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ABSTRACT 

 

PULSED ELECTRIC FIELDS SENSITIZE METHICILLIN-RESISTANT STAPHYLOCOCCUS 

AUREUS TO ANTIBACTERIAL THERAPIES AND STIMULATE HOST IMMUNE 

RESPONSES 

Alexandra E. Chittams-Miles 

Old Dominion University, 2024 

Director: Dr. Claudia Muratori 

 

This research explores the impact of nanosecond pulsed electric fields (nsPEF) on two fronts: 

their immune stimulatory effects and their potential as a novel strategy to enhance the sensitivity 

of Methicillin-resistant Staphylococcus aureus (MRSA) to clinically relevant antibiotics. While 

pulsed electric fields have been reported to have an immune stimulatory effect, the mechanisms 

responsible for these effects have yet to be determined.  

Our investigation addresses the rising concern of MRSA derived skin and soft tissue infections 

(SSTIs). Consistent with other publications, we found that nsPEF alone cause modest 

inactivation of planktonic MRSA. We then investigated the effects of nsPEF in combination with 

commonly used antibiotics for the treatment of SSTI: vancomycin, doxycycline and daptomycin. 

Notably, the combination of nsPEF with daptomycin demonstrates a significant increase in 

bacterial inactivation compared to each monotherapy, irrespective of the treatment order. 

Conversely, when combining nsPEF with doxycycline or vancomycin, the treatment order 

emerges as crucial factor influencing the level of inactivation. Cells treated with nsPEF prior to 

antibiotic exposure show an increase in MRSA sensitivity to these drugs, while the opposite 

order does not improve the efficacy of the combined treatment. Furthermore, co-treatment of 

nsPEF and vancomycin effectively treats MRSA growing in biofilms, structures known for their 

increased resistance to antimicrobials.  

In parallel we investigated whether cellular perturbation by nsPEF triggered the NLRP3 

inflammasome. Inflammasomes are intracellular innate immune platforms activated by damage- 

and pathogen- associated stress. Their activation is responsible for the processing and release of 

proinflammatory cytokines of the IL-1 family, constituting one of the first line of defense against 

pathogens including S. aureus. We present evidence that nsPEF trigger the formation of the 

NLRP3 inflammasome, through visualization of the inflammasome-adaptor protein (ASC), the 

activation caspase-1 and the release of IL-1β in primary and immortal macrophages. Most 

interestingly, our study suggests that nsPEF can trigger the activation of multiple inflammasomes 

in response to the stimuli generated during and after pulse treatment. 

In summary, these findings support the central idea guiding our current research: that nsPEF 

have a dual effect. Specifically, they enhance the susceptibility of bacteria to antibiotics while 

concurrently boosting the host immune responses against MRSA. 
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NOMENCLATURE 

ATP 

 

Adenosine Triphosphate 

BMDM 

 

Bone Marrow Derived Macrophages 

ECT 

 

Electrochemotherapy 

GET 

 

Gene Electrotransfer 

GSDMD  Gasdermin-D 

IRE 

 

Irreversible Electroporation 

LPS 

 

Lipopolysaccharide 

MRSA 

 

Methicillin-Resistant Staphylococcus aureus 

NLR 

 

Nod-like Receptor 

nsPEF 

 

Nanosecond Pulsed Electric Fields 

PEF 

 

Pulsed Electric Fields 

PRR 

 

Pattern Recognition Receptor 

ROS 

 

Reactive Oxygen Species 

SSTI  

 

Skin and Soft Tissue Infection 
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INTRODUCTION 
 

Skin and Soft Tissue Infections (SSTIs) are commonly occurring infections that have 

become more prevalent over time (3-5). There are many types of SSTIs ranging from purulent 

infected abscesses to non-purulent, and necrotizing infections (3). Purulent SSTIs are frequently 

attributed to the Gram-positive bacteria Staphylococcus aureus (S. aureus), however S. aureus 

have also been observed in necrotizing and non-purulent SSTI (3, 5). Common risk factors for 

SSTIs includes immune compromise, age, I.V. drug use and extended hospital stays (3).   

Over time S. aureus has developed resistance to multiple classes of antibiotics, most 

notably leading to the development of methicillin-resistant Staphylococcus aureus (MRSA) (5). 

The emergence of MRSA has increased 50% since 2008 with nearly half of cultured bacterial 

clinical isolates being methicillin-resistant (3). MRSA infections are endemic in hospitals 

worldwide. In addition, community-associated MRSA (CA-MRSA) can cause infections in 

otherwise healthy individuals and is responsible for a significant percentage of S. aureus SSTIs 

in the United States (>50%) (6-8). 

SSTIs treatment vary based of severity. The standard of care for uncomplicated SSTIs is 

to simply drain the abscess without antibiotic treatment, however if drainage is unsuccessful, or 

if patients have increased risk factors, antibiotics are recommended with hospitalization being 

suggested for only the most severe cases (3). Severe SSTIs require early aggressive surgical 

debridement accompanied by antibiotic interventions (7, 9). There are many antibiotics that are 

used in the treatment of SSTIs however, vancomycin is identified as the first-line treatment 

option.  
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When antibiotics are administered the duration of treatment ranges from 7 to 14 days, 

however this can be extended for up to 4 weeks dependent upon location of the infection (3). 

Regardless of these suggested durations, there are no current guidelines for treatment of SSTIs 

(10).  

Approximately 15 to 30% of initial treatments for SSTIs fail due to increasing tolerance 

to antibiotic treatments (3). SSTIs can reestablish and become chronic if the infection is not 

completely removed. This especially occurs when biofilms are formed (11). When the skin 

barrier is breached, S. aureus, typically a normal member of the skin microbiota, infiltrates and 

binds to the host matrix creating a biofilm (12). Formation of the biofilm allows for the 

development of microbial tolerance to antibiotic treatment (13). The extracellular polymeric 

substance of the biofilm, or EPS, surrounds the microbe and restricts the diffusion of 

antimicrobial therapies into the biofilm decreasing the efficacy (14, 15). This decrease in efficacy 

can cause an increase of antibiotic concentrations needed for treatment by up to 1000 times (16).  

The EPS also restricts immune cell infiltration into the biofilm structure and creates an immune-

suppressive environment that protect S. aureus from the host immunosurveillance  (11, 14, 17). 

In wounds where biofilms proliferate, the infection can become chronic and the healing response 

is delayed (11).  Chronic wounds derived from S. aureus are especially of concern for patients 

with increased risk factors like diabetes (11, 12).  

S. aureus has developed resistance to many classes of antibiotics, including β-lactams, 

glycopeptides, tetracyclines and oxazolidinones (18, 19). The development of antibiotic 

resistance has made treatment more complex. While resistance is developing, the research and 

development of new antibiotics have decreased significantly (20). Therefore, it is imperative to 

develop new strategies to treat S. aureus SSTIs.   
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Ongoing research has investigated the potential development of an anti-S. aureus 

vaccine; however, all attempts have failed to create a lasting immune response in clinical trials. 

This has been attributed to the numerous virulence factors and the immune evasion mechanisms 

of S. aureus (21, 22).  

Recently, the potential use of physical methods as an aid to antibiotics in the battle 

against bacterial pathogens has received greater attention: photodynamic therapy (23, 24), 

thermotherapy (25), and weak electric currents (26-30) are all being tested as treatment 

modalities against pathogenic microorganisms. However, each of these proposed treatment 

methods have limitations including high levels of heating (31) or production of reactive oxygen 

species (ROS), both of which can damage the tissues in and around the target area (32). 

Ultrasound therapy also looked promising, especially when paired with antibiotic treatments; 

however, damage to surrounding tissues were observed when treatments were administered at 

higher intensities (33-35). To date, none of these approaches have developed into approved 

treatment methods to combat bacterial pathogens. 

Pulsed electric fields (PEF) have been successfully used in clinical settings ranging from 

tumor treatment to cardiac ablation (36, 37). PEF application results in the formation of aqueous 

pores in the cell membrane, a phenomenon that is called ‘electroporation’ (37, 38). 

Electroporation can be classified into two modalities, reversible or irreversible. Reversible 

electroporation creates temporary pores in the cell plasma membrane that eventually reseals, and 

the cells remain viable (37). This type of electroporation is used in gene electrotransfer and 

electrochemotherapy (37). Conversely, irreversible electroporation, which has been used for 

tumor and cardiac ablation, creates pores in the cell plasma membrane that do not reseal and 

leads to ion efflux, ATP release and eventually cell death (37, 39-41).  
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PEF have been used as a method of bacterial inactivation for over 60 years (42). This 

promising treatment method has been applied to the inactivation of bacteria in liquid, food (43) 

and wastewater (44, 45). Though many believe irreversible electroporation is the primary driver 

of bacterial inactivation, Pillet and colleagues have recently determined that PEF treatment can 

impact bacterial structures such as the cell wall as well (46). Notably, due to the physical nature 

of the main underlying mechanism - formation of aqueous pores in the plasma membrane- 

bacteria cannot easily develop resistance against it. Moreover, the EPS of biofilms should not 

impact the efficacy of PEF. Additionally, the few studies investigating biofilm inactivation by 

electroporation reported encouraging results (47, 48)  

PEF treatment modalities make use of high-intensity electric fields in the millisecond to 

microsecond duration range. Pulses of this duration are routinely used for tumor and tissue 

ablation, gene electrotransfer as well as for drug delivery and bacterial decontamination (40, 41, 

49, 50).  

The advancement of pulse generators has enabled the generation of nanosecond duration 

PEF (nsPEF), introducing several additional benefits. Pulses of this duration generates a non-

thermal,  high voltage pulse which prevents chemical injuries to surrounding tissues while also 

efficiently permeabilizing cells (51). nsPEF also minimizes neuromuscular stimulation, where 

PEF treatments of longer durations stimulate neuromuscular excitation resulting in involuntary 

muscle contractions and significant patient discomfort (52-57).  Moreover, nsPEF have been 

observed to permeabilize both the plasma membrane and the membranes of intracellular 

organelles and cause a variety of cytophysiological effects such as pore formation, blebbing, 

water uptake, and ion flux (41, 49, 51, 58-60).  
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Though PEF have been studied extensively in mammalian cells, there are still many 

unknowns about the effects of PEF on bacterial cells. Multiple studies have shown that PEF can 

selectively inactivate microbes though the reasons for this phenomenon are currently unknown 

(39). Much of the research exploring the effects of PEF on bacterial cells are in relation to food 

processing and wastewater treatment. The first study investigating the use of PEF for bacterial 

inactivation was completed in 1898 to purify river water (16). Later studies have explored 

making use of PEF in milk pasteurization and juice sterilization (16). One study showed that 

when PEF is combined with a commonly utilized antibacterial toxin peptides that a synergistic 

inactivation effect can be observed, particularly on bacteria that were previously unimpacted by 

single toxin peptide treatment (61).  Altogether these studies show potential in PEF application 

for bacterial inactivation especially in combination with antimicrobial therapies. While these new 

implications are promising, the potential effects of PEF on the bacterial cell wall are relatively 

unexplored, however, a recent study indicated that PEF targets the cell wall in two possible 

ways, this effect could be due to direct targeting of the cell wall or indirectly by the 

permeabilization of the plasma membrane (46).  

Recently, studies have explored the effects of PEF treatments when combined with other 

treatments options such as antibiotics or thermal therapies. These studies investigated the use of  

µs and ns duration PEF and found that when combined with additional treatments there is a mild 

synergistic effect (62, 63). Though the study investigating the effects of nsPEF treatment in 

combination with antibiotics showed promising initial results, the study did not include 

antibiotics currently approved to treat S. aureus derived SSTIs (63). Regardless, these studies 

show that PEF could be of benefit particularly when single treatments are observed to be 

insufficient for bacterial inactivation.  
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Results from our research reported in Chapter 2 demonstrate the significant impact of nsPEF 

on the efficacy of antibiotics approved for SSTIs (2). When applied to planktonic MRSA, nsPEF 

treatment exhibited a dose-dependent reduction in viability (Fig. 2). Notably, co-treatment with 

SSTI-approved antibiotics—daptomycin (Figs. 4 and 5), doxycycline (Figs. 6 and 7), and 

vancomycin (Fig. 7)—resulted in enhanced antimicrobial effects. Previous studies were limited 

to testing bacterial susceptibility to antibiotics only after nsPEF were delivered (63-65), while we 

directly compared the efficacy of multiple antibiotics administered either before or after the 

pulse treatment. Our results show that treatment duration and order (nsPEF-antibiotics, 

antibiotics-nsPEF) are essential in determining the most effective result, findings which will 

guide experimental design for future in vivo studies of the interaction between nsPEF and 

antibiotics to treat SSTIs. 

In an in vivo setting, another significant advantage of nsPEF lies in their potential to 

stimulate the host immune system against S. aureus. Numerous groups have documented the 

immunostimulatory effects of nsPEF (66-69) but our distinctive contribution is in revealing the 

fundamental mechanisms driving this phenomenon. These previously published studies have 

shown that PEF can have an immune stimulatory effect on both healthy and tumor cells (67, 70-

72). NsPEF in particular has been seen to stimulate anti-tumor immune responses in the tumor 

microenvironment (TME) which is frequently characterized as immune suppressed (70, 71).  

