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Abstract

The activity of a hypochlorous acid-producing electrochemical bandage (e-bandage)
in preventing methicillin-resistant Staphylococcus aureus infection (MRSA) infection
and removing biofilms formed by MRSA was assessed using a porcine explant biofilm
model. e-Bandages inhibited S. aureus infection (p = 0.029) after 12 h (h) of exposure
and reduced 3-day biofilm viable cell counts after 6, 12, and 24 h exposures
(p =0.029). Needle-type microelectrodes were used to assess HOCI concentrations
in explant tissue as a result of e-bandage treatment; toxicity associated with
e-bandage treatment was evaluated. HOCI concentrations in infected and
uninfected explant tissue varied between 30 and 80 uM, decreasing with increasing
distance from the e-bandage. Eukaryotic cell viability was reduced by an average of
71% and 65% in fresh and day 3-old explants, respectively, when compared to
explants exposed to nonpolarized e-bandages. HOCI e-bandages are a promising
technology that can be further developed as an antibiotic-free treatment for wound

biofilm infections.
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hazards to the cells within (Davenport et al., 2014; Lewandowski &
Beyenal, 2013). Biofilms are associated with chronic wounds, such as

An estimated 2% of the United States population struggles with
chronic wounds, a significant burden for affected patients and an
over $50 billion per year cost to the healthcare system (Driver
et al., 2010; Sen et al., 2009). The presence of pathogenic biofilms in
the wound-beds hinders the normal process of wound recovery
(Metcalf & Bowler, 2013; Rhoads et al., 2012; Sen, 2019). Biofilms
are aggregates of microorganisms that express extracellular poly-

meric substance (EPS) which acts as a protective barrier against

nonhealing surgical and traumatic wounds, diabetic foot ulcers,
venous leg ulcers, and pressure ulcers (Dowd et al., 2008). Micro-
organisms within biofilms alter the wound bed environment by
secreting toxins and/or enzymes, creating alkaline conditions, or
reducing oxygen concentration in the wound bed (Chaney et al., 2017;
Lone et al., 2015; Nakatsuji et al., 2016). Biofilms also tolerate several
fold-increased concentrations of antibiotics compared to planktonic
bacteria (Nadell et al., 2009; Uruén et al., 2021). Chronic biofilms
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causing wound infections pose a significant challenge to human
health; therefore, development of technologies to remove existing
biofilms or prevent biofilm formation is desirable.

Staphylococcus aureus is a common pathogen in wound biofilms.
Particularly, methicillin-resistant S. aureus (MRSA) is concerning as it
is more challenging to treat than is its methicillin-susceptible
counterpart (Hiramatsu et al., 1997; Koch et al, 2014; Walsh &
Wencewicz, 2016). S. aureus utilizes multiple mechanisms to survive
antibiotics and the immune system response by invading phagocytes
such neutrophils (Bien et al., 2011) or by burrowing into the dermis
(Chaney et al., 2017; Sayedyahossein et al., 2015). S. aureus infections
in patients who have reduced immune and inflammatory responses
due to factors such as chemotherapy, diabetes, or cystic fibrosis may
be even more challenging to treat (Gupta et al., 2016; Hgiby
et al., 2011).

