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Abstract

Wound healing is a complex physiological process that requires precise control and

modulation of many parameters. Therapeutic ion and biomolecule delivery has the

capability to regulate the wound healing process beneficially. However, achieving

controlled delivery through a compact device with the ability to deliver multiple ther-

apeutic species can be a challenge. Bioelectronic devices have emerged as a promis-

ing approach for therapeutic delivery. Here, we present a pro-reparative

bioelectronic device designed to deliver ions and biomolecules for wound healing

applications. The device incorporates ion pumps for the targeted delivery of H+ and

zolmitriptan to the wound site. In vivo studies using a mouse model further validated

Abbreviations: ACh, acetylcholine; AMPSA, 2-acrylamido-2-methylpropane sulfonic acid; GABA, gamma-aminobutyric acid; HPLC, high-performance liquid chromatography; H+, hydrogen ions;

IEM, ion-selective membranes, ion-selective membranes; PCB, printed circuit board; PDMS, polydimethylsiloxane; PEGDA, poly (ethylene glycol) diacrylate; RE/CE, eference/counter electrode;
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the device's potential for modulating the wound environment via H+ delivery that

decreased M1/M2 macrophage ratios. Overall, this bioelectronic ion pump demon-

strates potential for accelerating wound healing via targeted and controlled delivery

of therapeutic agents to wounds. Continued optimization and development of this

device could not only lead to significant advancements in tissue repair and wound

healing strategies but also reveal new physiological information about the dynamic

wound environment.

K E YWORD S

bioelectronic device, ion pumps, wound healing

1 | INTRODUCTION

Millions of people across the globe experience harmful impacts from

both acute and chronic wounds.1 In the United States alone, around

300,000 hospitalizations annually are linked to wounds.1 Improved and

innovative wound healing strategies are necessary to reduce the asso-

ciated hospitalizations and healthcare costs.2 Bioelectronic devices are

one possible pro-reparative approach that bridges the gap between

electronic control and complex biological processes like those of

wounds.3,4 For example, recent bioelectronic developments use flexi-

ble or microfluidic platforms to deliver electric field stimulation to

rodent skin wounds or in vitro scratch wound assays for accelerated

healing.2,5 Other bioelectronic platforms incorporate the use of metal

dots on polyester or cotton fibres to generate small potentials that are

reported to aid in wound healing.6 Another bioelectronic approach

involves utilising ion-selective membranes (IEMs) in devices to deliver

specific ions and biomolecules to the wound site. An example of this

kind of device is the electrophoretic ion pump.4,7 Ion pumps can deliver

ions and biomolecules directly to a specific target, like the surface of a

wound, in order advantageously alter the biological environment.8,9

This can result in promoting crucial cellular processes such as inflam-

mation regulation, tissue regeneration and pain alleviation.10,11

Recent studies demonstrated how bioelectronic ion pumps can

deliver a range of ions such as K+,12 Ca2+,13 H+,14 as well as neuro-

transmitters like acetylcholine (ACh),15 gamma-aminobutyric acid

(GABA)16 and glutamate.17 These ion pumps typically deliver one

therapeutic agent at a time. However, due to the complexity of the

wound environment, simultaneous on-demand delivery of multiple

agents could potentially enhance wound healing. To this end, our

team has previously reported a bioelectronic electrophoretic ion pump

capable of simultaneously delivering H+, Na+ and Cl�ions.18 Notably,

the localized delivery of inorganic ions has the potential to alter the

ionic microenvironment at wound sites, significantly impacting the

healing process.19 For example, acidic environments foster the growth

of new tissue and prevent bacterial infections20 in addition to stimu-

lating the production of collagen, fibronectin and other proteins

essential for wound healing.21 pH changes resulting from proton

delivery could also contribute to the overall therapeutic effects

through the modulation of cell migration and macrophage

polarisation.22–25 Ca2+ and K+ are involved in wound healing, but

whether the direct application of these ions to wounds is useful

remains a question without a simple straightforward answer. Ca2+

plays an important role in wound healing by regulating different pro-

cesses such as coagulation, inflammation, angiogenesis, apoptosis, epi-

thelization and migration of cells. Ca2+ ions can also be released by

damaged cells.26 Meanwhile, K+ is involved in the regulation of cell

migration and proliferation mainly via the mechanisms of regulating

membrane potentials and ionic environment of wounds, both of which

are essential for wound healing.26 Some studies show that blocking

K+ channels with drugs or high concentrations of KCl can enhance

wound healing in vitro and in vivo, but the spatiotemporal dynamics

of Ca2+, K+ and other ions contribute to sophisticated mechanisms

for ionic involvement in wound healing.

