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Abstract

Aims: Effects of H2O2 producing electrochemical-bandages (e-bandages) on methicillin-resistant 

Staphylococcus aureus (MRSA) colonization and biofilm removal were assessed using a porcine 

explant biofilm model. Transport of H2O2 produced by the e-bandage into explant tissue and 

associated potential toxicity were evaluated.

Methods and Results: Viable prokaryotic cells from infected explants were quantified after 48 

h treatment with e-bandages in three ex vivo S. aureus infection models: 1) reducing colonization, 

2) removing young biofilms, and 3) removing mature biofilms. H2O2 concentration-depth profiles 

in explants/biofilms were measured using microelectrodes. Reductions in eukaryotic cell viability 

of polarized and non-polarized noninfected explants were compared. E-bandages effectively 

reduced S. aureus colonization (P=0.029) and reduced the viable prokaryotic cell concentrations 

of young biofilms (P=0.029) and had limited effect on mature biofilms (P>0.1). H2O2 penetrated 

biofilms and explants and reduced eukaryotic cell viability by 32–44% compared to non-polarized 

explants.

Conclusions: H2O2 producing e-bandages were most efficacious when used to reduce 

colonization and remove young biofilms rather than to remove mature biofilms.
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Significance and Impact of Study: The described e-bandages reduced S. aureus colonization 

and young S. aureus biofilms in a porcine explant wound model, supporting their further 

development as an antibiotic-free alternative for managing biofilm infections.
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Introduction

A 2018 retrospective analysis estimated around 8.2 million people suffered from chronic 

wounds in the United States (Sen 2019). A wound that has not progressed through the 

normal healing stages is categorized as chronic and is often plagued with repeated infection 

(Sen 2019). Such wound infections are characteristically difficult to treat and often require 

antibiotic therapy and/or physical debridement. Chronic wound infections frequently harbor 

microorganisms in a biofilm form, in which an extracellular matrix is present, aiding in 

bacterial survival and tolerance to stresses. The structure and chemical microenvironment 

of a biofilm aid pathogen survival, delay wound healing, and hinder antibiotic treatment 

efficacy (Dowd et al. 2011; Percival et al. 2012; Metcalf and Bowler 2013). Biofilms 

have been found to tolerate 10–1000 times higher concentrations of many antibiotics than 

planktonic bacteria (Gupta et al. 2016; Uruen et al. 2021). Effective management of biofilms 

formed on wound surfaces could promote wound healing and prevent reinfection.

Antibiotics are a strategy for removing biofilms from infected wounds. However, 

extracellular polymeric substance (EPS) in biofilms restrict the activity of many antibiotics 

by limiting transport into the biofilm (Stewart 1996; Anderl et al. 2000), providing sites 

for interactions and absorption to biomolecules inside the EPS (Davenport et al. 2014), 

supporting cell-to-cell communication (Shrout et al. 2011), and contributing to intrinsic 

antibiotic tolerances (Høiby et al. 2011). As biofilms grow, maturity leads to coordinated 

quorum sensing and signaling pathways, exosome cell-to-cell communication (Valadi et 

al. 2007; Kowal et al. 2014), extracellular DNA (Devaraj et al. 2019), and increased cell 

numbers. Communication pathways allow cells to signal environmental changes and activate 

survival mechanisms. Therefore, it is expected that mature biofilms are more resistant to 

antibiotics or biocides.

Natural biocides are products of host immune response to infection and as such, 

wound healing (Hampton et al. 1998; Halliwell et al. 2000a). A common biocide 

is hydrogen peroxide (H2O2). The use of H2O2 in the treatment of wound biofilms 

is hampered by its short half-life, instability in wound beds, and toxicity to host 

tissue when used at high concentrations (>50 μmol L−1, depending on the exposure 

location) (Halliwell et al. 2000a). Our team is developing an electrochemical system for 

continuous generation of H2O2 for preventing and treating wound infections (Sultana 

et al. 2015; Raval et al. 2019; Raval et al. 2020). H2O2 is an oxidizing agent 

that causes membrane depolarization, oxidizes proteins, and inhibits enzyme activity, 

resulting in cell death (Finnegan et al. 2010). The electrochemical system continuously 
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generates H2O2 from partial reduction of dissolved oxygen through the reaction, 

O2 + 2H+ + 2e− H2O2 (ΔE0′ = + 85 mV Ag
AgCl

, pH7) generated at 0.085 VAg/AgCl (Allen 

J. Bard 2001; Sultana et al. 2015). An electrochemical scaffold (e-scaffold) prototype, 

which allowed facile study of electrochemical reactions, reduced in vitro biofilms and 

explant biofilms in liquid media (Sultana et al. 2015; Sultana et al. 2016; Raval et al. 

