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Objective: The incidence of severe infectious complications after burn injury
increases mortality by 40%. However, traditional approaches for managing
burn infections are not always effective. High-voltage, pulsed electric field
(PEF) treatment shortly after a burn injury has demonstrated an antimicro-
bial effect in vivo; however, the working parameters and long-term effects of
PEF treatment have not yet been investigated.
Approach: Nine sets of PEF parameters were investigated to optimize the
applied voltage, pulse duration, and frequency or pulse repetition for disin-
fection of Pseudomonas aeruginosa infection in a stable mouse burn wound
model. The bacterial load after PEF administration was monitored for 3 days
through bioluminescence imaging. Histological assessments and inflammation
response analyses were performed at 1 and 24 h after the therapy.
Results: Among all tested PEF parameters, the best disinfection efficacy of
P. aeruginosa infection was achieved with a combination of 500 V, 100 ls, and
200 pulses delivered at 3 Hz through two plate electrodes positioned 1 mm
apart for up to 3 days after the injury. Histological examinations revealed
fewer inflammatory signs in PEF-treated wounds compared with untreated
infected burns. Moreover, the expression levels of multiple inflammatory-
related cytokines (interleukin [IL]-1a/b, IL-6, IL-10, leukemia inhibitory factor
[LIF], and tumor necrosis factor-alpha [TNF-a]), chemokines (macrophage
inflammatory protein [MIP]-1a/b and monocyte chemoattractant protein-1
[MCP-1]), and inflammation-related factors (vascular endothelial growth fac-
tor [VEGF], macrophage colony-stimulating factor [M-CSF], and granulocyte–
macrophage colony-stimulating factor [G-CSF]) were significantly decreased
in the infected burn wound after PEF treatment.
Innovation: We showed that PEF treatment on infected wounds reduces the
P. aeruginosa load and modulates inflammatory responses.
Conclusion: The data presented in this study suggest that PEF treatment is a
potent candidate for antimicrobial therapy for P. aeruginosa burn infections.
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INTRODUCTION

Burn injury is one of the most common and
devastating causes of trauma in global public
health, with *14,000 burn patients reported an-
nually in the United States.1,2 Burn injury is al-
ways accompanied by local or systemic infections
that lead to various pathological events, such as
extreme toxicity, high fever, hyperdynamic circu-
lation, bacteremia, hypotension, and cardiovascu-
lar collapse,3 which may subsequently contribute
to increased incidence of sepsis, organ failure, and
death.4 Gram-negative bacteria are the predomi-
nant causative agents and etiologic factors of burn
infection,5 with Pseudomonas aeruginosa being the
most common pathogen.6 According to swab tests
and tissue culture, the rate of P. aeruginosa infec-
tions is as high as 57% in all burn infection cases.7

Moreover, P. aeruginosa may also cause significant
hospital-associated outbreaks in wounds, particu-
larly due to the emergence of many multidrug-
resistant strains.8,9

The clinical management of burn therapy has
multilevel goals, ranging from reducing pain, fa-
cilitating healing, and minimizing scarring to
achieving recovery of normal functions.10 Multi-
disciplinary commitment is required in controlling
burn infections, which includes the application of
topical and systemic antimicrobials associated with
an antimicrobial stewardship principle.11 The de-
velopment of antimicrobial resistance has several
risk factors associated with the severity of infections,
and antimicrobial resistance itself is associated with
increased mortality.12 Antimicrobial resistance has
led to a major restriction in the treatment options of
P. aeruginosa infections, which has become a critical
and deadly issue.13 Therefore, there is a great need
for alternative nonpharmacological approaches in
the clinical manipulation of burn wounds.14,15