Membrane permeabilization by nsPEF causes colloid-osmotic cell swelling (73) and ion 

flux, including K+ efflux (74) and influx of Ca2+  (75-78). Additional effects of nsPEF cause an 

increase of ROS production and the triggering of ER stress (66, 79, 80). Notably, many of these 

responses are known to activate the inflammasome (81-83), a multiprotein complex expressed in 

innate immune cells that acts as a molecular sensor within cells and initiates inflammatory 
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responses. This led us to explore whether the damage caused by nsPEF is sensed intracellularly 

by the inflammasome, thereby alerting the innate immune system. 

Inflammasome oligomerization requires the assembly of a sensor protein, among which 

the NLRP-3 is the most studied, an adaptor protein (ASC), and an inflammatory caspase 

(Caspase-1) (84). When the multi-protein complex oligomerizes, caspase-1 is activated to cleave 

its targets pro-IL-1 and the pore forming family of proteins known as gasdermins (84).  

Results reported in Chapter 3 show that the intracellular perturbation caused by nsPEF 

serves as the specific trigger for the inflammasome (1). This recognition then prompts the 

activation of caspase-1 and the processing and release of the cytokine IL-1β both in vitro and in 

vivo (Figs. 11 and 15). 

 Notably, inflammasome activation plays a crucial role in host defense against S. aureus, as 

it contributes to the mobilization, recruitment, and activation of essential immune cells, 

particularly neutrophils (19, 85-89). IL-1β stimulates neutrophil recruitment while activating 

macrophages, and dendritic cells (19, 90-92). Additionally, IL-1β induces IL-17-producing T-

cells like T-helper-17 (Th17) cells and γδ T-cells (19, 85-89, 91). These responses are crucial for 

an effective immune response against S. aureus. Individuals with elevated susceptibility to S. 

aureus skin infections often exhibit mutations leading to impaired interleukin-1 receptor (IL-1R) 

and/or Toll-like receptor (TLR) signaling, or impaired Th17 cell responses. Such impairments 

are frequently associated with recurrent and severe infections. (93-98). Experiments in mouse 

models of S. aureus skin infection emphasize the critical role of IL-1- and IL-17-mediated 

responses in promoting neutrophil abscess formation in the skin, a requirement for effective 

bacterial clearance (19, 85-88). The significance of the IL-1β/IL-17 axis in S. aureus skin 

infection is further underscored by the multiple immune evasion mechanisms developed by S. 
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aureus to avoid inflammasome activation. O-acetylation of S. aureus peptidoglycan limits 

inflammasome activation and IL-1β release, impairing the development of an effective Th17 

response against reinfection (99, 100). More recently, adenosine synthase A (AdsA), a potent S. 

aureus virulence factor, was also found to dampen Th17 responses by interfering with 

inflammasome mediated IL-1 production (101). These immune evasion mechanisms actively 

inhibit inflammasome activation (100, 101), therefore it is essential to understand if nsPEF can 

overcome these mechanisms to induce an anti-pathogen response. 

Our preliminary results and the literature suggest that nsPEF could be a promising 

treatment option for enhancing the efficacy of clinically relevant antibiotics while also setting the 

stage for an enhanced immune response. This potential dual effect of nsPEF is particularly 

appealing given the absence of a licensed vaccine to prevent S. aureus infections. Therefore, we 

suggest using nsPEF to inactivate bacteria and enhance their susceptibility to antibiotics while 

also stimulating inflammasome activation to enhance the immune response necessary for innate 

immune cells to effectively combat S. aureus infection.  
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NANOSECOND PULSED ELECTRIC FIELDS INCREASE ANTIBIOTIC 

SUSCEPTIBILITY IN METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS ab 

 

Introduction 
 

The Gram-positive opportunistic pathogen Staphylococcus aureus (S. aureus) is the 

leading cause of skin and soft-tissue infections (SSTI) in the United States (102, 103). Patients 

with ulcers, commonly resulting from advanced complications of injuries, recent surgery, or 

indwelling medical devices, are particularly at risk. SSTI range from superficial infections such 

as impetigo, cellulitis, simple abscesses, and furuncles to deeper and more severe infections such 

as necrotizing infections, infected ulcers, infected burns, and major abscesses. Moreover, 

diabetic foot infections are similar to SSTI in pathophysiology, microbiology, and treatment and 

can been seen as a subset of SSTI (104). SSTI are common in ambulatory and inpatient settings, 

accounting for more than 14 million outpatient visits and 850,000 hospitalizations in the United 

States alone (105). Between 7-10% of hospitalized patients have SSTI, which are often hospital-

acquired infections that complicate treatment of the original ailment (10, 106).  

Treatment of SSTI varies based on clinical severity, patient comorbidities, admission 

status, and diagnosis. Uncomplicated SSTI are treated with topical or oral antibiotics while 

severe SSTI require early aggressive surgical debridement accompanied by antibiotic 

interventions (9). The history of S. aureus treatment is marked by the development of resistance 

to each new class of antimicrobial drugs, including penicillin, sulfonamides, tetracyclines, 

 
a This chapter is based on our manuscript titled “Nanosecond Pulsed Electric Fields Increase Antibiotic 

Susceptibility in Methicillin-Resistant Staphylococcus aureus,” which was originally published in 

Microbiology Spectrum on January 11, 2024. https://doi.org/10.1128/spectrum.02992-23. The manuscript 

has been modified for inclusion in this chapter and is reproduced here under copyright agreement. 
 
b This chapter includes experiments conducted in accordance to the guidelines set forth by the 

Institutional Biosafety Committee (IBC) and the Institutional Animal Care and Use Committee (IACUC) 

of Old Dominion University. 

https://doi.org/10.1128/spectrum.02992-23
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glycopeptides, and others, complicating therapy (107). Methicillin, which inhibits bacterial cell 

wall synthesis, was once a front-line treatment for S. aureus infections but this resulted in the 

development of methicillin-resistant strains of S. aureus (MRSA) (108). First reported in the 

1960s (109), MRSA has become increasingly prevalent since the 1980s (110, 111) and is now 

endemic in many hospitals and even epidemic in some, with resistance in approximately 30% of 

all S. aureus infections in the United States (111). Vancomycin is the only antibiotic that can 

consistently successfully treat MRSA (112). However, the emergence of S. aureus infection with 

intermediate resistance to vancomycin in the United States suggests that S. aureus strains are 

constantly evolving, and full resistance may develop (113). Novel approaches to tackle this 

problem are urgently required.   

Recently, the potential use of physical means as an aid to antibiotics in the battle against 

bacterial pathogens has been studied: photodynamic therapy (23, 24), ultrasound therapy (33-35), 

thermotherapy (25), and weak electric currents (26-30) are all being tested as treatment 

modalities against pathogenic microorganisms. The major drawback of these methods is their 

low therapeutic index due to high levels of heating (31) or production of reactive oxygen species, 

both of which can damage the tissues in and around the target area (32). Moreover, these 

methods usually require a long time of exposure and, for photodynamic therapy, a 

photosensitizer.  As of today, none of the above-mentioned means has matured into an approved 

treatment modality against bacterial pathogens. 

Pulsed electric fields (PEF) are successfully used in a wide range of clinical applications 

from cancer therapy to cardiac ablation (36, 37). The application of PEF disrupts cell plasma 

membranes in mammalian and bacterial cells and has been used for decades to promote bacterial 

uptake of exogenous DNA in laboratory settings  (114, 115). This disruption of the membrane 



11 
 

 
 

barrier function, called electroporation, leads to multiple cyto-physiological effects, including 

calcium (Ca2+) overload, efflux of ATP and other metabolites, and disturbances in 

transmembrane ion gradients (Na+, K+, Cl-) required for maintenance of membrane resting 

potential and for osmotic and cell volume regulation (75, 76, 116-122). The biological effects of 

PEF can be tuned by adjusting pulse parameters such as pulse number, duration, and amplitude. 

In most protocols the rate of energy deposition is controlled so that the concurrent Joule heating 

does not cause thermal damage (120, 123-126). When the electroporative damage exceeds the 

cell repair capacity, PEF treatments cause cell death.  The ability of pulsed electric fields (PEF) 

to inactivate microorganisms has been known for over 60 years (42). Indeed, PEF are among the 

most promising microbial inactivation methods for liquid, food (43) and wastewater (44, 45). 

Moreover, due to the physical nature of the main underlying mechanism - formation of aqueous 

pores in the plasma membrane- bacteria cannot easily develop resistance against it.  

Recent research has extended PEF treatments to the nanosecond duration range (nsPEF). 

Because nsPEF use much shorter pulses (down to 10 ns), higher voltages can be applied with 

minimal thermal effects. Compared to micro- and millisecond pulses, permeabilization by nsPEF 

does not rely on charge movement or capacitive charging, resulting in a much more uniform/less 

localized poration pattern, or so-called "supra-electroporation"(127, 128). Moreover, nanosecond 

pulses permeabilize not only the outer membrane of the cell, but also intracellular membranes of 

eukaryotic organelles, such as the endoplasmic reticulum (ER) and the mitochondria (73, 75, 76, 

129-131). nsPEF create nanopores with cross-section less than 1.5 nm with resulting cell 

permeabilization lifetimes on the order of seconds or minutes (121, 132, 133).  Finally, treatment 

with nsPEF results in reduced neuromuscular stimulation as compared to µs-ms pulses. Pulses in 

the micro- to millisecond duration range trigger neuromuscular excitation, which causes severe 
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pain and involuntary muscle contractions (52-57). In silico models showed that standard 100 µs 

electric pulses excites nerves at ~1,000-fold lower electric field than needed for ablation (134). 

While anesthesia and muscle relaxants offer a partial solution, the optimal solution is to 

minimize nerve excitation in the first place. Both theoretical and experimental research 

demonstrated that shortening the pulse duration into nanosecond range decreases neuromuscular 

response to PEF (57, 134-140).  Specifically, Pakhomov’s group recently published that 200 ns 

pulses can cause a 1000-fold reduction of the stimulated tissue compared to 100 µs pulses (140).  

In this study, we measured MRSA inactivation by nsPEF alone and in combination with 

antibiotics approved to treat SSTI, namely vancomycin, doxycycline and daptomycin. Previous 

studies were limited to testing the bacterial susceptibility to various antibiotics only after nsPEF 

were delivered (63-65). Here we directly compared the efficacy of multiple antibiotics 

administered either before or after the pulse treatment. Our results show that the treatment 

duration and order (nsPEF-antibiotics, antibiotics-nsPEF) is essential in determining the most 

effective result.  

Figure 1. S. aureus growth in LB broth. (A) Planktonic MRSA cultures were diluted using a 1:20 ratio 

in LB broth in sterile 96-well plates. Plates were incubated at 37.0°C for 24 h in a microplate reader, 

which was set to constantly shake at medium intensity, and the optical density was recorded at 630 nm 

every 30 min. (B) Planktonic MRSA cultures were diluted 1:10 in LB broth in sterile 12-well plates. 

Plates were incubated at 37.0°C for 48 h before crystal violet staining was used to measure biofilm 

production. Shown are the means and standard deviations of nine samples. ****P <0.0001. Figure is 

reproduced from Chittams-Miles AE, et al, 2024 (2).  
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Materials and Methods 
 

Bacterial strains and growth conditions. All assays were conducted with S. aureus Xen 

31 MRSA strain (Perkin Elmer, Waltham, MA). Bacterial colonies were maintained on LB plates 

containing 17 g/L agar (Fisher Scientific, Waltham, MA). Bacteria were grown in Luria Bertani 

Miller (LB-Miller; Fisher Scientific) broth at 37oC until they reached exponential phase (optical 

density of 0.4-0.7 at 600 nm) in a shaking incubator (New Brunswick Scientific, Edison, NJ) at 

250 rpm. Bacterial growth was measured using the DU® 730 spectrophotometer (Beckman 

Coulter, Inc., Chaska, MN).  

Growth curves. MRSA cultures were prepared by inoculating single colonies into 2 mL 

of LB broth and grown for 16 h at 37 °C with constant shaking at 250 rpm. The overnight 

cultures were diluted 1:20 into fresh LB broth, grown until they reached exponential phase 

(OD600nm: 0.4-0.7) and diluted 1:10 into a sterile 96-well plate (Fisher Scientific) containing a 

range of antibiotic concentrations in LB broth. The antibiotics that were used were: vancomycin 

(VWR, Suwanee, GA), doxycycline (Cayman Chemicals, Ann Arbor, MI), and daptomycin 

(Fisher Scientific). Plates were incubated at 37.0oC for 24 h in a BioTek synergy microplate 

reader, which was set to constant shake at medium intensity and absorbance was recorded at 630 

nm every 30 min. 

