable, as shown
in Fig. 2D. The time taken for completion of each fabrication step to produce a batch of 24 devices are listed in
Table 1. We have demonstrated the biocompatibility of the portion of our devices that are in contact with the
wound. The experimental design and results of biocompatibility testing are listed in Supplementary Table S1. See
supplementary information for further explanation of the biocompatibility experiments conducted.

In summary, hydrogel-filled capillaries connect the wound bed to the reservoirs, which connect to contact
posts soldered to the PCB PTHs via embedded electrodes, representing a path from the PCB to the wound bed.
The fabrication of the PDMS device body and integration with the PCB provides a reliable and scalable process
to produce the bioelectronic systems.

H" delivery. 'We perform H delivery ex vivo and in vivo to demonstrate the device’s functionality. The PDMS
device is prepared for HT delivery by embedding 4 Pt electrodes in the top PDMS piece before the bonding pro-
cedure, and the wired PCB design is soldered onto the contact posts. Pt electrodes were chosen for HT delivery
as they gave higher current responses than Ag. Reservoirs 1 and 3 are filled with 0.5 M HCI while reservoirs 2
and 4 are kept empty (see Fig. 2A), and all 4 capillary tubes are loaded with H™ (see Fig. 2C). 0.5 M HCl concen-
tration was chosen to provide an environment abundant with HT ions but a lower concentration of around 0.1
M HCI can be used to minimize tissue damage in the event of leakage.

Actuating the device consists of applying a voltage V; at channel i = 1and i = 3 across the two Pt electrodes
(WE and RE) in the filled reservoirs 1 and 3, respectively, which drives HT through the cation-selective 2-acryla-
mido-2-methyl-1-propanesulfonic acid (AMPSA)-polyethylene glycol diacrylate (PEGDA) polyanion hydrogel
in the device capillaries (see Fig. 1E). Polyanion hydrogel is commonly considered as a selective barrier that only
allows cations to pass while blocking the anions'>*. The applied voltage V; at each channel for HT delivery is listed
in Table 2. The 0.5 M HCl solution in the PDMS reservoirs is the source of H' ions for delivery. For a positive V;,
H™ is pushed from the reservoir containing the WE to the wound due to the Coulomb force. To maintain charge

balance, endogenous cations, primarily Na*#-%, present in the wound are pulled into the reservoir containing
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Figure 3. The design and fabrication process of the PDMS device. (A) CAD models: top PDMS and mold
(left), bottom PDMS and mold (middle), and bonded PDMS (right). (B) Top mold filled with PDMS (left),
demolded top PDMS piece (middle), and wire insertion (right ). (C) Aluminum custom clamps that are used to
mechanically secure the two PDMS pieces with electrodes embedded in between. Shown are the PDMS top and
bottom pieces in their respective clamps in the two leftmost images. The last three images show the assembled
clamp, filling the reservoirs of the bonded PDMS, and the filled PDMS device, respectively.

the RE, as depicted in Fig. 3A (right). The exchange of endogenous cations is necessary for electrophoretic
delivery of ions and charged biomolecules**® as it establishes current flow, and hence, mechanism for charge
transfer. Further research is needed on whether endogenous cation exchange has a direct effect on the wound
healing process. The counter-ion and endogenous anions, primarily Cl, also contribute to the total current I+
between the WE and RE. Thus, HT can be delivered to a target biological sample, and an approximate delivered
concentration can be estimated from Iy+. At first, the wired devices are tested for 4 days ex vivo on the surface
of chicken breast as it shows similar current profile and levels as that of a mouse wound (see Supplementary
Fig. S1 online). For the wired device, an external voltage controller is used to determine if the current levels are
high enough for HT delivery (see Supplementary Figs. S1 and S2 online). More importantly, the current output
of the devices, and therefore, the hydrogel-filled capillaries, does not degrade over a period of 4 days, as shown in
Supplementary Fig. S1 online. As depicted in Fig. 1E, the current in each channel i is measured by the controller
using 4 current sense resistors R; = 1 k£240.1%.

After validating the platform’s ability to deliver HT ex vivo, the platform was tested in a four-day in vivo
experiment. Devices were affixed to mouse wounds and successfully actuated for HT delivery, remaining intact
and functional throughout the length of the experiment. In the experiment, three mice were used, each with two
circular 6 mm splinted excisional wounds on either side of the spine. One wound was used for control testing,
consisting of a non-functionalized PDMS device (no PCB, unfilled reservoirs, unloaded capillaries). The other
wound was used for device testing, consisting of the entire device assembly configured as specified for the wired
device design test.

On Day 0 of the experiment, wounds were surgically generated, and images of all wounds were captured. Next,
the experimental devices were actuated for an 8 min period using the external voltage controller wired to the PCB
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Step | Fabrication process Active time | Passive time

1 3D printing molds - 10h

2 Cleaning molds 1h 2h

3 UV cure molds - 40 min

4 Pour PDMS and degas 20 min 40 min

5 Bake PDMS - 48 h

6 Demold PDMS 32 min -

7 Clean PDMS 15 min -

8 Wire insertion 1h 20 min

9 PDMS bonding 1h5min 20 min

10 Parylene-C coating 2h 10 min

11 Treat capillaries 1h 26 h

12 Fill capillaries w/ hydrogel 30 min -

13 UV crosslink hydrogel 5 min 30 min

14 Capillary insertion 1h30min |-

15 Reservoir filling 3h -

16 PCB integration (silver paste + solder posts) |2h 30 min
Total batch production time 14h 17 min | 89 h 10 min
Total device production time 36 min 3 h 43 min

Table 1. Device fabrication steps and associated completion times for a batch of 24 devices. The active time to
produce one device is estimated as 36 min.

Channel Ch. 1 (WE) Ch.2 Ch. 3 (RE) Ch. 4
Applied voltage V; 1502V NC ov NC

Table 2. Applied voltage V; at the four channels for 8 to 10 min H™ delivery with the wired bioelectronic
system. Reservoirs 2 and 4 are empty and not connected (NC) to the wound bed.

of the bandage, as illustrated in Fig. 1E and Supplementary Fig. S2 online. The actuation duration was limited to 8
min by the allowable anesthesia time for the mice. After the actuation period, devices were secured to the mouse
wounds using Tegaderm. On Day 1, mice were re-anesthetized, and devices were actuated for 10 min, with an
additional 2 minutes allowed because the surgery was only required on Day 0. The resultant current responses
Iy+, total charge, and accumulated dose from the device actuation across Day 0 and Day 1 are shown in Fig. 4.

The total charge Q in Coulomb (C) at time ¢ can be calculated by integrating current response I+ over a
time period of (t — fsart) as

t
Q) = / Lis@dr  (C) W
ts

tart

The accumulated dose D(t) in mol can be calculated as

D(t) = —"Ci(t)

(mol) (2)
where 1is the average H delivery efficiency and F = 96485.3321 C/mol is the Faraday’s constant.