Further, literature indicates that certain neurotransmitters also

have pro-reparative effects. In mice, it has been demonstrated that

agonists for the gamma-aminobutyric acid (A) (GABA) receptor

improve maturation of the re-epithelializing epidermis.27 Topical appli-

cation of GABA likewise improved healing in rat skin wounds and

increased the dermal generation of pro-reparative cytokines FGF and

PDGF.28 Since glutamine can be used as a precursor for proline syn-

thesis, and proline is a main component of collagen, a number of stud-

ies have demonstrated that parenteral supplementation with

glutamate improves healing.29 Particularly relevant to our delivery

device is the finding that wound dressings that incorporate glutamic

acid promote improved wound re-epithelialization and enhance colla-

gen generation the dermis. Treatment also accelerated vascularization

of the wounds.30,31 Further, the findings that keratinocytes express

receptors for acetylcholine, and that their activation modulates cell

migration and proliferation, prompted a study on application of low

doses of ACh to mouse skin wounds. Topical Ach administration

resulted in faster wound re-epithelialization and earlier appearance of

wound healing markers (eg MMP9) that in other protocols.32

Serotonin also pays a role in wound healing by increasing cell via-

bility and proliferation.33 In a frog (Xenopus laevis) model, ectopic

application of serotonin following eye surgery strongly improved the

degree of innervation,34 which directly affects wound healing.35 How-

ever, serotonin is a labile molecule and easily degraded in vivo; thus,

we can mimic endogenous serotonergic signalling with a more stable

2 ASEFIFEYZABADI ET AL.
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exogenous molecule of receptor type 1B,D that has neurotrophic

effects.36 The selective serotonin 1B and 1D receptor agonist, (S)-4-

[[3-[2-(dimethylamino)ethyl]indol-5-yl]methyl]-2-

oxazolidinone (zolmitriptan) is one such reagent that is well-known

and human-approved. The anti-inflammatory and pain-reducing prop-

erties of zolmitriptan and its ability to promote angiogenesis and mod-

ulate neurogenic reactions make it a promising pro-reparative

candidate.37,38 Research on migraines and meningitis shows that zol-

mitriptan reduces inflammation and vasodilation by inhibiting the

release of pro-inflammatory neuropeptides from nerve fibres.37

Because zolmitriptan is a selective 5-hydroxytryptamine 1B/1D

receptor agonist, it can activate serotonin receptors in the skin with

downstream effects on keratinocyte migration and wound inflamma-

tion.33,39 Zolmitriptan thus exhibits significant pro-reparative poten-

tial, particularly considering the vital role of these mechanisms in the

wound healing process.

Building on these investigations, here we introduce an advanced

bioelectronic device with the capacity to co-deliver ions, such as H+,

alongside protonated biomolecules like zolmitriptan (Figure 1).

Through our research, we demonstrate that precise dosage control is

achievable by managing the flux of charges. Furthermore, all cations

and protonated biomolecules were driven by electrical currents, which

have been proven to be able to modulate various cell behaviours, such

as cell migration, proliferation and differentiation.40–48 Here, we pro-

pose a new approach involving an electrical mechanism combined

with ion/biomolecule delivery for wound healing. Though demon-

strated to benefit wound healing, the specific healing mechanisms

influenced by electrical currents and cation delivery are not yet fully

understood and remain largely unexplored in terms of therapeutic tim-

ing effects. To this end, as well as to validate the bioelectronic

device's practical application with other biomolecules, we conduct an

in vivo study using a mouse wound model (Figure 1).

2 | RESULTS AND DISCUSSION

The design of the bioelectronic device enables electronically program-

mable ionic and biochemical delivery to biological targets. In our

study, we used wounds in a mouse model as the target (Figure 1A).

The fabrication process of the device involves several steps, starting

with the creation of 3D printed moulds to form a two-layered polydi-

methylsiloxane (PDMS) body. PDMS is a flexible and biocompatible

polymer commonly used in the fabrication of medical devices.49,50

The top layer of the PDMS body contains reservoirs (Figure 1B, left

and middle) that hold cationic therapeutics in aqueous form, such as

hydrogen ions (H+) or protonated biomolecules such as zolmitriptan+

(Z+). To achieve controlled delivery of ions and biomolecules, the

PDMS body integrates with a custom printed circuit board (PCB)

(Figure 1B, right).51 The PCB serves as the control system for the

device, allowing for programmable delivery of the therapeutic.

F IGURE 1 (A) The schematic of the bioelectronic device demonstrates its application in a mouse model. (B) The bioelectronic device consists
of a 3D printed PDMS body featuring four reservoirs for solution storage. The body is securely bonded with a PDMS lid and integrated with a
printed circuit board (PCB). (C) Schematics of the ion pumping process illustrate how the electric field drives protons towards the target through
the ion-selective hydrogel (yellow). (D) The generalised electrochemical reaction for the ion pump WE. The schematic illustrates the voltage-
induced oxidation mechanisms which facilitate proton conduction.
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The device achieves ion and biochemical delivery via ion pump