Pulsed electric field exposure methods. MRSA cultures were prepared by inoculating 

single colonies into 2 mL of LB broth and grown for 18 h at 37°C with constant shaking. Starter 

cultures were diluted 1:20 into LB broth to reach exponential phase (OD600 = 0.4–0.7) and 90 µL 

samples of this suspension were loaded into 1 mm gap electroporation cuvettes (BioSmith, 

Vandergrift, PA). Samples in electroporation cuvettes were exposed to nsPEF in LB broth with 

a conductivity of 1.73 S/m at room temperature. Trapezoidal pulses of 300 or 600 ns duration 
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were produced by a CellFX® generator (Pulse Biosciences Inc, Hayward, CA). The output stage 

of the pulse generator was optimized for the 10-ohm impedance presented by the cell 

suspensions in a 1 mm electroporation cuvette. The pulse amplitude and shape were monitored at 

the cuvette using a LeCroy WaveSurfer 3034z oscilloscope (Teledyne Lecroy, Chestnut Ridge, 

NY). Temperature changes were measured immediately after nsPEF using a 

thermocouple thermometer (Physitemp, Clifton, NJ). The nsPEF treated cells underwent a serial 

dilution in LB broth before being plated on LB agar plates. The plates were incubated at 37oC for 

40 h before the number of colonies were counted. All experiments included an untreated ‘sham’ 

control that was prepared the same way as the experimental sample but not subjected to nsPEF 

treatment.  

Antibiotic treatments. A schematic diagram of the experimental workflow is shown in 

Fig. S1. For short antibiotic incubations either pre- or post-nsPEF treatment, MRSA cultures in 

exponential growth phase (OD600 = 0.4–0.7) were treated with a range of concentrations for each 

of the antibiotics: 0-8 µg/mL daptomycin, 0-32 µg/mL doxycycline, and 0-32 µg/mL 

vancomycin. Antibiotic exposure lasted 90 min at 37oC with constant shaking at 250 rpm. For 

prolonged antibiotic exposures, samples were exposed to nsPEF as described above, diluted, and 

spread on LB-agar plates containing the indicated concentrations of antibiotics. Plates were 

incubated at 37 oC for 40 h before the number of colonies were counted.  

Replicate plating. Exponential phase cultures were exposed to 600 ns pulses (0, 60, and 

120 pulses) and serially diluted in a sterile 96-well plate (ThermoFisher Scientific). A sterile 

replica plater (‘frogger’) for 96-well plate (Sigma Aldrich) was used to stamp the desired 

samples onto LB ± antibiotic agar plates. The plates were incubated at 37oC for 24 h before 

being scanned on a ChemiDoc MP Imaging System (BioRad).  
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Biofilm formation, visualization, and quantification. A 12-well tissue culture treated 

plate (Fisher Scientific) containing 1.8 mL of fresh LB broth in each well was inoculated with 

200 µL of MRSA exponential phase cultures. The plate was then incubated at 37oC for 24 h. To 

quantify the biofilms, the supernatant from each well was removed by pipetting, the adhered 

biofilms were washed with 1 mL of 1X phosphate buffered saline (PBS) solution. The washed 

biofilms were then stained for 30 min with 1 mL of 0.1% crystal violet (Sigma Aldrich) and 

washed two additional times with 1X PBS. The adhered and stained biofilms were suspended in 

70% ethanol. The plate was placed in the Bio-Tek synergy microplate reader (Marshall 

Scientific), which recorded the OD570, after shaking the plate at medium intensity.  

nsPEF and antibiotic treatment of biofilm derived cells. To treat biofilms, the 

supernatant was removed, biofilms were washed with 1X PBS, and adherent cells were manually 

scraped off the plastic surface with pipet tips and suspended in 1 mL of fresh LB broth. The 

sample was then vortexed to disrupt the biofilm structure. A 90 µL aliquot of this sample was 

transferred to an electroporation cuvette for nsPEF as described above. After the nsPEF 

treatment, the sample was plated on LB ± antibiotic (1 µg/mL doxycycline or 1 µg/mL 

vancomycin) agar plates. The plates were incubated at 37 oC for 40 h before the number of 

colonies were counted.  

Determination of inactivation rates. Immediately after pulsing, 900 μL of LB broth was 

added to each cuvette and mixed by pipetting. The resulting 1 mL samples were serially diluted 

up to 10-7 and 100 μL of each sample was plated on duplicate LB agar plates and colonies were 

counted after 40 h incubation at 37 oC. Only counts between 0 and 300 CFU per plate were 

considered. Inactivation rates are expressed as log10 (CFU/mLsham - CFU/mLtreated).  



16 
 

 
 

Statistical analyses. Data are presented as mean ± SD for n independent experiments. 

Statistical calculations, including data fits, and data plotting were accomplished using Prism 

(GraphPad). All quantitative experiments were performed in duplicate and repeated a minimum 

of three times.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 
 

Results 

 

Sensitivity of planktonic MRSA to nsPEF treatments  

Our initial experiments sought to establish optimal laboratory growth conditions for the 

planned experiments. MRSA (Xen 31) growth in liquid culture was assessed in different growth 

media commonly used to culture MRSA (data not shown). We found that MRSA grows rapidly 

and consistently in LB broth and reaches a stationary optical density of 1.2-1.4 within 12 h (Fig. 

1A). 24 h was sufficient time for the growth of robust MRSA biofilms on plastic surfaces (Fig. 

1B).  

Inactivation by nsPEF of planktonic MRSA in exponential growth phase was measured 

using two different pulse durations, namely 300 ns, the shortest duration our generator can 

produce, and 600 ns (0-1000 pulses, 30 kV/cm, 1 Hz). Our results show that while MRSA was 

moderately affected by both pulse durations (Fig. 2), 600 ns pulses were more efficient at 

bacterial inactivation. Specifically, 250 pulses of 300 ns each caused a very modest 0.2 log10 

reduction in viability and increasing the number of pulses to 500 or 1000 only increased the 

killing effect to 0.3 and 0.5 log10 reductions, respectively (Fig. 2A). Meanwhile, 60 pulses of 

600 ns each caused a 0.4 log10 reduction in viability, while increasing the number of pulses to 

120 or 250 pulses did increase the killing effect to 0.5 and 1.1 log10 reductions, respectively 

(Fig. 2B).  Additionally, we calculated the energy between each set of pulse conditions with the 

highest 300 ns pulse condition (1000 pulses) being tested resulting in an energetic field of 270 J 

and the highest 600 ns pulse condition (250 pulses) resulting in an energetic field of 135 J. This 

shows that the 600 ns duration pulses generated a smaller energetic field while also creating a 

stronger inactivation effect. Therefore, we continued using the 600 ns pulse conditions.  
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PEF treatments are intended to be a non-thermal method to inactivate microorganisms. 

However, it is well known that an increase in temperature due to Joule heating can be associated 

with high pulse doses. Table 1 shows that the highest 600 ns pulse dose (250 pulses) increased 

the sample temperature from 24.4 ± 0.3 to 38.7 ± 0.3°C while 60 and 120 pulses increased the 

temperature to 28.6 ± 0.1 and 33.1 ± 0.2, respectively. 

Although S. aureus can grow over a wide range of temperature (6.5-46oC) with an 

optimal range between 30-37oC (141), we could not exclude that a rapid 14-degree rise in 

temperature during treatment affected the electroporation phenomenon and/or initiated stress 

responses. Therefore, to minimize the effect of heating, the condition utilizing 250 pulses at 600 

ns pulse duration was discontinued. All subsequent experiments used 60 or 120 pulses with the 

600 ns pulse duration, as indicated.  

  

Figure 2. Effect of nsPEF on planktonic S. aureus viability. Cells in the exponential phase were 

treated with the indicated numbers of either (A) 300 or (B) 600 ns pulses. All pulses were 30 

kV/cm, 1 Hz. Treated samples were plated in 10-fold dilutions on LB agar plates and colony-

forming units were quantified 40 h post-treatment. Inactivation is quantified as log(CFU/mL)sham – 

log(CFU/mL)nsPEF and is individually calculated for each sample. Shown are the means and 

standard deviations of at least three independent samples. n.s., not significant; *P < 0.05; **P < 

0.01; and ***P < 0.001. Figure is reproduced from Chittams-Miles AE, et al, 2024 (2).  

 



19 
 

 
 

 

Table I. Temperatures measured immediately after the delivery of the indicated number of 600 ns pulses 

(30 kV/cm, 1Hz). Table is reproduced from Chittams-Miles AE, et al, 2024 (2).  

 

 

nsPEF pre-treatment or post-treatment increases the antimicrobial effect of limited 

daptomycin exposure  

Next, we asked whether nsPEF treatments could sensitize MRSA to a transient exposure 

to the SSTI-approved antibiotic daptomycin. Daptomycin is a lipophilic peptide that inserts into 

the bacterial cell membrane, causing rapid membrane depolarization and potassium ion efflux 

(142). We hypothesized that the membrane defects created by daptomycin would increase the 

efficacy of nsPEF treatment. To test this hypothesis, we first measured the ability of daptomycin 

to reduce the number of viable cells in exponentially growing MRSA cultures (for a schematic 

diagram of the experimental workflow see Fig. 3). As expected, daptomycin exposure reduced 

the number of colony forming units per mL in a dose-dependent manner, with a 90 min exposure 

to 8 µg/mL daptomycin, the highest concentration tested, leading to 3.3 log10 reduction in 

viability (Fig. 4A). Next, we measured the effect of combining daptomycin with nsPEF (Fig. 

4B). Cells were preincubated for 90 min with different sub-lethal doses of the antibiotic (0.5, 1 

and 2 µg/mL), then treated with nsPEF (0, 60, 120 pulses 600 ns, 30 kV/cm, 1 Hz) and 

immediately plated on LB agar plates without antibiotic. Our results show that pretreatment with 

daptomycin significantly increased MRSA sensitivity to nsPEF (Fig. 4B). Combining 2 µg/mL 

of daptomycin with nsPEF caused nearly 3 log10 reduction comparable to the effect of 8 µg/mL 
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of antibiotic alone. Similarly, at all of the antibiotic concentrations tested, antibiotics combined 

with pulses reduced culture viability significantly more than pulses alone (Fig. 4B). Next, we 

investigated whether the order in which the combined treatments were applied affected our 

results. Samples were either pretreated with 0.5 µg/mL of daptomycin for 90 min and then 

exposed the nsPEF (600 ns, 30 kV/cm, 1 Hz) or exposed to nsPEF and then incubated with the 

antibiotic for 90 min. Our results show that regardless of the administration order, the co-

treatment inactivates MRSA culture more strongly than either daptomycin or nsPEF alone (Fig. 

5). Each of the monotherapies reduced culture viability by less than 1 log10, while prior 

exposure to daptomycin allowed 60 or 120 pulses to reduce viability by 1.5 and 1.9 log10, 

respectively. Pretreatment with 60 or 120 pulses sensitized the cells to daptomycin, allowing 

culture inactivation by 2.0 and 2.3 log10, respectively (Fig. 5). 

  

Figure 3. Schematic of experimental methods. MRSA cultures in exponential 

growth phase (OD600 = 0.4–0.7) were either transiently incubated with antibiotics for 

90 minutes pre- or post nsPEF treatment and plated on plates without antibiotics or, 

for prolonged antibiotic exposure, treated with nsPEF and then plated on plates with 

antibiotics for 40 h. Figure is reproduced from Chittams-Miles AE, et al, 2024 (2).  
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Figure 4. Pretreatment with daptomycin increases nsPEF cytotoxic effect. (A) Inactivation of 

exponentially growing MRSA cultures by 90 min of incubation with the indicated doses of 

daptomycin. Inactivation is quantified as log(CFU/mL)untreated – log(CFU/mL)daptomycin and is 

individually calculated for each sample. Treated samples are compared to 0 (untreated control) by 

one-sample t-test. Numbers shown represent the means and standard deviations of at least three 

independent samples. (B) Inactivation of samples treated with the indicated concentrations of 

daptomycin for 90 min before exposure to 0, 60, or 120 pulses (600 ns, 30 kV/cm, 1 Hz). 

Inactivation is quantified as log(CFU/mL)untreated – log(CFU/mL)treated and is individually 

calculated for each sample. Black asterisks: samples treated with daptomycin and pulses are 

compared to those treated with daptomycin alone by one-way ANOVA. Gray asterisks: samples 

treated with daptomycin and 60 pulses are compared to those treated with 60 pulses alone by one-

way ANOVA. Orange asterisks: samples treated with daptomycin and 120 pulses are compared to 

those treated with 120 pulses alone by one-way ANOVA. Numbers shown represent the means and 

standard deviations of four independent samples. n.d., no drug; n.s., not significant; *P < 0.05; **P 

< 0.01; ***P < 0.001; and ****P < 0.0001.Figure is reproduced from Chittams-Miles AE, et al, 

2024 (2).  
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Figure 5. Daptomycin and nsPEF mutually enhance each other regardless of the order of 

application. Exponentially growing MRSA cultures were either pre-incubated with 0.5 μg/mL 

daptomycin for 90 min and then exposed to 0, 60, and 120 pulses (Dap + nsPEF) or exposed to 

nsPEF and then incubated with the antibiotic (nsPEF +Dap). Inactivation is quantified as 

log(CFU/mL)untreated – log(CFU/mL)treated. Black asterisks: samples treated with daptomycin and 

pulses are compared to those treated with daptomycin alone. Gray asterisks: samples treated with 

daptomycin and 60 pulses are compared to those treated with 60 pulses alone. Orange asterisks: 

samples treated with daptomycin and 120 pulses are compared to those treated with 120 pulses alone. 

