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ABSTRACT Oxidizing agents like hypochlorous acid (HOCl) have antimicrobial activ-
ity. We developed an integrated electrochemical scaffold, or e-scaffold, that delivers a
continuous low dose of HOCl aimed at targeting microbial biofilms without exceeding
concentrations toxic to humans as a prototype of a device being developed to treat
wound infections in humans. In this work, we tested the device against 33 isolates of
bacteria (including isolates with acquired antibiotic resistance) grown as in vitro bio-
films alongside 12 combinations of dual-species in vitro biofilms. Biofilms were grown
on the bottoms of 12-well plates for 24h. An integrated e-scaffold was placed atop
each biofilm and polarized at 1.5 V for 1, 2, or 4 h. HOCl was produced electrochemi-
cally by oxidizing chloride ions (Cl2) in solution to chlorine (Cl2); dissolved Cl2 sponta-
neously dissociates in water to produce HOCl. The cumulative concentration of HOCl
produced at the working electrode in each well was estimated to be 7.89, 13.46, and
29.50mM after 1, 2, and 4 h of polarization, respectively. Four hours of polarization
caused an average reduction of 6.13 log10 CFU/cm2 (61.99 log10 CFU/cm2) of viable
cell counts of monospecies biofilms and 5.53 log10 CFU/cm2 (62.31 log10 CFU/cm2) for
the 12 dual-species biofilms studied. The described integrated e-scaffold reduces via-
ble bacterial cell counts in biofilms formed by an array of antibiotic-susceptible and
-resistant bacteria alone and in combination.
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Infections related to bacteria in biofilms are more difficult to treat than those caused
by planktonic forms of microorganisms because of the poor activity of most conven-

tional antibiotics against biofilm and biofilm tolerance to host immunity (1). Biofilms
consist of a dense aggregate of bacteria or fungi enclosed in a self-produced matrix
composed of extracellular polymeric substance (EPS). Within biofilms, there is limited
diffusion of nutrients, oxygen, and some antimicrobial agents, and resident microbial
cells grow slowly (2). Many cells assume such a low growth rate that they are referred
to as persisters or dormant cells, contributing to antibiotic tolerance and relapses in
biofilm-related infections (3). Cells in biofilms can survive in spite of antibiotic therapy,
especially in the face of antibiotics that rely on growth, assuming an actively growing
phenotype when antibiotics are removed, thereafter recolonizing infection sites (2).
Besides antibiotic tolerance, another challenge in biofilm treatment is acquired antibiotic
resistance, associated with mutations or horizontal gene transfer, which can be enhanced
in biofilms (4). Biofilms may form on either inert surfaces (as in the case of device-related
infections) or biotic surfaces, including human tissues, such as on wounds (5). As a result,
bacteria in biofilm-associated wound infections show high levels of tolerance to conven-
tional antibiotics (6–8), and low antibiotic concentrations may reach bacterial cells in
wounds, facilitating the selection of acquired antimicrobial resistance (2, 9).
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The microbiology of chronic wound infections can be diverse and is dependent on
the location and type of wound (10). Chronic wound infections are often polymicrobial,
composed of mixed communities, including Gram-positive and -negative aerobic and
facultatively anaerobic bacteria, anaerobic bacteria, and fungi (11–13); polymicrobial
biofilms add complexity to treatment. Some studies have shown a negative impact of
polymicrobial compared to monomicrobial wound infections on patient outcomes and
wound healing (14).

Alternatives to antibiotic therapy are needed to treat wound biofilms. Topical agents
like NaOCl (Dakin’s solution) or povidone-iodine are often used and can lead to biofilm
eradication. While they reduce wound biofilms, cytotoxicity may impair tissue healing
(15). Thus, they are not recommended for treatment of chronic venous ulcers. Oxidizing
agents like hypochlorous acid (HOCl) or hydrogen peroxide (H2O2), which are naturally
produced intracellularly by neutrophils during the oxidative burst triggered by pathogen
phagocytosis (15, 16), are used as wound cleansers (17). They are interesting considera-
tions for biofilm treatment, especially because they directly target bacterial cells in a
non-growth-dependent manner, making it theoretically possible to affect dormant cells.
Moreover, HOCl has a broad spectrum of antibacterial activity (15) and may promote tis-
sue healing (18, 19). HOCl penetrates bacterial cells, where it inhibits DNA synthesis and
oxidizes thiol-containing proteins, alongside disrupting ATP production. However, when
used as a solution, the active molecule does not persist over time, limiting activity; fur-
ther, concentrations above 286mM delivered at once are cytotoxic (15).