The endogenous Na™ and CI” ions compete with H ions to carry the current*. The H' delivery efficiency
was determined to bey = 21.7% across all devices using the method utilized by Dechiraju et al.*’. Based on equa-
tion (1), the current responses I+ in Fig. 4A and C are integrated over time in MATLAB using the cumulative
trapezoidal method. Then, using Eq. (2), we found that around 1.91, 2.86, and 1.35 nmol of H* were delivered by
the three devices on Day 0, and 2.79, 3.82, and 1.13 nmol of H" were delivered on Day 1, as shown in Fig. 4B, D.

Devices were not actuated after Day 1, as lowering pH past the inflammation stage of wound healing may
impede the re-epithelialization of the wound™. In particular, macrophages have been studied through conditional
deletion during different stages of amphibian®!, and mouse healing has revealed stage-specific functionalities.
Deletion early in the wound trajectory diminishes granulation tissue and myofibroblast formation, while deple-
tion during the mid-stage of healing destabilizes the existing vasculature and impairs epithelialization.

On Day 2 of the experiment, devices were visually inspected to ensure no tampering from the mice had
occurred. On Day 3, wound images were again captured, the mice were sacrificed, and the wound tissue was
harvested for IHC staining. The accumulated dose delivered by the devices for each day is summarized in Table 3.

We calculated the pH change in a localized delivery area of 5 pL, after which H* is assumed to diffuse
throughout the remainder of the wound bed. We also assumed the buffering capacity of wound fluid to be
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Figure 4. Wired system actuation results from the in vivo experiment on Day 0 and Day 1. (A) Current
responses I+ on Day 0, where V; = 1.5 V was applied across WE and RE on each device for 8 min (shorter
duration to allow time for surgery). (B) Total charge and accumulated dose on Day 0. (C) Current responses
I+ on Day 1, where V; = 2V was applied across WE and RE on each device for 10 min (longer duration since
surgery was not required). (D) Total charge and accumulated dose on Day 1.

Day Device | H" Dose D (nmol) | Final pH
1.91 6.99
2.86 6.99
1.35 6.99
2.79 6.99
3.82 6.98
1.13 6.99

Day 0

Day 1

W N =] W N

Table 3. H™ dose delivered to the wounds by the wired system on Day 0 and Day 1, along with corresponding
changes in local pH.

near that of blood at physiologically relevant pH levels, 38.5 mEq/L/pH>2. Ultimately, testing our device for
H™ delivery can be evaluated by the reduction of the local pH. pH estimates are shown in Table 3, assuming an
initial wound pH of 7%,

Battery-powered bioelectronic system. Upon validation of device functionality using the wired PCB,
we increased the PCB’s complexity by integrating a battery and an onboard microcontroller unit (MCU) for
remote, continuous delivery. This modification, detailed in Fig. 1C, facilitates extended actuation periods and
allows for increased cumulative treatment doses. An in vivo experiment is performed with this system, and
immunohistochemistry (IHC) staining is used to examine the resulting macrophage populations. We demon-
strate that this system successfully activates macrophages vital to wound healing'®%%3-%,

A wireless PCB is more practical as it allows for unrestricted mouse movement during device actuation.
Figure 5A, B show the CAD model and fabricated prototype of the battery-operated device, respectively. The
battery-powered PCB consists of a small, low-power MCU [Microchip ATtiny85V QFN package]*® that can be
pre-programmed for timed wound treatments; the controller automatically turns off the electrical actuation signal
after a specified duration. This wireless PCB resembles a figure-eight shape; the main ring has an outer diameter
of 19 mm, and the semi-circular extension holds a 12 mm coin-cell 3 V battery. The footprint of the PCB is 19
mm x 25 mm with a height of 1.6 mm. The PDMS device and integration method remain as shown in Fig. 5A,
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Figure 5. Programmable battery-powered system. (A) CAD models of integrated PCB-PDMS device with
MCU. Perspective view (left) and cross-section view device on a wounded skin (right) [Created with BioRender.
com]. (B) Fabricated prototypes. Perspective (left) and isometric bottom view (right). (C) Timing diagram of the
applied voltage V; waveform. (D) Flowchart of control program execution for HT delivery.

which significantly reduced the development time for updating from a wired to a wireless device. Fabrication
steps and production times remain the same, as listed in Table 1.

The assembled battery-powered device weighs 3.6 g. As depicted in Fig. 1F, the four output pins of the MCU
are individually connected through the current sense resistors, R; = 10 k§240.1%, to four electrodes in the PDMS.
Each electrode/channel i can be pre-programmed to be either the WE (by setting V; = 3 V) or the RE (by setting
Vi = 0V) for a specified duration. An ultra-low current LED (2 mA forward current) is used to indicate whether
the actuation is ON or OFE. When the actuation is ON, the applied voltages at channel 1 (WE) and 3 (RE) are
setto V; = 3V and V3 = 0V, respectively, to provide current I+ to the wound bed, and the LED blinks at a low
frequency and low duty cycle. During this period, the MCU is kept in idle mode to reduce the power consump-
tion and prolong battery run time. When the actuation is OFF, the applied voltages are set to V; = V3 = 0V, the
LED is turned off, Iy+ =~ 0 uA, and the MCU is put into a deep-sleep mode. The MCU is momentarily active
(draws most current) only when switching between actuation ON and OFF, as depicted in the timing diagram
shown in Fig. 5C. The measured power consumption of the battery-powered devices is only 40 uW (under a
typical actuation/load current of Ir;+ = 10 tA) when the MCU is put into deep-sleep mode. Power consumption
is obtained by multiplying the battery supply voltage and current, both measured using a high-precision multi-
meter. The deep sleep mode is utilized for around 80% of the actuation ON time. The device is initially switched
to idle mode during the first hour to make the LED blink. During this period, the average power consumption is
2.2 mW. Notably, when the actuation is OFF, the power consumption is further reduced to 0.45 uW since there
is no load current and the watchdog timer is disabled. Table 4 shows the comparison of power consumption and
actuation parameters of this system with similar wearable, standalone bioelectronic drug delivery and electrical
stimulation systems found in the literature. The deep sleep power management approach allows for up to 3 days
of continuous operation of the battery-powered bioelectronic device. The applied voltage V; at each channel for
H™ delivery is summarized in Table 5. To keep the total current I+ levels low, only reservoirs 1 and 3 are filled
(see Fig. 2A) and the other two are kept empty to avoid connecting them electrically to the wound bed. An initial
1 min setup period (actuation OFF) was pre-programmed to follow battery insertion and allow enough time to
establish voltage measurements across the current sense resistors with a multimeter.

Scientific Reports |

(2023) 13:14766 | https://doi.org/10.1038/s41598-023-41572-w nature portfolio



www.nature.com/scientificreports/

Device Power consumption (uW) | Applied voltage (V) | Actuation current (kA) | Actuation duration (per day) | Frequency
Battery-powered bioelectronic system 40 3 0-20 5-7h DC
Memory enabled battery-powered bioelectronic 1836 3 0-20 5-7h DC
system
Stretchable, wireless bioelectronic system' - 1 1000 10-20 min DC
Wireless smart wound dressing'* 30 -0.5 - 90s DC
Triboelectric nanogenerator'® - 0.2-2.2 - 24h 0.5-1.83 Hz
Piezoelectric nanogenerator®’ - 0.1-+0.5 - 24h 1Hz
Nanofluidic membrane®® 45 -3,-1.5 - 8h DC
. ] w ~ - ~ 13.56 MHz
Wireless, closed-loop, smart bandage 0-2 6h (rectified AC)
4 i 60 _ B _ 20 Hz
Wireless bioresorbable system 0.1-0.3 1h (200 s pulse)
Self—po:]vered, on-demand drug delivery B 508 B 15-20 min B
system’

Table 4. The battery-powered and memory enabled battery-powered bioelectronic systems in comparison
with other wearable bioelectronic systems.