Hypochlorous acid (HOCI), a common biocide, is active against
MRSA (Raval et al, 2021; Ulfig & Leichert, 2021). Theoretically,
wound dressings that deliver sustained low HOCI concentrations
could be developed as an antibiotic-free treatment approach to
manage MRSA biofilm infections. However, there has not been a
good system available to deliver HOCI continuously. Accordingly, we
developed HOCI-generating electrochemical scaffolds which produce
controlled low concentrations of HOCI and demonstrated their
activity in in vitro biofilm models (Flurin et al, 2021; Kiamco
et al., 2019; Raval et al., 2021; Zmuda et al., 2020); however, those
devices needed to be submerged in liquid to work, an untenable
configuration for treating wound biofilms. To overcome this limita-
tion, we recently described an electrochemical bandage (e-bandage)
that allows sustained delivery of electrochemically-generated HOCI
(Mohamed et al, 2021). e-Bandages use a xanthan-gum-based
hydrogel to provide electrolytic conductivity between the electrodes,
rather than requiring submersion in liquid. HOCI is generated
electrochemically by oxidizing chloride ions (CI) to chlorine gas
(Cly) following the reaction: 2CI" = Cl, + 2e” E, = +1.138Vjg/agc
(Rumble, 1978). Chloride ions are prevalent in wound environments
and are added to the hydrogel at physiological concentrations
to provide an isotonic environment. Cl, gas dissociates in water
to produce HOCI following the reaction: Cly + HoO = Cliq+
HOClig) + Hg)- As demonstrated in the literature, electrochemical
methods can be utilized to control and/or monitor the interfacial
microenvironment where inert metal electrodes interact with
biological systems (Ehrensberger et al., 2020; Sultana et al., 2015).
Huiszoon et al. (2021) built a system comprised of flexible,
interdigitated electrodes incorporated into a urinary catheter via a
3D-printed insert for impedance sensing and bioelectric effect-based
treatment (Huiszoon et al., 2021). Heald et al. (2022) treated infected
chronic wounds in a dog and a cat using electroceutical dressings by
applying up 0.6 mA direct current (Heald et al., 2022).

The use of porcine explants has been reported to simulate wound
infections (Jensen et al., 2017; Sullivan et al., 2001), to assess anti-
infection or -biofilm activities of new devices (McMahon et al., 2020;
Phillips et al., 2015; Yang et al., 2013; Yang et al., 2017), to study the
efficacy of wound cleansers and antimicrobial agents against infections
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(Alves et al., 2018; McMahon et al., 2020; Roberts et al., 2019; Roche
etal., 2019; Y. Wang et al., 2018; H. Wang et al., 2021), and to assess
the toxicity to tissue due to HOCI (Zmuda et al., 2020).

The goal of this study was to evaluate the HOCI-producing e-
bandages against MRSA biofilms grown on porcine explants, and
assess potential toxicity to porcine tissue. The efficacy of HOCI
generating e-bandages was assessed by quantifying biofilm cell
counts under two conditions: (1) infection prevention, and (2) biofilm
removal. Potential toxicity was assessed using uninfected explants.
HOCI concentration-depth profiles were measured using needle-type
microelectrodes to monitor HOCI penetration into biofilms and
explant tissue.

2 | METHODS AND MATERIALS

2.1 | HOCI-producing e-bandage

HOCI-producing e-bandages were constructed as previously
described (Mohamed et al., 2021), and autoclaved for 15min at
121°C before use against biofilms. e-Bandages were polarized at
1.5Vag/agal to generate HOCI. e-Bandages are a three-electrode
system consisting of a conductive carbon fabric (Panex 30 PW-06,
Zoltek) as working and counter electrode, and an Ag/AgCl reference
wire as a reference electrode. e-Bandages were applied with the
working electrode facing the biofilm. A Gamry Interface1000
potentiostat and Gamry ECM8 were used to control working

electrode potential (Gamry Instruments).

2.2 | Chemicals, supplies, and bacteria

Dulbecco's Modified Eagle Medium (DMEM) without dilution
(Thermo Fisher Scientific, # 21063029) and 100x antibiotic-
10,000
10,000 pg/ml streptomycin, and 25 pg/ml amphotericin B, Thermo

antimycotic (initial concentration: units/ml  penicillin,
Fisher, cat no. 15240096) were used as purchased. Phosphate saline
buffer solution (PBS) contained 0.01 mol/L Na,HPO,4, 1.8 mmol/L
KH,PO,4, 0.137 mol/L NaCl, and 2.7 mmol/L KCI. Hydrogel was
prepared by dissolving 1.8 wt% xanthan gum (Namaste Foods LLC,
Coeur d'Alene, ID) into 500 mL of PBS. Tryptic soy broth (TSB, BD™
cat no. 211825) and tryptic soy agar (TSA, BD™ cat no. 236950) were
prepared at full strength and autoclaved for 15 min at 121°C. 1.8 wt%
TSA was used for colony forming unit (CFU) quantification before
and after treatment. TSA plates with 1x antibiotic-antimycotic
concentration (10 units/ml penicillin, 10 pg/ml streptomycin, and
0.025 pg/ml amphotericin B) were used for uninfected explants (cell
viability) and called 1x antimicrobial agent TSA plates. TSA plates
with 0.1x antibiotic/antifungal concentration (1 unit/ml penicillin,
1 pg/ml streptomycin, and 0.0025 pg/ml amphotericin B) were used
for infected explants (infection prevention and biofilm removal) and
are hereafter referred to as 0.1x antimicrobial agent TSA plates. A