2019; Raval et al. 2020). Substition of a hydrogel for the liquid medium was used to 

transform e-scaffolds into electrochemical bandages (e-bandages) for direct application 

to wound surfaces. The e-bandage reduced in vitro biofilms of mono-, and dual-species 

microorganisms including methicillin-resistant S. aureus, multidrug-resistant A. baumannii, 
and yeast isolates (Mohamed et al. 2021; Raval et al. 2021b; Raval et al. 2022).

As a result of their low cost, high accessibility, and structural similarity to human dermis, 

porcine explants are utilized as a model for wound healing, assessing wound biofilms, and 

treatment efficacy (Sullivan et al. 2001). Ex vivo porcine models have been used to study 

bacteria-tissue interactions (Yang et al. 2013; Roberts et al. 2019), activity of antimicrobial 

agents (Lone et al. 2015; Phillips et al. 2015; Yang et al. 2017; Roberts et al. 2019; Roche 

et al. 2019), and cytotoxicity of treatments (Sultana et al. 2015). Here, porcine explants 

were used to study the efficacy, toxicity, and transport of H2O2 produced by e-bandages. 

Microbial colonization, alongside young and mature biofilm removal were tested.

Materials and Methods

H2O2 producing e-bandage

Construction and preparation of the H2O2 producing e-bandage was performed as previously 

described (Mohamed et al. 2021). The e-bandage is a three-electrode system consisting 

of a conductive carbon fabric (Zoltek, St. Louis, MO, Panex 30 PW-06) as the working 

and counter electrode, and an Ag/AgCl reference wire. H2O2 is produced as a result of 

oxygen reduction on the working electrode of the e-bandage. When the e-bandage was 

applied to biofilms, the working electrode always faced toward the biofilm. Titanium wires 

(TEMCo, Amazon.com, catalogue #RW0524) were connected to the working and counter 

electrodes using nylon sew snaps (Dritz, Spartanburg, SC, item #85). A Gamry Interface 

1000 potentiostat connected with a Gamry ECM8 electrochemical multiplexer (Gamry 

Instruments, Warminster, PA) was used to polarize the working electrode at −0.6 VAg/AgCl to 

generate H2O2. Before use, e-bandages were autoclaved (15 min at 121°C).

Chemicals, supplies, and bacteria

Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, #21063029) and 

100X antibiotic-antimycotic (10,000 units ml−1 penicillin, 10,000 μg ml−1 streptomycin, 

and 25 μg ml−1 amphotericin B, ThermoFisher, cat. no. 15240096), and tryptic soy broth 

(TSB, BD Ref. 211825) were used as purchased. Phosphate buffer saline (PBS) solution 

contained 0.01 mol L−1 Na2HPO4, 1.8 mmol L−1 KH2PO4, 0.137 mol L−1 NaCl, and 2.7 

mmol L−1 KCl and was autoclaved prior to use (15 min at 121°C). Hydrogel was prepared 

by dissolving 1.8 wt % sterile xanthan gum (Namaste Foods LLC, Coeur d’Alene, ID) 

in 500 ml of sterile PBS. Three types of tryptic soy agar (TSA, BD Ref. 236950) plates 

were used. 1.8 wt % TSA was used for CFU quantification before and after treatments, 
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1X antimcirobial agent (10 units ml−1 penicillin, 10 μg ml−1 streptomycin, and 0.025 μg 

ml−1 amphotericin B) TSA plates for cell viability measurements, and 0.1X antimicrobial 

agent (1 unit ml−1 penicillin, 1 μg ml−1 streptomycin, and 0.0025 μg ml−1 amphotericin 

B) TSA plates for infection experiments. 700 ml of 1.8 wt % TSA was autoclaved and 

allowed to cool to 45°C. 1X and 0.1X plates were prepared by adding 200 μl or 20 

μl of stock antimicrobial agent solution, respectively, to 20 ml of TSA and poured into 

individual Petri dishes. When not in use, TSA plates were stored at 4°C. A clinical isolate of 

methicillin-resistant S. aureus (IDRL-6169) was used for all experiments.

E-bandage assessments

E-bandages were tested to assess efficacy, toxicity, and transport of H2O2 into explants 

(Figure 1). Three S. aureus infection models were used—colonization, and young and 

mature biofilms—to quantify antimicrobial effects and noninfected explants used to study 

toxicity. All treatment durations were 48 h and all experiments included polarized, non-

polarized e-bandages and no e-bandage. For infection colonization experiments, explants 

were inoculated with S aureus and treatment started right away. Young biofilms were 

allowed to establish for 24h before starting treatment, and mature biofilms were allowed 

to establish for three days before starting treatment. Eukaryotic cell toxicity was assessed 

absent infection.