technology. The working mechanism of ion pumps is to deliver

charged species from the source reservoir, through the IEM and to

the target (Figure 1C). This transport occurs by applying a low voltage

(Vpump) between the working electrode (WE) and the reference/coun-

ter electrode (RE/CE). Vpump drives the protonated ions or biomole-

cules across the IEM. In this context, the ions or biomolecules include

H+ and protonated zolmitriptan+, and Vpump corresponds to the deliv-

ery of each, represented as VH+ or VZ+. Each reservoir of the device

houses a metal wire that acts as a WE or RE/CE. Further, the aqueous

solution in each reservoir interfaces with hydrogel that acts as the

IEM in our system. The hydrogel contains 2-acrylamido-2-methylpro-

pane sulfonic acid (AMPSA) and poly (ethylene glycol) diacrylate

(PEGDA) and is selective to cationic species.52 Thus, the ion pump

selectively permits the passage of protonated ions and biomolecules

while preventing the passage of anionic species. The substance in the

reservoir thus must be naturally positively charged or protonated

through the use of an acidic solution. When Vpump is positive, cationic

species from the reservoir at the WE electrophoretically transfer into

the target through the IEM. This is due to oxidation reactions that

occur at the WE (Figure 1D). To maintain charge neutrality, physiolog-

ical cations exit the wound and enter the opposite reservoir at the

RE/CE. These physiological cations also serve as the charge carriers at

the wound surface, thereby completing the circuit.

In order to deliver specific ions and biomolecules (H+ and proton-

ated zolmitriptan+), we use four glass capillary fibres to house the cat-

ion-selective IEM. We insert the IEM-filled capillaries into the PDMS

device where they can interface with the wound (Figure 2A,B). A

zoomed-in optical microscope image reveals the openings of the capil-

lary tubing and provides a visual of the bulk hydrogel (Figure 2C). The

IEM, previously reported in our work,52 is a cross-linked polyelectro-

lyte hydrogel made selective to cations through the presence of fixed

negative charges within the polymeric network. This selectivity is

achieved through a hydrogel polymerisation reaction, where AMPSA

acts as the monomer, and PEGDA acts as the cross-linker in the pres-

ence of a UV photoinitiator. The hydrogel-filled capillaries require a

preparation procedure that we have previously optimised.52

To evaluate the device's performance, we utilised a fluorescence

microscope (Keyence BZ-X710) setup and an indicator dye for H+

detection (Figure S1). We first placed the devices on a 200-μL target

solution containing buffer along with the indicator dye. Next, we used

a VH+ pulse with a positive cycle at 1 or 2 V across the WE and RE/

CE of each device for several minutes. VH+ enables the electropho-

retic transfer of cations from the device reservoir (at the WE), through

the IEM and into the target solution. Concurrently, pre-existing cat-

ions in the target solution migrate through the IEM to the other reser-

voir (at the RE/CE). The observed changes in fluorescence intensity

within the target solution corresponded to variations in ion concentra-

tion. On the other hand, the delivery of cationic biomolecules such as

zolmitriptan required the use of high-performance liquid chromatogra-

phy (HPLC) rather than fluorescence microscopy.

The underlying principle of the device remained unchanged, as a

positive VZ+ transfer protonated zolmitriptan+ from the reservoir to

the target solution containing NH4Cl. We maintained the same device

setup, excluding the microscope (Figure S2).

For H+ delivery, we used platinum (Pt) as the WE (Figure 3A). By

using Pt as the WE, chloride ions present in the acidic solution

undergo an initial reaction with Pt, resulting in the formation of

PtCl4
2�.53,54 This newly formed PtCl4

2� species can subsequently

undergo further reactions with additional chloride ions in the solution,

leading to the formation of PtCl6
2�.53,54 Based on the standard redox

potentials, the energy required for the formation of PtCl4
2� and

PtCl6
2� is lower compared with the energy needed for the process of

water-splitting.55 This indicates that the formation of PtCl4
2� and

PtCl6
2� are favoured and occur prior to any water-splitting reactions

taking place.54,55 Furthermore, with the consumption of each chloride

ion, one proton is pushed through the IEM.54 For detecting [H+], the

target solution comprised tris buffer and 5-(and-6)-Carboxy SNARF™-

1, a pH indicator dye with emissive wavelengths at 580 nm and

640nm.

Ratiometric calibration of the fluorescence response at both

wavelengths, using solutions of known [H+], facilitated pH determina-

tion. Employing a device containing 0.5 M HCl in the reservoirs, we

alternated VH+ pulses (+1 and �1 V), with positive pulses lasting

F IGURE 2 (A) An optical microscopy image of the wound-interfacing side of the device. (B) Zoomed-in image revealing the wound-
interfacing PDMS and the openings of the capillary tubing filled with hydrogel. (C) A microscopy image of the bulk hydrogel within the glass
capillary fibre.

