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Abstract

Emerging bacterial resistance to multiple drugs is an increasing problem in burn wound 

management. New non-pharmacologic interventions are needed for burn wound disinfection. Here 

we report on a novel physical method for disinfection: antiseptic pulsed electric field (PEF) 

applied externally to the infected burns. In a mice model, we show that PEF can reduce the load 

of multidrug resistant Acinetobacter baumannii present in a full thickness burn wound by more 

than four orders of magnitude, as detected by bioluminescence imaging. Furthermore, using a 

finite element numerical model, we demonstrate that PEF provides non-thermal, homogeneous, 

full thickness treatment for the burn wound, thus, overcoming the limitation of treatment depth for 

many topical antimicrobials. These modeling tools and our in vivo results will be extremely useful 

for further translation of the PEF technology to the clinical setting, as they provide the essential 

elements for planning of electrode design and treatment protocol.
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INTRODUCTION

The global cost of wound care products is projected to reach US$20.3 billion by 20151. 

Wound infection management still remains challenging, and choosing an appropriate 

treatment is a difficult task2. Although more than 6000 types of wound dressings exist3, 

the problem of wound infections has yet to be solved. In the case of burn wounds, 

approximately 500,000 people seek medical treatment for every year in the United States; 

infection remains a major cause of morbidity and mortality in these patients4.

In addition to the extent and nature of the thermal injury affecting the susceptibility 

to infection, the type and amount of the microbial burden colonizing the wound 

appear to influence the risk of morbidity and mortality. Pathogens that infect burn 

wounds are primarily Acinetobacter baumannii, methicillin-resistant Staphylococcus aureus, 
Pseudomonas, and Klebsiella5. These pathogens are increasingly resistant to various 

antimicrobial agents5.

Biofilm formation in the burn wound is problematic as the bacteria are protected by a 

difficult to dissolve layers of extracellular matrix; early, prophylactic treatment of the burn 

wound prevents the biofilm formation. Factors that lead to improved clinical outcomes 

include early surgical debridement and skin grafting, topical and prophylactic antibiotics, as 

well as other general methods of infection control6. However, current methods for treating 

burn wound infections are not always effective and sometimes harmful. For instance, a 

recent 2013 study that reviewed thirty six studies involving 2117 participants concluded that 

silver sulfadiazine applied directly to the burn actually increased the rates of infection by 

between 8% and 80%7.

Novel non-pharmacologic means of disinfecting wounds are clearly needed5. Here we 

report on a novel physical method for disinfection using antimicrobial pulsed electric field 

(PEF). High voltage, short PEF induce non-thermal permanent damage to cell membranes, 

presumably by membrane irreversible electroporation8,9. PEF has already been shown to 

be effective for non-thermal ablation of solid tumors10. Although proposed more than 

four decades ago for bacterial decontamination in the food industry11, PEF technology 

has yet to be evaluated for disinfection in medical applications. Previously, we developed 

procedures for long term control of bacteria in pharmaceuticals and food by applying PEF 

intermittently12-14. We also studied the impact of surface charge on bacterial resistance 

to PEF, and developed procedures for rapid PEF parameter optimization15,16. The current 

work was predicated on the notion that the set of tools previously developed for food and 

pharmaceutical applications would be ideal for difficult cases of wound management.

In the present report, we demonstrate the effectiveness of PEF in vivo by disinfecting third 

degree burn wound infections in mice, contaminated with antibiotic resistant Acinetobacter 
baumannii. A. baumannii is a gram-negative pathogenic bacterium, 1.0–1.5 by 1.5–2.5 

micrometer size, which has a remarkable capability for multidrug resistance17,18, and 

has been reported to have caused intractable infections in traumatic wounds and burns 

suffered by military personnel injured in the Middle Eastern conflicts19,20. In this study, 

we demonstrate that direct application of PEF onto the infected burn wound shortly after 
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infection reduces the bacterial load at the treated site by more than 4 orders of magnitude. 

In addition to in vivo experiments, we also developed a numerical model for antiseptic PEF 

distribution in burned and infected skin. This model is a key step toward translation of the 

PEF technology to clinical application, as it provides the essential elements for electrode and 

treatment protocol planning.