Channel
Applied voltage V;

Ch. 1 (WE)
3V

Ch.2
NC

Ch. 3 (RE)
ov

Ch. 4
NC

Table 5. Applied voltage V; at the four channels for 5 h H' delivery with the battery-powered system.

Figure 5D shows the algorithmic flowchart of the control program execution. The control program was
written in C++ using the Arduino IDE environment. The internal watchdog timer of ATtiny85V is used to keep
track of the actuation duration. The tracking is done by an interrupt service routine (ISR) which is executed
every 4 s when the timer times out. Each ISR execution increments a count variable, so each count represents 4
s. Once the accumulated count (i.e., time) reaches the specified actuation duration, the actuation is turned OFE.

The MCU on the PCB is flashed with Arduino Uno as an in-system programmer (ISP) by connecting the
Uno’s four serial peripheral interface (SPI) pins, 5V, and GND pins to the programming vias (see Fig. 5A and
Supplementary Fig. S3) using 22 AWG wires. To verify the timing of signals generated by the MCU, a control
program was written to produce a logic high output at channel 1 (WE) and a logic low output at channel 3 (RE)
for 60 s. Further, to verify that the applied voltage is capable of driving the anticipated electrical load of the sys-
tem, a simulated load (1.2 M2 resistor representative of combined capillaries, reservoirs, and solution/wound
resistance) was connected across channels 1 (WE) and 3 (RE) of the PCB, as shown in Supplementary Fig. 4.

During the actuation ON time, a digital oscilloscope was used to measure a voltage difference of 2.8 V (near
the battery voltage) between WE and RE, corresponding to a current of 2.3 A, as shown in Supplementary
Fig. S4 online. The measured actuation ON and OFF duration is 56 s which is close to the set pulse width values
of 60 s with a 50% duty cycle.

H' delivery. 'We perform bioelectronic delivery of H* to test the battery-powered system. We prepare the
PDMS as previously, using Pt electrodes, 0.5 M HCl filled reservoirs, and HT loaded capillaries. The voltage
waveform, depicted in Fig. 5C, is initiated by inserting the battery into the PCB battery holder. The MCU on
the PCB was programmed to apply V; = 3 V across the WE and RE for 5 h to drive HT from the reservoir con-
taining the WE. The ion transport process is the same as the wired system, where H™ is delivered through the
device capillary and into the wound bed. Initial current measurements are made using a multimeter. At first, the
devices are tested ex vivo on chicken breast, and voltages across the current sense resistors are measured (see
Supplementary Fig. S5 online).

As with the previous experiment, a four-day in vivo experiment was conducted with this device to deliver H™.
The devices were actuated for a 5 h period on Day 0 and 1 to reduce the local wound pH to 6. Again, no actuation
was conducted on Day 2 and 3 so as to reduce inflammation time but not compromise re-epithelialization due to
later decreases in pH>. Commercial 0.9% saline solution used for infusion and wound wash has a pH of around
5.5, sometimes even reaching a pH value as low as 4.6°2. The devices will not induce excessive acidosis when
considering that local wound pH does not get below 6 after the 5 h actuation. Six mice were used for the experi-
ment, each with one circular 6 mm splinted excisional wound on a side of their spine. In accordance with weight
restrictions, there was only one wound created per mouse due to the slightly higher weight of the battery-powered
device. Two mouse wounds were assigned as controls, with each control consisting of an assembled device with
empty reservoirs. The remaining four mouse wounds were used for testing the actuated devices. The currents
Iy+ measured when the four devices were placed and actuated on mouse wounds are summarized in Table 6.

We evaluate the effectiveness of the battery-powered bioelectronic system in vivo through IHC staining to
determine the presence and distribution of macrophages within tissue samples. Supplementary Fig. S6 presents
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Device Current I'y+ (LA)
1 10
2 20
3 17
4 14

Table 6. Current I;;+ measured on channel 1 of the battery-powered system using a multimeter (across the Ry
sense resistor) at the start of 5 h actuation for H* delivery in mice on Day 0.

IHC staining results for the two control and the four H' - treated mice, which were used to calculate the ratio
of M1 and M2 macrophages within respective samples. The staining results show that, on average, the M1/M2
ratio of the HT - treated wounds is 35.86% lower compared to the control wound. The lower M1/M2 ratio indi-
cates that, on average, in the treated wounds, there is a relative increase of M2 macrophages, which is known to
promote wound healing through tissue repair and regeneration*"%. See supplementary information for further
explanation.

Memory enabled battery-powered bioelectronic system. Building upon the proof of concept for
the battery-powered PCB with an MCU, we further advanced the PCB design to include onboard electrically
erasable and programmable read-only memory (EEPROM). This device (see Fig. 1D) is capable of recording
treatment delivery as a function of time. This is demonstrated by recording the delivery of the fluoxetine cation
(Flx™), also associated with improved wound healing®*-°. The current recordings from ex vivo experiments vali-
date that this system can continuously deliver a charged biomolecule (fluoxetine) for up to 7 h.

Figure 6A, B shows the memory-enabled battery-powered design with the onboard EEPROM chip (Micro-
chip Technology 24AA08HT-I/MNY) and digital-to-analog converter (DAC) [Analog Devices LTC2635CUD-
LZ10]. The fabricated device weighs 3.7 g. See Table 1 for fabrication steps and production times, which remain
the same for this system as well. As depicted in the circuit diagram shown in Fig. 1G, the I*C clock (SCL) and
data (SDA) pins of the onboard MCU are connected to the respective pins of the DAC and EEPROM chips for
communication. The MCU is kept in an active mode during sampling and data storing but put into deep-sleep
mode at other times to conserve battery, as indicated in the timing diagram shown in Fig. 6C. The memory
enabled battery-powered system consumes 1.8 mW when the MCU is in deep sleep, under a typical actuation
(load) current of Iwg = 10 A. During the first hour when the LED is blinking, the average power consumption
is 2.7 mW. Table 4 compares this device with other wearable devices in the literature. Jumper wires and ribbon
cables are used to connect the Arduino (as an ISP) through a breakout board to the controller, as depicted by
the fabricated prototype, breakout board, and cable assembly in Fig. 6D shows.