As a means of sustained delivery of HOCl, we are developing an electrochemical
scaffold, or e-scaffold, that delivers a continuous low dose of HOCl aimed at targeting
biofilms, without exceeding concentrations toxic to humans, as a prototype of a device
that could ultimately be used to treat clinical infections, such as wound infections. Our
e-scaffold is composed of three electrodes (counter, working, and reference) polarized
at 11.5 VAg/AgCl. We previously showed an earlier version of the e-scaffold to be active
against Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii, and
Candida biofilms in vitro (20, 21). The design of the e-scaffold has been improved since
our previous work (20, 21) by integrating a reference electrode into the e-scaffold (a
design we refer to as an integrated e-scaffold), creating a unit that can ultimately be
further adapted for in vivo use, for example, on wound surfaces. In our previous work,
we used an external electrode that was large and impractical for in vivo application.
Moreover, our e-scaffold was not tested against mixed-culture biofilms, which is impor-
tant for its clinical applications.

In this work, we tested the spectrum of activity of the newly designed integrated
e-scaffold. Specifically, we tested the integrated e-scaffold in vitro against 33 isolates
of bacteria and 12 combinations of dual-species biofilms at three endpoints, 1, 2, and
4 h. Dual-species combinations tested in this study were selected according to their
frequency in the literature. The microbiology of wound infections differs by wound
type, chronicity, and geographic region (e.g., temperate versus tropical countries). In
chronic wound infections, such as infected pressure ulcers, more than 50% of infec-
tions are polymicrobial, with the most common pathogens being Enterobacterales, S.
aureus, and nonfermenting Gram-negative bacteria, such as P. aeruginosa and A. bau-
mannii (12, 22–24). In the case of diabetic foot infections (6, 25–28), P. aeruginosa,
Enterococcus species, S. aureus, and Escherichia coli are commonly found in polymi-
crobial cultures. Among anaerobic/aerotolerant bacteria, Bacteroides fragilis is the
most frequently found microorganism in polymicrobial wound infections, where it is
often associated with S. aureus and/or Gram-negative bacteria (29–31). In addition to
selection of combinations based on a review of the literature, we chose combinations
of the most challenging pathogens in terms of clinical severity and treatment chal-
lenge. For example, multidrug-resistant wound infections associated with A. bauman-
nii are devastating in traumatic injuries during wars in the Middle East (32).
Enterococcal wound infections are often polymicrobial and associated with high se-
verity (33). P. aeruginosa and S. aureus are a common dual-species combination in
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infection in wounds, often associated with high virulence (34). In addition, we stud-
ied antibiotic-resistant isolates that represent a challenge in clinical practice, includ-
ing methicillin-resistant S. aureus (MRSA), vancomycin-resistant enterococci (VRE),
multidrug-resistant (MDR) P. aeruginosa, and carbapenem-resistant E. coli, Klebsiella
pneumoniae, and A. baumannii (35).

The objectives of this study were to (i) improve our previous e-scaffold to include
an integrated reference electrode and (ii) test its spectrum of antibiofilm activity,
including that in the polymicrobial scenario.

RESULTS
Estimation of the HOCl concentration produced by the integrated e-scaffold.

The current going through each integrated e-scaffold was measured and reported for
each replicate experiment at each endpoint (Fig. 1 and Table 1). Means of the current
measured after 1, 2, and 4 h of polarization were 1.48, 1.26, and 1.38mA, respectively.
Based on these measurements, the cumulative concentration of HOCl produced at the
working electrode in one well was estimated to be 7.89mM after 1 h of polarization,
13.46mM after 2 h of polarization, and 29.50mM after 4 h of polarization.