RESULTS

Pulsed electric field delivers homogeneous full thickness treatment

To study the electric field distribution within the infected skin as well as the possible 

thermal effects of PEF on the wound, we constructed a 2D numerical model using the 

Finite Element Methods (FEM). We modeled the geometry of burned murine skin located 

between two plate electrodes — the configuration used in our PEF treatment system. The 

schematic discription of the model, which includes the skin, composed of various layers, and 

electrodes, appears in Fig. 1a. The electrical and thermal properties of the skin layers used 

for modeling appear in Table 121-26. The electrical conductivity of the burned and infected 

tissue was calculated using Pouillet’s law as follows:

σ = lI
AV (1)

where σ is the electrical conductivity (S m−1), l(m) is the distance between electrodes, I 
(Amp) is the measured current, V (Volt) is the applied voltage, and A (m2) is the surface area 

of the electrodes.

The following assumptions are made in our model: (1) healthy skin tissue has both electrical 

resistance and capacitance properties; the charging time of the capacitor component of 

the healthy skin is very small in comparison to the pulse length8,27; (2) the skin cell 

membranes, vasculature and 3D ECM structure are destroyed during the burn; thus, 

capacitance component in the model is eliminated and the burned area can treated as a 

block with homogeneous conductivity; (3) the thermal properties of burned tissue are the 

same as that of normal tissue. Assumptions (1) and (2) allow for the use of DC conductance 

models to calculate the distribution of the electric fields in the infected tissue. To calculate 

the electric field distribution, we used the Laplace equation:

∇2 U = 0 (2)

With the following boundary conditions on the two electrodes:

V l1 = 500V
V l2 = 1000V
V r = 0V

(3)

where Vl1 is the potential applied on the left electrode in the first treated group of animals, 

Vl2 is the potential applied on the left electrode in the second treated group of animals, Vr is 

the grounded right electrode.
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FEM allows for the study of the electric field distribution in the complex geometry of 

objects with different electric properties. Figure 1b,c show the 2D map of the electric 

field distribution in skin containing a burned/infected area. The maps show the relatively 

homogeneous distribution of electric fields within the burned areas. Figure 1b describes the 

spatial distribution of electric fields in the treated area when 500 Volts were applied on the 

right electrode. The model analysis shows that the field strength was homogeneous in the 

treated region and was ~247 Vmm−1. Figure 1c describes the spatial distribution of electric 

fields when 1000 Volts was applied on the left electrode. The model shows that the field 

strength was homogeneous in the burned area and was ~490 Vmm−1.

The effect of pulsed electric field on bacteria is non-thermal

Using FEM we modeled the time depended temperature distribution in the infected area 

treated by PEF. To calculate the temperature increase resulting from the PEF application, we 

solved the transient heat transfer problem using the following equation:

∂
∂x λx

∂T
∂x + ∂

∂y λy
∂T
∂y = − q − cp

∂T
∂t (4)

where T is the temperature (K), λ (W K−1 m−1) is the thermal conductivity, cp (J K−1 kg−1) 

is the specific heat capacitance, t (s) is time, q (W m−3) is the volume power of heat sources. 

In our problem q is the average volume power supplied to the tissue by pulsed electric field. 

The following equation described the calculation of power supplied by square pulsed electric 

field:

Qavg = V RMS
2

R = V 2tpf
R

(5)

where Qavg (W) is the total average power delivered by square pulsed electric field, R (ohm) 

is the resistance, VRMS is the root mean square voltage, V (Volt) is the applied voltage, tp 

(s) is the duration of the pulse, and f (Hz) is the frequency of pulse wave. The boundary 

conditions used to solve Equation (4) are:

T in = 37°C
Tair = 25°C (6)

where Tin is the initial temperature of the burned treated skin and also a constant 

temperature of the body. Tair is the constant temperature of the air. We assume that heat 

is transferred by convection between the surfaces of the body and electrodes, and the air. The 

also assume that the convection coefficient between skin surface, electrode surface and the 

air is 5 W K−1 m−2.28

Figure 2a shows the model solution results for 1000 Volts applied at 1 Hz for 80 pulses. 