Table 7 lists the main controller specifications. The MCU is flashed with a control program through a 6-pin
FFC connector connected to an Arduino Uno’s four SPI (10, 11, 12, 13), 5V, and GND pins. The Arduino is also
used to retrieve the data from the onboard memory of the controller via its I?C bus (SCL, SDA), 5V, and GND
pins, using the same ribbon cable and breakout board assembly with the PB2 (Y) and PBO (B) jumper wires con-
nected to the SCL and SDA pins, respectively, of the Arduino. The MCU is flashed with a blank program before
reading the EEPROM to avoid I*C bus conflicts with the Arduino during the retrieval. The battery provides the
supply voltage Vce = 3 V. The DAC has a 10-bit resolution with four channels and can provide a variable applied
voltage V; in the range from 0 to 3 V at its four outputs that are individually connected to the four electrodes
through the current sense resistors, R; = 10 k2. As shown in Fig. 1G, two of these electrodes are connected to
the built-in ADC of the MCU to enable sensing of WE voltages Vg1 and Viygs and currents Iyg; and Iygs at
the channels i = 1 and i = 3, respectively. The ADC has a 10-bit resolution, translating to a 3 mV resolution
for voltage and 0.3 uA for current measurements. At every 6 min recording interval, the ADC samples the WE
voltages and converts them into 10-bit integers for channelsi = 1andi = 3. A burst of sixteen samples spaced 67
ms apart is taken for each channel of interest. The MCU then finds the average of these samples to reduce noise.
The MCU stores the point-averaged 10-bit integer code DD; on the EEPROM chip via the I?C bus for channels
i = landi = 3. The average WE voltage at channelsi = 1and i = 3 can be found as

DD;
Vwei = 1024 Vee (3)

WE voltage from equation (3) is converted to WE current value for channelsi = 1andi = 3 as

Vi— Vwgi
Twgi = - WE 4
WEi R, (4)
Additionally, an ultra-low current LED is used to visually indicate the tentative amount of total WE current
Iwe = Iwg1 + Iwgs delivered. Between every 4 s interval, the LED blinks 0 to 5 times to indicate total current
Iwg in the range 0-1, 1-2, 2-3, 3-4, 4-5, and > 5 1A, respectively. The control program execution for fluoxetine
delivery is shown in Fig. 6E.

Fluoxetine delivery. The battery-powered device with memory was tested to deliver fluoxetine cations (i.e., a
charged biomolecule) ex vivo on a chicken breast, as shown in Fig. 7A. To prepare the device, Ag and AgCl wires
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Figure 6. Programmable battery-powered bioelectronic system with memory. (A) CAD model showing the
integrated PCB-PDMS device. (B) Block diagram of the PCB electronics. (C) Timing diagram of the applied
voltages V; (channel 1) and V3 (channel 3). (D) The programming process for a fabricated prototype. The device
is connected to an Arduino Uno via a breakout board. (E) Flowchart of control program execution for Flx*

delivery.
Parameter Specifications
Channels 4-actuation (DAC), 2-sensing (ADC)
Applied voltage V; 0to3V
‘WE current Iyg; 0 to 300 uA
Sensing resolution 10-bit ADC (3 mV, 0.3 uA)
Averaging factor 16
Sampling period 67 ms
Power management Active/deep sleep
Typical delivery duration | 7 h per day (up to 3 d)
Memory (EEPROM) size 8 Kbit (4 x 2Kbit)

Current sensing resistors

10 k£240.1%

Table 7. Specifications of battery-powered PCB with memory.

are used as the WE and the RE, respectively. Since fluoxetine can actually become oxidized under a voltage*>*’,

we prevent any potential changes in delivery or biological effects that could result from this by using Ag as the
WE as Ag will oxidize before fluoxetine. All 4 reservoirs are filled with 10 mM Flx HCl solution, and the capil-
laries are loaded with FlxT. In the WE reservoirs, Flx HCI helps to keep the concentration of Ag+ ions below the
toxicity threshold of 30 ppm® (= 2.78 x 10~% M). This is because Ag* ions promptly combine with Cl™ ions to
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Figure 7. Experimental results for the memory enabled battery-powered system. (A) The fabricated battery-
powered PCB with memory integrated with PDMS prepared for Flx* delivery positioned on top of chicken
breast. (B) WE voltages and currents for Device 1 (5 h of actuation). (C) WE voltages and currents for Device 2
(6 h of actuation). (D) WE voltages and currents for Device 3 (7 h of actuation).

form AgCl (solid), which then gets efficiently deposited back to the WE. Moreover, AgCl has a low solubility of
1.3 x 107> M that helps to maintain a low concentration of free Ag™ ions (< 1077 M). The hydrogel-filled capil-
laries serve as an ion exchange barrier, reducing Ag™ ion leakage from the reservoirs compared to a direct con-
tact. This has previously been accepted as a safe option'2*>, We use a protonated Flx HCl solution (10~2 M) which
has a pH of 4, so the H concentration in the reservoir is 10~* M. The Flx+ ions outnumber the H+ ions by 100:1
and are therefore more likely to be delivered. The hydrogel itself does not have an intrinsic structural property
that makes it more selective between H* and Flx*. Therefore, all the cations present in the reservoir compete
with each other to be delivered based on the concentration and diffusion coefficient of the cation®. Two pairs of
WE and RE [i.e, (WEIL, RE2) and (WE3, RE4)] were used to allow for higher total current Iwg = Iwg1 + Iwgs
and larger coverage of fluoxetine cation delivery over the wound area via the capillary tubes underneath. The
applied voltage V; at each channel for fluoxetine delivery is given in Table 8. The average fluoxetine delivery
efficiency is 20+4%, based on HPLC measurements in vitro??. The MCU sets the appropriate DAC outputs to
either the V; = 3 V (for the WE electrodes) or V; = 0 V (for the RE electrodes) by sending commands to the
DAC on the I>)C bus. Three assembled devices were tested, distinguished by a varied actuation duration of 5, 6,
and 7 h. The WE1 and WE3 voltages and currents are measured and stored on the onboard EEPROM, as shown
in Fig. 7B, C, and D.

The currents fluctuate with time, likely due to local changes in contact resistance between the capillary tubes
and chicken breast induced by substance delivery, variation in device weight distribution on the chicken breast
over time, and increasing dryness of the chicken at room temperature and humidity.

Channel Ch. 1 (WE1) Ch. 2 (RE2) Ch. 3 (WE3) Ch. 4 (RE4)
Applied voltage V; 3V ov 3V ov

Table 8. Applied voltage V; at the four channels for FIx™ delivery on chicken breast with the memory enabled
battery-powered system.
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Summary

We demonstrate that the platform’s design allows for the replacement of customizable components while the
fabrication provides a repeatable and scalable process, making it a versatile tool for various therapeutic appli-
cations. Moreover, we show the potential of the proposed modular wearable bioelectronic system to improve
wound healing through H™ delivery in vivo using mouse models. IHC staining shows that the in vivo wounds
treated with H, delivered by the battery-powered device, had an improved M1/M2 ratio compared to control
wounds by 35.86%. Additionally, the system’s ability to deliver charged biomolecules continuously for up to 7 h
ex vivo demonstrates the potential for long-term treatment delivery.

Methods

Ethics declarations: approval for animal experiments. All animal 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 and modeling. The PCBs are designed in Autodesk EAGLE. The prototypes are fabri-
cated by a PCB manufacturer. The PCB assembly is done in-house at the Teodorescu lab. Frameless PCB stencils
are utilized for solder paste deposition on surface-mount pads. A benchtop reflow oven is used for reflow solder-
ing of surface-mount components. Through-hole components are hand soldered. The 3D models of the PCB are
created in Autodesk Fusion 360.