Explant agar biofilm model

The experimental procedure is summarized in Figure 1. Infected and noninfected models 

of porcine explants began with surgically scrubbing (Fig 1.1) and shaving off hair from a 

fresh pig ear (Fig 1.2). The outer edge of the ear was cut off with a sterile scalpel (Fig 1.3) 

and the epidermis layer removed with a sterile Padgett’s dermatome (Nouvag TCM 3000) 

(Fig 1.4). A 500-μm slice of the dermis was cut. Then, a 5-mm biopsy punch (Robbins 

Instruments Part No. RBP-50) was used to punch 5-mm sections of the tissue (Fig 1.5). For 

the noninfected model (Fig 1.6A), a 5-mm explant was placed onto a 13-mm polycarbonate 

membrane (Cytivia Life Sciennces, 10417001) on a 1X antimicrobial agent TSA plate (Fig 

1.7A). One hundred μl of hydrogel was added to the explant. Then the e-bandage was 

soaked in PBS and 100 μl of hydrogel added inside the e-bandage. The e-bandage was 

placed on the noninfected explant, and 100 μl of hydrogel added on top of the e-bandage 

(Fig 1.8A). The e-bandage was covered with Tegaderm™ (3M, 16002) and connected to 

a potentiostat to operate the e-bandage, and (Fig 1.9A) finally a PrestoBlue cell viability 

assay (ThermoFisher, cat. no. A13261) was performed after treatment. For the infected 

model (Fig 1.6B) a 5-mm explant was placed onto a 13-mm polycarbonate membrane on 

a 0.1X antimicrobial agent TSA plate and inoculated with bacterial (Fig 1.7B) and 100 μl 

of hydrogel was added on top of the infected explant. The e-bandage was soaked in PBS, 

100 μl of hydrogel added to the inside layers of the e-bandage, the e-bandage placed on 

top of the infected explant, and 100 μl of hydrogel added on top of the e-bandage. (8B) 

The e-bandage was covered with Tegaderm™ and connected to a potentiostat to operate 

the e-bandage, and finally (9B) quantification of biofilm was done by serial dilution after 

treatment. The detailed protocol can be found in SI Section 3 (Detailed Explant Preparation 

Protocol).
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Porcine explant preparation

Porcine explant preparation was modified from previous explant models to accommodate an 

agar model (Zmuda et al. 2020). Ear tissue was harvested from fresh pigs (same day) from 

local butchers, immediately cooled to 4°C and transported to the laboratory for processing. 

The ears were scrubbed with a single-use sponge and 10% detergent under cold water (Fig 

1.1). Next, the hair was removed using an electric razor and the ears rinsed with cold 

water. The ears were then scrubbed with betadine soap for 10 min using gauze sponges 

and sprayed with 70% ethanol. The ears were then placed on UV-sterilized aluminum foil 

in a biosafety cabinet and cleaned again using betadine solution and sterile gauze sponges 

for 5 min. Betadine was removed using 70% ethanol-soaked gauze sponges. This step was 

continued until the gauze sponges could be wiped across the surface with no discoloration 

of the sponge. The outer rim of the ear was then removed using a single-use sterile razor 

blade and cut into 3 or 4 pieces (Fig 1.2). The epidermis was removed using a dermatome 

set to 500 μm and discarded (Fig 1.1–3). A 500-μm layer of the dermis was removed using 

the dermatome for a 500-μm-thick tissue (Fig 1.1 – 4). The tissue was placed in sterile 

DMEM in a Petri dish. The 500-μm dermis tissue was then punched with a 5-mm sterile 

biopsy punch (Fig 1.1–5). A UV-sterilized 13-mm, 0.2-μm pore-size membrane was placed 

on a 1X antimicrobial agent TSA plate (cell viability) or 0.1X antimicrobial agent TSA plate 

(infection models) and the 5-mm porcine punch positioned in the center of the membrane. 

The infected and noninfected explants were maintained in an incubator with 5% CO2, 95% 

air, and 95% relative humidity at 37°C.

Cell viability of porcine explants

For cell viability measurements, porcine explants were placed onto 13-mm, 0.2-μm pore-size 

membranes on 1X antimicrobial agent TSA plates and treated with e-bandages identically to 

the infected models, but without bacteria (Fig 1.6A – 9A). Titanium wires of the working 

and counter electrode and the external Ag/AgCl wire were secured around the edges of Petri 

dishes with tape. Tegaderm™ was used to secure the position of the e-bandage on top of 

the explant (Fig 1.7A and 8A). The lid was placed on the Petri dishes and secured with 

parafilm. Following treatment, explants were transferred to a 96-well plate with 180 μl of 

DMEM and 20 μl of PrestoBlue cell viability assay (Thermo Fisher, A13262). Explants 

were incubated for 3 h at 37°C in an incubator with 5% CO2, 95% air, and 95% humidity, 

and the fluorescence measured by excitation at 535 and emission at 590 nm (Fig 1.9A, 

Cytation5 imaging reader, BioTek). Explant viability was normalized to initial cell viability 

(i.e., before treatment) and cell viability reductions by polarized e-bandages calculated 

as described in SI Section 1 (equations for normalized cell viability and cell viability 

reduction).