clinical isolate of MRSA (IDRL-6169) was studied.
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2.3 | Porcine explant preparation

Porcine explant preparation was adapted from our prior work (Zmuda
et al, 2020) to accommodate an agar model. Briefly, explants were
harvested from fresh pig ears (same day) from local meat processing
facilities, cooled to 4°C and transported to the laboratory for processing.
Initial processing included scrubbing with 10% all-purpose cleaner
(Walmart, cat no. 22301219) under cold water, hair removal using an
electric razor, and scrubbing with 10% povidone-iodine solution
(Walmart, cat no. 236247392) and gauze sponges for 10 min followed
by 5 min inside of a biological safety cabinet (Figure 1.1). The outer rim

Porcine explant preparation

Sterile scalpel

Fresh pig ear

\

of the ear was then removed using a single-use sterile razor blade and
cut into 3 to 4 pieces (Figure 1.2). The epidermis was removed using a
Padgett's dermatome (Nouvag TCM 3000) set to 500-um and discarded
(Figure 1.3); then, a 500-um layer of the dermis was removed using the
dermatome (Figure 1.4). The 500-um dermis tissue was then sectioned
into 5-mm discs with a biopsy punch (Robbins Instruments Part No.
RBP-50) (Figure 1.5) and placed on UV-sterilized 19-mm 0.2-um
polycarbonate membranes (Cytivia Life Sciences, cat no. 10417001) on
1x antimicrobial agent TSA plates (cell viability) or 0.1x antimicrobial
agent TSA plates (infection models). Uninfected and infected explants
were stored in an incubator with 5% CO, and 95% humidity at 37°C.
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FIGURE 1 Schematic of porcine explant preparation (1-5), uninfected model (6A-9A), infected model experiments (6B-9B), e-bandage
placement and connection to potentiostat (7-8), PrestoBlue cell viability assay (9A), serial dilution and CFU quantification (9B). The figure was

prepared using BioRender©, and modified from (Tibbits et al., 2022).
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The detailed protocol can be found in Supplementary Information

(Detailed Explant Preparation Protocol).

2.4 | Viability of eukaryotic cells

Uninfected explants were used to assess potential toxicity due to HOCI
e-bandage treatment. For explants exposed to e-bandages on Day O,
e-bandage exposure started immediately after processing. 3-day
explants were placed on 1x antimicrobial agent TSA plates and
transferred to fresh 1x antimicrobial agent TSA plates every 24 h while
being maintained in a 5% CO, and 95% humidity incubator at 37°C
(Figure 1.6a). Before e-bandage exposure, a total volume of 300 pl of
hydrogel was dispensed: 100 ul on the explant, 100 pl inside of the PBS-
soaked e-bandage, and 100 ul on top of the e-bandage (Figure 1.7a).
The PBS-soaked e-bandage was placed with the working electrode
facing the explant. Tegaderm™ (3 M, cat no. 16002) was used to secure
the position of the e-bandage on top of the explant (Figure 1.8a).
Following e-bandage exposure, explants were transferred to 96-well
plates with 180 ul of DMEM and 20 ul of PrestoBlue cell viability
(ThermoFisher, cat. no. A13261, Figure 1.9a). Explants were incubated
for 3h in an incubator with 5% CO, and 95% humidity at 37°C.
Fluorescence was measured by excitation at 535 nm and emission at
590 nm using a Cytiation5 image reader (Biotek, Figure 1.9a). Normal-
ized cell viability and reduced cell viability by polarized e-bandages were
calculated using equations found in the Supplementary Information

(equations for calculation of normalized cell viability).