3D printing of PDMS molds. The CAD models of the PDMS molds are created in Autodesk Fusion 360.
The STL files of the models are imported into the Formlabs PreForm software. The models are 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.

Hydrogel-filled capillary preparation. In order to deliver ions such as HT, the four silica capillaries
inserted in each device are filled with a polyanion hydrogel that selectively conducts cations. The hydrogel recipe
requires 1 M AMPSA, 0.4 M PEGDA, and 0.05 M photoinitiator (12959) concentrations to result in a hydrogel
with a low swelling ratio (12%) and good conductivity (8.8+0.1 S/m). The AMPSA monomer undergoes a radi-
cal polymerization reaction with PEGDA as the crosslinker and 12959 as the photoinitiator. They have all been
used in biomedical applications due to their biocompatibility and/or shown to have low levels of cytotoxicity”*-72.
AMPSA offers high cationic conductivity due to the fact that it has a large number of mobile counter ions™.
PEGDA is non-toxic and safe for biomedical purposes”. The structure of hydrogels made of Na-AMPSA and
PEGDA has been studied for use as burn dressings™. A several-centimeter length of the silica tubing (inner
diameter 100 um, outer diameter 375 um) 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 get the capillaries down to
the required 2-3 mm final length. Cutting the capillary tubing into small lengths beforehand also allows each
tube to be checked for electrical connection and loaded with H™. The capillaries are first soaked in a 0.1 M HCI
solution for several hours which diffuses out any unpurified, unreacted AMPSA, 12959, and reaction byproducts,
and replaces them with the HCI solution. Both ends of the capillary are then placed in electrolyte wells made
from PDMS on a glass slide (see Supplementary Fig. S7 online). 0.5 mm diameter Ag and AgCl wires are used as
the WE and RE, respectively, and are inserted at the two ends of each capillary to be loaded. The wells are filled
with 0.1 M HCI (source solution) at the WE end and 0.01 M KCI (target solution) at the RE/counter electrode
(CE) end. To avoid water splitting, +0.8 V is applied at the WE for 5 min. A clean steady-state current is obtained
when there are no hydrogel issues. The typical steady-state current measured when loading the capillaries with
HT is 6 1A (see Supplementary Fig. S7 online). For fluoxetine delivery, the capillary preparation process is
similar where, instead of HCI solution, we use Flx HCI solution for soaking and for loading. The mechanism
of conduction within the hydrogel is due to the ionized sulfonate groups provided by the AMPSA monomer,
providing selectivity for cation conduction over anions®.

Animal experiments. C57B6 males, wildtype mice (32-32 weeks old, 30-35 g) were used. They were accli-
mated and supplied with DietGel 93M (ClearH20) and soaked chow to maintain the body weight for one week
before the experiment started. The mice were weighted and shaved 1-3 days prior to the surgery. On the day
of surgery (Day 0), the animals were anesthetized with 1-5% isoflurane inhalation, saline and analgesics were
injected, and the back skin was prepared with betadine and alcohol washes. One wound was created on the side
of the spine by suturing silicon splint rings (16 mm outer and 10 mm inner diameters) on the intended location.
A 6 mm biopsy punch generated a full-thickness, excisional wound with the silicon splint to control wound
contraction on each mouse. The wounds were covered with a vapor permeable secondary dressing (such as Tega-
derm) to secure the devices. For the treatment group, devices deliver H* continuously for a specified duration
to reach a recommended target dose. Daily examination of the wounds, dressings, and device functionality are
performed for a total of four days starting on the surgery day (Day 0). On Day 3, the animals were euthanized
through cervical dislocation with deep anesthesia to effect and the wound tissue are harvested for IHC staining.
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Histology. At the end of each experiment, after euthanizing the mice, wounds were excised and placed into
a paraformaldehyde solution to fix for 24 h. Next, the fixed tissues were processed in a tissue processor for FFPE
tissue histology. During processing, the tissues were dehydrated and impregnated with paraffin wax to preserve
the tissue structure. Processed tissues were then embedded into paraffin blocks and cut into 5 um thick sections
using a microtome, and the sections were placed onto glass slides. After some drying time, these sections were
used for IHC staining to determine the M1/M2 ratio.

Macrophage IHC staining. We stained both M1 and M2 macrophages to get an accurate cell count.
4,6-diamidino-2-phenylindole (DAPI) is used to mark the nuclei, F4/80 is used to show all macrophages, and
iNOS is used to stain M1 while CD206 is used to stain M2. Only those cell nuclei (labeled with DAPI) that over-
lapped/surrounded by both markers were considered as macrophages, i.e., M1 (iNOS + F4/80 + DAPI) and M2
(CD206 + F4/80 + DAPI). The IHC staining of formalin-fixed, paraffin-embedded tissue sections were achieved
over two days as follows:

e Dayl

1. Deparaffinize slides: Place slides in 2 washes of Xylene for 10 min each, 1 wash of Xylene/ETOH for 4
min, 2 washes of 100% EtOH, 2 washes of 95% EtOH, 2 washes of 90% EtOH,1 wash of 70% EtOH, and
1 wash of 50 % ETOH for 4 min per wash. Pre-warm Sodium Citrate pH 6.0 in the rice cooker after the
Xylene washes.

Wash/tilt slides 3x in 1x PBS (or TBS) + 0.1% Tween-20 for 5 min each time.

Steam slides in Sodium Citrate Buffer (pH 6.0) + 0.05% Tween-20 inside of rice cooker for 30 min.
Cool slides to room temp in 1x PBS (or TBS) or H20 for 10-15 min (keep wet).

Wash/tilt slides 2x 5 min in 1x PBS (or TBS) + 0.1% Tween.

Use a PAP/Immuno-pen to outline a hydrophobic barrier for incubating tissue.

Apply Permeabilization/Blocking Buffer for 2 h in a humidified slide box.

Apply primary antibody diluted in Antibody dilution buffer and incubate overnight at 4 °C in a humidi-
fied chamber with primary antibodies: Rat anti-F4/80 (dilution 1:50; MCA497G, BIO-RAD, Hercules,
CA), Rabbit anti-iNOS (dilution 1:100; PA3-030A, Thermo Fisher Scientific) and Goat anti-CD206
(dilution 1:100; PA5-46994, Thermo Fisher Scientific).

PN WD

® Day?2

—

Wash the slides 3x in 1x PBS or TBS (+ 0.1% Tween) for 5 min each.

2. Inthe dark, apply corresponding Alexa Fluor-conjugated secondary antibodies: Donkey Anti rat-Alex-
aFluor 488, Donkey Anti rabbit-AlexaFluor 647, and Donkey Anti goat-AlexaFluor 568, dilution 1:200,
Thermo Fisher Scientific), for sections from step 8 (on Day 1), and incubate for 1 h and 30 min. During
the incubation time, make sure slides are light protected from this step.

Wash/tilt 3x5 min in 1x PBS/TBS (+ 0.1% Tween).