4 ASEFIFEYZABADI ET AL.
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4 min and negative pulses lasting 1 min. The positive VH+ pulses

transferred H+ from the device reservoir to the target solution, result-

ing in fluorescence intensity changes at both emissive wavelengths

(Figures S3 and S4), and corresponding pH change near the outlet of

the capillary at the WE (Figure 3B). Figure S5 shows fluorescence

microscopy calibration images taken for the SNARF dye, and

Figure S6 depicts the fluorescence intensity trends at 580 and

640 nm for calibration.

For proton delivery calculations, we consider a local target vol-

ume of 1 μL. Since the port size of the hydrogel capillary is 0.1 mm,

we assume the target (a wound bed for in vivo applications) to be

humid with a <1 mm layer of liquid. We calculated a 1-mm3 volume,

equivalent to 1 μL, and accounted for subsequent drug absorption

and metabolism. While a standard practice is absent in this field, we

used this rough estimation to demonstrate concentration for compari-

son with other topical application. We thus used this 1-μL volume for

initial device characterization as well. With each positive VH+ pulse,

the proton delivery device decreased pH by approximately 0.03 to

0.05 units. Considering the buffering capacity of the target solution,

we determined that the average per-pulse delivery efficiency12 for

three positive pulses was 41.2% ± 11.3%. Table S1 presents the pH

change per pulse and per second for the device in Figure 3B, as well

as an additional device in Figure S7. We have also previously demon-

strated successful ion delivery using similar bioelectronic devices for

H+, K+ and Na+ in vitro.12,18

To demonstrate the potential of the bioelectronic device for bio-

molecule delivery, we performed similar delivery tests using the selec-

tive serotonin receptor agonist zolmitriptan. Zolmitriptan was

dissolved in 100 mM HCl solutions at 1:1 molar ratio to form proton-

ated zolmitriptan+ (Z+). For Z+ delivery, we used Ag as the WE

(Figure 3C). With a positive VZ+ pulse, Cl� undergoes oxidation to

become Cl, resulting in the formation of AgCl on the Ag surface.

Simultaneously, Z+ electrophoretically transfers through the IEM

towards the target solution. With a VZ+ of 2 V for 10 min trials, we

recorded the current response of three devices. To determine the

delivery efficiency, we then conducted calibration using solutions with

varying concentrations of Z+ and performed analysis using High-Per-

formance Liquid Chromatography (HPLC).

For Z+ delivery, the total drug loaded in the device reservoir is

3.915 � 10�6 mol. As the amount of zolmitriptan delivered through

the ion pump is very small compared with the amount loaded in the

device, the concentration change in the source reservoir would also

be very small. Measuring the source solution is thus neither a practical

nor accurate analysis method. To quantify the Z+ concentration deliv-

ered, we collect samples from the target/receiving solution and ana-

lyse them using HPLC (calibration plot shown in Figure S8). The total

electrical charge delivered by the system, measured as current, can be

calculated by integrating current over time. In the hydrogel, this

charge is carried by charge carriers (Z+ and other cations in solution),

so the amount of Z+ measured via HPLC is directly proportional to

the total charge.

The current thus serves as a reliable indicator of Z+ delivery in

real-time. By comparing the mole number of delivered Z+ with the

mole number of electrons, we determined that the charge carrier effi-

ciency for zolmitriptan delivery is 18.8% ± 11.1% considering three

trials of a good device (Figure 3D and Table S2). This means that for

every 100 electrons passing through the circuit, approximately 18 Zol-

mitriptan molecules transfer to the target solution. Subsequently, we

can apply this efficiency to calculate zolmitriptan delivery in vivo, a

well-established method in the field of ionic drug delivery.56,57

Table S3 shows the efficiencies of thee three devices actuated for

three 10-min trials using a 350-μL target solution of 50-mM NH4Cl.

F IGURE 3 (A) The oxidation
reaction that occurs at the WE in
HCl solution when Pt is the
electrode material. (B) pH
change, calculated using SNARF
dye, changes over time in
response to VH+. (C) The
oxidation reaction that occurs at
the WE in Zolmitriptan-HCl

solution when Ag is the electrode
material. (D) Current response of
the device to an applied 2-V
voltage, measured across three
different trails.

ASEFIFEYZABADI ET AL. 5
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As the results demonstrate, at times we find that “bad” devices leak

or diffuse excessive zolmitriptan due to defects in the hydrogel, which

results in high efficiencies. This issue could be resolved in the future

using a Donnan layer,58 which would help prevent leakage via diffu-

sion and ensure better electronic control of delivered dosage.

As observed in Figure 3D, device performance exhibits variations

in terms of magnitude, which we believe are related to the contact

resistance of the hydrogel-target interface. Optimising these factors

to reduce performance variation may be impractical due to natural

variation of in vivo environments. Nevertheless, the devices are capa-

ble of delivering ions and drugs, and the amount of drug delivered can

be determined by the electrical current and charge from the system.

In the future, we plan to implement a more advanced closed-loop con-

trol system that would compensate for devices with lower current by

applying a higher Vpump and longer delivery time to achieve the

same dose.