Chemical-free nonthermal techniques are
promising novel methods for bacterial disinfection.
In particular, electroporation is an attractive ap-
proach for various cell therapies.16 Electroporation
is a process that increases cell membrane perme-
ability to ions and macromolecules by exposing the
cell to a short, high-voltage, pulsed electric field
(PEF).17 Electroporation can be categorized into
two types: reversible electroporation is commonly
used to deliver DNA into cells, whereas irreversible
electroporation is used for direct nonthermal ab-
lation of solid tumors.18 The vulnerability of cells to
electroporation treatment is based on their surface
charge, external environmental temperature, mem-
brane composition, and pH value.19 Noticeably, the
effects of high-voltage, monophasic, pulsed elec-

trical current on inhibiting bacterial burden and/or
healing of chronic wounds in patients have recently
been reported.20–22 However, the uncertainty of
pulse parameter selection, which directly links
electroporation efficiency and bactericidal effects,
hampers the widespread adoption of PEF-
mediated wound sterilization in burn wound
treatment.23,24 In addition, little is known regard-
ing how PEF treatment affects P. aeruginosa in-
fection and related immune responses in burn
injuries.25 Therefore, the goal of the present study
was to optimize the working parameters of PEF
treatment for burn wound P. aeruginosa disinfec-
tion and to evaluate the inflammatory response
after PEF treatment of the infected wound.

CLINICAL PROBLEM ADDRESSED

The incidence of severe infectious complications
after burn injury increases mortality by 40%.9

Thus, successful treatments of infections and sep-
tic episodes are of great importance to decrease the
mortality due to severe burn injury.26 Traditional
approaches for management of burn infection in-
clude early surgical debridement, skin grafting,
and the use of topical and prophylactic antibiotics,
which are not always effective.14 To address these
problems, we propose the use of nonthermal, high-
voltage PEF technology to facilitate disinfection
and healing of burn wounds, which has previously
been shown to be effective for treating wounds and
surgical mesh infection.27,28 PEF treatment has
been suggested to directly kill bacterial cells by the
irreversible electroporation of cell membranes;
however, only a few studies have examined its di-
rect effect on bacterial infection. Furthermore, to
better understand the therapeutic mechanism and
ensure host safety, the immunological response to
PEF treatment of burn infections is of high clinical
relevance and should be investigated.

MATERIALS AND METHODS
Animals

Seven- to 8-week-old female BALB/c mice
weighing 17 to 21 g were purchased from Charles
River Laboratories (Wilmington, MA). The animals
were housed in cages with access to food and water
ad libitum and maintained on a 12-h light–12-h
dark cycle at a room temperature of *21�C and
relative humidity of 30–70%. All animal proce-
dures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Massachu-
setts General Hospital and the guidelines of the
National Institutes of Health (NIH) were followed.
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Two sets of animal experiments were performed.
First, we optimized the PEF parameters using 11
groups of mice (N = 3 per group). After the optimi-
zation experiments were completed, an additional
six animals were used to study 1-h and 24-h effects
of optimized PEF parameters. At each time point,
three tissue samples were used for qualitative
histological assessments and six animal tissue
samples were used to quantify the levels of cyto-
kines, chemokines, and growth factors.

P. aeruginosa strain and culture conditions
A bioluminescent variant of the P. aeruginosa

strain PA-O1 (PA-O1: lux) that contains an inte-
grated lux operon from Photorhabdus luminescens
was a kind gift from Dr. Joanna B. Goldberg at the
Emory University School of Medicine. PA-O1 is an
opportunistic pathogen that causes serious infec-
tion in immunocompromised hosts, and the use of
the PA-O1: lux strain allows for real-time moni-
toring of bioluminescence from bacterial cells.29

The bacteria were grown in a brain heart infusion
medium supplemented with 50 lg/mL kanamycin
in an orbital incubator (37�C, 100 rpm) overnight.
Subsequently, the cells were centrifuged, washed
with phosphate-buffered saline (PBS), and re-
suspended in PBS to an optical density of 0.6–0.8 at
600 nm, which corresponds to *108 CFU/mL.