Treatment of monospecies biofilms. Before treatment, the average viable biofilm
cell quantity was 7.8 log10 CFU/cm2 (60.46 log10 CFU/cm2) (Fig. 2). Four hours of polar-
ization caused an average reduction of viable cells in monospecies biofilms of 6.13
log10 CFU/cm2 (61.99 log10 CFU/cm2). Each monospecies biofilm had a mean reduction
of viable cells at 4 h of treatment of .3 log10 CFU/cm2, except S. epidermidis Xen 43,
which had a mean reduction of 2.37 log10 CFU/cm2. There was variability in the time
frame of effect, with differences noted between aerobic/facultatively anaerobic Gram-
positive and Gram-negative bacteria. For example, viable cell measurements of all
Gram-negative bacteria tested were reduced below the limit of detection at 4 h of polar-
ization, with a mean reduction for this group of 7.81 log10 CFU/cm2 (60.48 log10 CFU/
cm2). On the other hand, for aerobic/facultatively anaerobic Gram-positive isolates, a
reduction to below the limit of detection at 4 h was only observed for S. aureus IDRL-
8661, Enterococcus faecium IDRL-11790, and S. mutans IDRL-7131. The mean biofilm via-
ble cell count reduction for the aerobic/facultatively anaerobic Gram-positive bacteria
tested was 5.23 log10 CFU/cm2 (61.84 log10 CFU/cm2) at 4 h. With an average viable cell
reduction of 3.67 log10 CFU/cm2 (60.54 log10 CFU/cm2) at 4 h, anaerobic/aerotolerant
isolates had significant but slightly lower reductions than aerobic/facultatively anaerobic
isolates.

Dual-species biofilms. Of the 12 polymicrobial biofilms studied, 11 showed a mean
reduction of more than 3 log10 CFU/cm2 in viable cell counts after 4 h of treatment
(Fig. 3). Polarization generated a mean viable cell count reduction of 5.53 log10 CFU/
cm2 (62.31 log10 CFU/cm2) among the 12 combinations at 4 h. The only isolate that
did not respond in coculture was E. faecium IDRL-11790. It was the only isolate that
had a mean viable cell count reduction after 4 h of treatment of less than 3 log10 CFU/
cm2. In comparison, in a monospecies biofilm, viable counts of E. faecium IDRL-11790
were reduced below the limit of detection at 4 h. After treatment, cell quantities of E.
faecium IDRL-11790 were higher than when in monospecies biofilms or when cocul-
tured with P. aeruginosa IDRL-11442 (P = 0.0078), S. aureus IDRL-6169 (P = 0.0039), or E.
coli IDRL-10366 (P = 0.308) (see Fig. S1 in the supplemental material). In contrast, viable
counts of S. aureus IDRL-6169 biofilms were more reduced after 4 h of treatment in co-
culture with P. aeruginosa IDRL-11442 (P = 0.0039) or S. epidermidis ATCC 35984
(P = 0.0039) than when grown alone. For the other combinations of bacteria studied,
there were no obvious differences in responses alone or in dual-species biofilms.

DISCUSSION

Here, we describe a device referred to as an integrated e-scaffold, a more advanced
version of our previously described e-scaffold (20, 21). The integrated e-scaffold
described here delivers HOCl continuously. Our ultimate goal is to advance this device
to an electrochemical bandage to treat wound infections.
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The cumulative concentration of HOCl produced during treatment was estimated
based on current. The average estimated cumulative amount of HOCl produced in this
experiment approximated that previously determined by our group using an older e-
scaffold version that had a separate large reference electrode (21).

FIG 1 Illustration of the integrated e-scaffold. (a) Schematic illustration of the experimental setup. Each device was submerged in a well of a
12-well plate containing PBS composed of 32mmol liter21 dipotassium phosphate (K2HPO4), 18mmol liter21 monopotassium phosphate
(KH2PO4), and 0.9% (wt/vol) sodium chloride (NaCl), pH 7.0 (b) Chloride ions supplied by the dissociation of NaCl oxidized to chlorine at the
working electrode (11.5 VAg/AgCl).