All treatment comparisons were analyzed using one-way ANOVA. Numbers shown represent the 

means and standard deviations of at least four independent samples. n.d., no drug; n.s., not 

significant; *P < 0.05; **P < 0.01; and ***P < 0.001. Figure is reproduced from Chittams-Miles AE, 

et al, 2024 (2).  
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Only nsPEF pre-treatment sensitizes MRSA to doxycycline  

Next, we asked whether nsPEF treatment would also enhance the effects of antibiotics 

with different mechanisms of action. Doxycycline inhibits bacterial protein synthesis 

by reversibly binding to the 30S ribosomal subunits, blocking the binding of the aminoacyl 

tRNA to the mRNA (143).   

Unlike daptomycin, doxycycline must enter the cell to have an effect; the thick cell wall 

of Gram-positive pathogens such as MRSA can impede this. We therefore hypothesize that the 

damage created by nsPEF could increase MRSA permeability to doxycycline. As with 

daptomycin, we first measured the sensitivity of exponentially growing MRSA to doxycycline 

monotherapy. Interestingly, all tested doses (0-32 µg/mL) only mildly affected MRSA viability, 

suggesting that the 90 min contact time was not sufficient to cause significant bactericidal effects 

(Fig. 6A). Next, we measured the effect of combining doxycycline with nsPEF.  Cells were 

incubated for 90 min with 4 µg/mL doxycycline either before or after treatment with nsPEF (0, 

60, 120 pulses 600 ns, 30 kV/cm, 1 Hz) and immediately plated on LB plates without antibiotic. 

Our results show that pretreating MRSA with doxycycline did not increase cells sensitivity to 

nsPEF, while nsPEF significantly potentiated MRSA susceptibility to consequent doxycycline 

incubation (Fig. 6B). Pre-treatment with doxycycline caused a small but significant enhancement 

to the effects of pulses, increasing the inactivation effect from 0.4 log10 in the presence of 

doxycycline alone to 0.6 when doxycycline is followed by 60 or 120 pulses. Pulses sensitize 

MRSA to doxycycline much more strongly, as pre-treatment with 60 pulses increases culture 

inactivation by doxycycline from 0.6 to 1.3, and pre-treatment with 120 pulses increases it 

further to 1.5 (Fig. 6B). While the effect of the pulses on cells previously exposed to doxycycline 

was not significant compared to that of the pulses alone, pulses followed by doxycycline 
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exposure are much more lethal to the MRSA cultures than pulses alone (Fig. 6B). These results 

suggest that cell permeabilization by nsPEF enhances doxycycline penetration into the bacterial 

cytoplasm, while pretreatment with the antibiotic has no effect on the cellular response to nsPEF.   

  
Figure 6. Pre-treatment with doxycycline does not increase nsPEF efficacy 

but nsPEF sensitizes MRSA to doxycycline. (A) Inactivation of exponentially 

growing MRSA cultures by 90 min of incubation with the indicated doses of 

doxycycline. Inactivation is quantified as log(CFU/mL)untreated – 

log(CFU/mL)treated and is individually calculated for each sample. Treated 

samples are compared to 0 (untreated control) by one-sample t-test. Numbers 

shown represent the means and standard deviations of at least three independent 

samples. (B) Inactivation of exponentially growing MRSA cultures either pre-

incubated with 4 μg/mL doxycycline for 90 min and then exposed to 0, 60, and 

120 pulses (doxy + nsPEF) or exposed to nsPEF and then incubated with the 

antibiotic (nsPEF + doxy). Inactivation is quantified as log(CFU/mL)untreated – 

log(CFU/mL)treated. Black asterisks: samples treated with doxycycline and 

pulses are compared to those treated with doxycycline alone. Light fuchsia 

symbols: samples treated with doxycycline and 60 pulses are compared to those 

treated with 60 pulses alone. Dark fuchsia symbols: samples treated with 

doxycycline and 120 pulses are compared to those treated with 120 pulses alone. 

All treatment comparisons were analyzed using one-way ANOVA. Numbers 

shown represent the means and standard deviations of at least three independent 

samples. n.d., no drug; n.s., not significant. *P <0.05, **P < 0.01, ***P < 0.001, 

and ****P < 0.0001. Figure is reproduced from Chittams-Miles AE, et al, 2024 

(2).  
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nsPEF does not strongly affect the efficacy of a transient exposure to vancomycin c 

Vancomycin is a glycopeptide antibiotic that exerts its bactericidal effect by inhibiting 

the polymerization of peptidoglycans in the bacterial cell wall, and is broadly effective against 

Gram positive bacteria (144).  We hypothesized that the destabilization of the cell wall by 

vancomycin could enhance osmotic cell swelling and consequent cell death in electroporated 

MRSA. However, similar to doxycycline, incubation with all tested doses of vancomycin for 90 

min did not result in substantial cytotoxic effects against exponentially growing cultures (data 

not shown). Consistent with this, transient exposure to vancomycin either before or after nsPEF 

treatment had not significant effect on MRSA inactivation (data not shown). Under our 

experimental conditions, it appears that antibiotic destabilization of the cell wall does not exhibit 

the same mutual enhancement with nsPEF treatment as antibiotic destabilization of the cell 

membrane.  

nsPEF treatment sensitizes cells to prolonged antibiotic exposure  

Because both doxycycline and vancomycin alone had only modest effects on MRSA 

viability after 90 min of exposure, we decided to test the effect of increased contact time with 

these antibiotics. To do this, we employed dilution plating on plates containing these antibiotics. 

After nsPEF treatment (0, 60, 120 pulses 600 ns, 30 kV/cm, 1 Hz), 10-fold serial dilutions of 

treated and untreated cells were spotted onto LB plates containing antibiotics (Fig. 7)d. In 

samples with reduced viability, fewer dilutions are needed before no visible growth is detected 

after 24 h. Both doxycycline and vancomycin visibly reduced MRSA cell density on a serial 

 
c Results discussed in this subsection were generated by collaborator Areej Malik, who is also a Ph.D. 

student in the Biomedical Sciences Program at ODU 
d This was a collaborative study where results from vancomycin experiments reported in Figures 7 and 8 

were generated by Areej Malik, who is also a Ph.D. student in the Biomedical Sciences Program at ODU. 
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dilution plate (compare yellow rectangles in Fig.  7A and 7C). The effect of nsPEF treatment 

alone was apparent on the dilution plates in the absence of antibiotics (Fig. 7A and 7C, see blue 

rectangles). However, the difference between nsPEF-treated and untreated cells was much more 

pronounced on plates containing antibiotics (Fig. 7A and 7C, red rectangles). The trends 

observed on the doxycycline plates were not statistically significant (Fig. 7B), but nsPEF 

combined with sustained vancomycin exposure inactivated MRSA significantly more than either 

treatment alone (Fig. 7D).  

Plating nsPEF-treated MRSA on daptomycin plates led to inconclusive results as 

prolonged incubation of cells with this antibiotic caused either no effect or complete growth 

inhibition at all tested concentrations (data not shown).  

Effect of nsPEF/antibiotics combined treatment of MRSA biofilm viability  

Because S. aureus living within biofilms is more resistant to antibiotic than planktonic 

bacteria (145), we investigated the effect of combining nsPEF with either doxycycline or 

vancomycin on MRSA biofilms viability. Biofilms were washed and adherent cells were 

manually scraped from the plastic growth surface and resuspended into sterile LB broth. Cells 

were dispersed by vortexing and were aliquoted into electroporation cuvettes. After nsPEF 

treatment (0, 60, 120 pulses 600 ns, 30 kV/cm, 1 Hz), samples were plated on LB plates 

containing 1 µg/mL of either doxycycline or vancomycin and colonies were counted in 40 h 

(Fig.  8). nsPEF treatment alone had very little effect on biofilm-grown cells, with 60 and 120 

pulses reducing culture viability by less than 0.3 log10 (Fig. 8). Doxycycline alone only reduced 

culture viability of 0.4 log10, while pre-treatment with 60 or 120 pulses allowed doxycycline to 

impact the biofilm-grown cells by 0.5 and 0.6 log10 (Fig. 8A). The effects of the co-treatment 

were significantly enhanced compared to either treatment alone, but their overall impact was 
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modest. Vancomycin treatment had more of an impact on the biofilm-grown cells, reducing 

viability by 1.1 log10. Pre-treatment with 60 or 120 nsPEF pulses increased this effect to 1.8 and 

1.9 log10 (Fig. 8B). nsPEF enhancement of vancomycin treatment alone did not achieve 

statistical significance, but did trend upward, suggesting that investigation of vancomycin 

penetrance and efficacy in intact biofilms subjected to nsPEF treatment could be a promising 

area of future investigation.  
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Figure 7. Effect of nsPEF and extended incubation with doxycycline (A, B) and vancomycin (C, D) 

on MRSA viability. In panels A and C, a replica plating device was used to reproducibly spot 10-fold 

serial dilutions onto agar plates. Shown are representative images of eight serial 10-fold dilutions of 

exponentially growing MRSA treated with 0, 60, or 120 pulses (600 ns, 30 kV/cm, 1 Hz) and then plated 

either on control LB plates (A and C left images) or plates containing 1 μg/mL doxycycline (B) or 

vancomycin (D). Yellow and blue rectangles highlight the effect of the monotreatment with antibiotics 

and nsPEF, respectively. Red rectangles show the effect of the combined treatment (see text for details). 

In panels B and D, a quantification of the effects seen in panels A and C was done for one optimal 

dilution. Inactivation is quantified as log(CFU/mL)untreated – log(CFU/mL)treated. Black symbols: 

samples treated with antibiotics and pulses are compared to those treated with antibiotics alone by one-

way ANOVA. Light fuchsia symbols: samples treated with doxycycline and 60 pulses are compared to 

those treated with 60 pulses alone. Dark fuchsia symbols: samples treated with doxycycline and 120 

pulses are compared to those treated with 120 pulses alone. Light blue asterisks: samples treated with 

vancomycin and 60 pulses are compared to those treated with 60 pulses alone by one-way ANOVA. Dark 

blue asterisks: samples treated with vancomycin and 120 pulses are compared to those treated with 120 

pulses alone. All treatment comparisons were analyzed using one-way ANOVA Data shown represent the 

mean and standard deviation of at least three samples. n.d., no drug; n.s., not significant and **** P < 

0.0001. Figure is reproduced from Chittams-Miles AE, et al, 2024 (2).  
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Figure 8. Effect of nsPEF on antibiotic susceptibility of biofilm-derived cells. MRSA cells scraped 

out of biofilms were homogenized in solution and treated with 0, 60, or 120 pulses before serial dilution 

plating on either control LB plates or plates containing 1 μg/mL doxycycline (A) or 1 μg/mL vancomycin 

(B). Inactivation is quantified as log(CFU/mL)untreated– log(CFU/mL)treated and is individually 

calculated for each sample. Black asterisk: samples treated with antibiotics and pulses are compared to 

those treated with antibiotics alone. Light fuchsia asterisks: samples treated with doxycycline and 60 

pulses are compared to those treated with 60 pulses alone. Dark fuchsia asterisks: samples treated with 

doxycycline and 120 pulses are compared to those treated with pulses alone. Light blue asterisks: samples 

treated with vancomycin and 60 pulses are compared to those treated with 60 pulses alone. Dark blue 

asterisks: samples treated with vancomycin and 120 pulses are compared to those treated with 120 pulses 

alone. All treatment comparisons were analyzed using one-way ANOVA. Data represent the means and 

standard deviations of at least five independent samples. n.d., no drug; n.s., not significant. *P <0.05, 

***P < 0.001, and ****P < 0.0001. Figure is reproduced from Chittams-Miles AE, et al, 2024 (2).  
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Discussion  
 

S. aureus is a natural component of the commensal skin microbiota but can become an 

opportunistic pathogen when the skin, the first line of immune defense, is breached (15, 146, 

147). Treatment of the resulting SSTI is complicated by the high prevalence of methicillin 

resistance among S. aureus strains (148). Many S. aureus infections, both methicillin-sensitive 

and methicillin-resistant, are currently treated using doxycycline, vancomycin, or daptomycin, 

alone or in tandem with physical debridement methods (149). However, resistance has also 

developed to these antibiotics (18-20). Effective methods of treatment are necessary to reduce 

the burden of S. aureus in healthcare settings (150). 

This study makes use of nsPEF in combination with antibiotic treatments to inactivate 

MRSA. Pulsed electric fields (PEF) used for bacterial inactivation are traditionally of the 

microsecond duration and have been seen to impact bacterial viability with a range of pulse 

amplitudes (43, 151). Numerous studies have demonstrated that bacteria, when exposed to PEF, 

show both membrane and cell wall damage as well as subsequent cell death (42, 46, 152). While 

these studies are promising, few have investigated the synergistic effects of shorter nanosecond 

duration pulses in combination with antibiotics (63). 