Staphylococcus aureus ex vivo infection model

Three models were tested for efficacy of the e-bandage on S. aureus: colonization, and 

young and mature biofilms. Frozen stock cultures were used to grow generation 2 plates 

from generation 1 streak colonies on blood agar for 24 h (Trypticase™ Soy Agar II with 

5% sheep blood, BD™ Cat. No. 254087). A single colony of the freshly streaked bacteria 

on sheep blood agar was suspended in 5 ml of TSB and incubated for 2 to 2.5 h at 37°C 
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to achieve 7.8 ± 0.2 log10 CFU ml−1 (0.5 McFarland). For the colonization model, 10 

μl of 0.5 McFarland S. aureus was used to inoculate fresh explants (immediately after 

processing), and the e-bandages were placed and polarized 10 min later (Fig 1.6B). For the 

colonization model, an air incubator at 37°C was used because S. aureus did not grow on the 

no e-bandage or non-polarized infected explants at room temperature; all other treatments 

were done at room temperature. Two biofilm types were tested: young and mature. For 

young biofilm model, 10 μl of 0.5 McFarland S. aureus was used to inoculate fresh explants 

and allowed to grow for 24 h. For mature biofilms, explants were inoculated with 10 or 2.5 

μl of 0.5 McFarland S. aureus and grown on 0.1X TSA explants for 3 days in an incubator 

with 5% CO2, 95% air, and 95% humidity at 37°C. Every 24 h, explants were transferred 

to fresh 0.1X TSA plates. E-bandages were prepared and positioned identically to those of 

the noninfected model (Fig 1.7B and 8B). After treatment, e-bandages were rinsed with 5 ml 

of PBS; PBS was combined with the infected explants and membranes and vortexed for 30 

s. Then, the combined solution was sonicated in a water bath for 5 min and vortexed again 

for 30 s. Finally, the combined solution was centrifuged for 10 min at 5000 rpm (3490Xg), 

the supernatant discarded, and the bacterial cell pellet resuspended in 1 ml of fresh PBS. 

The resuspension was serially ten-fold diluted in PBS and spread onto TSA plates for CFU 

quantification (Fig 1.9B). Individual colonies on the TSA plates were quantified after 24 h 

of growth.

H2O2 concentration depth profiles in porcine explants

H2O2 microelectrodes were constructed similarly to those in previous work (Lewandowski 

and Beyenal 2013). Briefly, an etched 50-μm platinum wire (California Fine Wire Company 

Pure TC grade) was sealed inside a glass capillary (Corning 8161) using a healing coil. The 

tip of the sealed platinum wire was exposed and electroplated with platinum to form a 20–30 

μm ball. The microelectrodes were then dipped in a cellulose acetate membrane and dried 

for 24 h. To measure H2O2 concentrations, the microelectrode was polarized at 0.8VAg/AgCl 

relative to an external leakless Ag/AgCl reference electrode (similar to EDAQ ET072–1). 

Before and after each profile, the microelectrode was calibrated using a stock solution of 

H2O2 aliquoted into PBS from 0 to 500 μmol L-1. The calibration solution was stirred 

constantly. The sensitivity and limit of detection of the microelectrode were 0.01 nA μmol−1 

L and 14 μmol L−1, respectively. The surface of the explant/biofilm was determined using 

a Zeiss Stemi 2000 stereomicroscope (Carl Zeiss Microscopy, Northwood, NY, USA) and 

a computer-controlled stepper motor (Physik Instrumente, part no. M230101SX) controlled 

by a LABVIEW script. This was used to move the microelectrode in 25-μm increments 

from 200 μm above the explant to 300 μm below the explant/biofilm surface. A G300 

Gamry potentiostat was used to measure the current response of the microelectrode (Gamry 

Instruments, Warminster, PA, USA).