TABLE 1 Estimated HOCl concentrations produced

Treatment exposure (h) Avg± SD current (mA) Estimated avg total HOCl concn (mM)
1 1.486 1.07 7.89
2 1.266 0.78 13.46
4 1.386 0.73 29.50
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FIG 2 Results of treatment of monospecies biofilms. Results are displayed at 1, 2, and 4 h of treatment. Data are plotted as means, and error
bars represent standard deviations. Statistical significance (P, 0.05) is indicated by an asterisk in the legends next to each isolates name.
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FIG 3 Results of treatment of dual-species biofilms. Results are displayed at 1, 2, and 4 h of treatment. Data are plotted
as means, and error bars represent standard deviations. Results of statistical analysis reported are a comparison between
one isolate’s nonpolarized and polarized cell quantity. Statistical significance (P, 0.05) is indicated by an asterisk in the
legends next to each species name.
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Viable cell counts from in vitro biofilms of one and two species formed by a wide
selection of bacteria were reduced by the HOCl-generating integrated e-scaffold. We
found activity against P. aeruginosa, A. baumannii, and S. aureus similar to that in our
previously published work with our older (nonintegrated) e-scaffold design (20, 21).
We also expanded the tested species to include S. epidermidis, E. faecalis, E. faecium, S.
mutans, E. coli, K. pneumoniae, B. fragilis, and Cutibacterium acnes. Overall, the effect
was faster for some organisms, especially the Gram-negative aerobic/facultatively an-
aerobic group, which showed reductions to below the limit of detection of the assay
used (10 CFU/ml) at 4 h.

We hypothesize that thickness of the cell wall plays a role in the differences
observed between aerobic/facultatively anaerobic Gram-negative and Gram-positive
species in our experiments. HOCl must pass through the cell envelope to exhibit anti-
microbial activity. Because HOCl is electrically neutral, it likely enters cells by passive
diffusion. Inside cells, it alters the energy transport system of the cell, leading to rapid
ATP hydrolysis (36–38). Gram-positive bacteria have a thicker cell wall (;20 to 80 nm)
than Gram-negative bacteria (,10 nm) (39). Therefore, passive diffusion through
Gram-negative bacterial cell walls could be quicker than through Gram-positive bacte-
rial cell walls. Differences between Gram-positive and -negative cells will be further
examined in our future work, focused on the mechanism of action of HOCl.

Among the four isolates of anaerobic/aerotolerant bacteria tested, reduction in via-
ble cells was 3.67 log10 CFU/cm2 at 4 h. Anaerobic bacteria can be associated with
delayed wound healing (40, 41). Longer treatment periods may be needed to address
wound infections involving anaerobes compared to those limited to aerobes.

Differences between isolates could relate to different structures of associated bio-
films, biofilm matrices, and penetration of HOCl into biofilms. Differences between
dual- and monospecies biofilms possibly could be explained by isolates’ interactions
with each other. For example, P. aeruginosa wound infections are often severe and
may be harder to treat than infections caused by other bacterial species, in part due to
the intrinsic and acquired antibiotic resistance in this species. The integrated e-scaffold
displayed rapid and consistent activity against all P. aeruginosa isolates tested in
mono- and dual-species experiments. As shown in a wound model study by DeLeon et
al., dual-species biofilms comprised of P. aeruginosa and S. aureus display higher toler-
ance to antibiotics than monospecies biofilms of the same species (42). Our results
show that when treated together, S. aureus and P. aeruginosa were killed faster than in
monospecies biofilms. Interestingly, when S. aureus and P. aeruginosa are grown to-
gether planktonically, P. aeruginosa overcomes S. aureus by killing it through protease
LasA (43), 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO), and/or phenazine pyocyanin
production (44). In a study of chloroxylenol treatment of mixed biofilms composed of
S. aureus and P. aeruginosa, when exposed to chloroxylenol, the P. aeruginosa exoprod-
uct HQNO increased S. aureus biofilm and planktonic susceptibility to chloroxylenol by
increasing S. aureus membrane’s fluidity (45). Further studies should investigate the
role of HQNO in the context of HOCl treatment.