Prior to using these bioelectronic devices for in vivo therapeutic

delivery, we conducted thorough biocompatibility assessments to

ensure that all materials in direct contact with the wound bed had no

adverse biological effects (Table S4). We then assessed the device's

ability to deliver ions and biomolecules in a mouse model. For each

in vivo study, we used three mice. Each mouse had one circular 6-mm

splinted excisional wound (Figure S9). Since wound contraction is a

significant aspect of wound healing in mice but not in humans, we

employed a silicone splint ring to minimise its impact during the

study.59 Then, we positioned the bioelectronic device onto the sili-

cone splint ring (Figure 4A). The distance between the device and the

wound bed/surface was approximately 1 mm. We specifically

designed a 1 mm thickness notch at the bottom, aligning with the

depth of the wound bed, to ensure direct contact between the wound

fluid and the ion-selective membrane (IEM). This design feature

enhances the efficacy of delivering therapeutic ions and biomolecules

directly to the wound site.

We first tested the in vivo capability of our device to deliver large

therapeutic biomolecules such as Z+. Previous studies have demon-

strated that directly administering zolmitriptan to the human skin alle-

viates pain, reduces inflammation and promotes the formation of new

blood vessels.38 We monitored the device's current response to a 2-V

peak-to-peak rectangular wave while on a mouse wound. The wave-

form consisted of 60 s at 2 V and 30 s at 0 V (Figure 4B). Based on

the efficiency determined from our previous characterisation, the esti-

mated concentration of zolmitriptan delivered to the wound surface

was 0.518 mM ± 0.524 mM when considering a local wound fluid vol-

ume of 1 μL (Table S5). This was achieved by three devices that deliv-

ered on average 2.66 � 10�4 C ± 2.68 � 10�4 C, or maintained a

current of 2.2 μA ± 2.2 μA for 2 min. The large current variation

F IGURE 4 (A) Setup of the bioelectronic device on a mouse wound. The current profiles obtained from the actuation of the respective
devices on anaesthetised mouse wounds for (B) Zolmitriptan+ and (C) H+ delivery. (D) Representative immunofluorescence images of dorsal skin
wound tissues from mice 3 days after wounding with/without H+ treatment. Seven-μm thick tissue sections were co-stained with F4/80 (green)
plus iNOS (purple), CD206 (red) and DAPI (blue) as indicated. n = 6 mice for the control, and n = 4 for the H+ treated group. 5 images were taken
for each sample for quantification. (E) Quantification of M1/M2 macrophage ratios from H+ delivery experiments (p = 0.0294). Dots in the
floating bars indicate data from each mouse with lines showing the mean values.
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exhibited in these proof-of-concept devices could again benefit from

future utilization of closed-loop control. Though zolmitriptan has sev-

eral pro-reparative effects, it is not widely used for wound healing and

thus no clinical data exist regarding an ED50 value for topical wound

application. However, Blackiston et al. reported that 50 μM of Zolmi-

triptan promotes nerve growth in tadpoles.36 Considering a target vol-

ume of 1 μL, delivery of this zolmitriptan concentration using our

devices could be achieved within 82 s or less (Table S5). These experi-

mental findings validate the successful delivery of Z+ to a mouse

wound using our bioelectronic device.

As previously stated, H+ ions hold potential implications for

improving healing via modulation of both innervation and macrophage

recruitment.60,61 Using the established mouse model, we conducted a

control experiment and an actuated device testing experiment. The

control experiment involved plain PDMS device bodies with capillaries

(without PCBs) and unfilled reservoirs, while the actuated device test-

ing involved devices with attached PCBs and reservoirs filled with

0.5-M HCl. We recorded the current profiles obtained from three dif-

ferent devices during a daily 10-min actuation period with a constant

VH+ of 2 V (Figure 4C). We note that the administered pulses differed

between the in vitro and in vivo experiments due to limitations with

actuation time on the mouse model. For in vitro characterisation, the

use of positive and negative VH+ pulses aided in characterising

the delivery capabilities of the device during positive VH+ application

(the normal operation of the device) and negative VH+ application

(only used for efficiency characterisation purposes). The version of

the device used for these experiments requires a wired power supply.

Thus for in vivo experiments, the normal operation could only occur

during limited anaesthesia time so as to not restrain the mouse

movement.

Assuming an efficiency of 41.2%, we estimate that the three

devices delivered an average of 4.9 ± 2.6 nanomoles of H+, achieved

by an average steady-state current of 1.88 μA ± 0.99 μA (Table S6).