Our study shows that MRSA in exponential growth phase is mildly inactivated when treated 

with 300 or 600 nanosecond pulses with electric fields strength of 30 kV/cm, the maximum field 

we could reach with our setup. The inactivation observed is in line with previously completed 

studies on other Gram-positive bacterial species (63, 64). A previous study investigating the 

effects of 300 ns pulses on S. aureus viability showed an inactivation amount of 0.2 log10 

reduction using 1000 pulses at 20 kV/cm (63). These published results in addition to our own 

support the well-established notion that bacteria are more resilient to PEF than mammalian cells. 
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Additionally, our results indicate that MRSA biofilms are more resistant to nsPEF than the 

planktonic bacteria. This was expected as bacteria in a biofilm structure are well protected due to 

the surrounding extracellular polymeric matrix (EPS). EPS protects encased bacteria from the 

host immune response and prevents antimicrobials from effectively permeating into the biofilm 

structure (153). Previous work on another skin pathogen, Cutibacterium acnes, indicated that 

biofilm-grown cells and intact biofilm were more susceptible to inactivation by PEF than free-

living planktonic cells (48). This result did not replicate with MRSA. This could be due to the 

bacterial species having different EPS components that are more or less conducive to electrical 

currents or could be due to a more robust staphylococcal genetic response to cell envelope 

damage. The S. aureus biofilm matrix is comprised largely of polysaccharides and proteins, 

although the components vary over time and differ depending on the nature of the biofilm 

substrate (154-156). To our knowledge, its conductive capacity has never been assessed. 

Similarly, this organism’s transcriptional responses to stresses including heat shock, cold shock, 

starvation, DNA damage, and oxidative stress have been documented (157, 158), but to our 

knowledge the transcriptional response to PEF has not been documented in this or any other 

prokaryotic organism. 

When planktonic MRSA is treated with both nsPEF and sub-lethal concentrations of 

clinically relevant antibiotics, we see more robust bacterial killing by the combinatorial treatment 

than by either treatment administered as monotherapies. In the case of daptomycin, the relative 

order of nsPEF and antibiotic application is unimportant, as prior nsPEF treatment sensitize cells 

to antibiotic, and prior antibiotic treatment appears to sensitize cells to nsPEF. This is consistent 

with a model in which nsPEF and daptomycin are both primarily active at the cell membrane, 

such that their effects reinforce each other regardless of which stress the cell encounters first. 
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Excitingly, combination with nsPEF gives 2 µg/mL daptomycin the same efficacy as 8 µg/mL of 

daptomycin applied alone. Doxycycline was modestly enhanced by combination with nsPEF, 

although the dual therapies depended on the order of administration. nsPEF treatment modestly 

sensitized MRSA to doxycycline but the antibiotic did not substantially sensitize the bacteria to 

subsequent nsPEF exposure. Similarly, pre-treatment with vancomycin did not sensitize MRSA 

to nsPEF but a prolonged exposure to the antibiotic after nsPEF greatly increased the efficacy of 

the combined treatment.  

Our results suggest that nsPEF administered to surface accessible SSTIs could lower the 

effective dose of antibiotics needed to treat an infection, allowing more effective treatment 

without increasing the dose of antibiotic administered and risk of amplified side effects. By 

reducing the dose of antibiotic necessary to be effective, co-treatment with nsPEF could amplify 

the effects of standard antibiotic dosing to treat S. aureus infections, reducing the risk that 

tolerant persister cells could survive treatment and cause recurrent infection.  

Future research will focus on testing the efficacy of nsPEF in vivo in a mouse model of SSTI. 

A range of PEF amplitudes and durations will be tested to minimize damage to healthy tissue and 

muscle contraction.  If these results are replicated in animal and human studies, nsPEF co-

treatment could allow treatment of suitable infections with lower antibiotic doses, reducing drug 

side effects. SSTI are accessible to physical intervention and are good candidates for nsPEF co-

treatment, which could be adopted as a step-in wound and abscess debridement. Notably the 

CellFX pulse generator used in our experiments has already received clearance from the FDA, 

Europe, and Canada for the treatment of benign skin lesions.  

Much more work will be needed before such possibilities can be realized, but here we report 

that nsPEF in combination with antibiotic treatments not only increases bacterial inactivation but 
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also reduces the concentration of antibiotics necessary for disinfection. Additionally, this is the 

first time that it has been shown that the order of antibiotic/PEF administration is important in 

bacterial inactivation, which will influence future treatment design. 
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INFLAMMASOME ACTIVATION AND IL-1β RELEASE TRIGGERED BY 

NANOSECOND PULSED ELECTRIC FIELDS IN MURINE INNATE IMMUNE CELLS 

AND SKIN ef 

 

Introduction  

 

Treatments with intense pulsed electric fields (PEF) are central for many existing and 

emerging medical applications including tumor treatment (66, 68, 125, 137, 159-161), 

vaccination (162-165), cardiac ablation (166, 167), and gene therapy (168-170). In these 

treatments the delivery of electrical energy causes cell membrane permeabilization in the treated 

area (120, 123-126). Depending on the application, this disruption of the membrane barrier 

function, called electroporation (or electropermeabilization), can be either reversible or 

irreversible. Protocols causing reversible electroporation, in which permeabilizing structures are 

transient and membrane integrity is quickly recovered, are used in ECT and GET to introduce 

into cells substances which are otherwise impermeant, such as drugs, proteins, and nucleic acids 

(171, 172). Conversely, irreversible electroporation (IRE) creates damage that exceeds the cell’s 

membrane repair capacity and cause cell death. The primary factors causing irreversible changes 

in homeostasis are, calcium (Ca2+) overload, efflux of ATP and other metabolites, and 

disturbances in transmembrane ion gradients (Na+, K+, Cl-) required for maintenance of 

membrane resting potential and for osmotic and cell volume regulation (75, 76, 116-122).  

 
e This chapter is based on the manuscript titled “Inflammasome Activation and IL-1β Release Triggered 

by Nanosecond Pulsed Electric Fields in Murine Innate Immune Cells and Skin.” Which was originally 

published in The Journal of Immunology on January 15, 2024. 
https://doi.org/10.4049/jimmunol.2200881. The manuscript has been modified for inclusion in this 

chapter and is reproduced here under copyright agreement. 
f This chapter includes experiments conducted in accordance to the guidelines set forth by the Institutional 

Biosafety Committee (IBC) and the Institutional Animal Care and Use Committee (IACUC) of Old 

Dominion University. 
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Lethal PEF applications such as IRE and nsPEF cause both immediate and delayed cell death by 

multiple mechanisms, still incompletely defined (116, 125, 159, 173, 174).  

PEF protocols currently in use in the clinic were developed to maximize tumor tissue 

ablation (IRE and nsPEF) or to achieve the highest drug uptake or the most persistent gene 

expression (ECT and GET). Recent research in both healthy and tumor tissue indicates that PEF 

have a potent immune stimulatory effect (66-69, 175, 176), a novel dimension which merits 

consideration during treatment planning. Activation of a robust immune response against 

cancerous cells or a pathogen antigen can be a significant advantage for any anticancer 

therapeutic modality or vaccine. Conversely, PEF-induced immune activation can be harmful for 

other applications such as cardiac ablation and gene therapy. Understanding the mechanisms 

responsible for PEF-induced immune stimulation, and their dependence on pulse parameters, is 

essential for the improvement of existing PEF applications and the development of new ones.  

The immune system detects threats like tissue damage, infections, and metabolic stress 

through pattern recognition receptors (PRRs). The nucleotide-binding domain, leucine-rich 

repeat (LRR)-containing receptors (NLRs) are PRRs that initiate inflammatory responses (177). 

NLRs are typically formed by three components: a sensor, an adaptor, and an effector. Following 

activation, these subunits combine to form a pro-inflammatory, multiprotein complex named the 

inflammasome. Activation of the inflammasome promotes the secretion of pro-inflammatory 

cytokines and induces pyroptosis. Among the multiple NLRs, the NLRP3 has been the most 

extensively studied (81, 82). The NLRP3 inflammasome is regulated by a two-step process; a 

“priming” stimulus is required to initiate expression of key inflammasome components, followed 

by a secondary “activating” stimulus that results in assembly of the inflammasome complex (81, 
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82). This process involves the oligomerization of NLRP3 proteins, which then recruit the adaptor 

apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1. Autocatalytic 

activation and cleavage of caspase-1 enables cleavage of pro-inflammatory cytokines IL-1β and 

IL-18, as well as the pore-forming protein gasdermin D (GSDMD). IL-1β is released through 

GSDMD pores, and in larger amounts during pyroptosis, the lytic cell death that often follows 

GSDMD pore formation (81, 82). IL-1β and IL-18 are involved in the innate immune response to 

infection and trauma, creating a generalized pro-inflammatory environment. Detection of active 

caspase-1, and mature IL-1β and IL-18 are commonly utilized in research as indicators of 

NLRP3 activation (178).  

The NLRP3 inflammasome sensor is activated by several chemically and structurally diverse 

triggers, including markers of cell damage (e.g., ATP), environmental pollutants like silica, and 

pore-forming toxins (81, 82). Since a direct interaction with each activator is unlikely, it is 

assumed that the NLRP3 inflammasome either senses a common secondary activator 

downstream of these stimuli or responds to cellular stress signals associated with infection or 

damage. For instance, a feature common to all NLRP3 stimuli is potassium (K+) efflux, an 

indicator of cell membrane permeabilization. Other signals proposed to be critical for NLRP3 

activation include reactive oxygen species (ROS), cell volume changes, elevation of intracellular 

calcium levels, mitochondria destabilization, and endoplasmic reticulum (ER) stress (81, 82, 179, 

180). Interestingly, several of these mechanisms mirror PEF bio-effects, especially responses to 

nanosecond pulses used in nsPEF. Unlike the micro- and millisecond PEF, nanosecond pulses 

permeabilize not only the outer (plasma) membrane of the cell, but also intracellular membranes 

of organelles such as the endoplasmic reticulum (ER) and the mitochondria, and these 

“ultrashort” pulses deposit proportionally more energy in intracellular membranes than in plasma 
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membranes (73, 75, 76, 129, 130, 181). Membrane permeabilization by nsPEF causes K+ efflux 

(74), intracellular Ca2+ mobilization (75-78), and cell swelling (73). Moreover, cell damage by 

nsPEF has also been found to increase ROS production and trigger ER stress (66, 79, 80).  

In this study we investigated whether the damage created by nsPEF is sensed 

intracellularly by the NLRP3 inflammasome. We show that nsPEF trigger caspase-1 activation 

and IL-1β release both in innate immune cells in vitro and in vivo in mouse skin. We also found 

that longer, microsecond duration pulses are less effective at stimulating inflammasome 

activation. Finally, while IL-1β release in response to nsPEF was blocked in cells treated with 

the NLRP3 inhibitor MCC950, its release was not impaired in bone marrow derived 

macrophages (BMDM) from NLRP3 knockout animals (NLRP3-KO). These results suggest that 

nsPEF generate a set of stimuli for the inflammasome which are sensed by the NLRP3 but also 

by other yet unknown sensors. 

Materials and Methods  

Cell culture and stable cell lines. Murine macrophages J774A.1 cells (TIB-67) and 

human embryonic kidney cells HEK 293 T (CRL-3216) were obtained from ATCC (Manassas, 

VA). Cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 

(Corning, New York, NY) supplemented with L-glutamine (ATCC), 10% fetal bovine serum 

(FBS; Atlanta Biologicals, Norcross, GA), 100 U/mL penicillin and 0.1 mg/mL streptomycin 

(Gibco, Gaithersburg, MD) at 370C and 5% CO2.  

Wild-type, NLRP3-KO BMDM were differentiated as previously described (182). 

Briefly, female BALB/c or C57BL/6 (NLRP3-KO) mice (Jackson Laboratory, Bar Harbor, ME) 

were euthanized and contents of femurs and tibiae were flushed with cold medium using a 5 mL 

syringe and a 25-gauge needle. Cells were plated at 6-8 x 106 cells/plate in 7 mL DMEM with 
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20% FBS, 100 U/mL penicillin and 0.1 mg/mL streptomycin, 25 mM Hepes, and 30 ng/mL 

recombinant murine macrophage colony stimulating factor (M-CSF; Peprotech, Cranbury, NJ). 

On day 3, 3 mL of the same medium were added to BMDM cultures. Cells were used for 

experiments at day 7. BMDM phenotype was confirmed by flow cytometry analysis using 

specific macrophage (CD11b and F4/80) markers (data not shown).  

J774A.1 cells overexpressing ASC fused to GFP (J774A.1 ASC-GFP) were generated by 

lentiviral transduction using a pLEX-MCS-ASC-GFP construct (Addgene, Watertown, MA). 

Viral particles were produced in HEK 293T cells using a Lenti-X Packaging Single Shot kit 

(Takara, San Jose, CA) according to the manufacturer’s instruction. J774A.1 cells were 

transduced with 2 mL of HEK 293T viral particle-containing supernatant in presence of 5 µg/mL 

polybrene (Sigma-Aldrich, St. Louis, MO) for 18 h. After 72 h, cells expressing ASC-GFP were 

selected with 2 µg/mL puromycin (Sigma-Aldrich).  

Inflammasome priming, activation and inhibition. All cell types were primed with 1 

μg/mL LPS from Escherichia coli 0111:B4 (Sigma-Aldrich) for 4 hrs to induce the expression of 

pro-IL-1β and NLRP3 inflammasome precursors. Because intracellular delivery of LPS by 

electroporation is a widely used method for non-canonical activation of the NLRP3 

inflammasome (183, 184), the extracellular LPS was removed by three washes with PBS. Cells 

were then detached, centrifuged, and resuspended in growth medium for PEF exposure. ATP (5 

mM; Sigma-Aldrich) for either 30 or 60 min was used as positive control for caspase-1 

activation or IL-1β release, respectively. MCC950 (75 nM; InvivoGen, San Diego, CA) was used 

to inhibit the NLRP3 inflammasome. The incubation with the inhibitor started 30 min before 

stimulation of the inflammasome.  
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PEF exposure methods. In experiments in vitro PEF were delivered to cells either 

attached to cover glasses or in suspension in electroporation cuvettes. Both methods have been 

previously described (66, 185).  