The involvement of Enterococcus species in polymicrobial infections is beginning to
be studied from clinical and microbiological standpoints (46–48). In the particular case
of combat wound infections, enterococci are often associated with polymicrobial infec-
tions involving P. aeruginosa, E. coli, K. pneumoniae, A. baumannii, and/or S. aureus, and
such polymicrobial wound infections can be associated with higher intensive care unit
admission rates and longer durations of hospitalization than monomicrobial wound
infections (33). In a study of S. aureus phage therapy of dual-species biofilms made of
S. aureus and E. faecium, treatment increased viable cell quantities of E. faecium (49).
Additional studies are needed to assess interactions between E. faecium and S. aureus,
P. aeruginosa, or E. coli.

Unexpected results were found with the combination of S. aureus and S. epidermi-
dis. When treated alone, we found a viable cell count reduction of 3.73 log10 CFU/cm2

for S. aureus IDRL-6169. However, when grown and treated as a dual-species biofilm
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with S. epidermidis ATCC 35984, the reduction at 4 h was 5.96 log10 CFU/cm2. Several
studies have focused on understanding interactions between S. aureus and S. epidermi-
dis in biofilms; S. epidermidis, through serine protease Esp, has been shown to inhibit S.
aureus biofilm formation (50, 51).

Variability in HOCl treatment effects has been shown in vitro with stabilized HOCl
solution (15). In one study, the minimum bactericidal concentration of HOCl tested for
60min was variable and high for Aspergillus niger, vancomycin-resistant E. faecium,
Candida albicans, Staphylococcus hominis, and Micrococcus luteus. In in vitro time-kill
studies, Streptococcus pyogenes required longer than 10min to be killed, while P. aeru-
ginosa and most other species were eliminated after less than 1min.

Overall, we demonstrated that our integrated e-scaffold reduced the viable cell
counts of a wide array of biofilms, with some variability between species and in mixed-
species biofilms. Given the variability of activity for certain species or strains, varying
concentrations of HOCl and/or varying exposure times to the integrated e-scaffold
could be considered, especially in future in vivo studies. Individualized treatment regi-
mens could possibly be designed by performing in vitro time-kill tests (such as those
described here). That way, it may be possible to find a balance between antimicrobial
activity and potential toxicity by, for example, adapting the time of exposure and the
concentration of HOCl delivered directly to the organism(s) targeted.

Our study has several limitations. First, the in vitro assay does not necessarily repre-
sent the conditions, shapes, and sizes of human wounds; since the device is made with
flexible carbon fabric, it can easily be adapted to different shapes and sizes of wounds.
Second, the assay was performed in liquid rather than a dry wound model. However, it
is expected that, in vivo, NaCl will be supplied by biological fluids such as wound exu-
date and blood. Another limitation is that we did not directly measure HOCl. However,
in our previous work (21), we determined that 5mM HOCl was produced at a potential
of 11.5 VAg/AgCl during 10min. This value is below the reported toxic concentration of
HOCl (286mM). In this study, estimations of HOCl concentrations were calculated con-
sidering chloride oxidation to be the dominant working electron reaction (i.e., 100% of
electrons going toward chloride oxidation and HOCl production). Therefore, 29.5mM is
the upper limit of the cumulative HOCl that the device can deliver in 4 h. We note that
HOCl is unstable and sensitive to UV light and temperature (52). Our experiment was
set under conditions that would mimic in vivo experiments, that is, at 25°C and with no
UV filter. Therefore, it is probable that HOCl was autodegraded or consumed as it is
produced; in this way, we do not expect the HOCl concentration to reach above
286mM. Toxicity was not, however, assessed here. It was evaluated in our previous
work, where HOCl-producing e-scaffolds were applied to explanted pig ears; after 3 h
of exposure, there were no pathological findings, and there were no findings of cyto-
toxicity after 48 h (20, 21). In another study, after 6 and 24 h of exposure of noninfected
porcine explants, histopathologic analysis highlighted some tissue damage but cell via-
bility was not changed (20). Whether or not resistance to the effects reported with pro-
longed applications of HOCl will emerge is unknown; HOCl resistance was previously
described in E. coli and Salmonella species in the food industry (53, 54).