Dilute sufficient DAPI stock by 1:1000 in DI H2O and place on slides for 10 min.

Wash/tilt 3x5 min in 1x PBS or TBS.

Drain excess PBS using paper towels, while carefully avoiding tissue.

Apply ~22.5 uL of anti-fade mounting media (SlowFade Mountant; $36936, Thermo Fisher Scientific)
and gently add cover slips over sections to carefully not make bubbles. Use tweezers to guide the cov-
erslip slowly.

8. Put nail polish around the edges and let dry for 15 min overnight.

NG Ww

Fluorescence images were acquired using a Keyence automated high-resolution microscope (BZ-X800, KEY-
ENCE, Itasca, IL). The images were processed using Image] and CellProfiler 4.2 software.

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

Received: 7 June 2023; Accepted: 29 August 2023
Published online: 07 September 2023

References

1. 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).

2. Tasnim, E et al. Towards personalized medicine: The evolution of imperceptible health-care technologies. foresight (2018).

3. Song, Y., Min, J. & Gao, W. Wearable and implantable electronics: Moving toward precision therapy. ACS Nano 13, 12280-12286.
https://doi.org/10.1021/acsnano.9b08323 (2019).

4. Vargason, A. M., Anselmo, A. C. & Mitragotri, S. The evolution of commercial drug delivery technologies. Nat. Biomed. Eng. 5,
951-967 (2021).

5. Adepu, S. & Ramakrishna, S. Controlled drug delivery systems: current status and future directions. Molecules 26, 5905. https://
doi.org/10.3390/molecules26195905 (2021).

Scientific Reports |

(2023) 13:14766 | https://doi.org/10.1038/s41598-023-41572-w nature portfolio


https://doi.org/10.1126/sciadv.adf7388
https://doi.org/10.1021/acsnano.9b08323
https://doi.org/10.3390/molecules26195905
https://doi.org/10.3390/molecules26195905

www.nature.com/scientificreports/

6. Xu, S., Kim, J., Walter, J. R., Ghaffari, R. & Rogers, J. A. Translational gaps and opportunities for medical wearables in digital health.
Sci. Translat. Med.14, https://doi.org/10.1126/scitranslmed.abn6036 (2022).

7. Dunn, J. et al. Wearables and the medical revolution. Pers. Med. 15, 429-448. https://doi.org/10.2217/pme-2018-0044 (2018).

8. Kar, A. et al. Wearable and implantable devices for drug delivery: Applications and challenges. Biomaterials 283, 121435. https://
doi.org/10.1016/j.biomaterials.2022.121435 (2022).

9. Proctor, C. M. et al. An electrocorticography device with an integrated microfluidic ion pump for simultaneous neural recording
and electrophoretic drug delivery in vivo. Advanced Biosystems 3, 1800270. https://doi.org/10.1002/adbi.201800270 (2019).

10. Jonsson, A. et al. Therapy using implanted organic bioelectronics. Sci. Adv. 1, €1500039. https://doi.org/10.1126/sciadv.1500039
(2015).

11. Arbring Sjostrém, T. et al. A decade of iontronic delivery devices. Adv. Mater. Technol. 3, 1700360. https://doi.org/10.1002/admt.
201700360 (2018).

12. Jake$ovd, M. et al. Wireless organic electronic ion pumps driven by photovoltaics. npj Flex. Electron. 3, 1-6 (2019).

13. Liang, Y., Offenhéusser, A., Ingebrandt, S. & Mayer, D. Pedot: pss-based bioelectronic devices for recording and modulation of
electrophysiological and biochemical cell signals. Adv. Healthc. Mater. 10, 2100061. https://doi.org/10.1002/adhm.202100061
(2021).

14. 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).

15. Laughner, J. I et al. A fully implantable pacemaker for the mouse: From battery to wireless power. PLoS ONE 8, 1-8. https://doi.
org/10.1371/journal.pone.0076291 (2013).

16. Long, Y. et al. Effective wound healing enabled by discrete alternative electric fields from wearable nanogenerators. ACS Nano12,
12533-12540, https://doi.org/10.1021/acsnano.8b07038 (2018).

17. Luo, R, Dai, J., Zhang, J. & Li, Z. Accelerated skin wound healing by electrical stimulation. Adv. Healthcare Mater. 10, 2100557.
https://doi.org/10.1002/adhm.202100557 (2021).

18. Wang, K. et al. A platform to study the effects of electrical stimulation on immune cell activation during wound healing. Adv.
Biosyst. 3, 1900106. https://doi.org/10.1002/adbi.201900106 (2019).

19. Montgomery, K. L. et al. Wirelessly powered, fully internal optogenetics for brain, spinal and peripheral circuits in mice. Nat.
Methods 12, 969-974 (2015).

20. 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).

21. Jafari, M. et al. Feedback control of bioelectronic devices using machine learning. IEEE Control Syst. Lett. 5, 1133-1138. https://
doi.org/10.1109/LCSYS.2020.3015597 (2021).

22. Li, H. et al. Programmable delivery of fluoxetine via wearable bioelectronics accelerates wound healing in vivo. Submitted to
Advanced Science.

23. Hernandez, C. et al. Bioelectronic bandage for electric field generation and enables macrophage recruitment and re-epithelization
during in vivo wound healing process. Unpublished.

24. Wang, C., Shirzaei Sani, E. & Gao, W. Wearable bioelectronics for chronic wound management. Adv. Funct. Mater. 32, 2111022.
https://doi.org/10.1002/adfm.202111022 (2022).

25. Singer, A. J. & Clark, R. A. Cutaneous wound healing. N. Engl. J. Med.341, 738-746, https://doi.org/10.1056/NEJM19990902341
1006 (1999).

26. 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).

27. Liu, Z.-]. & Velazquez, O. C. Hyperoxia, endothelial progenitor cell mobilization, and diabetic wound healing. Antioxidants ¢
Redox Signaling10, 1869-1882. https://doi.org/10.1089/ars.2008.2121 (2008).

28. Kumar, A. & Brockes, J. P. Nerve dependence in tissue, organ, and appendage regeneration. Trends Neurosci. 35, 691-699 (2012).

29. Nieto-Diaz, M. et al. Deer antler innervation and regeneration. Front. Biosci.-Landmark 17, 1389-1401 (2012).

30. Payzin-Dogru, D. & Whited, J. L. An integrative framework for salamander and mouse limb regeneration. Int. J. Dev. Biol. 62,
393-402 (2018).

31. Vivien, C. J., Hudson, J. E. & Porrello, E. R. Evolution, comparative biology and ontogeny of vertebrate heart regeneration. NPJ
Regenerative Med. 1, 1-14 (2016).

32. Pinto, A. R., Godwin, J. W. & Rosenthal, N. A. Macrophages in cardiac homeostasis, injury responses and progenitor cell mobilisa-
tion. Stem Cell Res.13, 705-714, https://doi.org/10.1016/j.scr.2014.06.004 (2014).

33. Forbes, S. J. & Rosenthal, N. Preparing the ground for tissue regeneration: From mechanism to therapy. Nat. Med. 20, 857-869
(2014).