The largest heating is observed in the deep layer of the burned and infected dermis and 

subcutaneous tissue. Figure 2b shows the spatial distribution of the temperature in the 

treated skin after 80 seconds of continuous application of pulsed electric field. Figure 2c 

shows the time-dependent temperature change in the center of the tissue (marked as a black 

dot in Fig. 2a). Remarkably, the temperature increases during first 20 pulses (20 seconds) 
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and then stabilizes at a new steady-state with the surrounding environment. The maximum 

temperature, which is located in the center of the treated skin, does not increase above 41°C. 

This temperature increase is insufficient to cause any thermal damage to bacteria. Thermal 

damage generally requires significantly higher temperatures, of at least 55°C, as well as 

longer than in our work exposure times, of greater than 15 minutes29. Therefore, our model 

results suggest that any effect of PEF on bacterial load reduction by non-thermal means.

Pulsed electric field reduces the Acinetobacter baumannii load in third degree burn 
wounds by more than 4 orders of magnitude

The experiment is described in Fig. 3. Briefly, animals were subjected to third degree burns 

at T0, infected with bioluminescent A. baumannii 5 minutes after the burn, and then treated 

twice with PEF; bioluminescent imaging was used throughout the experiment for infection 

monitoring (Fig. 3a). The third degree burn created a clear demarcation in the skin (Fig. 

3b). A representative bioluminescent signal captured from the A. baumannii infected area is 

shown in Fig. 3b.

The electrode positioning for PEF delivery is shown in Fig. 3b. Two plate electrodes were 

positioned on either side of the infected area for pulse delivery. The maximum current 

delivered with 1000 Volts was 6.4 ± 0.7 Amp, and the maximum current delivered with 

500 Volts was 3.1 ± 0.4 Amp. The measured values were used for the modeling of thermal 

effects of PEF as described in the previous sections. The in vivo experimental design 

sequence appears in Fig. 3c.

Figure 4 describes the effect of electric field strength and number of pulses on bacteria 

survival immediately after treatment. The bacterial load reduction, R, was calculated using 

the following equation:

R = log10 SF (7)

where R is the log 10 reduction of bacterial load, SF is the survival fraction of bacteria 

calculated as

SF = RLUbt
RLUat

(8)

where RLUbt is the RLU (for RLU definition see Materials and Methods section, 

Bioluminescent Imaging of Bacterial Load), measurement of the infected skin before 

treatment with PEF, and RLUat is the RLU measurement of the infected skin at various 

time points after PEF treatments.

First two panels on the left in Fig. 4a,b show that the population of bacteria on the skin 

surface during the first 35 minutes after the burn did not change; therefore, the infection 

model was stable. In the first experimental group (Fig. 4a), the application of 40 pulses at 

500 Volts reduced the bioluminescent signal, which represents a reduction in the bacterial 

load, by 1.49 ± 0.07 log 10. The application of 80 pulses at 500 Volts reduced the 

bioluminescent signal by 5.30 ± 0.85 log 10. In the second experimental group (Fig. 4b), we 

increased the applied voltage from 500 to 1000 Volts. The application of 40 pulses at 1000 
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Volts reduced the bioluminescent signal by 2.04 ± 0.29 log 10. The application of 80 pulses 

at 1000 Volts reduced the bioluminescent signal by 5.53 ± 0.30 log 10 immediately after 

treatment.

Figure 5 describes the effect of electric field strength on bacteria survival 3 hours after the 

PEF treatment. In the control (Fig. 4a), PEF untreated, burned and infected skin, the 1 log 

10 reduction is most likely due to the penetration of bacteria into the deep tissue and natural 

death of a portion of the bacterial population. In the first experimental group (Fig. 5b), 

the application of 80 pulses at 500 Volts led to 5.30 ± 0.85 log 10 immediately after PEF 

treatment; however, 3 hours after this treatment, the total reduction was only 2.66 ± 0.30 log 

10, because of regrowth of the bacteria in the tissue. In the second experimental group (Fig. 