Trapezoidal 200 ns pulses were produced by either a custom pulse generation system 

with an output impedance of 100 Ω, adjustable pulse amplitude (up to 15 kV), duration (200 to 

1000 ns) and frequency (1 to 100 Hz; Pulse Biosciences, Inc., Hayward, CA) (48) or from an 

AVTECH AVOZ-D2-B-ODA generator (AVTECH Electrosystems, Ottawa, Ontario, Canada). 

200 ns pulse waveforms from each generator are shown in Supplemental Fig. 1A. To deliver 

trains of 100 µs pulses (rectangular) we used an ECM 830 square wave electroporation system 

(BTX Harvard Apparatus, Holliston, MA).  

For exposure of cells in cuvettes, samples were resuspended at 1.2 to 2 × 106 cell/mL in 

the growth medium, loaded in 1 mm gap electroporation cuvettes (BioSmith, San Diego, CA, 

USA) and subjected to either nsPEF (0 to 300 pulses, 200 ns, 10 Hz, 9 kV/cm) or sham exposure 

at RT. 

To treat the skin in vivo, mice were anesthetized by inhalation of 3% isoflurane in oxygen 

(Patterson Veterinary, Devens, MA). Pulses of 200 ns duration (50-200, 15 kV, 4 Hz) were 

applied by sandwiching the skin of the mouse between a flat round silicon stage and a plastic 

ring into which a needle electrode array made of two parallel rows of six needles, 4.5 mm apart, 

was inserted through the skin into the underneath silicon support (Supplementary Fig. 1B, I and 

II). To ensure an efficient electrical continuity, electrodes were covered with Vaseline. The 

electric field was calculated by 2D numerical simulations using a finite element analysis 

software COMSOL Multiphysics®, Release 5.0 (COMSOL Inc., Stockholm, Sweden). The 

electric field distribution was modeled under static conditions and the electrical conductivity was 
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assigned to 0.148 S/m [https://itis.swiss/virtual-population/tissue-properties/database/low-

frequency-conductivity/]. Supplementary Fig. 1B, III shows that the electric field is 

homogeneous in the area bounded by the two rows of electrodes and its value is 30 kV/cm for 15 

kV applied. Animals in the sham control group underwent anesthesia and the probe insertion 

procedure but no nsPEF delivery.  

The pulse amplitude and shape were monitored in all experiments using a LeCroy 

WaveSurfer 3034z oscilloscope (Teledyne Lecroy, Chestnut Ridge, NY). 

Viability and ELISA assays. Immediately after PEF application, cell samples were 

plated in triplicate at 0.03 × 106 cell/well in black wall 96-well plates (ThermoFisher) and 

viability was measured by Presto Blue assay after 24h (ThermoFisher). For the ELISA assays, 

cell samples were seeded at 0.6 × 106 cell/well in 48 well plates immediately after PEF.  1 h post-

treatment, the supernatant was harvested, centrifuged at 200 x g for 5 minutes at 4 °C and IL- β 

was measured using a mouse-specific ELISA kit according to the manufacturer’s instructions 

(88-7013-88; ThermoFisher) (186-189). TNF- α was also measured 1 h after treatment using a 

mouse-specific ELISA kit (887324-22; ThermoFisher) (188, 189).   

Western blot analysis. The Western blot procedure was described previously (66, 190). 

Either 30 min (for caspase-1 and -11) or 1 h (GSDMD) post nsPEF treatment, cells were washed 

twice with ice-cold PBS and lysed for 30 min in a buffer containing 20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 

mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin (Cell Signaling Technology, 

Danvers, MA) and 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) added 

immediately before use. For IL-1β detection both supernatants and cell lysates were collected at 

1 h post nsPEF treatment. Supernatants were concentrated 10 times using centrifugal filter 
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devices (ThermoFisher). Protein concentration was measured by BCA assay (ThermoFisher), 20 

µg of lysate (or supernatant) per sample were separated by SDS-PAGE and transferred onto 

polyvinylidene difluoride (PVDF) membranes. Membranes were bathed in 5% BSA Tris-

buffered saline with 0.1% Tween (TBS-T) solution for 1 h at RT and then incubated overnight at 

4 °C and for 1 h at RT with primary and secondary antibodies, respectively. Anti-caspase-1 (p20) 

(AG-20B-0042-C100; Adipogen, San Diego, CA)(191-193) was used at 1:1000 and 1:2500 

dilution for BMDM and skin lysates, respectively. Anti-GSDMD (ab209845; Abcam, 

Cambridge, MA)(191), anti-IL-1β  (AF-401-NA; R&D Systems, Minneapolis, MN) (186, 191, 

192, 194, 195), anti-Caspase 11 (NB120-10454; Novus Biologicals, Englewood, CO) (196) and 

anti-vinculin primary antibodies (ab129002, Abcam) were used at 1:1000 dilution. A rabbit anti-

mouse IgG (ab6728, Abcam) was used to detect caspase-1 while a goat anti-rabbit IgG (7074, 

Cell Signaling Technology) was used for GSDMD and vinculin detection. IL-1β and Caspase-11 

were detected using a rabbit anti-goat IgG (HAF017; Novus Biologicals) and goat anti-rat IgG 

(7077; Cell Signaling) antibody, respectively. Images were captured with a ChemiDoc MP 

Imaging System (Bio-Rad, Hercules, CA). 

Quantification of band intensities was conducted in ImageJ (ImageJ-win64). The fraction 

of the cleaved protein (IL-1β, caspase-1 and GSDMD) was calculated as: K = 100 × S/ (S + L) 

where L and S are the intensities of the full-length protein and of the cleaved fragment, 

respectively. 

In vivo study. Four- to six- week-old BalbC female mice (Jackson Laboratory) were 

housed in group of 5 animals in individually ventilated cages under pathogen-free conditions. 

The flank skin was treated with nsPEF as described above. As a positive control for the 

activation of the inflammasome in vivo, animals were injected subcutaneously with 10 mg/kg 
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LPS. After 1 h, mice were humanly euthanized, and skin samples were collected and snap-frozen 

in liquid nitrogen. After 24 h, the tissue was weighed and sonicated in lysis buffer to measure IL-

1β and TNF-α release by ELISA (ThermoFisher) and caspase-1 activation by western blot 

analysis as above described.  

Statistical analysis. Data are presented as mean ± standard error for n independent 

experiments with data points overlap. Statistical analyses were performed using either a two-

tailed t test or a one-way ANOVA, where p < 0.05 was considered statistically significant. 

Statistical calculations, including data fits and data plotting were carried out in Grapher 11 

(Golden Software, Golden, CO) and Prism (GraphPad, San Diego, CA). 

Results 

Nanosecond electric pulses activate the inflammasome and trigger GSDMD independent 

IL-1β release g   

The effect of PEF on inflammasome activation was measured using 200 ns duration 

pulses in innate immune cells that express the NLRP3 inflammasome, namely macrophages. 

Previous studies reported profound differences in sensitivity of various cell types when exposed 

to nsPEF (197). Therefore, to identify electric pulse doses causing comparable damage across 

multiple cell types, we investigated the sensitivity to nsPEF of J774A.1 macrophages and bone 

marrow-derived macrophages (BMDMs) (Fig. 9, top panels). We identified 25 and 50 pulses for 

J774A.1, and 25 and 100 pulses for BMDMs, as iso-effective 200 ns pulse doses (9 kV/cm, 10 

Hz) causing 0-10% (low dose) and 35-45% (high dose) cell death at 24 h, respectively.  

 

 
g The experiments in Figures 9, 10, 11, 13, and 15 were completed by Dr. Flavia Mazzarda, Mrs. Julia 

Pittaluga and Alexandra Chittams-Miles.  
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Notice that for each cell type the above indicated pulse numbers will be referred to as high dose 

and low dose throughout the study.  

Inflammasome activation was monitored by measuring the secretion of IL-1β in cells primed 

with LPS. For each cell type the higher pulse dose triggered statistically significant IL-1β release 

as measured by ELISA at 1 h (Fig. 9, bottom panels).  

 

  

Figure 9. nsPEF trigger IL-1β release in J774A.1 (A), BMDM (B). Cells were primed by incubation 

with LPS (1 µg/mL). After 4 h samples were washed with PBS three times, detached, resuspended in 

growth medium and either treated with the indicated numbers of 200 ns pulses (9 kV/cm, 10 Hz) or 

subject to a sham exposure. Viability was measured at 24 h post nsPEF by Presto blue assay and is 

reported as % to sham exposed parallel control (top graphs). Grey circles identify iso-effective pulse 

doses causing 0-10% (low dose; 25 pulses) and 35-45% (high dose; 50 and 100 pulses for J774A.1 and 

BMDM respectively) cell death at 24 h.  Bottom graphs report IL-1β measured in the cell supernatant 

by ELISA 1 h after treatment with the above indicated iso-effective nsPEF doses. As positive control 

for inflammasome induction, cells were treated with 5 mM ATP for 1h. Mean +/− s.e., n = 5-16. *p< 

0.05, **p< 0.01, ***p< 0.001. Figure is reproduced from Mazzarda, F, et al, 2024 (1). 
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We further investigate the role of the pulse dose in BMDM and found that nsPEF doses 

causing 80% cell death at 24h, namely 150 pulses (200 ns, 9 kV/cm, 10 Hz) did not cause IL-1β 

release (Fig. 10A). These results can be explained by the fact that incrementing the number of 

pulses beyond a certain limit increases the percentage of cells dying immediately of primary 

necrosis due to irreversible permeabilization of the cell plasma membrane. In this scenario most 

cells don’t have time to activate the inflammasome, while at lower doses a higher percentage of 

cells can repair the electroporation damage and cope with it by activating stress responses 

including the inflammasome. We further confirm the presence of the active form of IL-1β (p17) 

in the supernatant of treated cells by western blot analysis (Fig. 10B). Moreover, the release of 

the inflammasome-independent marker TNF- α was not affected suggesting that nsPEF 

specifically stimulates IL-1β release (Fig. 10C). 

Most inflammasomes comprise members of the NLRP family of intracellular pathogen 

receptors that associate with the ASC adaptor protein to recruit caspase-1. ASC-dependent 

inflammasome activation is accompanied by rapid relocation of NLR and ASC into a singular, 

perinuclear, punctate “speck” structure of approximately 1 µm that can be observed with 

fluorescence microscopy (198). To visualize the formation of ASC specks in response to 

inflammasome activation, we generated a J774A.1 cell line stably expressing ASC fused to GFP 

(J774A.1 ASC-GFP). To test the functionality of this cell line, ASC speck formation was 

monitored in response to extracellular ATP. As expected, ATP triggered the aggregation of ASC 

in LPS-treated cells while it failed to do so in cells that were not primed (Fig. 11A). Notably, 

ASC specks formed also in response to 200 ns pulses (50 pulses, 9 kV/m, 10 Hz) (Fig. 11A). 
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 In nsPEF-treated cells clustering of the ASC adaptor correlated with the activation caspase-1 

(Fig. 11B) while caspase-11 (data not shown) was not affected suggesting that these short 

electrical stimuli activate the canonical inflammasome.  

Although secretion of IL-1β typically requires formation of membrane pores by GSDMD, 

we did not measure cleavage of GSDMD in response to nsPEF (Fig. 11C). Our results are 

consistent with previous reports of IL-1β secretion through GSDMD-independent pathways 

controlled by caspase-1, such as exocytosis of secretory lysosomes and microvesicle shedding 

(199-202).  