In conclusion, the described integrated e-scaffold decreases viable cell counts in
biofilms formed by a wide selection of antibiotic-susceptible and -resistant bacteria,
including those present in dual-species biofilms.

MATERIALS ANDMETHODS
Integrated e-scaffold. The integrated e-scaffold is shown in Fig. 1a. The counter and working elec-

trodes are made of a conductive carbon fabric, Panex 30 PW-06 (Zoltek Companies Inc., St. Louis, MO),
custom cut in a semilunar and lunar shape, respectively. Before assembly, the carbon fabric was treated
in 1 M HOCl overnight and washed and dried to improve wettability. Counter and working electrodes
were glued atop one another using a thin layer of silicon rubber, ensuring that their surfaces were not in
direct contact with one another. The reference electrode was a silver-silver chloride wire affixed using sil-
icone rubber on top of the surface of the working electrode. AgCl was deposited on a silver wire to
make the reference electrode, using procedures described in reference 55. Nylon sew snaps (item num-
ber 85; Dritz, Spartanburg, SC) were used to press titanium wires (catalog number RW0524; TEMCo) onto
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the conductive fabric, establishing electrical connections for working and counter electrodes. E-scaffolds
were steam sterilized in an autoclave (Fisherbrand SterilElite Tabletop Autoclaves) at 121°C for 20min.
Working, counter, and reference electrodes were then connected to a custom-built potentiostat through
titanium wires, and the working electrode was positively polarized against the reference electrode at
11.5 VAg/AgCl (56).

Selection of inoculum. Before starting experiments, we determined the inoculum needed to obtain
a cell quantity of ;7 to 8 log10 CFU/cm

2 for each isolate studied in dual-species biofilms. First, the inocu-
lum was determined for dual-species biofilms and then applied to monospecies biofilms. For dual-spe-
cies biofilms, we started by determining the concentration of inoculum needed to achieve relatively
equal amounts of each isolate in dual-species biofilms. To do so, we tested two inocula of each isolate
to form dual-species biofilms (i.e., four combinations per dual-species biofilm). We quantified viable cells
in biofilms and chose the concentration that resulted in a total bacterial amount of ;7.5 log10 CFU/cm

2,
with a relatively equal distribution of each species. For most isolates, a starting inoculum of 1ml of 108

CFU/ml was chosen. For P. aeruginosa IDRL-11442, the starting inoculum was lowered, since it otherwise
overgrew its partner isolate in biofilms; an inoculum of 1ml of 104 CFU/ml was selected for all P. aerugi-
nosa isolates. For S. epidermidis ATCC 35984, we chose a higher volume of inoculum (2ml) of a higher
concentration (109 CFU/ml); absent this, its cell quantity was lower than that of its partner isolate. These
amounts were used for all S. epidermidis isolates tested. For B. fragilis, a 10-ml inoculum of a concentra-
tion of 3� 108 CFU/ml was needed. Volumes and concentrations used for each isolate to form dual-spe-
cies biofilms were used for monospecies biofilms. As a result, for monospecies biofilms, we used a con-
centration of 1ml of 1.5� 108 CFU/ml for most isolates except P. aeruginosa, S. epidermidis isolates, and
anaerobic/aerotolerant species.

Biofilm in vitro assay. Bacteria studied are shown in Table 2. One colony was added to 5ml of
Trypticase soy broth (TSB) and incubated at 37°C on a shaker until reaching 1.5� 108 CFU/ml (104 CFU/
ml for P. aeruginosa). One microliter (2ml for S. epidermidis) of the bacterial broth plus 1ml of TSB was
then inoculated into each well of a 12-well nontreated cell culture plate (product number 351143;
Falcon) and incubated for 24 h at 37°C without shaking to allow biofilm formation on well bottoms. For
anaerobic/aerotolerant species (Cutibacterium acnes and B. fragilis) and Streptococcus mutans, 1 colony