Immediately after an e-bandage was removed from a 48 h non-polarized or polarized explant 

(infected or noninfected), the microelectrode was positioned at the surface of the explant 

using a stereomicroscope. The microelectrode tip was retracted by 3 mm from the surface, 

and 100 μl of hydrogel added on top of the explant. The microelectrode tip was repositioned 

200 μm above the surface and polarized for 3 min to measure background current.
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Scanning electron microscope imaging of porcine explants

Immediately following treatment, explants were placed in 2% paraformaldehyde/2% 

glutaraldehyde in 0.1 M phosphate buffer and stored overnight at 4°C. To rinse the 

fixing solution, the explants were washed with 0.1 M phosphate buffer twice for 15 min 

at room temperature. Explants were dehydrated by single 15-min ethanol treatments at 

concentrations of 10%, 30%, 50%, 70%, and 90% followed by two 15-min treatments 

at 100%. Finally, explants were critical point dried (Samdri-PVT 3B) then placed onto 

stubs and gold sputter-coated (Sputter Coater Technics Hummer V – Gold). A scanning 

electron microscope FEI Apreo and an FEI Quanta 200F microscope were used to image the 

explants.

Statistical analysis

A two-sided Wilcoxon rank sum test was used to assess statistical differences between 

treatments; experiments with a P value less than 0.1 were considered significant. Due 

to supply limitations for pig ears, some experiments were only replicated three times. 

Standard deviations and means along with individual data points are presented in the figures. 

Triplicate experiments were performed on different days.

Results

E-bandages prevent S. aureus biofilm formation on explant

During the 48 h polarized treatment time, the no e-bandage and non-polarized control 

explant models grew to 9.4 ±0.3 log10 CFU cm−2 and 8.6 ±1.0 log10 CFU cm−2, respectively 

(Fig 2). The polarized e-bandage biofilms had an average of 5.6 ±2.5 log10 CFU cm−2 

(reduction of 3.0 ±2.3 log10 CFU cm−2), a significant reduction compared to non-polarized 

e-bandage treatment (P = 0.029).

E-bandages reduce S. aureus cell numbers in young explant biofilms

Young biofilms reached a cell density of 7.2 ±0.3 log10 CFU cm−2 at treatment initiation. 

After treatment, explant biofilms with no e-bandages had a mean cell density of 8.8 ±0.4 

log10 CFU cm−2, while non-polarized controls had a mean cell density of 7.9 ±0.3 log10 

CFU cm−2 (Fig 3). In contrast, after polarized e-bandage treatment, the biofilm cell density 

was only 2.6 ±2.2 log10 CFU cm−2 (a reduction of 5.4 ±2.0 log10 CFU cm−2); a statistically 

significant reduction (P=0.029) compared to non-polarized e-bandages.

E-bandages had limited efficacy against mature S. aureus biofilms

No e-bandage, non-polarized and polarized explant biofilms reached cell densities of 8.9 

±0.7, 9.7 ±0.5 and 8.9 ±0.7 log10 CFU cm−2, respectively following treatment in the 10 μl 

inoculum group (Fig 4A). The cell counts in the 10 μl inoculum mature S. aureus explant 

biofilms treated with polarized e-bandages were no different than those of controls (P>0.1). 

In contrast, in the 2.5 μl inoculum group cell densities reached 8.6 ±0.4, 9.8 ±0.2 and 9.1 

±0.3 log10 CFU cm−2 for no e-bandage, non-polarized and polarized e-bandage biofilms, 

respectively (Fig 4B); in this group, mature S. aureus explant biofilms were reduced by 0.7 

±0.2 log10 CFU cm−2 by polarized treatment (P=0.029).
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Scanning electron microscopy imaging of infected and noninfected explants

Electron microscopy images of noninfected and infected explants with no e-bandages, 

non-polarized e-bandages, and polarized e-bandages are shown in SI Section 2. Electron 

microscopy images of the no e-bandage noninfected (Fig S1A and S2A) and infected 

(Fig S3A and S4A) explants showed well-defined dermis fibers. Sphere-shaped S. aureus 
cells were observed on the surface of infected explants. The 0-day infected explants were 

sparingly covered with S. aureus cells while the 3-day explants had greater coverage of 

the surface. With non-polarized e-bandage explants (Fig S1B, S2B, S3B, S4B), the dermis 

fibers were still well defined and additional structures were observed on the tissue surface, 

likely dried hydrogel remnants. Unlike tissues not exposed to e-bandages or exposed to 

non-polarized explants, tissues exposed to polarized e-bandage noninfected (Fig S1C and 

S2C) and infected (Fig S3C and S4C) showed morphological changes. The fibers appeared 

to be damaged and crushed together and, in some locations, a crust was observed on the 

tissue. When comparing S. aureus cells not exposed to an e-bandage or or exposed to 

non-polarized e-bandages, tissue exposed to polarized e-bandages had cells that appeared to 

rest on the surface of the tissue rather than weaving through the fibers. No morphological 

changes in S. aureus cells were observed after polarized treatment.