Altogether, our data show that nanosecond pulses induce ASC specks formation, caspase-

1 activation, and seemingly unconventional secretion of IL-1β. 
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Figure 10. The nsPEF dose affects IL-1β release (A, B) but does not impact TNF-α release 

(C). In A LPS-primed BMDM were treated with the indicated numbers of 200 ns pulses (9 kV/cm, 

10 Hz) and IL-1β released in the supernatant was measured in 1 h by ELISA assay.  In B LPS-

primed J774A.1 cells were exposed to either a low (25 pulses) or a high (50 pulses) nsPEF dose 

(200 ns, 9 kV/cm, 10 Hz). Cell lysates and supernatants were assessed for IL-1β in 1 h by western 

blot analysis. The bar graph on the right is a quantification of active IL-1β (p17) over total IL-1β 

released in the supernatant. Notice that samples treated with the high nsPEF dose consistently had 

more vinculin and pro-IL-1β suggesting that intracellular proteins are passively released by a 

fraction of cells dying instantaneously of primary necrosis. Vinculin was used as housekeeping 

control. In C LPS-primed BMDM were treated with either 25 (low dose) or 100 (high dose) pulses 

(200 ns, 9 kV/cm, 10 Hz) and TNF-α was measured by ELISA in 1h. As positive control for 

inflammasome induction, cells were treated with 5 mM ATP for 1 h. Mean +/− s.e., n=3 (A), 5 (B), 

and 4-5 (C). *p< 0.05, **p< 0.01. Figure is reproduced from Mazzarda, F, et al, 2024 (1). 
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Figure 11. nsPEF trigger ASC specks formation (A) and caspase-1 activation (B) but not 

GSDMD cleavage (C). A. Representative fluorescence images of LPS-primed J774A.1 cells 

expressing ASC-GFP and treated with either 5 mM ATP or 50, 200 ns pulses (9 kV/cm, 10 Hz). As 

negative controls, cells were either treated with ATP without priming with LPS or exposed to a sham 

exposure. Characteristic fluorescence changes from cytosolic diffuse to granular specks are indicated 

by the white arrows. Scale bar: 100 µm. B and C show representative western blot images and 

quantifications for caspase-1 and GSDMD cleavage measured in J774A.1 at 30 min and 1h post 

nsPEF, respectively. Low dose and high dose correspond to 25 and 50 pulses (200 ns, 9 kV/cm, 10 

Hz) causing 0-10% and 35-45% cell death (Fig. 10A), respectively. Vinculin was used as 

housekeeping control. Mean +/− s.e., n=3. *p< 0.05, **p< 0.01. Figure is reproduced from Mazzarda, 

F, et al, 2024 (1). 
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Microsecond duration pulses are less effective at activating the inflammasome  

Next, we asked whether the damage created by longer pulses such as the 100 µs pulses 

used in IRE and ECT was also sensed by the inflammasome. For direct comparison with nsPEF 

experiments, we measured IL-1β release in cells treated with 100 µs pulse doses (1 kV/cm, 5 Hz) 

causing either 0-10% (low dose) or 35-45% (high dose) cell death, namely 2 and 15 pulses and 2 

and 7 pulses for BMDMs and J774A.1, respectively (Fig. 12, top panels). Compared to the 200 

ns pulses used in our nsPEF experiments, 100 µs pulses failed to trigger the release of IL-1β in 

BMDMs and have a weaker effect in J774A.1 cells (Fig. 12, bottom panels).  

  

Figure 12. 100 µs pulses are weaker activators of the inflammasome. Primed 

BMDMs (A) and J774A.1 (B) were treated with the indicated numbers of 100 µs pulses 

(1 kV/cm, 5 Hz) or subject to a sham exposure. Top panels show viability measured by 

Presto blue assay at 24 h post treatment. Viability is reported as % to sham exposed 

parallel control, grey circles identify iso-effective 100 µs pulse doses causing 0-10% 

(low dose, 2 pulses for both BMDM and J774A.1 cells) and 35-45% (high dose; 15 and 

7 pulses for BMDM and J774A.1 cells, respectively) cell death. Bottom graphs report 

IL-1β measured in the cell supernatant by ELISA 1 h after treatment with the above 

indicated iso-effective low and high pulse doses. Mean +/− s.e., n = 6-10 *p< 0.05, 

**p<0.01, ***p<0.001, n.s. non statistically significant differences. Figure is reproduced 

from Mazzarda, F, et al, 2024 (1). 
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The damage created by nsPEF alarm the NLRP3 inflammasome but can also trigger other 

sensors 

To assess the relevance of the NLRP3 inflammasome sensor we initially tested whether 

IL-1β release in response to nsPEF was affected by treatment with the NLRP3 inhibitor 

MCC950 (195). 75 nM MCC950 blocked IL-1β release in both LPS-primed BMDM and 

J774A.1 cells (Fig. 13A). In addition, MCC950 rescued 200 ns treated J774A.1 cells from death 

(Fig. 13B), while it did not protect 100 µs treated cells (Fig. 13C). These results suggested that 

nsPEF triggered the NLRP3 inflammasome causing the release of IL-1β and cell death.  

To further investigate the role of the NLRP3 inflammasome sensor, we used BMDM 

from NLRP3-KO mice. As expected, the lack of NLRP3 expression completely blocked IL-1β 

release in response to ATP (Fig. 14). However, contrary to our results with the MCC950 

inhibitor, the lack of NLRP3 expression did not impair IL-1β release in response to nsPEF. 

These results suggested that either nsPEF trigger another inflammasome sensor in NLRP3-KO 

cells or MCC950 has an off-target effect that impacts both IL-1β release and viability. To 

distinguish between these two scenarios, we measured the effect of MCC950 on nsPEF-treated 

NLRP3-KO cells. Notably, MCC950 did not block IL-1β in NLRP3 deficient cells ruling out the 

possibility of an off-target effect (Fig. 14).  

Altogether our results show that the nsPEF damage is sensed intracellularly by the 

NLRP3 inflammasome, but other sensors can be activated when the NLRP3 is not expressed.  
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Figure 13. MCC950 blocks IL-1β release and rescued cells treated with nsPEF. In A 

BMDMs (left panel) and J774A.1 (right panel) were primed by incubation with LPS (1 

µg/mL) for 4 h. Treatment with the NLRP3 inflammasome inhibitor MCC950 (75 nM) started 

30 min before the indicated nsPEF treatments (200 ns, 9 kV/cm, 10 Hz) and IL-1β was 

measured in 1 h. In B and C, J774A.1 cells were primed, incubated with MCC950 (75 nM) for 

30 min before nsPEF (200 ns, 9 kV/cm, 10 Hz) (B) or 100 µs (1 kV/cm, 5 Hz) (C) pulse 

treatments. Viability was measured in 24h. Mean +/− s.e., n=3-8 (A), 8 (B) and 6 (C). *p< 

0.05, **p< 0.01, ***p< 0.001. Figure is reproduced from Mazzarda, F, et al, 2024 (1). 
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nsPEF triggers IL-1β release in vivo in mouse skin  

The activation of the inflammasome in vivo in response to nsPEF was monitored in mice 

skin, which is easy to access and highly infiltrated by innate immune cells. Electric pulses were 

delivered to the mouse’s flank skin using a needle electrode array as described in Materials and 

Methods. To address the inherent uncertainty of the extrapolation of nsPEF efficacy from in vitro 

to in vivo, we tested three pulse number doses delivered at 30 kV/cm, an electric field that is 

widely used in preclinical and clinical settings (71, 203-205). 1 h post-nsPEF, all tested pulse 

doses (50, 100 and 200 pulses, 200 ns, 30 kV/cm, 4 Hz) activated the inflammasome as 

measured by caspase-1 activation (Fig. 15A) and increased concentration IL-1β in skin tissue 

lysates (Fig. 15B). Notably TNF- α, another proinflammatory cytokine produced by 

macrophages, was not affected by the pulse treatment, suggesting that nsPEF selectively induces 

the release of IL-1β (Fig. 15B).  
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Figure 14. Relevance of NLRP3 expression for nsPEF-

induced IL-1β release. NLRP3-KO BMDM were primed by 

incubation with LPS (1 µg/mL). After 4 h cells were treated 

with a high 200 ns pulse dose (100 pulses, 9 kV/cm, 10 Hz) and 

IL-1β was measured by ELISA in 1 h. In selected experiments, 

treatment with the NLRP3 inflammasome inhibitor MCC950 

(75 nM) started 30 min before nsPEF treatments (grey bars). As 

control for NLRP3 inflammasome induction, cells were treated 

with 5 mM ATP for 1 h. Mean +/− s.e., n =3-8. ** p < 0.01. 

Figure is reproduced from Mazzarda, F, et al, 2024 (1). 
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Figure 15. 200 ns pulses activate the 

inflammasome in mouse skin. Mice skin (3 

animals per group) was either treated with 

nsPEF (50,100, and 200 pulses, 200 ns, 30 

kV/cm, 4 Hz) or left untreated. As a positive 

control for inflammasome activation, animals 

were injected intradermally with LPS (10 

mg/kg). 1 h post treatment, all mice were 

humanely euthanized to collect the skin. Tissue 

lysates were analyzed for caspase-1 activation 

(A) and IL-1β and TNF-α concentration (B). 

Symbols identify animal per condition done in 

parallel. Mean +/− s.e., n = 3. *p < 0.05, **p < 

0.01. Figure is reproduced from Mazzarda, F, et 

al, 2024 (1). 
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Discussion 

We have presented evidence here that the damage created by PEF activates the NLRP3 

inflammasome initiating IL-1β release. These effects are better seen when using pulses of 

nanosecond duration compared to equivalent treatments with longer (100 µs) electric pulses. 

Experiments using the NLRP3 inhibitor MCC950 also highlight the relevance of the pulse 

duration. Pre-incubation with the inhibitor protects J774A.1 cells from 200 ns pulses but not 

from 100 µs pulses (Fig. 13 B and C). Notably, the effect of the inhibitor is best seen at doses 

that also cause IL-1β secretion.  

Why are shorter pulses more effective at activating the inflammasome? Unlike 

electroporative pulses with durations in the micro- and millisecond range, which produce 

voltages across the cytoplasmic membrane with no direct effects on the cell interior, pulses with 

rise and fall times faster than the membrane charging time constant (<1 µs for tightly packed 

cells in a tissue) (206), generate an electric field in the cytoplasm, and across the intracellular 

membranes of the nucleus, mitochondria, and other organelles (207, 208). For nanosecond pulses 

the cytoplasmic membrane appears electrically transparent, and, if the pulse amplitude is large 

enough, depolarizing and porating electric fields can appear across internal organelles and 

dissipate before plasma membrane charges redistribute on the plasma membrane to shield the 

cell interior. Multiple studies showed that nsPEF permeabilize intracellular structures (75, 76, 

129-131, 208) including mitochondria (129, 209), endoplasmic reticulum (73, 76, 130, 210, 211), 

and nuclei (212).  

 This organelle-penetrating property of nsPEF may explain why their damage is sensed 

by inflammasomes, the guardians of cytosolic integrity. Mitochondria contain several DAMPs 

for inflammasome activation (213). For instance, oxidized mitochondrial DNA (mtDNA) 
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released into the cytosol upon mitochondrial dysfunction is a potent NLRP3 inflammasome 

activator (214-216). MtDNA also activates inflammasomes that use absent in melanoma 2 

(AIM2) as a sensing component (217). Notably, AIM2 can also sense alteration of nuclear 

envelope integrity by detecting nuclear DNA in the cytosol (218). Our results showing that the 

lack of NLRP3 expression did not impair nsPEF-induced IL-1β release (Fig. 14) indicate that 

nsPEF generate a set of stimuli that can trigger more than one inflammasome sensor. While it 

has been reported that nsPEF cause cytochrome c release (130, 219, 220) and reduction of 

mitochondrial membrane potential (129), no one yet has looked for evidence of mitochondrial 

DNA in the cytoplasm. More research is needed to define the minimal requirements needed to 

trigger the inflammasome with nsPEF. These short pulses initiate multiple interrelated cellular 

events — membrane permeabilization, mitochondrial damage, and ROS production — 

complicating the distinction between bystander and causative events.  

Unexpectedly, we found that GSDMD is not activated by nsPEF, at least not at 1 h post 

treatment where we measured significant IL-1β release in the supernatant of treated cells (Fig. 

11C). IL-1β lacks a secretory signal and is synthetized as a precursor, pro-IL-1β, which requires 

cleavage for activation. Pro-IL-1β is cleaved by caspase-1, which enables its secretion (81, 82). 

Caspase-1 also cleaves GSDMD, triggering the formation of GSDMD pores in the plasma 

membrane and pyroptosis (81, 82). Cell lysis and active IL-1β  secretion are temporally 

associated (221-223), therefore IL-1β  is often proposed to be passively released during cell 

rupture (224). However, a growing number of studies report IL-1β  release from living cells 

(186, 225, 226) and various cell lysis- independent secretion mechanisms have been reported 

including through GSDMD pores, secretory lysosomes, and microvesicle shedding (186, 199-

202). 
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Lipid electropores (nanopores) are too small to conduct IL-1β  (73, 227). But Pakhomova 

and colleagues have reported that an initial pulse-induced opening of nanopores minimally 

permeable to propidium (Pr) is followed by an abrupt Pr inflow which can occur tens of minutes 

after the exposure(228). This increase in permeability was shown to be due to a sudden pore 

dilation or perhaps de novo opening of larger pores (228). These events are followed by 

characteristic and irreversible changes in cell appearance (granulation, pyknosis, loss of 

differential interference contrast and volume changes), and could be regarded as a sign of cell 

death. IL-1β could then be released through either dilated nanopores or during cell lysis. 

One more intriguing hypothesis is that the release of IL-1β , which localizes to the plasma 

membrane after maturation (200) and can also be packed into lysosomes (202), occurs in 

connection with the active membrane repair initiated to restore membrane integrity after 

electroporation. Membrane repair mechanisms involve outward vesiculation or shedding of 

damaged membranes (229, 230) and exocytosis of lysosomes (231) and inflammasome activity 

correlates with enhanced secretion of extracellular vesicles containing IL-1β  (201). Notably, the 

repair by lysosomal exocytosis was demonstrated in epithelial cells and fibroblasts treated by 

milli- and microsecond pulses (232), while we found that Annexin V, a protein that self-

assembles into lattices and is involved in patch resealing through vesicle fusion, is activated by 

nsPEF and contribute to the membrane resealing (233). 