5c), the application of 80 pulses at 1000 Volts led to 5.53 ± 0.30 log 10 immediately after 

PEF treatment; 3 hours after this treatment, the total reduction was still 4.91 ± 0.71 log 10 in 

comparison with initial bacterial load. Figure 6 summarizes the log reduction rates observed 

3 hours after PEF treatment for both experimental groups.

DISCUSSION

PEF to inactivate bacteria has been under scrutiny for the last 50 years. During this time 

multiple PEF parameters were reported for a wide range of bacteria11. Most of the reports, 

however, focused on the bacteria which are common food pathogens; parameters of PEF 

were optimized for large scale food processing facilities11. According to the FDA the typical 

electric field used for food disinfection applications is 200–800 Vmm−1 with pulse duration 

of several microseconds and pulse number of up to 3030. Here we report on the treatment of 

bacterial wound infections with non-thermal PEF. PEF efficiently disinfected contaminated 

burned murine skin. Using 80 pulses of 500 Vmm−1, we achieved stable disinfection with 

4.91 ± 0.71 log 10 reduction of Acinetobacter baumannii, 3 hours after treatment (Figs. 5c, 

6). Numerical modeling suggested that PEF penetrated homogeneously throughout the entire 

segment of infected tissue (Fig. 1). Our modeling also suggested that the effects of PEF on 

bacterial load reduction are non-thermal (Fig. 2).

Bacterial re-growth due to recontamination or incomplete disinfection is commonly 

observed after all types of disinfection technologies. It was shown in multiple previous 

studies that bacterial disinfection by PEF follows Weibull or Fermi distributions as 

a function of electric field strength and pulse number11. Therefore, complete 100% 

disinfection using electric fields alone is hardly possible. In this work, we observed 

bacterial regrowth when using low doses of PEF (Fig. 5). To address the regrowth problem, 

we have previously introduced the Intermittently Delivered Pulsed Electric Field Process 

(IDPEF)12,13. In IDPEF, electric fields are applied intermittently on the targeted area for an 

indefinite period of time to prevent recontamination. The application frequency is defined by 

the bacterial regrowth rate. Future translation of antimicrobial PEF technology will require 

the adaptation of IDPEF methodology and devices for the clinical setting.

Cells with a large diameter are usually more vulnerable to PEF compared to smaller cells. 

Therefore, PEF which destroys bacteria most likely will affect the host cells which survived 

the burn injury. This non-selectivity of the PEF method may be a concern when treating 

Golberg et al. Page 6

Technology (Singap World Sci). Author manuscript; available in PMC 2014 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infection in healthy uninjured tissue. To address the effects of PEF on the non-target tissue, 

we have previously investigated the healing process of normal healthy skin ablated by 

PEF31. Our results show that PEF is selective to the cell membrane; however, it preserved 

the extracellular matrix (ECM) and the vasculature of the treated area31. More importantly, 

we showed that PEF-ablated skin regenerated rapidly without scars31.

The magnitude of disinfection was correlated with both the electric field strength and 

the number of delivered pulses. Interesting, the increase in pulse number led to a larger 

reduction in bacterial load and bioluminescent signal immediately after treatment, as 

compared to the increase in the field strength. Increasing the pulse number from 40 to 

80, led to a 255% increase in the reduction of bacterial load in the wound, from 1.49 ± 0.07 

log 10 to 5.30 ± 0.85 log 10 (Fig. 4). Increasing the applied voltage, however, from 500 to 

1000 V, while keeping the number of pulses at 40, led to only a ~37% increase in the log 

reduction of bacterial load in the wound, from 1.49 ± 0.07 log 10 to 2.04 ± 0.29 log 10 (Fig. 

4).

Surprisingly, the increase of PEF-disinfection capability does not correlate with the increase 

of energy delivered. To calculate the delivered energy, we used the following equation:

E = V RMS IRMS T (9)

where E (Joule) is the total delivered energy in Joules, IRMS (Amp) is the root mean square 

of the current, and T (s) is the total application time of all pulses.