2.5 | S. aureus infection model

Two infection conditions were tested: infection prevention and biofilm
removal. Frozen stock culture was used to prepare generation 1 and
generation 2 streak plates on blood agar (grown overnight for 24 h)
(Trypticase™ Soy Agar Il with 5% sheep blood, BD™ Cat. No. 254087).
A single colony from the generation 2 streak plate was suspended in
5 mL of TSA and incubated for 2 to 2.5 h at 37°C to achieve 7.8 £0.2
log1o CFU/cm? (0.5 McFarland). For the infection prevention model,
10 ul of 0.5 McFarland S. aureus was inoculated onto fresh explants,
immediately followed by e-bandage exposure (Figure 1.6b). Infection
prevention experiments were conducted at 37°C. For biofilm removal,
explants were inoculated with 2.5 ul of 0.5 McFarland S. aureus and
biofilms allowed to grow for 3 days. Infected explants were transferred
to fresh 0.1x antimicrobial agent TSA plates every 24 h, and kept in an
incubator at 5% CO, and 95% humidity at 37°C. e-Bandage exposure
was conducted at room temperature. e-Bandage placement and setup
were identical to eukaryotic cell viability experiments (Figure 1.7-9b).
After e-bandage exposure, e-bandages were rinsed with 5 mL of PBS.
The PBS was combined with the explant and membrane and vortexed
for 30s, then sonicated in a water bath for 5 min and vortexed again
for 30s. Finally, the solution was centrifuged for 10 min at 5000 rpm
(2910 x g), supernatant removed, and the bacterial pellet resuspended
in 1 ml of fresh PBS. The resuspension was serial diluted 10-fold in
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PBS and spread onto TSA plates for CFU quantification 24 h later
(Figure 1.9b).

2.6 | Hypochlorous acid concentration profiles in
porcine explants

Needle-type HOCI microelectrodes were constructed similarly to
previous work and used an external leakless Ag/AgCl reference
electrode (similar to EDAQ ET072-1) (Lewandowski & Beyenal, 2013).
Briefly, microelectrodes were constructed by tapering a 50 um
platinum wire to a several micrometer tip (California Fine Wire
Company Pure TC Grade) sealed into a glass capillary (Corning 8161).
Platinum was electrodeposited on the microelectrode tip to create a
20 - 30-diameter um ball. The microelectrode tip was dipped into a
5% cellulose acetate solution and dried for 24 h. The microelectrode
was calibrated before and after each concentration profile with a
NaOCl standard solution in PBS (pH = 7.4) and polarized at 0.8V ag/agc
relative to an external leakless Ag/AgCl reference electrode using a
G300 Gamry Potentiostat (Gamry Instruments). The microelectrodes
had a sensitivity of 50-100 nA/umol-L and a 10 uM limit of detection.

Microelectrode measurements were performed immediately
after removing the e-bandage from 12 h non-polarized or polarized
e-bandage explants (infected and uninfected). The microelectrode tip
was controlled using a custom LABVIEW script and positioned at the
surface of the explant using a Zeiss Stermi 2000 stereomicroscope -
determined visually (Carl Ziess Microscopy). The microelectrode tip
was then retracted by 3 mm from the surface, and 100 pl of hydrogel
was added on top of the explant. The concentration-depth profile
was measured at 25 pum intervals from 200 um above the surface to
300 um into the explant. Microelectrodes were polarized for 3 min
before the measurement to limit the contribution of transient current

response.

2.7 | Scanning electron microscope imaging of
porcine explants

Immediately following HOCI e-bandage exposure, explants were
placed in a solution of 2% paraformaldehyde/2% glutaraldhyde and
stored at 4°C. Explants were then washed with 0.1 M phosphate
buffer twice for 15 min to rinse the fixative solution. Explants were
dehydrated by single 15 min ethanol treatments at 10%, 30%, 50%,
70%, and 90% followed by two 15 min treatments in 100% ethanol
and critical point dried (Samdri-PVT 3B). Finally, explants were placed
onto stubs and gold sputter coated (Sputter Coater Technics

Hummer V - Gold) and imaged using an SEM FEI Apreo microscope.