This device is therefore not likely to achieve large pH changes in the

bulk of large wounds, as it delivers a nanomole proton dosage. This

estimation provides valuable insights into the device's capability to

deliver H+ ions, facilitating further analysis and interpretation of its

potential pro-reparative effects61 and related biological processes.62

Several studies exist regarding the pro-reparative effects of acidic pH,

but the exact mechanisms by which acidification affects wound heal-

ing mechanisms on a cellular level remain largely unexplored given the

complexity of wound healing.24 Bacterial growth in infected wounds

is inhibited by a pH less than 6, while antimicrobial activity has been

shown to drop at pH 5.5.21 Low wound pH also increases protease

degradation, allows for optimal hyaluronidase activity, increases fibro-

blast proliferation and promotes keratinocyte differentiation among

others.61 Even so, the process of wound healing maintains an intricacy

such that the effects of pH itself are still inconclusive across separate

studies.22 There is therefore a need to further study the affects of

acidic pH on wound healing efficacy and biological mechanisms, and

our device addresses this necessity.

Further, pH nanodomains at both the intracellular and extracellu-

lar level modulate components involved in cell migration,23 an active

component of wound healing. Our device is able to modulate pH at

this small scale and could facilitate further studies of the effects of

such localised pH changes. Additionally, our device generates electric

fields as it delivers protons and thus exerts electrical effects on cells

in the wound bed. Such electric fields affect cell migration, prolifera-

tion and differentiation/phenotype modification that play a role in

wound healing.63 As previously noted with in vitro delivery, the cur-

rent curves depicted in Figure 4B,C demonstrate wide variations in

magnitude largely attributed to the resistance of the wound and the

contact interface, which varies with in vivo samples. This variation

could be compensated for by applying a closed-loop system, a feature

that would also allow for the study of pro-reparative mechanisms that

occur with various proton dosages at different wound healing stages.

To investigate the biological effects of our bioelectronic system

in vivo, we employed immunohistochemistry (IHC) staining to study

the presence and distribution of macrophages in wounded skin sam-

ples with 3 days of H+ treatment. This entailed a treatment protocol

in which we positioned the H+ delivery devices on each mouse and

activated them daily over 3 days. Specifically, the ion pump was actu-

ated for a duration of 10 min during each treatment session. Macro-

phages play crucial roles in various aspects of wound healing and are

among the initial cell types that migrate to the wound site. It is worth

noting that macrophages exhibit significant plasticity and can transi-

tion between different phenotypes.64 In vitro studies have demon-

strated the transition from the classically activated M1 macrophage

(pro-inflammatory phenotype) to the alternatively activated M2 mac-

rophage (anti-inflammatory phenotype) known for promoting tissue

repair.40,65 M1 macrophages secrete cytokines such as IL-1, TNFa, IL-

6, IL-12 and matrix metalloproteinases (MMPs), while M2 cells pro-

duce arginase, TGFb, CCL18, PGE2, and IL-10 and upregulate scaven-

ger receptors such as CD206 and CD163.64 However, in the in vivo

environment, macrophage phenotype transition may exist as a contin-

uum rather than a strict dichotomy, influenced by various signals

within the microenvironment.66 Therefore, the function of macro-

phages undergoes precise regulation and dynamic changes in both

temporal and spatial dimensions.

In this study, our focus was to assess the relative distribution of

the two predominant macrophage phenotypes, M1 and M2, at the

wound site three days post-wounding. Day 3 was chosen with

the goal of analysing if treatment successfully shortened the inflam-

matory phase and initiated the proliferation phase earlier in the

wound healing process. The inflammatory phase is indicated by high

M1, and low M2, whereas the proliferation phase is indicated by a

decrease in M1 and an increase in M2.66,67 Previous experiments

show that the M1/M2 ratio starts to change in Days 4–7 of the nor-

mal wound healing process.68,69 To test whether our treatment

shortens the inflammatory phase, that is, to bring forward the time of

changes in M1/M2 (decrease in M1, increase in M2), we thus

reasoned that Day 3 would be an appropriate time point to perform

macrophage analysis of various treatments compared with the non-

treatment control.

Data were collected from two control mice and four mice treated

with H+. To distinguish M1-like cells, we employed iNOS as a specific
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marker, while CD206 was used to identify M2-like cells. Additionally,

a pan macrophage marker, F4/80, was co-stained to facilitate the

overall macrophage visualisation and analysis. Representative images

illustrate that macrophages of both phenotypes were observed in the

wound bed of all samples (Figure 4D). The wounds that received H+

treatment exhibited a decrease in the quantity of F4/80+iNOS+ M1

macrophages, while the number of F4/80+CD206+ M2-like cells

showed minimal change in comparison. Consequently, the ratio of M1

to M2 macrophages decreased noticeably after three days of treat-

ment (Figure 4E). These results indicate that H+ stimulation using our

bioelectronic bandage can modulate the wound environment, thereby

expediting the healing processes via shortening of the inflammatory

phase and bringing forward the proliferation phase.

As stated, the duration of this experiment was limited to 3 days.

This timeframe was specifically chosen to examine the shift in M1/

M2 ratio at the point when M1 peaks in untreated wounds. However,

this early timepoint may not capture prominent changes in wound clo-

sure. Our analysis revealed no statistically significant differences in

wound re-epithelialization at day three between treated and control

wounds. However, we acknowledge the importance of long-term fol-

low-up, and in our future works, we plan to conduct experiments with

extended durations to further elucidate the effects of our bioelectro-

nic device on wound healing. Nonetheless, our findings offer valuable

insights into the potential roles of macrophages in response H+ treat-

ment and its therapeutic effects.