P. aeruginosa burn infection in mice
The stable burn infection in the mouse model

was done as described in detail previously (Sup-
plementary Figs. S1 and S2).30 Briefly, before ad-
ministering a burn wound, mice were anesthetized
by intraperitoneal (i.p.) injection of a ketamine–
xylazine cocktail, shaved on the dorsal surfaces,
and treated with depilatory cream (Sally Hansen�

Div. Del Laboratories, Farmingdale, NY). A pre-
heated (in boiling water, &95�C), cubic brass block
(*8.6 g) was applied (1.22 psi), without any exter-

nal pressure, on the dorsal surface of each mouse
for 7 s, resulting in a third-degree thermal burn
with a surface area of *1 cm2 (Supplementary
Fig. S3). Then, 5 min after burning, 50 lL of a
bacterial suspension containing 108 CFU/mL was
topically applied using a syringe to the eschar of
each burn. Buprenorphine was administered to the
mice as a painkiller before and after burning on the
first day and then twice a day for the following
3 days.

Optimization of parameters for PEF treatment
PEF treatment was applied 24 h after infection

with PA-O1: lux, as previously described.31 Before
PEF treatment, animals were anesthetized with
isoflurane. Then, their fur was clipped along the
dorsal surfaces, and a designated area was sub-
jected to electroporation using contact electrodes.
Thirty-three mice were randomly divided into 11
groups (N = 3 per group) and subjected to PEFs
with different parameters (Table 1). Square pul-
ses32 were delivered using a BTX 830 pulse gen-
erator (Harvard Apparatus, Holliston, MA). Food
intake was monitored every day after the PEF
treatment.

Bioluminescence imaging
It has been well documented that the bacterial

luminescence signal is correlated with bacterial
viability in real time.29,33 The loss of bacterial lu-
minescence indicates the loss of bacterial viabili-
ty.29,33 Thus, the use of a luminescent P.
aeruginosa strain (PAO1: lux) allows for the daily
quantitative assessment of bacterial burden for P.
aeruginosa wound infections. Before imaging, the
mice were anesthetized by i.p. injections of a
ketamine–xylazine cocktail. The mice were then
placed on an adjustable stage in a specimen
chamber, and the infected burns were positioned
directly under an IVIS Lumina (series III) camera

Table 1. Experimental design for high-voltage, pulsed electric field parameter optimization for PA-O1: lux disinfection in burn wounds

Group No. Voltage, V Pulse duration, ms Number of pulses Current, Aa mC/s C/treatment duration

1 Blank control: uninfected wounds 0 0 0 0 0 0
2 Burn injury with infection, w/o PEF (negative control) 0 0 0 0 0 0
3 500 200 80 3.1 0.116 0.050
4 500 200 100 3.1 0.093 0.062
5 500 200 120 3.1 0.078 0.074
6 500 200 160 3.1 0.058 0.099
7 500 200 180 3.1 0.052 0.112
8 500 100 200 3.1 0.047 0.062
9 700 100 30 4.3 0.430 0.013

10 700 100 40 4.3 0.323 0.017
11 700 100 50 4.3 0.258 0.022

aEnergy was calculated based on the measurements of the current described in the Ref.,35 where the same setup was used. Frequency of pulse repetition:
3 Hz.

PEF, pulsed electric field.
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(PerkinElmer, MA).30 Using the photon counting
mode, a clear image can be obtained even at ex-
tremely low light levels by detecting and integrat-
ing individual photons one by one. A grayscale
background image of each wound was generated,
which was followed by a photon count of the same
region. The entire burn photon count was quanti-
fied as relative luminescence units (RLUs) and
displayed on a scale ranging from red (most in-
tense) to blue (least intense), where luminescence
showed a high degree of PA-O1:lux infection.29 A
significant linear correlation was found between
bioluminescence (photon counts monitored by a
low-light camera) and viable counts in this growth
environment.34

Images (Fig. 1) were taken at different time
points:

D0—the immediately after-burn infection
D1—24 h after the burn infection
D1P—1 h after PEF treatment (25 h after the

initial burn infection)
D2—48 h after the burn infection without PEF

treatment
D2P—24 h after the PEF treatment (48 h after

the initial burn infection)
D3P—48 h after the PEF treatment (72 h after

the initial burn infection)