Another key question is whether inflammasome activation and cell death are linked or 

independent processes in nsPEF-treated cells. The lack of GSDMD cleavage suggests that 

inflammasome activation in not triggering bona fide pyroptosis, but why is cell death blocked by 

the NLRP3 inflammasome inhibitor MCC950? Several studies have shown that caspase-1- or 

GSDMD-deficient cells are still susceptible to inflammasome-driven cell death (199, 234-236). 
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In this setting the inflammasome triggers apoptotic Caspases (Caspase-8 and -3) and, according 

to Schneider et al., initiates an alternative lytic cell death pathway which contributes to immunity 

against infections (199).  Future experiments will be examining these phenomena.  

Finally, what are the implications of inflammasome activation for PEF applications? 

Inflammasome-mediated inflammation can be beneficial for PEF applications such as tumor 

ablation. Our results, showing higher efficiency of short pulses at inducing the inflammasome 

suggest that the immunogenicity of the PEF treatment may be increased by shortening the pulse 

duration.  For instance, the release of inflammatory cytokines such as IL-1β and damage-

associated molecular patterns (DAMPs) can create an immune-adjuvated environment within 

which tumor antigens are released. While longer pulses of 100 µs duration are routinely used in 

the clinic for cancer applications including IRE and ECT (120), treatment with nsPEF is a newer 

technology which has been investigated mostly in preclinical settings using pulse durations 

ranging from 100 to 300 ns (120). Multiple studies, including ours, have shown that nsPEF 

induce an immunogenic form of cell death which assists tumor eradication and prevents the 

formation of new tumors (66-69, 71, 237-242). Although the inflammasome has been 

investigated most often in the context of inflammation and innate immunity, there is growing 

evidence that inflammasome products, particularly IL-1 family cytokines, have an essential role 

in stimulating adaptive immune responses, including those involved in anti-cancer 

immunosurveillance (243). For instance, Ghiringhelli and colleagues reported that the activation 

of the NLRP3 inflammasome in dendritic cells (DCs) is critical for the priming of IFN-γ-

producing, tumor-antigen-specific CD8 T cells (244).  

Conversely, an enhanced inflammatory response may be harmful to other PEF 

applications such as cardiac ablation for the treatment of atrial fibrillation (AF) (166, 167). 
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Cardiomyocytes, cardiac fibroblasts and cardiac macrophages express inflammasome sensors 

including NLRP3 (245), AIM2 (246) and NLRC4 (246) suggesting that ablation of cardiac tissue 

may potentially trigger inflammation via inflammasome activation. Notably, an increase in 

`inflammatory markers such as high-sensitivity C-reactive protein (hs-CRP), troponin-T, and 

fibrinogen are predictive of early recurrence of atrial arrhythmias after radiofrequency ablation 

(247). Hence anti-inflammatory agents such as corticosteroids and colchicine are currently being 

tested for their efficacy at preventing AF recurrence (248-251).  

Current research is focused on identifying the stimuli that trigger the inflammasome as 

well as the executors of cell death in nsPEF-treated cells. A better understanding of these 

responses will facilitate optimization of the treatment conditions to achieve the desired outcome, 

whether it is exploiting the immune adjuvant effects of PEF or avoiding them.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusion 

In this study we evaluated the use of nanosecond pulsed electric fields (nsPEF) in two 

ways: uncovering its potential as a bacterial inactivator and as a method of sensitizing 

methicillin-resistant Staphylococcus aureus (MRSA) to widely used antibiotics, while 

concurrently revealing the immune stimulatory effects in innate immune cells through the 

activation of the NLRP3 inflammasome.  

The initial study explored the sensitivity of MRSA to nsPEF treatment. S. aureus is a 

gram-positive opportunistic and is the leading cause of SSTI (102, 103) S. aureus has 

increasingly developed resistance to varying classes of antibiotics including vancomycin, often 

considered the first line treatment (107, 113). The development of treatment alternatives is 

imperative to reduce the burden of S. aureus infections in healthcare settings. 

In the study we first treated MRSA with 300 and 600 ns pulses with electric field strength 

of 30 kV/cm and determined that both pulse durations generated a modest inactivation effect in 

planktonic MRSA. As we saw a stronger inactivation effect with 600 ns pulses, we continued 

using this pulse duration.  The study further investigated the impact of dual treatment of nsPEF 

and clinically relevant antibiotics (vancomycin, doxycycline, and daptomycin). When compared 

to monotherapies, co-treatment of nsPEF and daptomycin showed significant inactivation effects 

regardless of treatment order (nsPEF/daptomycin or daptomycin/nsPEF). Interestingly, while 

administering doxycycline and vancomycin prior to pulse exposure showed a mild inactivation 

effect, reversing treatment order with nsPEF being applied before antibiotic exposure provided a 
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much more robust inactivation response. This indicates that treatment order plays a pivotal role 

in the inactivation of MRSA.  

In parallel, this study sought to understand the immune stimulatory mechanisms of nsPEF 

treatments by investigating the activation of the inflammasome. We found that nsPEF, rather 

than the more conventional µsPEF, stimulated NLRP3 inflammasome activation. This can be 

attributed to nsPEF’s ability to permeabilize intracellular organelles including the mitochondria 

and endoplasmic reticulum not seen in pulses of microsecond or millisecond duration (73, 75, 

129-131, 252). These effects of nsPEF may lead to the release of additional inflammasome 

stimuli. For instance, oxidized mitochondrial DNA (mtDNA) released into the cytosol upon 

mitochondrial dysfunction is a potent NLRP3 inflammasome activator (214-216).  

Our results show that nsPEF stimulated the cleavage of Caspase-1 and IL-1β in immortal 

and bone marrow-derived macrophages and in the murine skin. However, cleaved Gasdermin-D 

(GSDMD) was not detected in nsPEF treated samples. This indicated that nsPEF does not 

stimulate pyroptosis. Though we don’t see GSDMD cleavage, we do see rescue from cell death 

when cells are pre-treated with MCC950, suggesting that inflammasome activation and cell 

death are hand-in-hand processes. Notably, recent studies have proposed an alternative method 

of cell death which requires inflammasome activation, but it is independent from GSDMD pore 

formation. These studies suggest that secondary pyroptosis may occur through the activation of 

caspase-3 and subsequent activation of caspase-8 (199, 253, 254).  However, the mechanisms of 

this process are still unclear. We hypothesize that a secondary pathway of pyroptosis is being 

activated by making use of apoptotic caspases.  

To further prove that nsPEF activate the NLRP3 inflammasome, we repeated the same 

experiments using bone marrow-derived macrophages (BMDM) differentiated from NLRP3 KO 
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mice. Surprisingly, when the NLRP3 KO BMDM were treated with nsPEF, IL-1β was still 

detected via ELISA. Having ruled out an off-target effect of the NLRP3 inflammasome inhibitor, 

our working hypothesis is that nsPEF generate an array of stimuli and that multiple 

inflammasome sensors can potentially be engaged.  

Overall, the combined research underscores the potential of nsPEF as a versatile tool in 

combating antibiotic-resistant pathogens and highlights the importance of further investigation 

into its mechanisms of action and therapeutic applications. 

Future Directions  

Our findings have spurred numerous inquiries, paving the way for future research.  

Skin and Soft Tissue Infection  

Determine the sensitivity of S. aureus clinical isolates to nsPEF. In chapter 2, we 

explored the inactivation effects of nsPEF and antibiotic single and combination treatments on 

the Xen 31 S. aureus strain. Future studies should investigate whether this result is applicable to 

other more clinically relevant strains of S. aureus, most importantly USA300, which is quickly 

becoming the predominant strain in the US (255). While cell sensitivity to PEF treatment has 

been documented to be cell dependent in mammalian cells (197, 256, 257), to date, no research 

has been done investigating the variance in sensitivity of prokaryotic cells to PEF treatment. 

Therefore, it is imperative that we determine the effects of PEF across multiple clinical S. aureus 

strains. We expect to observe similar inactivation effects as previously seen due to the 

similarities in bacterial cell shape and size, despite a difference in virulence factors, antibiotic 

resistance and genome variances (255, 258). This expanded scope will make the study more 

pertinent to strains commonly encountered in clinical settings.  
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Measure the antimicrobial effect of nsPEF in SSTI in vivo. Our next steps will be to 

establish the effects of nsPEF on in vivo SSTI models in mice. Initially, we need to assess the 

potential skin damaging effects of pulse treatment. Achieving a delicate equilibrium between the 

potential skin ablation effects and the bacterial inactivation effects is essential. To achieve this, 

we will explore multiple pulse conditions testing varying pulse numbers and pulse durations, 

namely 200 ns and 600 ns) while maintaining a pulse amplitude of 30 kV/cm. 

Measure the antimicrobial effect of nsPEF and antibiotic combination treatments in 

vivo. Moving forward, we aim to explore the synergistic effects of nsPEF and antibiotic 

combination treatments in vivo, namely daptomycin and vancomycin. As previously outlined, 

daptomycin and vancomycin showed encouraging inactivation effects when combined with pulse 

treatments in vitro. Briefly, nsPEF showed an enhanced inactivation effect when combined with 

antibiotics that targeted similar regions, in this case the bacterial plasma membrane and the cell 

wall. We predict that in vivo nsPEF and antibiotic cotreatment will hasten infection healing and 

bolster the host immune response. We anticipate that this response will be mediated by the 

release of pro-inflammatory cytokines and antigens induced by antibacterial therapy, coupled 

with the enhanced immune activation triggered by nsPEF treatment. 

Inflammasome 

Establish which nsPEF generated stimuli activates the inflammasome. In chapter 3, 

we explored the effects of nsPEF in stimulating the inflammasome. Future studies should 

investigate which nsPEF generated stimuli activates the inflammasome specifically. Literature 

indicates that multiple stimuli can initiate inflammasome activation including K+ efflux, Ca2+ 

influx, ROS formation and intracellular double stranded-DNA (81, 82, 179, 214-216). Although 

not presented in this thesis work, we performed a study to determine the effects of nsPEF on K+ 



63 
 

 
 

efflux and subsequent IL-1β release. Briefly, we exposed J774A. 1 cells to nsPEF in a high K+ 

solution and measured IL-1β release after 1 h. In these results we saw that IL-1β release was 

reduced but not blocked (1). In future, we are going to investigate the effects of nsPEF on other 

known triggers of the inflammasome, namely the influx of Ca2+ and ROS. To investigate the 

impact of Ca+ influx, we will treat the cells in calcium-free DMEM and measure IL-1β release 1 

h after pulse treatment. To investigate the role of ROS, we will block ROS formation using the 

ROS inhibitor NAC, and measure IL-1β release after 1 h.  

Determine the alternative inflammasome sensor that is being activated by nsPEF. In 

chapter 3, we uncovered that when the NLRP3 inflammasome is unavailable, we still see release 

of IL-1β indicating that a secondary inflammasome is activated. We aim to explore secondary 

inflammasome sensor activation in response to nsPEF-derived stimuli. Of particular interest is 

the absent in melanoma 2 (AIM2) inflammasome. The AIM2 inflammasome is primarily 

activated by the presence of intracellular double stranded DNA, including self-DNA like 

mitochondrial DNA (mtDNA) and nuclear DNA (217, 218). Research has indicated that nsPEF 

treatment stimulates the release of cytochrome-c from the mitochondria (130, 219, 220), showing 

mitochondrial damage, however to date, no one has investigated the potential release of mtDNA 

into the cytosol after nsPEF treatment.. 

In these experiments we aim to test the AIM2 inhibitor, A151 (259), on wild type 

BMDM, J774A.1 cell line and NLRP3 KO BMDM. Subsequently we will be testing the effects 

of nsPEF on both AIM2 and ASC KO BMDM. In these experiments we hope to show that AIM2 

and other ASC-dependent inflammasomes can also be activated in response to nsPEF treatment. 

 Determine how cells die in response to nsPEF. In our study we did not observe GDMD 

activation following nsPEF treatment, indicating that the inflammatory cell death pathway, 
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pyroptosis, is not triggered. However, the literature suggests that GSDMD-deficient cells are still 

capable of undergoing inflammasome-driven cell death through the activation of apoptotic 

caspases and members of the gasdermin family outside of GSDMD (199, 234-236, 260). 

Consequently, we propose investigating the activation of varying apoptotic caspases, most 

importantly Caspase-3 and Caspase-8, and alternative members of the gasdermin family in 

response to nsPEF treatment.  

 Investigate other cell types that are targeted by PEF treatment. NsPEF induced 

inflammasome activation could be of benefit for many applications such as tumor ablation, 

however, in certain circumstances could be harmful such as in the case of cardiac ablation (166, 

167). In future, we hope to expand our study to investigate the specific cellular effects of nsPEF 

triggered inflammasome activation in varying cell types. Due to the wide range of applications, 

we hope to explore the effects of inflammasome activating nsPEF treatments in cell types that 

are present in potential treatment regions like cancer cells, epithelial cells, and muscle cells.  
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Appendix A: Supplementary Figure 1 
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Supplementary Fig. 1. nsPEF exposure setups. A. Representative 200 ns waveforms generated either by 

the Pulse Biosciences generator used for experiments in cuvette B. Setup for the in vivo nsPEF stimulation. 

I shows the mouse skin trapped between the silicon support and the ring through which the electrode array 

was inserted into the skin. Picture II displays the needle electrode array. III is the 2D simulation of the 

electric field in the skin when 15 kV are applied across the electrode array.  
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