34. Anders, H.-J. Immune system modulation of kidney regeneration-mechanisms and implications. Nat. Rev. Nephrol. 10, 347-358
(2014).

35. Gensel, J. C,, Kigerl, K. A., Mandrekar-Colucci, S. S., Gaudet, A. D. & Popovich, P. G. Achieving cns axon regeneration by manipu-
lating convergent neuro-immune signaling. Cell Tissue Res. 349, 201-213 (2012).

36. Mescher, A. L., & Neff, A. W. Regenerative capacity and the developing immune system. Regenerative Med. I 39-66 (2005).

37. Chen, L., Cheng, L., Chen, T., Zhang, Y. & Zhang, J. Macrophage polarization in skin wound healing: Progress in biology and
therapeutics. J. Shanghai Jiaotong Univ. (Science) 27, 264-280 (2022).

38. Zhao, M. Electrical fields in wound healing: An overriding signal that directs cell migration. Seminars in Cell and Developmental
Biology20, 674-682, https://doi.org/10.1016/j.semcdb.2008.12.009 (2009).

39. Reid, B. & Zhao, M. The electrical response to injury: Molecular mechanisms and wound healing. Adv. Wound Care 3, 184-201.
https://doi.org/10.1089/wound.2013.0442 (2014).

40. Zhao, M. et al. Electrical signals control wound healing through phosphatidylinositol-3-oh kinase-y and pten. Nature 442, 457-460
(2006).

41. Lucas, T. et al. Differential roles of macrophages in diverse phases of skin repair. J. Immunol. 184, 3964-3977, https://doi.org/10.
4049/jimmunol.0903356 (2010).

42. Pansodtee, P. et al. The multi-channel potentiostat: Development and evaluation of a scalable mini-potentiostat array for investi-
gating electrochemical reaction mechanisms. PLoS ONE 16, 1-14. https://doi.org/10.1371/journal.pone.0257167 (2021).

43. Guex, A. G. et al. Controlling ph by electronic ion pumps to fight fibrosis. Appl. Mater. Today 22, 100936. https://doi.org/10.1016/j.
apmt.2021.100936 (2021).

44. Singhal, M. & Kalia, Y. N. Iontophoresis and Electroporation, 165-182 (Springer Japan, Tokyo, 2017).

45. 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).

46. Kalia, Y. N,, Naik, A., Garrison, J. & Guy, R. H. Iontophoretic drug delivery. Adv. Drug Deliv. Rev.56, 619-658, https://doi.org/10.
1016/j.addr.2003.10.026 (2004).

47. Bernacka-Wojcik, I. et al. Flexible organic electronic ion pump for flow-free phytohormone delivery into vasculature of intact
plants. Adv. Sci. 10, 2206409. https://doi.org/10.1002/advs.202206409 (2023).

48. Chen, S.-T. et al. Reducing passive drug diffusion from electrophoretic drug delivery devices through co-ion engineering. Adv.
Sci. 8,2003995. https://doi.org/10.1002/advs.202003995 (2021).

Scientific Reports |  (2023) 13:14766 | https://doi.org/10.1038/s41598-023-41572-w nature portfolio


https://doi.org/10.1126/scitranslmed.abn6036
https://doi.org/10.2217/pme-2018-0044
https://doi.org/10.1016/j.biomaterials.2022.121435
https://doi.org/10.1016/j.biomaterials.2022.121435
https://doi.org/10.1002/adbi.201800270
https://doi.org/10.1126/sciadv.1500039
https://doi.org/10.1002/admt.201700360
https://doi.org/10.1002/admt.201700360
https://doi.org/10.1002/adhm.202100061
https://doi.org/10.1002/adfm.202100852
https://doi.org/10.1371/journal.pone.0076291
https://doi.org/10.1371/journal.pone.0076291
https://doi.org/10.1021/acsnano.8b07038
https://doi.org/10.1002/adhm.202100557
https://doi.org/10.1002/adbi.201900106
https://doi.org/10.1088/1741-2560/8/4/046021
https://doi.org/10.1109/LCSYS.2020.3015597
https://doi.org/10.1109/LCSYS.2020.3015597
https://doi.org/10.1002/adfm.202111022
https://doi.org/10.1056/NEJM199909023411006
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/10.1016/j.scr.2014.06.004
https://doi.org/10.1016/j.semcdb.2008.12.009
https://doi.org/10.1089/wound.2013.0442
https://doi.org/10.4049/jimmunol.0903356
https://doi.org/10.4049/jimmunol.0903356
https://doi.org/10.1371/journal.pone.0257167
https://doi.org/10.1016/j.apmt.2021.100936
https://doi.org/10.1016/j.apmt.2021.100936
https://doi.org/10.1016/j.ijpharm.2020.119584
https://doi.org/10.1016/j.addr.2003.10.026
https://doi.org/10.1016/j.addr.2003.10.026
https://doi.org/10.1002/advs.202206409
https://doi.org/10.1002/advs.202003995

www.nature.com/scientificreports/

49. 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).

50. Schneider, L. A., Korber, A., Grabbe, S. & Dissemond, J. Influence of ph on wound-healing: a new perspective for wound-therapy?.
Arch. Dermatol. Res. 298, 413-420 (2007).

51. Godwin, J. W, Pinto, A. R. & Rosenthal, N. A. Macrophages are required for adult salamander limb regeneration. Proc. Natl. Acad.
Sci. 110, 9415-9420. https://doi.org/10.1073/pnas.1300290110 (2013).

52. Ellison, G., Straumfjord, J., Jon V & Hummel, J. P. Buffer capacities of human blood and plasma. Clin. Chem.4, 452-461, https://
doi.org/10.1093/clinchem/4.6.452 (1958).

53. Forsyth, L., Witton, ., Brown, J., Randall, A. & Jones, M. In vitro and in vivo recording of local field potential oscillations in mouse
hippocampus. Curr. Protoc. Mouse Biol. 2, 273-294. https://doi.org/10.1002/9780470942390.m0120089 (2012).

54. Fan, D. et al. A wireless multi-channel recording system for freely behaving mice and rats. PLoS ONE 6, €22033 (2011).

55. Mendrela, A. E. et al. A miniature headstage for high resolution closed-loop optogenetics. In 2017 IEEE Biomedical Circuits and
Systems Conference (BioCAS), 1-4, https://doi.org/10.1109/BIOCAS.2017.8325187 (2017).

56. Microchip Technology Inc., USA. ATtiny85V. ATtiny25/45/85 Automotive Specification at 1.8V Datasheet (2013). https://wwl.
microchip.com/downloads/en/DeviceDoc/ Atmel-7669-ATtiny25-45-85- Appendix-B- Automotive-Specification-at-1.8V_Datas
heet.pdf.

57. 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).

58. Di Trani, N. et al. Electrostatically gated nanofluidic membrane for ultra-low power controlled drug delivery. Lab Chip 20, 1562
1576 (2020).

59. Jiang, Y. et al. Wireless, closed-loop, smart bandage with integrated sensors and stimulators for advanced wound care and acceler-
ated healing. Nat. Biotechnol. 41, 652-662 (2023).

60. Koo, J. et al. Wireless bioresorbable electronic system enables sustained nonpharmacological neuroregenerative therapy. Nat. Med.
24, 1830-1836 (2018).

61. 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).

62. Reddi, B. A. Why is saline so acidic (and does it really matter?). Int. J. Med. Sci. 10, 747 (2013).

63. Wang, K. et al. Exosomes laden self-healing injectable hydrogel enhances diabetic wound healing via regulating macrophage
polarization to accelerate angiogenesis. Chem. Eng. J. 430, 132664. https://doi.org/10.1016/j.cej.2021.132664 (2022).

64. Nguyen, C. M. et al. Topical fluoxetine as a novel therapeutic that improves wound healing in diabetic mice. Diabetes68, 1499-1507,
https://doi.org/10.2337/db18-1146 (2019).

65. Yoon, D. J. et al. Topical fluoxetine as a potential nonantibiotic adjunctive therapy for infected wounds. J. Invest. Dermatol. 141,
1608-1612 (2021).

66. Alhakamy, N. A. et al. Fluoxetine ecofriendly nanoemulsion enhances wound healing in diabetic rats: In vivo efficacy assessment.
Pharmaceutics14. https://doi.org/10.3390/pharmaceutics14061133 (2022).

67. Mohammadi, A., Moghaddam, A. B., Alikhani, E., Eilkhanizadeh, K. & Mozaffari, S. Electrochemical quantification of fluoxetine
in pharmaceutical formulation using carbon nanoparticles. Micro Nano Lett. 8, 853-857. https://doi.org/10.1049/mnl.2013.0671
(2013).

68. Khansa, I, Schoenbrunner, A. R., Kraft, C. T. & Janis, J. E. Silver in wound care—friend or foe?: a comprehensive review. Plast.
Reconstr. Surg Global Open 7 (2019).

69. Jia, M., Luo, L. & Rolandi, M. Correlating ionic conductivity and microstructure in polyelectrolyte hydrogels for bioelectronic
devices. Macromol. Rapid Commun. 43, 2100687. https://doi.org/10.1002/marc.202100687 (2022).

70. Qin, X., Zhao, F, Liu, Y. & Feng, S. Frontal photopolymerization synthesis of multilayer hydrogels with high mechanical strength.
Eur. Polym. ]. 47,1903-1911. https://doi.org/10.1016/j.eurpolym;j.2011.07.001 (2011).

71. Choi, J. R., Yong, K. W,, Choi, J. Y. & Cowie, A. C. Recent advances in photo-crosslinkable hydrogels for biomedical applications.
BioTechniques66, 40-53, https://doi.org/10.2144/btn-2018-0083 (2019).

72. Williams, C. G., Malik, A. N, Kim, T. K., Manson, P. N. & Elisseeft, ]. H. Variable cytocompatibility of six cell lines with photoini-
tiators used for polymerizing hydrogels and cell encapsulation. Biomaterials 26, 1211-1218. https://doi.org/10.1016/j.biomateria
15.2004.04.024 (2005).

73. Seo, H.-S., Bae, J.-Y., Kwon, K. & Shin, S. Synthesis and assessment of AMPS-based copolymers prepared via electron-beam irra-
diation for ionic conductive hydrogels. Polymers14, https://doi.org/10.3390/polym14132547 (2022).

74. Nalampang, K., Panjakha, R., Molloy, R. & Tighe, B. J. Structural effects in photopolymerized sodium AMPS hydrogels crosslinked
with poly(ethylene glycol) diacrylate for use as burn dressings. J. Biomater. Sci. Polym. Ed.24, 1291-1304, https://doi.org/10.1080/
09205063.2012.755601 (2013).

Acknowledgements

This project is supported 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. P.B. would like to thank Jake Revino for soldering and testing the PCBs.

Author contributions

P.B. designed, fabricated, and characterized the PCBs; conceptualized the PCB-PDMS integration; wrote the
control program, and the main manuscript. M. Tebyani designed and fabricated the PDMS, and helped write the
manuscript. P.B., M.Tebyani, N.A., TN., CH., H.L, ]J.S., HH.,, PP, G.K, and W.S.H performed the integration
and conducted the ion pump experiments. H.Y. conducted the animal experiments. K.Z. and C.R. analyzed the
biological data. E.A. coordinated the experiments. P.B., M.Tebyani, T.N., C.H., H.L., M.R., and M.T. revised the
manuscript. M.R., M.Teodorescu, M.G., M.Z., and R.R.I. secured the funding and directed the research. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-41572-w.

Correspondence and requests for materials should be addressed to P.B., M.R. or M.T.

Scientific Reports |

(2023) 13:14766 | https://doi.org/10.1038/s41598-023-41572-w nature portfolio


https://doi.org/10.1063/5.0129134
https://doi.org/10.1063/5.0129134
https://doi.org/10.1073/pnas.1300290110
https://doi.org/10.1093/clinchem/4.6.452
https://doi.org/10.1093/clinchem/4.6.452
https://doi.org/10.1002/9780470942390.mo120089
https://doi.org/10.1109/BIOCAS.2017.8325187
https://ww1.microchip.com/downloads/en/DeviceDoc/Atmel-7669-ATtiny25-45-85-Appendix-B-Automotive-Specification-at-1.8V_Datasheet.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Atmel-7669-ATtiny25-45-85-Appendix-B-Automotive-Specification-at-1.8V_Datasheet.pdf
https://ww1.microchip.com/downloads/en/DeviceDoc/Atmel-7669-ATtiny25-45-85-Appendix-B-Automotive-Specification-at-1.8V_Datasheet.pdf
https://doi.org/10.1016/j.nanoen.2019.05.056
https://doi.org/10.1016/j.cej.2021.132664
https://doi.org/10.2337/db18-1146
https://doi.org/10.3390/pharmaceutics14061133
https://doi.org/10.1049/mnl.2013.0671
https://doi.org/10.1002/marc.202100687
https://doi.org/10.1016/j.eurpolymj.2011.07.001
https://doi.org/10.2144/btn-2018-0083
https://doi.org/10.1016/j.biomaterials.2004.04.024
https://doi.org/10.1016/j.biomaterials.2004.04.024
https://doi.org/10.3390/polym14132547
https://doi.org/10.1080/09205063.2012.755601
https://doi.org/10.1080/09205063.2012.755601
https://doi.org/10.1038/s41598-023-41572-w
https://doi.org/10.1038/s41598-023-41572-w

www.nature.com/scientificreports/

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) 2023

Scientific Reports |  (2023) 13:14766 | https://doi.org/10.1038/s41598-023-41572-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A system for bioelectronic delivery of treatment directed toward wound healing
	Results and discussion
	Wired bioelectronic system. 
	H delivery. 

	Battery-powered bioelectronic system. 
	H delivery. 

	Memory enabled battery-powered bioelectronic system. 
	Fluoxetine delivery. 


	Summary
	Methods
	Ethics declarations: approval for animal experiments. 
	PCB fabrication and modeling. 
	3D printing of PDMS molds. 
	Hydrogel-filled capillary preparation. 
	Animal experiments. 
	Histology. 
	Macrophage IHC staining. 

	References
	Acknowledgements