Histology
Skin samples were fixed in 10% formalin, em-

bedded in paraffin, and cut into 7-lm-thick sections
that were stained with hematoxylin and eosin. The
tissues were processed and stained by the Rodent
Histopathology Core at Massachusetts General
Hospital. Slides were evaluated by three individual
investigators, including an experienced dermato-
pathologist, where investigators were blinded to
the categories of the specimens. Color images of
each entire tissue section were acquired using a
NanoZoomer Digital Pathology System (NanoZoo-
mer 2.0-HT slide scanner; Hamamatsu, Hama-
matsu City, Japan).

Quantification of cytokines, chemokines,
and growth factors

Tissues were harvested at D1P and D2P (six
animal samples per injury and time point), imme-
diately flash-frozen in liquid nitrogen, and then
stored at -80�C. Subsequently, the center of the
PEF-treated area was excised, and proteins were
extracted in CelLytic� MT Cell Lysis Reagent
(C3228; Sigma, MO) mixed with protease inhibitor
cocktail (P8340; Sigma) using a Mini-Beadbeater-1
(BioSpec, OK) with 5.5 g/cc density zirconia beads
(BioSpec). Tubes with the buffer and beads were
shaken four times for 15 s at 1-min intervals, after

Figure 1. Procedure description. (A) Schematic diagram of the procedure description. (B) The actual operation of the PEF treatment procedure. PEF, pulsed
electric field.
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which the tubes were stored on ice. Immediately
after extraction, total protein was quantified using
660 nm Protein Assay Reagent (Pierce, IL). All
samples were then diluted to a single concentra-
tion, and levels of cytokines, chemokines, and
growth factors were quantified using a Mouse Cy-
tokine 32-plex Discovery Assay (Eve Technologies,
Calgary, AB, Canada). After quantification, the
concentration of each factor was normalized to the
total protein concentration of each sample.

Statistical analyses
Quantitative data are presented as mean – SE.

GraphPad PRISM was used to perform t-test and
one-way ANOVAs to evaluate differences in the
immunological test results. A p-value of <0.05 was
considered significant. All experiments were rep-
licated three times unless stated otherwise.

RESULTS
Optimization of PEF parameters

For PEF procedural optimization, nine different
sets of PEF parameters were investigated (Ta-
ble 1). All animals survived the PEF treatment.
According to the bioluminescence imaging results
for the PA-O1: lux infection load, after PEF treat-
ment for over 3 days, group 4 (500 V, 100-ls dura-
tion, and 200 pulses) showed the strongest effect in
reducing the bacterial burden on all days except
D2P, where group 10 (700 V, 40-ls duration, and
100 pulses) showed the highest bacterial burden
reduction ( p < 0.05). Group 10 (700 V, 40-ls dura-
tion, and 100 pulses) showed no significant differ-
ence in the bacterial burden on D2P compared with
that observed in the control group ( p > 0.05). Thus,
the parameters used for group 4 (500 V, 100-ls
duration, 200 pulses, current 3.1 – 0.4 A,35

0.047 lC/s, and 0.062 C/treatment) were used in
subsequent assays (Fig. 2 and Supplementary
Table S1).

Histological assessments
For histological assessments, we harvested

samples at D1, D1P, D2, and D2P with 500 V,
100 ls, and 200 pulses. In the control group (un-
treated infected burns), the full-thickness skin
tissue showed destruction of normal skin archi-
tecture at all levels from the stratum corneum,
which disappeared in most of the burned areas,
down to the panniculus carnosus. The areas
showed coagulative necrosis, disappearance of
epidermal cells, and dermal collagen fiber degen-
eration at D1 (Supplementary Fig. S3): collagen
bundles lost their clear outlines and interbundle
spaces and were congealed together, forming a

ground substance. The elastin fibers were severely
fragmented. In the subcutaneous tissue, dilated
vessels and swollen endothelial tissues were ob-
served without obvious infiltration of inflamma-
tory cells, while subcutaneous muscles exhibited
degeneration and necrosis (Fig. 3A). For mice with
burn injuries and PA-O1: lux infection, but without
PEF treatment, histological observations revealed
that a large number of inflammatory cells had in-
filtrated into the dermis and hypodermis at D1
(Fig. 3B).