TABLE 2 Bacteria studied, strain number, source, and antibiotic resistance

Species Isolate Source Resistance Details
Staphylococcus aureus IDRL-8660 Henry Chambers Methicillin USA 100
S. aureus IDRL-8661 Henry Chambers Methicillin USA 200
S. aureus IDRL-8662 Henry Chambers Methicillin USA 300
S. aureus IDRL-6169 Prosthetic hip infection Methicillin
S. aureus Xen30 Caliper Life Sciences Methicillin
S. aureus IDRL-4284 Unknown
Staphylococcus epidermidis ATCC 35984 Catheter infection Methicillin
S. epidermidis IDRL-6461 Prosthetic knee infection
S. epidermidis Xen 43 Caliper Life Sciences
Enterococcus faecalis ATCC 29212 Urinary tract infection
E. faecalis IDRL-12374 Prosthetic hip infection Vancomycin
E. faecalis IDRL-7107 Prosthetic knee infection
E. faecalis IDRL8618 Prosthetic hip infection
Enterococcus faecium IDRL-11790 Abscess Vancomycin
Streptococcus mutans IDRL 7131 Prosthetic knee infection
S. mutans IDRL-6249 Bacteremia
Escherichia coli IDRL-10366 Clinical microbiology laboratory Carbapenem blaKPC positive
E. coli IDRL-7029 Prosthetic hip infection
E. coli IDRL-6199 Prosthetic knee infection
E. coli IDRL-8110 Bacteremia
Pseudomonas aeruginosa IDRL-7262 Prosthetic hip infection
P. aeruginosa Xen 5 Caliper Life Sciences Bacteremia
P. aeruginosa PAO1 ATCC 47085 Wound infection
P. aeruginosa PA14 Daniel Hassett
P. aeruginosa PA14 katA and katB knockout Daniel Hassett
P. aeruginosa IDRL-11442 Groin wound infection Carbapenem Colistin susceptible
Acinetobacter baumannii ATCC 17978 Meningitis
A. baumannii ATCC BAA-1605 Respiratory tract infection Imipenem
A. baumannii ALRG-1268 Wound infection Imipenem Colistin susceptible
Klebsiella pneumoniae IDRL-10377 Clinical microbiology laboratory Carbapenem blaKPC positive
Bacteroides fragilis IDRL-11882 Prosthetic knee infection
Cutibacterium acnes IDRL-7676 Prosthetic shoulder infection
C. acnes IDRL-7751 Spine implant-associated infection
C. acnes IDRL-7844 Spine implant-associated infection
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of bacteria was inoculated into 5ml of brain heart infusion (BHI) broth supplemented with 1% glucose.
C. acnes and B. fragilis were incubated in anaerobic jars and S. mutans in a 5% CO2 atmosphere, all at 37°
C, until the cultures reached 3� 108 CFU/ml. Ten microliters of bacterial broth and 1ml of BHI broth sup-
plemented with 1% glucose then were inoculated into each well of a 12-well plate. Twelve-well plates
containing C. acnes or B. fragilis were placed in anaerobic jars and incubated at 37°C for 2 days. Twelve-
well plates containing S. mutans were incubated in a CO2 incubator at 37°C for 2 days.

After incubation in the 12-well plates, TSB or BHI broth was removed and 3.5ml of 1� sterile phos-
phate-buffered saline (PBS) was added to each well before application of an integrated e-scaffold.

Treatment. A sterile integrated e-scaffold was carefully placed atop each biofilm (control and treat-
ment), as shown in Fig. 1b. The distance between the e-scaffold and the biofilm was kept as small as possi-
ble. Before polarization, cyclic voltammetry was applied from 0 VAg/AgCl to 12.0 VAg/AgCl to condition the
integrated e-scaffold (scan rates, 100mV/s and 10mV/s). The integrated e-scaffold was polarized at 11.5
VAg/AgCl for 1, 2, and 4h. A negative control (nonpolarized integrated e-scaffold) was included for each end-
point. A sterilized TSB-filled well was used to verify the system was not contaminated for each run.