H2O2 concentration profiles

H2O2 was not measurable in explants immediately after processing or in non-polarized 

explants (Fig 5A and B), whether infected or noninfected. For infected explants, H2O2 

was measured in hydrogel to a concentration of ~150 μmol L−1 (Fig 5A). After polarized 

e-bandage treatment, H2O2 was measurable inside both S. aureus infected and noninfected 

explant tissue to at least 300 μm below the surface. H2O2 was measured in the concentration 

range of 120–250 μmol L−1 in hydrogel and tissue of infected explants. In the noninfected 

but polarized group, H2O2 was detected in the hydrogel and explant tissue between 150 

and 275 μmol L−1 (Fig 5B). For both infected and noninfected explant profiles, the H2O2 

concentration decreased as the microelectrode tip moved further into the tissue.

Eukaryotic Cell Viability

There was no statistical difference between the viability of 0-day explants exposed to no 

e-bandages and non-polarized e-bandages (P>0.1). There was a 44% average reduction in 

normalized cell viability between 0-day explants exposed to polarized and non-polarized e-

bandages, but the difference that was not statistically significant (P>0.1) (Fig 6A). Viability 

of 3-day explants exposed to polarized e-bandages decreased by 32% compared to non-

polarized explant (P=0.001) (Fig 6B).

Discussion

Biofilm infections are difficult to treat using systemic and topical administration of 

antibiotics because of the rise of antibiotic-resistant microorganisms and because of biofilm-

specific antibiotic tolerance. The in situ electrochemical generation of biocides such as 

H2O2 is a potential approach for managing wound biofilm infections. Two devices have 

been developed based on an electrochemical H2O2 concept: e-scaffolds were developed 

to assess activity against biofilms grown in liquid growth media, and then e-bandages 
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were developed to treat agar membrane (and eventually wound) biofilms. The e-scaffold 

demonstrated anti-biofilm efficacy against mono-, dual-, and tri-species bacterial and fungal 

biofilms, without significant toxicity to host tissue in an ex vivo porcine explant model 

(Sultana et al. 2015; Sultana et al. 2016; Raval et al. 2019; Raval et al. 2020; Raval et 

al. 2021a). In addition, it was demonstrated that H2O2 generation by the electrode was the 

dominant mechanism of action (Sultana et al. 2015). With the e-bandage, an agar membrane 

biofilm model was used to simulate physical properties of the wound bed and validate the 

technology prior to animal testing. Polarized e-bandages were shown to be active against 

mono- and dual-species bacterial and yeast biofilms (Raval et al. 2021b; Raval et al. 2022). 

In this work, validation was extented to assessment of e-bandages against ex vivo biofilms 

grown on porcine explants.

Porcine explant models were used because of the structural similarity of pig to human 

skin and cost-effectiveness of the materials (Sullivan et al. 2001). The use of porcine 

explant models for initial assessment of efficacy and toxicity of potential antibacterial agents 

has been reported previously. For example, agar explant models were designed to assess 

toxicity and efficacy of multiple wound cleansers (Roche et al. 2019; McMahon et al. 

2020). A similar model was adopted in this work to test the efficacy and toxicity of the e-

bandage. The concentration of agar was increased and the concentration of antibiotics varied 

to address specific requirements. Increasing the agar concentration provided a stronger 

platform for physically supporting e-bandages. Using full strength antibiotic (1X) prevented 

noninfected explants from being contaminated before e-bandage treatment, while 0.1X 

antibiotic was suitable for allowing biofilms to grow on explants but keeping the biofilm 

within the boundary of the polycarbonate membrane. Cleaning of porcine tissue during 

processing was also modified from previous literature. Tissue has often been sterilized with 

chlorine gas before being infected with bacteria, but it was found that a surgical cleaning 

procedure with betadine and ethanol was adequate to prevent contamination with other 

pathogens (Yang et al. 2013; Phillips et al. 2015; Roche et al. 2019). In the end, a modified 

explant biofilm model was used to assess e-bandage antimicrobial activity and toxicity, and 

transport of H2O2 into explant tissue.

As all ex vivo models are limited by tissue viability being controlled by external conditions, 

such as the temperature, humidity, and suspension medium, the modified explant biofilm 

model was likely more susceptible to external stresses than actual wounds. Natural biocides 

that are produced during an immune response to infection are not generated in ex vivo 
models (Halliwell et al. 2000a). Lack of immune response means that any prevention of 

infection or biofilm removal in the evaluated system was a result of the H2O2 produced 

by the e-bandage. The effect on colonization of the e-bandage was studied for the first 

time with promising results. The e-bandage prevented S. aureus colonization of explants 