In the samples at D1P, multiple histological
changes were observed, including diffuse epider-
mal necrosis, marked dermal thinning, endothelial
compaction and focal pyknosis, inflammatory cell
infiltration under the epidermis, and structural
damage of sebaceous glands and hair follicles
(Fig. 3C).

In the control group at D2, the wound site
showed thin granulation tissue, inflammatory cell
infiltration under the epidermis, and structural
damage to sebaceous glands and hair follicles
(Fig. 3D). In the D2 group, tissues showed signifi-
cant epithelial hyperplasia, necrosis of hair follicles
and sebaceous glands, and vacuole structures after
cell necrosis. Furthermore, fragmented muscle fi-
bers and multifocal areas with infiltrated inflam-
matory cells were also observed (Fig. 3E). In
contrast, in the D2P group, squamous epithelium
and obvious keratosis were observed at the wound
site. Furthermore, the structure of hair follicle se-
baceous glands under the epidermis was essen-
tially intact. Collagen fibers of fibroblasts were
evenly arranged, with only a few infiltrating in-
flammatory cells (Fig. 3F).

Mouse immunological response to local PEF
treatment of P. aeruginosa-infected burns.

In addition to histological evaluations, we eval-
uated the relative protein levels of selected cyto-
kines and growth factors that are known to
mediate wound healing (Fig. 4). Protein was ex-
tracted from skin samples of mice subjected to PEF
treatment with 500 V, 100 ls, and 200 pulses at
D1P and D2P. Multiple inflammatory cytokines
were significantly decreased at D1P and D2P, in-
cluding interleukin (IL)-1a, IL-1b, IL-6, IL-10,
leukemia inhibitory factor (LIF), and tumor ne-
crosis factor-alpha (TNF-a). Similar changes were
also observed for the chemokines, monocyte che-
moattractant protein-1 (MCP-1) and macrophage
inflammatory protein (MIP)-1a and MIP-1b.
Moreover, expression levels of vascular endothelial
growth factor (VEGF) and several cytokines in-
volved in immunocyte differentiation, such as
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Figure 2. PEF optimization parameters. (A) Changes in luminescence for different PEF parameters over time. The parameters, 500 V, 100-ls duration, and 200
pulses, showed a significant difference compared with the control group and the other groups on D2P ( p < 0.05). (B) Changes in luminescence concerning all
experimental parameters over time. High luminescence showed a high level of PA-O1: lux infection. The disinfecting effect of PEF treatment over time could be
detected by the decrease in luminescence.
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macrophage colony-stimulating factor (M-CSF)
and granulocyte–macrophage colony-stimulating
factor (GM-CSF), were also greatly decreased after
PEF treatment.

We observed lower expression of IL-1a and IL-1b
at D1P and D2P compared with D0 ( p < 0.05). IL-6
and IL-10 expression levels were significantly de-
creased after D2P compared with those observed in
the D2 group at the same time point ( p < 0.05).

MIP-1a, MIP-1b, MCP-1, M-CSF, LIF, and TNF-
a showed marked reductions at D1P ( p < 0.01),
whereas no differences were observed at D2P. In
addition, the expression levels of VEGF and GM-
CSF were greatly decreased at D1P and D2P
( p < 0.01).