Biofilm quantification. After treatment, biofilms were scraped from the bottom and edges of each
well plate and from each integrated e-scaffold’s surface with sterile pipette tips, and the suspensions
were combined, vortexed, and centrifuged at 5,000 rpm for 10min. The cell pellet was resuspended in
1ml of sterile saline and serial dilutions prepared: 100ml of each dilution was spread-plated onto blood
agar plates for monospecies biofilms or on selective and differential agars to differentiate species for
dual-species biofilms (Table 3). Plates were incubated at 37°C for 48 h and CFU counted, with data
reported as log10 CFU/cm

2. One hundred microliters of biofilm suspension was put in 5ml of TSB and
incubated for 48 h at 37°C in 5% CO2 with shaking. If the broth was clear, the cell quantity was recorded
as#10 CFU/ml (the limit of detection of the assay).

Estimation of HOCl concentration produced by the integrated e-scaffold. HOCl was produced
electrochemically by oxidizing chloride ions (Cl2) in solution to chlorine (Cl2) (equation 1). Dissolved Cl2
spontaneously dissociates in water to produce HOCl (equation 3). The cumulative HOCl concentration
produced by the integrated e-scaffold was estimated using reaction stoichiometry (equations 1–3). The
amount of electrons passing through the working electrode was calculated using current data collected
by the potentiostat. Current data were integrated over time to calculate total charge delivered through
the working electrode. The HOCl concentration was then estimated using reaction stoichiometry (1 mol
HOCl: 2 mol e2). The HOCl calculation was performed assuming that the anodic current was dominated
by a chloride oxidation reaction (100% Faradaic efficiency). This method was used to estimate the total
concentration of HOCl delivered to each well for 1-, 2-, and 4-h treatments.

2Cl2ðaqÞ $ Cl2ðgÞ1 2e2 E0 ¼ 1:138VAg=AgCl (1)

Cl2ðgÞ $ Cl2ðaqÞ (2)

Cl2ðaqÞ1H2O $ Cl2ðaqÞ1HOClðaqÞ1H1ðaqÞ (3)

Statistical analysis. Data were displayed as means with standard deviations, generated with
GraphPad Prism version 8.0. Each data point corresponded to at least 3 replicates. Viable cell count
reductions were calculated by comparing quantitative cultures of nonpolarized and polarized bio-
films. Results, in numbers of CFU per square centimeter, were transformed into a logarithmic scale.
A log reduction of 3 (i.e., 99.9%) was considered a meaningful reduction of viable bacteria (57).
Comparisons between nonpolarized and polarized data were done using a Wilcoxon rank sum test.
All tests were two-sided; P values of ,0.05 were considered statistically significant.

TABLE 3Microorganism pairs studied as dual-species biofilms and selective agar plate

Pair Selective agar plate
Staphylococcus aureus IDRL-61691 Pseudomonas aeruginosa IDRL-11442 Colistin nalidixic acid (CNA) and eosin methylene blue (EMB) agar
S. aureus IDRL-61691 Staphylococcus epidermidis ATCC 35984 Mannitol salt agar
S. aureus IDRL-61691 Enterococcus faecium IDRL-11790 CHROMagar MRSA and CHROMagar VRE
P. aeruginosa IDRL-114421 E. faecium IDRL-11790 CNA and EMB
P. aeruginosa IDRL-114421 S. epidermidis ATCC 35984 CNA and EMB
Klebsiella pneumoniae IDRL-103771 Escherichia coli IDRL-10366 CHROMagar Orientation agar
E. coli IDRL-103661 E. faecium IDRL-11790 CNA and EMB
Enterococcus faecalis IDRL-123741 S. epidermidis ATCC 35984 CHROMagar VRE and Mannitol salt agar
Acinetobacter baumannii ARLG-12681 S. epidermidis ATCC 35984 CNA and EMB
A. baumannii ARLG-12681 P. aeruginosa IDRL-11442 CHROMagar P. aeruginosa and CHROMagar A. baumannii
Bacteroides fragilis IDRL-118821 S. aureus IDRL-6169 Bacteroides fragilis isolation agar and CHROMagar MRSA
B. fragilis IDRL-118821 Klebsiella pneumonaie IDRL-10377 Bacteroides fragilis isolation agar and CHROMagar orientation
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