(Fig 2), and was active against established young S. aureus biofilms (Fig 3). S. aureus is 

most susceptible to treatment during the first 24 h when it is developing a biofilm (Alves 

et al. 2018). The e-bandage removed 5.4 log10 CFU cm−2 of a young S. aureus biofilm 

cells. Mature biofilms were more refractory to treatment, as expected, likely because of the 

complex interaction between S. aureus and the explant. As biofilms mature, EPS content 

increases, cell numbers increase, and the biofilm becomes more resilant against external 

challenges. The activity of H2O2 was studied on biofilm and planktonic phenotypes of 27 
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isolates of eight bacterial species (Raval et al. 2021a). H2O2-generating e-scaffolds had 

reduced activity against biofilms compared to their activity against planktonic cells. A 

possible reason for lower efficacy against mature compared to young biofilms, is that after 

3 days, S. aureus cells are found hundreds of micrometers below the tissue surface (Yang et 

al. 2013). Another study found that S. aureus cells burrowed several hundred micrometers 

into tissue and mucosa (Cantero et al. 2013; Nakatsuji et al. 2016). Although penetration of 

S. aureus cells into the dermis was not observed in all explant experiments, the action of 

burrowing into tissue may be a reason that mature biofilms were less affected by e-bandages 

than young biofilms (Lone et al. 2015). Another reason for the reduced efficacy could be 

nonspecific reactions between H2O2, the EPS, or its components. For example, H2O2 was 

found to degrade natural polysaccharides (Ofoedu et al. 2021). EPS is comprised of many 

other components including dead cells, proteins, and extracellular DNA (Stewart 1996; 

Denkhaus et al. 2007). In the absence of antibiotic therapies, the e-bandage facilitated a 

limited reduction of mature biofilms (Fig 4). The efficacy of the e-bandage could be due to 

transport of H2O2 into the tissue during treatment.

Several methods for measuring transport of H2O2 through tissue have been described. 

Nanosensors were used to detect H2O2 in ex vivo cells by extrapolating the reaction of H2O2 

with Prussian white forming Prussian blue (Marquitan et al. 2016). H2O2 transport was 

also measured using the reaction of Prussian white to blue to image the explant surface 

(Jankovskaja et al. 2020). A synthesized H2O2-response analog for electrochemically 

monitoring H2O2 permeation through tissue was tested (Yik-Sham Chung et al. 2018). Other 

electrochemical techniques, such as microelectrodes, can be used to measure concentration 

profiles in explant experiments and biofilms. Microelectrode profiles for measuring changes 

in pH and dissolved oxygen concentrations were conducted on uninfected and S. aureus 
infected explant tissue several hundreds of microns below the surface (Lone et al. 2015). 

H2O2 concentration profiles have also been measured using microelectrodes in P. aeruginosa 
biofilms (Stewart et al. 2000). The generation of H2O2 by the e-bandage was verified under 

abiotic conditions using microelectrodes (Mohamed et al. 2021). The concentration of H2O2 

increased as polarizing time increased, reaching local concentrations up to 320 μmol L-1. In 

this work, microelectrodes were used to measure H2O2 directly above and below the surface 

of explants and explant biofilms (Fig 5).

Two important observations were made based on the H2O2 profiles. First, H2O2 was 

measured in fresh hydrogel added atop the explant after the e-bandage was removed and 

prior to H2O2 measurement. This indicates that H2O2 likely diffused from the explant 

itself following removal of the e-bandage, which shows that H2O2 was not bound to 

tissue biomolecules. Second, H2O2 concentration in the tissue was highest at the hydrogel-

explant or hydrogel-biofilm surface (Fig 5). H2O2 generated by e-bandages diffuses 

towards the explant surface and is then transported into tissue. As the H2O2 permeates 

throughout the tissue, the concentration decreases. The decrease in concentration may be 

a result of hindered transport into tissue because of nonspecific reactions. Higher H2O2 

concentrations in noninfected explants could be explained by reduced consumption of 

H2O2 due to reactions with biofilm cells, EPS and H2O2-degrading enzymes. H2O2 is 

expected to be consumed as biofilm is removed from the infected explant. It is expected that 

electrochemical H2O2 generation will decrease pH. However, the hydrogel contains a buffer 
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which is expected to limit pH changes (until buffering capacity is depleted). If a pH change 

happens, it will vary by distance from the electrode surface. It has been shown that pH in 

MRSA infected tissue drops from 7 to 5. This indicates MRSA biofilm cause a pH decrease 

on the tissue and MRSA can survive at low pH (Wang et al. 2015). In addition, previously, 

we reported pH changes near working electrode surface measured using a microelectrode 

and found no significant pH change (Sultana et al. 2015). Lastly, we measured average pH 

of the hydrogel after 48 hours using a pH paper and it was between 5 and 6.

H2O2 transport into the explant is expected to affect biofilm removal and tissue viability. 