Notably, expression levels of the above cyto-
kines have been previously reported to be signifi-
cantly increased in burn infection patients
compared with those observed in controls and are
indicated as markers of infection and inflammation
progression.36

DISCUSSION

In the present study, we investigated the disin-
fection effects of PEFs against P. aeruginosa burn
infections in mice. To monitor the magnitude of the
infection in vivo, a specific luminescent P. aerugi-
nosa strain (PA-O1: lux) was used for quantitative

assessment of the bacterial burden of wound in-
fections.37,38 The luminescence signal from PA-O1:
lux has been well demonstrated to indicate bacte-
rial viability in real time.29,33 Therefore, in this
study, the decrease in bacterial luminescence after
PEF treatment was evaluated daily to optimize the
PEF parameters for maximum disinfection. More-
over, this is the first time that the response levels of
cytokines and chemokines in infected burn tissues
were evaluated after PEF treatment. These results
provided new insights into the disinfection effect of
PEF treatment of burn wounds.

The development of novel and practical concepts
to prevent and treat these wound infections is the
key to effective wound management.39 In past de-
cades, numerous studies have demonstrated the
applications of high-voltage PEF technology in
disinfection of food and contaminated water.40,41

Compared with antibiotics, high-voltage PEF
treatment is a noninvasive approach that precisely
targets the interface of the biological membrane
through electroporation, without affecting the ex-
tracellular matrix architecture.42 Compared with
other methods used to deliver electric fields to
wounds, such as high-voltage, monophasic pulsed
current energy20–22,43; low-voltage electrolysis44;
or low-voltage, galvanic element-powered, wireless
electroceutical dressing (WED),45–47 PEF treat-
ment uses high-voltage and high-current protocols

Figure 3. Histological results for mice with or without PEF treatment after PA-O1: lux infection (20 · ). (A) Negative control 24 h after burn injury without PA-
O1: lux infection or PEF treatment. Blue arrow: coagulated necrotic epidermis. Green arrow: damaged dermal hair follicles and sebaceous glands. Black arrow:
disordered subcutaneous muscle tissue. (B) D1 (yellow arrow: obvious inflammatory cell infiltration). (C) D1P. (D) Negative control 48 h after burn injury
without PA-O1: lux infection or PEF treatment. (E) D2. (F) D2P.
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of short time duration, which last for seconds in-
stead of tens of minutes. Although the exact
mechanisms of interactions between electric fields
and cells are not known, weak, low-voltage, low-
current electric fields applied for long periods and
high-voltage, short electric fields applied rapidly
probably have various effects on the bacterial load
in wounds. Indeed, low electric fields, such as those
generated by FDA-cleared WED, were shown to
host an active redox couple that is capable of re-
ducing molecular oxygen to the superoxide anion
radical, which in turn dismutates to hydrogen

peroxide. On the other hand, WED may accelerate
keratinocyte migration and promote wound clo-
sure.48 A combination of hydrogen peroxide and
superoxide anion radicals in the wound environ-
ment for days, as provided by WED, contributes to
both direct inactivation of bacteria and stimulation
of local neutrophils.49 Patterned electroceutical
dressing is safe and can potentially be used to treat
deeply infected wounds.50 Low electric fields were
also suggested to trigger electrolysis for generation
of other disinfecting compounds such as hypo-
chlorous acid.44 A high-voltage PEF, however, was

Figure 4. Mouse immunological response to local PEF treatment of Pseudomonas aeruginosa-infected burns. (A) Cytokine profiling of infected burn tissue
after PEF treatment. (B) Cytokine expression in infected burn tissue after PEF treatment. We indicate with * the comparisons between cytokine levels in the
untreated and PEF-treated groups, which are significant (*p < 0.05, **p < 0.01 by t-test).
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shown to directly modify the bacterial cell wall51

and cell membrane permeabilization through
electroporation. Although a high-voltage PEF
could also lead to electrochemical reactions in the
treated media,52 they could be reduced by short-
ening the pulse duration. Interestingly, previous
works suggested devices (fabrics) that combine
electroporation with hydrogen peroxide genera-
tion,53 thus harvesting the advantage of potential
mechanisms of both types of electric field treat-
ments for wound care.