For delivery of 80 pulses with 250 Vmm−1 at 1 Hz, ~9 Joules are needed. For delivery 

of 40 pulses with 500 Vmm−1 at 1 Hz, ~18 Joules are needed. These energy consumption 

findings are interesting: they show that increasing the number of pulses from 40 to 80, leads 

to a significantly larger bacterial load reduction than increasing the electric field strength 

from 250 to 500 Vmm−1, therefore bacterial killing does not necessarily depend on delivered 

energy. These findings are strikingly different from heat/radiation-based disinfection where 

the bacterial load reduction directly correlates with consumed energy. Our findings are 

consistent with the current aqueous pore electroporation theory27. According to the current 

theory, increasing the field strength increases the total electroporated surface of the cell 

membrane; increasing number of pulses, after the electroporation threshold potential is 

reached, increases the number and size of the aqueous pores of the membranes at the 

electroporated32-34 site. The novel aspect of our findings, however, is in demonstrating for 

the first time in vivo that decreasing the bacterial load can be achieved by consuming less 

energy through the application of multiple pulses.

PEF has recently emerged in the field of medicine as a procedure known as irreversible 

electroporation, which is currently under investigation for solid tumor ablation. Previous 

clinical trials in patients showed that the procedure is generally safe for tumor ablation35-39. 

However, PEF used for tumor ablation requires lower electric field strengths than those we 

used in this study for disinfection. Therefore, the safety of the voltages used in this study 

should be tested before clinical application can be considered.
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An additional limitation of this study is the usage of a single strain of bioluminescent 

bacteria. Burns or other wounds can be contaminated by multiple types of microorganisms, 

and resistance to antibacterial therapies may increase in heterogeneous communities. Future 

studies should evaluate the effects of PEF on heterogeneous bacterial populations in wounds. 

The limitation of the animal model used in this study is the application of PEF on 

bacteria shortly after infection. This model demonstrates the use of PEF to eradicate the 

infection prophylactically, i.e. before the infection has time to take hold and bacteria form 

robust biofilms. Additional studies are needed to address the problems of deep infections 

and resistant biofilms. Finally, for rapid translation to the clinic, we believe additional 

studies should address the potential combination of PEF technology with existing systemic 

antibiotic regimens. PEF will not only increase drug penetration into bacterial cells, but it 

will also induce increased drug diffusion into biofilms40,41. We believe that PEF application 

in combination with currently used drugs will bring the largest benefit to burn patients.

Finally, the mechanism or combination of mechanisms by which PEF effects on bacteria and 

cells is not completely understood. Necrosis due to cell leakage, apoptosis due to calcium 

influx, cell membrane irreversible electroproation, oxidative damage to the membrane, local 

pH changes, ROS changes and others, all have been proposed in the last four decades and 

currently are under scrutiny9,42-46.

To summarize, in this work we introduced a new non-thermal method of wound disinfection 

using high voltage, short pulsed electric field. We believe that PEF, in combination 

with systemic antibiotics, will synergistically eradicate multidrug-resistant burn wound 

infections, prevent biofilm formation and restore natural skin microbiome. PEF provides 

a new platform for infection combat in patients, therefore it has a potential to significantly 

decreasing morbidity and mortality.

MATERIALS AND METHODS

Animal research

The protocol was approved by the Massachusetts General Hospital Subcommittee on 

Research Animal Care. The study was carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health. C57BL/6 4-month-old, female mice (~30 g) were purchased from 

Charles River Laboratories (Wilmington, MA). The animals were housed in cages, 5 animals 

per cage, with access to food and water ad libitum, and were maintained on a 12-hour light/

dark cycle in a temperature-controlled room. All surgery was performed under ketamine 

(100 mg/kg) and xylazine (10 mg/kg) anesthesia, and all efforts were made to minimize 

suffering.