3 | CONCLUSION

We developed a pro-reparative bioelectronic device for controlled

delivery of therapeutic ions and biomolecules towards facilitating

wound healing. Our advanced, bioelectronic ion pump-based device

enables targeted delivery of therapeutic agents to the wound site.

The use of electrophoretic ion pumps and ion-selective hydrogels

allows for the flow-free delivery of specific ions such as H+ as well as

biomolecules like zolmitriptan. The successful delivery of these sub-

stances was validated through in vitro characterisation. Further, the

in vivo studies conducted in a mouse model demonstrated

the device's potential in wound healing, as shown through the

decreased M1/M2 macrophage ratio observed with proton delivery.

This bioelectronic device holds promise for addressing the com-

plex physiological changes that occur during wound healing. By deliv-

ering therapeutic treatment in a targeted manner, the device has the

potential to decrease inflammation and stimulate tissue regeneration,

thereby enhancing the healing process. The incorporation of two

source reservoirs in each device facilitates future use of this device

for simultaneous delivery of different ions or drugs. Further optimiza-

tion and development of this device, including exploring additional

ions and biomolecules, could lead to innovative timing-based strate-

gies for wound healing and contribute to improved patient outcomes.

Though implementation of closed-loop control would account for

performance variability in our devices, we acknowledge that the size

of the IEM and solution reservoirs would need to be increased to

reach significantly higher dosages on larger wounds. Other potential

issues with scaling up the device for human therapies may arise due

to differences in skin anatomy between mice and humans. It is possi-

ble that the effectiveness of the device will be limited by differences

in skin thickness and sweat gland density. Additionally, differences in

skin sensitivity could lead to irritation and discomfort when using the

device. Therefore, the size of the device, the concentration of thera-

peutic agents delivered, and the overall effectiveness may need to be

adjusted to accommodate the larger and structurally distinct human

skin. However, the principles of ion and therapeutic delivery demon-

strated in the study could still apply to human therapies, though fur-

ther research and device refinement would be necessary to ensure

efficacy and safety in a human context. Considering this, the integra-

tion of bioelectronics with wound healing processes represents a

promising avenue for future research and the development of

advanced therapeutic approaches.

4 | METHODS

4.1 | Hydrogel capillary fibres fabrication

We have reported the fabrication process for hydrogel capillary fibres

in previous work.52 The hydrogel precursor solution comprises 2-acry-

lamido-2-methyl-1-propanesulfonic acid (AMPSA) (1 g,ᴍ), polyethylene

glycol diacrylate (PEGDA) (1071.41 μL, 0.4 ᴍ), and photoinitiator

(I2959) (0.05 g, 0.05 ᴍ). We first treat a glass capillary fibre (ID 100 μm,

OD 375 μm, 10-cm long) with NaOH etching and silane A174 to pro-

mote covalent bonding between the hydrogel and glass fibre interior.

After injecting the hydrogel precursor solution into the fibre, UV cross-

linking occurs for five minutes at 8 mW/cm2. We then cut the capillary

fibres into 5-mm pieces and store the fibres in solution for several

hours before ionic conductivity measurement and device integration.

4.2 | Ionic conductivity measurement

When measuring ionic conductivity of the hydrogel capillaries outside

the device, we use PDMS wells to separate two electrolyte solutions,

each interfacing with an electrode. One 5-mm hydrogel capillary con-

nects across both solutions. We then use an Autolab potentiostat

PGSTAT128N with analytic software Nova 2.0 to supply a voltage

across the electrodes and measure the resultant current. Measure-

ment of device current entails a similar process using the electrodes

inside the device.

4.3 | Fluorescence probes

For detection of H+ concentration, we used real-time imaging on a

fluorescence microscope (Keyence BZ-X710) with fluorescence

probes. We achieved pH detection with the fluorescent probe 5-(and-

6)-Carboxy SNARF™-1 (C1270, Invitrogen™), which exhibits a
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λexcitation between 488 and 530 nm and a dual λemission at 580 nm and

640 nm. The ratio of the fluorescence intensities at both wavelengths

factors into pH determination. The concentration of SNARF in the tar-

get was 50 μM in 0.1 M tris buffer. All fluorescence images were ana-

lysed using ImageJ.