In our previous studies, we demonstrated that
PEF treatment exhibited in vitro antibacterial ef-
fects on gel surfaces,35,54 suggesting the potential
use of PEF treatment in wound healing in vivo. In
this study, we observed that the treatment of burn
wounds with PEFs resulted in *78% and 91% in-
hibition of bacteria at 2 and 3 days after treatment,
respectively. Although previous studies using a
murine model suggested that increasing the volt-
age of the PEF may provide better bacterial load
reduction 3 h after the treatment,55 after compar-
ing the antibacterial effects of the PEF with dif-
ferent parameters for 3 days in this study, we
concluded that increasing the voltage or pulse du-
ration in the tested ranges did not significantly
increase the disinfection efficacy (Supplementary
Table S1). Therefore, for safety, a lower voltage
(500 V) and moderate pulse duration (200 pulses
and 100 ls) were selected as the optimal parame-
ters in our experiment. Nevertheless, the future
application of PEFs to clinically relevant wound
sizes requires the development of electrodes with
large surfaces or arrays of multiple electrodes.
Several electrode arrays and flexible surface elec-
trodes for use in disinfection have been reported for
other electroporation treatments.56–58

The disinfection potential of the PEF treatment
depends on the locally induced transmembrane
potential of bacterial cells,59 which depends
strongly on tissue morphology and electrical con-
ductivity.60 Thus, the effective penetration for PEF
disinfection from external electrodes to the wound
depends on the specific configuration of elec-
trodes,58 such as the geometry, size, number, and
distance between the electrodes, as well as the skin
temperature, humidity state, and other factors. To
estimate the local electric field strength inside
complex tissues, such as the skin and burns, using
an infected burn rat model, we have previously
published a numerical model for electric field dis-
tribution and thermal heating.35,55

In addition, the effect of the PEF treatment can
be immediate, involving the direct killing of cells by
electric fields, or postponed due to delayed apo-

ptosis or subsequent pathogen elimination by an
activated immune response.61 The efficiency of
PEF treatment also depends on possible wound
reinfection from untreated skin or the environment
as well as the immunological condition of the
host.55 Hosts that recover faster could fight the
infection better than those whose condition does
not change or worsens,46 and the acquired immu-
nity aids in preventing new and aggressive infec-
tions.62,63 Nevertheless, the actual long-term
outcomes of the disinfection of healing burn
wounds by PEF treatment were not assessed in
this study and require further detailed analysis.
Compared with mammalian cells, bacteria are less
sensitive to electroporation due to their cell size,
cell wall, and internal structure.51 Therefore, the
PEF parameters required to inactivate bacteria
may cause tissue ablation or injury at the treat-
ment site.64 Our previous work on PEF treatment
of normal tissue and noninfected burn wounds
showed that high-voltage PEF ablation leads to
complete normal tissue regeneration and promotes
the healing of burn wounds with smaller
scars.31,65,66

The extent of inflammation is related to the
depth and extent of the burn as deeper burns lead
to higher levels of circulating cytokines.67 It has
been reported that at 2 or 3 days after burn infec-
tion, the inflammatory response transitions into a
proliferative phase, in which fibroblasts from the
deep dermis slowly proliferate, produce inflam-
matory cytokines (including TGF-b), and synthe-
size proteoglycans and procollagen to create
granulation tissue.68 According to our histological
results, direct cellular damage occurs in the
electrode-covered central ablation zone after the
PEF treatment was delivered, which may initiate
an indirect anti-inflammatory response within the
infection area, corroborating our previous studies
on the impacts of PEFs on the rodent normal
skin.28,31,69