2.8 | Statistical analysis

A two-sided Wilcoxon rank-sum test was used to assess the
statistical significance between treatments. p < 0.1 was considered
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statistically significant. Experiments were performed in quadruplicate,
except when supply limitations of pig ears meant experiments could
only be replicated three times. Standard deviations, means, and
individual data points are presented in the figures. Replicate
experiments were performed on different days.

3 | RESULTS AND DISCUSSION
3.1 | e-bandages prevent S. aureus biofilm
formation and remove mature biofilms from explants

e-Bandages prevented growth of S. aureus biofilms on porcine
explants. No e-bandage and non-polarized e-bandage-exposed

explant biofilms grew to 5.2+1.1 and 6.6+0.9 log;o CFU/cm?,
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FIGURE 2 Evaluation of HOCI e-bandages for porcine explant
Staphylococcus aureus infection prevention. Polarization started
immediately following explant inoculation with S. aureus. Data points
representing individual replicates are shown using circles. Horizontal
lines and error bars represent averages and standard deviations.
Statistical significance is indicated by a star (n=4).

respectively (Figure 2) whereas viable cell counts after 12h of
e-bandage treatment were below the limit of detection [0.25 logo
CFU/cm? (p=0.029)]. This demonstrates the e-bandages prevent
S. aureus biofilm formation on porcine explants.

e-Bandage treatment showed a time-dependent response against
mature (3-day-old) S. aureus biofilms on porcine explants. After 3 days
of growth, S. aureus biofilms had an average biofilm density of
9.3+0.45 log,o CFU/cm?. Viable cells in S. aureus biofilms did not
change in control (no e-bandage) or nonpolarized e-bandage treatment
groups over 6, 12, and 24 h (p > 0.1) (Figure 3). 3-day S. aureus biofilms
treated with polarized e-bandages for 6, 12, and 24 h. were reduced to
7.45+1.03 logo CFU/cm? (reduction of 1.74+1.17 log,o CFU/cm?
[p=0.029], Figure 3a), 5.66+0.96 log;o, CFU/cm? (reduction of
4.11+0.92 logio CFU/cm? [p=0.029], Figure 3b), and 2.9+0.67
log1o CFU/cm? (reduction of 6.56 +0.70 logio CFU/cm? [p = 0.057],
Figure 3c), respectively. Reduction in biofilm was correlated with the
polarized treatment time (R? = 0.98) (Figure S1). Collectively, the data
demonstrate e-bandage treatment to be effective against mature S.
aureus biofilms in a porcine explant biofilm model.

HOCI is produced as a part of the natural immune system
response, contributes to the killing of phagocytized pathogens and is
generated by the catalyzed reaction of myeloperoxidase with H,O,
(Ulfig & Leichert, 2021). HOCI kills bacteria by penetrating the cell
wall and inhibiting DNA synthesis, protein synthesis, growth, and
ATP production (Kiamco et al., 2019; Winter et al., 2008). HOCI
producing e-bandages could be used to mimic and augment the
natural immune response. In the porcine explant biofilm model,
e-bandages were effective in preventing biofilm formation, and in the

treatment of mature biofilm infections.

3.2 | Scanning electron microscopy (SEM) imaging
of infected and uninfected explants

SEM images of uninfected and infected explants with no e-bandages,
nonpolarized e-bandages, or polarized e-bandages are shown in the
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FIGURE 3 Colony forming units of Staphylococcus aureus biofilms grown on porcine explants for 3 days after (a) 6 h (h), (b) 12 h, and (c) 24 h
exposure to no e-bandages, nonpolarized e-bandages, or polarized e-bandages. Data points representing individual replicates are shown using
circles. Horizontal lines and error bars represent averages and standard deviations. Statistical significance is indicated with a star (n > 3).
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Information. Non-e-bandage-exposed uninfected