Bacterial culture

The bioluminescent pathogenic Acinetobacter baumannii ATCC BAA 747 (ATCC, 

Manassas, VA) gram (-) bacterial strain was used. The bioluminescence genes (luxCDABE 

operon), originally cloned from P. luminescens47, contained the luxAB genes that encode 

the luciferase enzyme, which catalyzes the light-emitting reaction and the luxCDE genes 
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that encode an enzyme complex that synthesizes the luciferase substrate. The luxCDABE 

operon contained in plasmid pMF 385, a stable genetic reporter in the gram (-) organisms48, 

was introduced into the clinical A. baumannii strain by following standard molecular 

cloning protocols49. Bacterial cells were grown overnight in brain heart infusion (BHI) 

at 37°C with 100 rpm orbital shaking. The optical density at 600 nm was measured by a 

spectrophotometer (Thermo Scientific, Waltham, MA), OD600 = 0.8, corresponding to 108 

colony forming units CFU ml−1. The cells were washed and resuspended in PBS (Dulbecco) 

and used at a density of 108 CFU mL−1 for the in vivo experiments.

Burn injury

Before the creation of third-degree burns, the animals were anesthetized with ketamine/

xylazine and their fur was clipped along the dorsal surface. Burns were produced by 

dorsal skin surface contact with brass blocks (surface area 1 cm2) preheated to 100°C for 

10 seconds, resulting in a non-lethal 1 cm2, full-thickness burn50. One burn was created 

per animal. Immediately after the creation of the burns, the mice were resuscitated with 

Intraperitoneal (IP) injections of 0.5 ml sterile saline (Phoenix Scientific Inc., St. Joseph, 

MO) to prevent dehydration.

Burn infection model

Bacterial infection was as described by Ha and Jin51. The burns were allowed to cool for 

5 minutes. Subsequently, a 40 μl suspension of A. baumannii, ATCC BAA 747 including 

the luxCDABE operon developed by Dai et al.52 in sterile PBS containing 108 cells, was 

inoculated onto the surface of each burn with a pipette tip. The drop was then spread onto 

the burn surface with an inoculating loop. The mice were imaged with the luminescence 

camera, as described in the following section, immediately after application of the bacteria, 

and 30 minutes after the infection to ensure that the bacterial inoculum applied to each burn 

remained consistent.

Pulsed electric field disinfection

A designated area was subjected to treatment with pulsed electric field (PEF) using contact 

electrodes with a surface area of 1 cm2. Pulses were delivered using a BTX 830 pulse 

generator (Harvard Apparatus Inc, Holliston MA, USA). Currents were measured in vivo 
using a PicoScope 4224 Oscilloscope with a Pico Current Clamp (60A AC/DC) and 

analyzed with Pico Scope 6 software (Pico technologies Inc., UK). The following PEF 

settings were used: 2 mm gap between electrodes; applied voltage of 1000 Volts in group 

1 and 500 Volts in group 2; 70 μs pulse duration; 1 Hz pulse frequency. The pulses were 

delivered in two groups of 40 pulses with a 5-minute interval between groups to allow 

bioluminescence imaging for each dose of 40 pulses.

Bioluminescent imaging of bacterial load

The bioluminescent imaging system (Hamamatsu Photonics KK, Bridgewater, NJ) has been 

described in detail by Hamblin et al.53 Briefly, it consists of an intensified charge-coupled-

device camera mounted in a light-tight specimen chamber fitted with a light-emitting diode 

— a setup that allowed a background grayscale image of the entire mouse to be captured. 
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In the photon-counting mode, an image of the light emitted from the bacteria was captured 

by using an integration time of 2 minutes at a maximum setting on the image-intensifier 

control module. Through the use of ARGUS software (Hamamatsu), the luminescent image 

was presented as a false-color image superimposed on the grayscale reference image. The 

image-processing component of the software calculated the total pixel values (in Relative 

Light Units [RLU]) from the luminescent images of the infected wound area. Previously, 

we have correlated the luminescence readout of A. baumannii contaminated burns with 

colony forming units (CFU) isolated from homogenized tissue extracts54. In another study, 

carried out previously, the CFU and RLU correlation was also reported for methicillin-

resistant Staphylococcus aureus (MRSA) from homogenized tissue extracts55. Imaging was 

performed immediately after the injury, 30 minutes after the infection, after 40 pulses, after 

80 pulses, and 3 hours after PEF treatment.

Numerical model

Numerical solutions for electric field distribution in skin and the thermal effects of electric 

fields were performed in QuickField (Terra Analysis, Denmark). The software files with 

the model appear as Supplementary Information.a A free (student) version of QuickField is 

available on http://quickfield.com/free_soft.htm// (Accessed November 2013).

Statistical analysis

Statistical analysis was performed with toolbox in MATLAB, R2009b (MathWorks, Natick, 

MA, USA). We performed Student-t analysis to compare groups. The error bars show the 

standard deviation of the mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INNOVATION

Wound infection is the major cause of mortality and morbidity in civilian and military 

personnel with severe burns. Current methods for treating burn wound colonization and 

infections are predominantly based on a wide variety of antiseptic and antimicrobial 

dressings. The dressings are usually based on the release of poisonous to bacteria 

metal ions and chemicals. These antiseptic and antimicrobial materials have a host 

of undesirable characteristics including incomplete coverage, particularly of resistant 

bacterial species. In this work, we introduce a new technology for burn wound 

disinfection: non-thermal high voltage pulsed electric field (PEF). We show that PEF 

applied directly to the infected burn wound decreased the bacterial load of multidrug 

Acinetobacter baumannii by more than four orders of magnitude. We believe that PEF 

technology can serve as powerful intervention platform for many infection-fighting 

biomedical applications.
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Figure 1. 
Electric field distribution in the infected burned murine skin and adjusted normal skin, 

numerical model. (a) Schematic illustration of the PEF treated skin. Skin model is composed 

of multiple layers with individual electrical properties (Table 1). Insert shows the details of 

the analyzed geometry and mesh used for FEM solution in QuickField. Burn injury destroys 

cell membranes; therefore we modeled the burned site as tissue with homogenous electrical 

properties. (b) Electric field distribution in the treated skin when 1000 Volts were delivered 

through the left electrode. (c) Electric field distribution in the treated skin when 500 Volts 

were delivered through the left electrode. The color map on the right bottom shows the 

strengths of calculated electric fields (EF).
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Figure 2. 
Thermal effects of pulsed electric field on the skin, numerical model. (a) Color map of 

temperature distribution after 80 seconds of continuous treatment with PEF at 1000 Volts. 

Most of the temperature increase was observed in the deeper layers of the wound. The black 

line shows the contour, through which spatial temperature distribution was modeled (b). The 

black dot shows the location where the time-dependent temperature increase was modeled 

(b).
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Figure 3. 
Pulsed electric field disinfection in vivo: C57BL/6 black mice model. (a) Schematic 

illustration for procedures we used in this study. The 1 cm2 burn injury was followed by 

dispersion of A. baumannii on part of the wound. Next, pulsed electric field was applied 

using two plate electrodes. A. baumannii infection load was quantified using bioluminescent 

imaging. (b) Left panel shows digital photography of the burned (white frame) and infected 

(orange frame) areas of the skin. Central panel shows digital photography of the applied 

electrodes. Right panel shows the images of the mice as observed inside the dark imaging 

box. Orange frame shows the infected area as detected by a strong bioluminescent signal 

emitted from bacteria. (c) The experiment timeline.
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Figure 4. 
The effect of pulse number and electric field strength on A. baumannii infection load 

reduction. (a) Applied voltage 500 V. (b) Applied voltage 1000 V. Top panel shows the 

post-burn time when the images were taken. The bottom panel shows the survival fraction of 

microorganisms as detected by the top panel images (logarithmic, inversed scale). N shows 

the number of animals per group. Error bar ± standard deviation of the mean.
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Figure 5. 
The effect of pulse electric field strength on the recovery of A. baumannii 3 hours after 

treatment. (a) Control: Not treated, burned and infected skin. (b) Applied voltage 500 V. (c) 

Applied voltage 1000 V. Top panel shows the post-burn time when the images were taken. 

The bottom panel shows the survival fraction of microorganisms as detected by the top panel 

images (logarithmic, inversed scale). N shows the number of animals per group. Error bar ± 

standard deviation of the mean.
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Figure 6. 
Summary of A. baumannii survival 3 hours after PEF, the effect of electric field intensity. N 
shows the number of animals per group. Error bar ± standard deviation of the mean.
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