Burn wounds are characterized by persistently
high numbers of neutrophils that express proin-
flammatory cytokines, including TNF-a, IL-1b, and
IL-6.70 To observe whether PEF treatment affected
the inflammation microenvironment within the
burn area, we measured the profiles of 32 cytokines
and chemokines in wound tissue. PEF treatment
significantly attenuated the levels of MIP-1a and
MIP-1b at the injection site, indicating the possi-
bility of less collagen synthesis in these wounds
compared with those in the untreated control mice.
Moreover, PEF treatment also resulted in de-
creased levels of IL-6, MCP-1, TNF-a, and VEGF. It
is well known that production of IL-6 is increased
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after a burn injury, and higher levels of
both IL-6 and its receptors are closely
correlated with the secretion of VEGF
and TNF-a activity.71,72 Thus, our find-
ings suggested that PEF treatment sup-
presses IL-1b, TNF-a, and IL-6 levels and
prevents the subsequent release of other
cytokines and chemokines in response to
injury. These results are in agreement
with previous reports showing that the
IL-6 family mediates the immune responses in in-
flammatory diseases, which are viewed as major
therapeutic targets for clinical intervention.73

VEGF stimulates wound healing through mul-
tiple mechanisms, including collagen deposition,
angiogenesis, and epithelialization.74 In our re-
sults, VEGF expression decreased at the beginning
and then increased at D2P. According to a study by
Brem and Folkman, new vessels appear 3 days af-
ter wounding in angiogenesis.75 PEF treatment
may improve tissue perfusion as early as 2 days
after treatment by promoting angiogenesis. In ad-
dition, MCP-1, MCF, and G-CSF are important
chemokines for severe inflammation.76 IL-10 is a
cytokine with potent anti-inflammatory properties
and plays a key role in limiting host immune re-
sponses to pathogens.77 PEF treatment signifi-
cantly attenuated the increases in those
chemokines, suggesting that PEF may modulate
the inflammatory response. In summary, PEF
treatment may serve as an alternative therapeutic
option for burn infections by preventing inflam-
mation.

One of the limitations of this study is the lack of
precise measurement of the therapeutic PEF pen-
etration depth.78 An additional limitation is pri-
marily related to biological variability in the
response of each mouse to bacteria and the sys-
tematic error in measuring RLU signals. To per-
form equivalent comparisons, the signal of each
animal was normalized to the percentage of RLU
compared with that observed on D1. To avoid these
drawbacks, a large number of replicate animals are
needed to confirm our findings in a future study. An
additional limitation of the study is the lack of a
clear mechanism of high-voltage PEF action on
bacterial cells and the treated wound bed. The op-
timized protocol, 500 V, 100 ls, and 200 pulses de-
livered at 3 Hz, could lead to multiple simultaneous
events, such as direct bacterial and host cell killing,
bacterial and host cell injury through electropora-
tion, and various electrochemical reactions, gen-
erated at the electrodes and the cell surface,79

which affect both bacteria and host cells. In addi-
tion, the consequences of high-voltage PEF appli-

cation on infection wound rescue and skin barrier
restoration are missing in this study and are the
subject of future work.

In summary, PEF treatment is a potentially ef-
fective, physical therapy approach for localized in-
fections. Furthermore, we demonstrated that PEF
treatment reduces the bacterial load and mediates
inflammatory responses in burn infections. How-
ever, the mechanisms underlying the PEF toward
antimicrobial treatment, host immune responses,
and skin barrier restoration need further study.

INNOVATION

Previous studies showed immediate inactivation
of bacteria in wounds upon PEF treatment. The
results of this study suggest that PEF effects are
not only immediate but long-term reduction of the
infection load is also observed. Thus, the develop-
ment of effective PEF disinfection therapy could
significantly contribute to clinical management of
burn injury patients.
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Abbreviations and Acronyms

GM-CSF ¼ granulocyte–macrophage colony-
stimulating factor

i.p. ¼ intraperitoneal
IL ¼ interleukin

LIF ¼ leukemia inhibitory factor
MCP-1 ¼ monocyte chemoattractant protein-1
M-CSF ¼ macrophage colony-stimulating

factor
MIP ¼ macrophage inflammatory protein
PBS ¼ phosphate-buffered saline
PEF ¼ pulsed electric field

RLUs ¼ relative luminescence units
TNF-a ¼ tumor necrosis factor-alpha
VEGF ¼ vascular endothelial growth factor
WED ¼ wireless electroceutical dressing
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