Supplementary
(Figures S2A, S4A, S6A, and S8A) and infected (Figures S1A, S3A,
S5A, and S7A) explants showed well-defined surface dermal fibers.
Spherical-shaped S. aureus cells were observed on the surface of the
infected explants and between the fibers. Nonpolarized explant-
exposed dermal fibers of both infected (Figures S1B, S3B, S5B,
and S7B) and uninfected (Figures S2B, S4B, S6B, and S8B) explants
remained well-defined and no morphological changes in S. aureus
cells were observed. Polarized e-bandage exposed infected
(Figures S1C, S3C, S5C, and S7C) and uninfected (Figures S2C,
S4C, S6C, and S8C) explant tissue showed morphological changes;
some fibers appeared to be damaged, and a crust was observed on
the surface. No morphological changes in S. aureus cells were
observed after polarized e-bandage treatment. Higher surface
coverage of S. aureus cells on the explants was observed on the
3-day explants compared to the 12 h explants (at the end of the
infection prevention model), corroborating the S. aureus cell
quantification data (Figures 2 and 3). Yang et al. observed minimal
surface damage of explants when treated with 0.6% sodium
hypochlorite for 30 or 60min (Yang et al, 2013), but these
treatments were significantly shorter than the e-bandage treatments
described herein. On the other hand, Lochab et al. (2020) imaged
Pseudomonas aeruginosa lawn biofilms under in vitro electroceutical
treatment using a two-electrode system and found (1) significant
bacterial cell damage over the anode after 24 h of treatment; and (2)
a mix of both damaged and undamaged cells over the cathode. It is
difficult to compare our images with theirs since (1) in our system,
cells were grown on explant surfaces; and (2) we controlled potential
to assure HOCI generation. In their system, a 6 V battery pack with a
ballast resistor was used, and the current was approximately 3.5 mA
initially and reduced to approximately 100 pA at 24 h. Since both
electrochemical and biological systems were different, it is not

meaningful to compare the differences in cell morphology.
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3.3 | HOCI concentration profiles

Depth profiles of HOCI concentrations are shown in Figure 4. The
concentration of HOCI measured in explants immediately after
processing or after exposure to non-polarized e-bandages (infected
and uninfected) was below the limit of detection of the micro-
electrode (<10 umol/L). HOCI was only detected in the hydrogel
and explant with polarized e-bandage exposure. HOCI concentra-
tions were between 40 and 50 pumol/L in the hydrogel above
uninfected explants and 50-80 umol/L in infected explants. HOCI
was also detected as far as 300 um below the surface of the explant
in both infected and uninfected explants. Measurements were
conducted for 2 biological replicates on different infected/
uninfected explants under polarized and non-polarized conditions.
Because of limited numbers of explants and difficulty associated
with the measurements, measurements were limited to two
biological replicates.

Decreased concentrations of HOCI at increasing distances from
explant surfaces may be a result of consumption during S. aureus
killing or nonspecific reactions with tissue components, such as
proteins (Hawkins, 2019). The concentration of HOCI| between
infected and uninfected explants The HOCI
concentration-depth profiles demonstrate that HOCI was generated

using polarized e-bandages and transported to biofilms and explant

also varied.

tissue. Since non-polarized e-bandages did not show biocidal activity,
the anti-biofilm activity of polarized e-bandages was mostly due to
electrochemically-generated substances, including HOCI (Figures 2
and 3). Previous reports document that S. aureus is able to survive
antibiotics and the immune system (Bien et al., 2011) by burrowing
into the dermis (Chaney et al., 2017; Sayedyahossein et al., 2015).
HOCI-generating e-bandages could be effective against S. aureus
infections due to transport of electrochemically-generated HOCI into

biofilms and tissue.

200 WO
oo ] n
1 w»e Hydrogel = .
| 40 » L]
100 - 40 [ ] L ]
| 00 - u
—_ | 00 - [ ]
IS | 4ee Interface » =
=3 0408 —————————— — - -
~ e _J L] L
- L L] [ ]
= 00 [ ] L
S 100 - = " .
a} i Biofim/ - -
s Explant n []
-200 - = [ ] [ ]
e J | ] n
~0 n L]
o n n
300 —de— -+ —
0 20 40 60 80 100

HOCI Concentration (umol L)

FIGURE 4 HOCI concentration-depth profiles in explant tissue and overlying hydrogel layer: (a) uninfected and (b) infected explants. HOCI
was only detected when e-bandages were polarized. 4 control explants with no e-bandages; ® explant after exposure to non-polarized e-
bandages for 12 h; and ® explant exposed to polarized e-bandages for 12 h.
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3.4 | Eukaryotic cell viability
Eukaryotic cell viabilities for non-polarized e-bandage- and no
e-bandage-exposed explants were similar (p >0.1) (Figures 5 and 6),
demonstrating no toxicity from the e-bandage material itself.
Polarized e-bandages placed on explants immediately after proces-
sing resulted in 71+ 10% reduction in viability when compared to
non-polarized e-bandages (Figure 5, p=0.029). Viability of 3-day-old
explants exposed to polarized e-bandages was reduced by 73 + 17%,
63+ 12%, and 59 + 6.5% after 6, 12, and 24 h exposures, respectively
(Figure 6, p=0.029). Reduction in viability was independent of
treatment starting time or treatment time (p > 0.1).

Explant tissue viability was maintained by diffusion of nutrients

and moisture from nutrient agar. As such, tissues had limited ability to
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FIGURE 5 Effect of e-bandages on cell viability of uninfected
explants. Normalized cell viability of explants with 12 h exposures to
no e-bandage, nonpolarized e-bandages, or polarized e-bandages
starting immediately after explant processing. Data points
representing individual replicates are shown using circles. Horizontal
lines and error bars represent averages and standard deviations.
Statistical significance is indicated with a star (n=4).
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regenerate or mitigate exposure to potentially toxic agents. Previous
reports show that HOCI can cause apoptosis and necrosis of tissue.
HOCI produced by neutrophils during an inflammatory response has
been shown to react with thiol groups and thioethers (Pritz, 1996),
nucleotides and DNA (Pritz, 1996, 1998; Spencer et al., 2000),
unsaturated fatty acids and cholesterol (Carr et al., 1996; Carr
et al., 1997; Vissers et al., 1998; Winterbourn et al., 1992), and cell
proteins (Armstrong & Buchanan, 1978; Hawkins & Davies, 1999;
Hazell et al., 1999). In live tissue, HOCI damage is minimized by
several mechanisms, including an irreversible reaction with glutathi-
one, producing water (Forman et al., 2009). Zmuda et al. observed a
reduction in cell viability after 24h treatment with an HOCI-
generating e-scaffold in an ex vivo biofilm model (Zmuda et al., 2020).
Prolonged exposure to electrochemically-generated HOCI appears to
negatively affect viability of porcine explant tissue. The observed
toxicity could be mitigated by controlling HOCI delivery rate by
operating the e-bandage at a lower working electrode potential,
limiting the current delivered through the e-bandage, or operating
the e-bandage with an intermittent polarization mode. Practically,
there is a tradeoff between maximizing treatment efficacy by
delivering HOCI into tissues at higher rates, and potential toxicity
to the host tissue due to high HOCI concentrations. The e-bandage
treatment could be tuned to operate at different modes based on
clinical needs of specific infected wounds.

Overall, the developed HOCI-producing e-bandages inhibited
S. aureus infections when explants were treated for 12 h immediately
following inoculation, and reduced the viable S. aureus cells when
3-day-old mature biofilms were treated for 6, 12, and 24h. In
addition, transport of electrochemically-generated HOCI into biofilms
and explants was documented in an ex vivo model. HOCI concentra-
tions in the explant and biofilm varied between 30 and 80 uM and
decreased with increasing distance from the e-bandage. Following
treatment with polarized e-bandages, eukaryotic cell viability was
reduced when compared to explants exposed to non-polarized
e-bandages. Overall, the described e-bandage showed anti-biofilm
activity in a porcine explant biofilm model.
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FIGURE 6 Effect of e-bandage treatment on cell viability of uninfected 3-day-old explants. Normalized cell viability of explants after (a) 6 h
(h), (b) 12 h, and (c) 24 h treatment with no e-bandages, non-polarized e-bandages, or polarized e-bandages. Data points representing individual
replicates are shown using circles. Horizontal lines and error bars represent averages and standard deviations. Statistical significance is indicated

with a star (n=4).
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