A review of effects of H2O2 on the human body found that toxicity can occur at as little 

as 50 μmol L−1, depending on exposure time and location (Halliwell et al. 2000a; Gülden 

et al. 2010). During the natural immune response, H2O2 is formed from reactive oxygen 

species and targets bacteria and mammalian cells alike (Halliwell et al. 2000a; Halliwell et 

al. 2000b). H2O2 may contribute to loosening and rupture of tissue fibers, resulting in what 

appeared to be a crust over the surface of the explants (SI Section 2) (Liu et al. 2014). A 

reduction in viability in the ex vivo porcine explant biofilm model was observed (Fig 6). An 

important limitation is that ex vivo tissue cannot regenerate or protect cells from oxidative 

stress. Cells are equipped with enzymes such as catalase, glutathione peroxidase, superoxide 

dismutase and thioredoxin-linked systems to eliminate H2O2 and prevent formation of 

reactive oxygen radicals (OH˙) (Mahaseth and Kuzminov 2017). In animal models and 

clinical applications, where the tissue has multiple methods of eliminating H2O2, such 

as using enzymes to prevent formation of OH˙ and using myeloperoxidase to produce 

other antimicrobial oxidants, cell viability is expected to be less affected by the e-bandage 

(Halliwell et al. 2000b; Paumann-Page et al. 2013). Both chemical oxidants and some 

metabolic products from infections can result in apoptosis and damage to the surrounding 

tissue of a wound.

A limitation of the ex vivo model was the inability to study the impact of the e-bandage 

on wound healing. Infections are a critical factor impairing wound healing (Guo and 

Dipietro 2010). Infections alter the balance of inflammation, compete for oxygen, and 

inhibit the inflammatory phase of wound healing, preventing epithelialization (Armstrong 

2021). Documented causes of S. aureus causing apoptosis in human tissue and epithelial 

cells through virulence factor producion support the idea that infections slow or inhibit 

wound healing. (Haslinger-Löffler et al. 2005; Nakatsuji et al. 2016). S. aureus infections 

also cause alkaline pH and decreased oxygen concentrations at wound surfaces (Lone et al. 

2015). Therefore, e-bandage treatment may result in improved wound healing rates due to 

the removal/reduction of S. aureus biofilms.

The results of the ex vivo porcine explant biofilm model presented here support that H2O2-

producing e-bandages slowed down S. aureus biofilm colonization and reduced young S. 
aureus biofilms. E-bandage efficacy against mature biofilms was limited. H2O2 was shown 

to penetrate both noninfected and infected explants and e-bandages were shown to reduce 

eukaryotic cell viability to some extent. Future studies will focus on evaluating the efficacy 

of the e-bandage in in vivo models.
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Figure 1. 
Schematic of porcine explant preparation (1–5), noninfected model (6A–9A), and infected 

model experiments (6B–9B), e-bandage applications and treatment (7A, 8A, 7B, 8B), 

colony-forming unit quantification (9B), and Prestoblue cell viability assay (9A). Images 

prepared using BioRender©.
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Figure 2. 
Effect of the e-bandage on porcine explant colonization by S. aureus. Treatment started 

immediately following explant inoculation with S. aureus. Data points represent individual 

replicates (circles), averages (horizontal lines) and standard deviations of treatment 

conditions. Statistical significance is indicated by a star (n = 4).
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Figure 3. 
Colony-forming units of S. aureus biofilms grown on porcine explants after treatment with 

the e-bandage for biofilm removal of young biofilms. Treatment started 24 h after explant 

inoculation with S. aureus. Data points represent individual replicates (circles), averages 

(horizontal lines) and standard deviations of treatment conditions. Statistical significance is 

indicated by a star (n = 4).
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Figure 4. 
Colony-forming units of S. aureus biofilms grown on pig ear explants after treatment with 

the e-bandages. Treatment started 3 days after explant inoculation with S. aureus inoculum 

of A) 10 μl and B) 2.5 μl. Data points represent individual replicates (circles), averages 

(horizontal lines) and standard deviations of treatment conditions. Statistical significance is 

indicated by a star (n ≥3).
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Figure 5. 
Depth profiles of the concentration of H2O2 generated by polarized e-bandages in explant 

tissue and overlying hydrogel: A) infected and B) noninfected explants.

▲ explant at baseline with no treatment; ● explant after exposure to non-polarized e-

bandage for 48 h; and ■ explant exposed to a polarized e-bandage for 48 h.
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Figure 6. 
Effect of e-bandage on cell viability of noninfected explants. Normalized cell viability of 

explants treated with no e-bandage, or non-polarized or polarized e-bandages at A) t = 0 and 

B) t = 3 days. Data points represent individual replicates (circles), averages (horizontal lines) 

and standard deviations of treatment conditions. Statistical significance is indicated by a star 

(n ≥3).
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