4.4 | M1/M2 immunohistochemical (IHC) staining

At the conclusion of each experiment, mice were euthanized and their

wounds were excised. Wound tissues were fixed in a 4% paraformal-

dehyde solution for 24 h. Subsequently, the fixed tissues underwent

processing in a Tissue-Tek VIP 6 processor (Sakura Finetek, Torrance,

CA) and were embedded in paraffin wax blocks. To facilitate analysis,

the tissues were then sectioned into 5-μm thick slices and mounted

onto glass slides. For macrophage identification, wound tissue slices

underwent antigen retrieval treatment and were subsequently

blocked for 2 h using 10% Donkey Serum (Thermo Fisher). Following

that, the samples were incubated overnight with primary antibodies

targeting specific markers: F4/80 (dilution 1:50; MCA497G, BIO-

RAD, Hercules, CA), iNOS (dilution 1:200; PA3-030A, Thermo Fisher

Scientific), and CD206 (dilution 1:200; PA5-46994, Thermo

Fisher Scientific). Alexa Fluor-conjugated secondary antibodies (Don-

key Anti rat-AlexaFluor 488, Donkey Anti rabbit-AlexaFluor 647, Don-

key Anti goat-AlexaFluor 568, dilution 1:200, Thermo Fisher

Scientific) were used for subsequent staining, followed by counter-

staining with DAPI. To preserve the samples, an anti-fade mountant

(SlowFade Mountant; S36936, Thermo Fisher Scientific) was applied,

and imaging was performed using a high-resolution microscope (BZ-

X800, KEYENCE, Itasca, IL). For each sample, five randomly selected

fields at the wound centre were imaged, which was determined by

the absence of epidermal structures, which were confirmed by parallel

Haematoxylin and Eosin (H&E) staining of consecutive sections. The

acquired images were subjected to processing using ImageJ and Cell-

Profiler 4.2 software for semi-quantitative analysis. The numbers of

macrophage subtypes were manually counted based on double-posi-

tive staining through blind counting for reducing statistical bias.
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58. Žuržul N, Ilseng A, Prot VE, Sveinsson HM, Skallerud BH, Stokke BT.

Donnan contribution and specific ion effects in swelling of cationic

hydrogels are additive: combined high-resolution experiments and

finite element modeling. Gels. 2020;6(3):31.

59. Yoon DJ, Nguyen C, Bagood MD, et al. Topical fluoxetine as a poten-

tial nonantibiotic adjunctive therapy for infected wounds. J Invest

Dermatol. 2021;141(6):1608-1612.e3.

60. Bennison L et al. The pH of wounds during healing and infection: a

descriptive literature review. Wound Pract Res. 2017;25:63.

61. Percival SL, McCarty S, Hunt JA, Woods EJ. The effects of pH on

wound healing, biofilms, and antimicrobial efficacy. Wound Repair

Regen. 2014;22(2):174-186.

10 ASEFIFEYZABADI ET AL.

 1524475x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/w

rr.13191 by U
niversity O

f C
alifornia - D

avis, W
iley O

nline L
ibrary on [05/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



62. Liu Y, Kalén A, Risto O, Wahlström O. Fibroblast proliferation due to

exposure to a platelet concentrate in vitro is pH dependent. Wound

Repair Regen. 2002;10(5):336-340.

63. Tai G, Tai M, Zhao M. Electrically stimulated cell migration and its

contribution to wound healing. Burns Trauma. 2018;6:20.

64. Krzyszczyk P, Schloss R, Palmer A, Berthiaume F. The role of macro-

phages in acute and chronic wound healing and interventions to pro-

mote pro-wound healing phenotypes. Front Physiol. 2018;9:419.

65. Lucas T, Waisman A, Ranjan R, et al. Differential roles of macrophages

in diverse phases of skin repair. J Immunol. 2010;184(7):3964-3977.

66. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage

activation. Nat Rev Immunol. 2008;8(12):958-969.

67. Li H et al. Programmable delivery of fluoxetine via wearable bioelectro-

nics for wound healing in vivo. Adv Mater Technol. 2024;9:2301115.

68. Aitcheson SM, Frentiu FD, Hurn SE, Edwards K, Murray RZ. Skin

wound healing: normal macrophage function and macrophage dys-

function in diabetic wounds. Molecules. 2021;26(16):4917.

69. Tavakoli S et al. Immunomodulation of skin repair: cell-based thera-

peutic strategies for skin replacement (a comprehensive review). Bio-

medicine. 2022;10(1):118.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Asefifeyzabadi N, Nguyen T, Li H,

et al. A pro-reparative bioelectronic device for controlled

delivery of ions and biomolecules. Wound Rep Reg. 2024;1‐11.

doi:10.1111/wrr.13191

ASEFIFEYZABADI ET AL. 11

 1524475x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/w

rr.13191 by U
niversity O

f C
alifornia - D

avis, W
iley O

nline L
ibrary on [05/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1111/wrr.13191

	A pro-reparative bioelectronic device for controlled delivery of ions and biomolecules
	1  INTRODUCTION
	2  RESULTS AND DISCUSSION
	3  CONCLUSION
	4  METHODS
	4.1  Hydrogel capillary fibres fabrication
	4.2  Ionic conductivity measurement
	4.3  Fluorescence probes
	4.4  M1/M2 immunohistochemical (IHC) staining

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES




