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Abstract 

Previous work demonstrated inactivation of influenza virus by GHz frequency electromagnetic fields. Despite theoreti-
cal and experimental results, the underlying mechanism driving this inactivation remains unknown. One hypothesis 
is that the electromagnetic field is causing damage to the virion membrane (and therefore changing spike protein 
orientation) rendering the virus unable to attach and infect host cells. Towards examining this hypothesis, our group 
employed nanosecond pulsed electric fields (nsPEFs) as a surrogate to radiofrequency (RF) exposure to enable explo-
ration of dose response thresholds of electric field-induced viral membrane damage. In summary, Bovine coronavirus 
(BCoV) was exposed, in suspension, to mono and bipolar 600-ns pulsed electric fields (nsPEFs) at two amplitudes (12.5 
and 25 kV/cm) and pulse numbers [0 (sham), 1, 5, 10, 100, and 1000] at a 1 Hz (Hz) repetition rate. The temperature rise 
immediately after exposure(s) was measured using thermocouples to differentiate effects of the electric field (E-field) 
and heating (i.e., the thermal gradient). Inactivation of BCoV was evaluated by infecting HRT-18G host cells and assess-
ing differences in virus infectivity days after exposure. Our results show that 600 nsPEFs, both bipolar and monopolar, 
can reduce the infectivity of coronaviruses at various amplitudes, pulse numbers, and pulse polarity. Interestingly, we 
observed that bipolar exposures appeared to be more efficient at lower exposure intensities than monopolar pulses. 
Future work should focus on experiments to identify the mechanism underlying nsPEF-induced viral inactivation.
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Introduction
The response to the COVID-19 pandemic revealed a 
need for physical sterilization techniques, including tech-
nologies safe around humans that can be used in occu-
pied public spaces (Martins et  al. 2022). A promising 
technology involves using electromagnetic (EM) fields to 
neutralize microbes at intensities within the Institute of 

Electrical and Electronics Engineers (IEEE) safety stand-
ards (Yang et  al. 2015). In support of this, recent stud-
ies suggest that EM waves can elicit a resonant effect 
on viruses, resulting in their inactivation (Gulyaev et al. 
2020; Sun et  al. 2017; Yang et  al. 2015). Specifically, the 
exposure of microbes of sizes < 1 µm in diameter, which 
includes coronaviruses, to a high amplitude EM pulse 
can induce complex mechanical and physical breakdown 
of the material, including complete destruction of the 
virus (Epstein and Cook 1951; Gulyaev et al. 2020; Mar-
tens et al. 2020).

Our laboratory and others use nanosecond duration 
pulsed electric fields (nsPEFs) as a surrogate for the deliv-
ery of free-field radiofrequency (RF) pulsed exposures 
to evaluate the impact of high peak electric fields. Expo-
sure to high-power, short duration electric pulses, such 
as nsPEFs, has been shown to cause permeabilization of 
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cellular membranes (Gulyaev et  al. 2020; Schoenbach 
et  al. 2007). Specifically, nsPEF cellular studies showed 
that exposures can injure cell membranes by inducing 
permeabilization, which can result in the free passage 
of molecules across the plasma membrane (Cantu et  al. 
2016; Ibey et al. 2010; Pakhomov et al. 2007a; Pakhomov 
et al. 2007b; Schoenbach et al. 2007; Semenov et al. 2013; 
Vernier et  al. 2006. Based on these studies showing an 
impact of nsPEFs on biological membranes, we hypoth-
esized that similar exposures may be capable of impact-
ing viral membranes. This hypothesis agrees with several 
recent reports suggesting that nsPEF-driven inactivation 
of virus should be investigated (Farmani et al. 2021; Ruiz-
Fernández et  al. 2022). Coronaviruses, in particular, are 
composed of a single-stranded ribonucleic acid (RNA) 
core surrounded by a lipid envelope with embedded viral 
glycoproteins (nucleocapsid, spike, envelope, haemagglu-
tinin-esterase, and integral membrane proteins) (Clark 
1993). Dissolution of the viral envelope renders it neu-
tralized; therefore, some sterilization techniques could 
target the viral envelope to induce its breakdown (Lin 
et  al. 2020). The lipid envelope is partially derived from 
portions of the host cell membrane (phospholipids) and, 
therefore, could be susceptible to the same nsPEF-derived 
forces that permeabilize biological lipid membranes.

In this study, we evaluated the effect of nsPEF (600 ns 
in duration) on the infectivity of bovine coronavirus 
(BCoV), a surrogate for the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) virus. Specifically, 
we evaluated the effects of increasing the applied ampli-
tude (12.5 vs 25  kV/cm) and pulse number (0–1000) to 
establish a range of inactivation thresholds for both 
monopolar (MP) and bipolar (BP) exposures. Fur-
thermore, nsPEF-induced changes in viral titer were 
compared to temperature changes during exposure to 
distinguish if the effects on virus neutralization were 
related to temperature. Our results suggest that, while 
increased temperature during nsPEF exposure may play a 
role in the neutralization of BCoV, the decrease in infec-
tivity following nsPEF exposure is more closely linked to 
energy deposition in the sample.

Materials and methods
HRT‑18G cell culture and bovine coronavirus propagation
Homo sapiens ileocecal colorectal adenocarcinoma cells 
(HRT-18G, ATCC No. CRL-11663), were obtained from 
American Type Culture Collection (ATCC) (Manassas, 
Virginia). HRT-18G cells were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 
5% fetal bovine serum (FBS) and 100  U/ml penicillin/
streptomycin at 37 °C with 5%  CO2 in air. The media and 

its components were purchased from ATCC (Manassas, 
Virginia).

Bovine coronavirus (BCoV) NR-445, Mebus was 
acquired from BEI Resources (Manassas, Virginia). 
All experiments containing BCoV were conducted in 
Eagle’s Minimum Essential Medium (EMEM, ATCC) 
supplemented with 100  U/ml penicillin/streptomycin. 
BCoV was propagated to create a virus stock via pas-
sage in host (HRT-18G) cells. In brief, HRT-18G cells 
were grown to confluent monolayers in 6-well plates. 
Prior to infection, cells were rinsed twice with serum 
free media (SFM) and inoculated with 200 µL of BCoV 
BEI stock. Virus-inoculated cells were incubated for 
2  h at 37  °C, 5%  CO2, 95% RH, then 1.8  ml of EMEM 
containing 2% FBS was added to each well. The cells 
were then incubated for 6  days (37  °C, 5%  CO2, 95% 
RH) to allow infection, as evidenced by the appearance 
of cytopathic effects (CPE). This process was repeated 
twice with reinfection in successively larger cell culture 
vessels to create a large volume of BCoV stock for this 
study. BCoV stock was aliquoted in small volumes and 
frozen at − 80 °C until use.

Bovine coronavirus exposure
BCoV was exposed to MP (600 ns) or BP (300 + 300 ns) 
pulses as described previously (Ibey et al. 2014). Briefly, 
450 µL of BCoV in solution was added to a conventional 
electroporation cuvette with a 2-mm gap. 600  nsPEF 
exposures were performed for 0 to 1000 pulses at 
an amplitude of 12.5 or 25  kV/cm and a 1  Hz repeti-
tion rate. Two Marx bank capacitor systems were used 
to generate either the 600  ns MP or 300 + 300  ns BP 
pulse. A high voltage power supply was used to charge 
the Marx bank. Delivery to the cuvette was achieved 
by a spark gap switch that discharged over an air gap 
between two conductive plates completing the circuit. 
The rate of discharge and amplitude was set by adjust-
ing the charging voltage and the distance between the 
plates, respectively. The pulse delivered to the cuvette 
was measured using a high voltage probe connected to 
a high-speed oscilloscope (TDS3052B,  Tektronix®, Bea-
verton, OR). Removal of the charging voltage controlled 
the number of pulses delivered, which were counted 
manually. The resultant pulse shapes are shown in 
Fig.  1a (MP) and Fig.  1b (BP). Superimposition of the 
25 kv/cm MP and BP pulses is shown in Fig. 1c. For all 
exposures, we matched the peak of the highest ampli-
tude BP component to the peak amplitude of the MP 
pulse (Fig. 1c).

For both exposure systems, COMSOL  Multiphysics® 
software v. 5.4 (COMSOL) was used to model electro-
dynamics and temperature within the exposure cuvette. 
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The predicted E-field spatial distribution displays uni-
formity throughout the exposure solution (Fig. 1d) and, 
therefore, the E-field is assumed to be spatially uniform 
throughout the BCoV exposures.

Evaluation of temperature in exposure system
Temperature rise during the exposure was predicted 
using COMSOL Multiphysics modeling software. Phase 
change in the media (i.e., boiling) is expected after 
approximately 500 pulses as seen in the model in Fig. 2. 
A solution conductivity of approximately 1.3  S/m and 
a contact resistance between the aluminum cuvette 
electrode plates/solution of 8 ohms was assumed. The 

solution reaches near boiling temperatures of approxi-
mately 100  °C, limiting the continued rise in tempera-
ture. Pulse to pulse cooling increases as temperature rises 
because of the heat capacity of the solution. To validate 
the model predictions an Opsens probe (OpSens, Inc., 
Quebec, Canada) was used to measure temperature 
within the cuvette. Prior to exposure, initial temperature 
of the BCoV solution (in the electroporation cuvette) was 
measured and recorded. After the specified exposure 
duration, the cuvette was quickly removed from the sys-
tem, the cap removed, and an Opsens probe was inserted 
to evaluate the temperature rise following exposure.

Fig. 1 Monopolar (MP) and bipolar (BP) nsPEF exposure characterization. a Representative oscilloscope traces of the applied voltage used 
to deliver an E-field amplitude of 12.5 kV/cm MP (orange) or 25 kV/cm MP (blue) pulses. b Representative oscilloscope traces of the applied voltage 
used to deliver an E-field amplitude of 12.5 kV/cm BP (green) or 25 kV/cm BP (red) pulses. c Superimposition of MP and BP pulses. d COMSOL 
Multiphysics® software was used to model the predicted E-field distribution throughout the electroporation cuvette; the E-Field is uniform 
throughout the cuvette media
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Evaluation of BCoV infectivity
After nsPEF exposure, each BCoV sample was diluted 
from  100 to  10–4 in SFM and added to HRT-18G cells 
(plated at 15,000 cells per well in 96 well plates 24  h 
before) for virus titer determination to obtain the 50% 
tissue culture infectious doses  (TCID50). Prior to infec-
tion, cell monolayers were rinsed twice with SFM, and 
then inoculated with 20  µL of diluted BCoV samples. 
Virus-inoculated cells were incubated for 1 h at 37 °C, 5% 
 CO2, 95% RH, then 80 µL of EMEM containing 3% FBS 
was added to each well. The cells were then incubated 
for 6  days (37  °C, 5%  CO2, 95% RH) to allow infection 
to occur. On Day 6 post-infection, three independent 
researchers evaluated each well microscopically to deter-
mine if CPE was present. Figure 3 shows the appearance 
of cells infected with virus at day 6 (Virus) in which CPE 
is evident vs non-infected cells (No Virus) that were incu-
bated with media (control) showing a normal appearance. 
Researchers were blinded to the identity of the samples 
and results were evaluated as binary (i.e., infected or not 
infected). After evaluation, the titer of infectious virus 
was quantified by calculating the  TCID50/ml for each 
condition.  TCID50/ml was calculated using the Reed-
Muench equation (Reed and Muench 1938). To compare 
results between multiple experiments (where definite 
 TCID50/ml values may differ), we converted the  TCID50/
ml values to % Inactivation (ratio), as follows:

(1)% Infectivity =

TCID50/ml Sample (CPE)

TCID50/ml Sham (CPE)
x100

(2)% Inactivation (Ratio) = 100− % Infectivity

Modeling of physical forces
To better evaluate the potential hypotheses that could 
explain the noted differences between MP and BP 
exposure, we estimated the mechanical forces acting 
on the viral particle in solution induced by a similar, 
analytically defined, electric field. For the membrane 
charging dynamics a single shell capacitive model and 
general parameters (membrane permittivity and con-
ductivity, inside permittivity and conductivity) were 
taken from Kotnik and Miklavčič (2006). To describe 
membrane potential, we decomposed our model elec-
tric field pulse into frequency components and inde-
pendently solved each frequency component of our 
model electric pulse. The net charging solution was 
reconstructed through simple superposition of each 
component. For brevity, we did not include a lengthy 
membrane charging model description.

The virion equations of motion were numerically 
solved with Mathematica  (Mathematica, Princeton, 
New Jersey) using Stokes’ law, i.e., assuming the virion 
displacement was small, and the motion was sufficiently 
smooth. A virion is assumed to have a net charge on the 
order of 5 ×  10–15 Coulombs for a naïve estimate based 
on the length of negatively charged RNA contained in 
a virion, 1 elementary charge per base-pair for 30 kilo-
base-pairs (Cao et  al. 2021) and mass of 1  fg (Bar-On 
et  al. 2020). These assumptions allow for treatment of 
virion motion in one-dimension

With x(t): the virion position over time, v(t): the virion 
velocity, q: the virion charge, ∂: the drag coefficient of a 
50  nm sphere (Turoňová et  al. 2020), and m: the virion 

dx(t)

dt
= v(t),

dv(t)

dt
= q

E(t)

m
−

∂

m
v(t),

Fig. 2 COMSOL cuvette thermal model results for 25 kV/cm and 12.5 kV/cm MP pulses. a 100 Pulses; b 1000 Pulses
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mass. With this methodology it is important to note that 
regardless of distinct virion parameters these equations 
remain valid, varying only in magnitude and direction 
based on actual virion net charge and mass.

Statistics
All experiments were performed in triplicate and a 
mean and standard error of the mean (S.E.M.) were 
calculated. Error bars are provided as ± S.E.M. Pairwise 
comparisons of virus titers  (TCID50/ml) or % infectivity 

for each nsPEF exposure were compared to control/
sham (0 pulses) using pairwise Student’s t-test. The 
criterion for significance was set at p < 0.05 for a type 
I error.

Results
Thermal gradient following 600 nsPEF exposures
The temperature of the BCoV solution (EMEM) was 
measured for each amplitude and pulse train used in 
this study (Fig.  4a–f ). Results showed that increasing 

No Virus Virus 

10X

20X

a b

c d

Fig. 3 Representative microscopic images of CPE in HRT-18G host cells. a, c control cells (i.e. not infected) at 10 × (a) and 20 × (c) magnification. b, 
d virus-infected HRT-18G cells at 10 × (b) and 20 × (d) magnification showing CPE

(See figure on next page.)
Fig. 4 Temperature profiling of all nsPEF exposure conditions. a, b Final temperature (in °C) after MP pulsing at 12.5 kV/cm or 25 kV/cm, 
respectively. c, d Final temperature after BP pulsing at 12.5 kV/cm or 25 kV/cm, respectively. e All data shown in panels a–d are summarized in panel 
(e). Data are expressed as mean temperature values ± S.E.M. of at least three independent experiments (n = 3). Statistically significant differences 
are noted by an asterisk, which represents p < 0.05. Panel  f compares the measured temperature data (provided in panel e for the MP pulses) 
and COMSOL thermal modeled temperature data (described in Fig. 2)
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Fig. 4 (See legend on previous page.)
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the pulse number increased the overall tempera-
ture within the sample, for each respective exposure. 
Additionally, increasing the amplitude of the pulses 
enhanced the thermal gradient during exposure (Fig. 4a 
vs b and c vs d). MP pulses produced greater overall 
temperature rises compared to their matched BP pulsed 
conditions (Fig.  4a vs c and b vs d). The rise in post-
exposure measured temperature also corelates with 
that predicted by COMSOL modeling, as shown for 
MP pulses performed for the 12.5 kV/cm and 25 kV/cm 
amplitudes (Fig.  4f ), further corroborating the results. 
Importantly, this difference in temperature between the 
two exposure paradigms was observed as we chose to 
match the peak electric field amplitude and duration 
of the exposures (Fig.  1C). Therefore, the total energy 
in each exposure is different due to the phase changes 
in the bipolar exposures resulting in a lower achieved 
temperature for bipolar exposures of the same pulse 
number and amplitude.

Importantly, previous studies have shown the minimum 
temperature required to efficiently inactivate coronavirus 
is 60  °C, and the heat must be sustained for prolonged 
periods of time (> 15 min) (Burton et al. 2021; Kampf et al. 
2020). Accordingly, in our experiments, the only condi-
tion that generated heat capable of completely inactivating 
BCoV was 1000 MP pulses at an amplitude of 25 kV/cm.

Inactivation of BCoV following MP 600 nsPEF exposure
The inactivation of BCoV was evaluated by assessing viral 
titer  (TCID50/ml) following exposure to 600 ns MP pulses 
(0, 1, 10, 100, or 1000) at two amplitudes (12.5 kV/cm or 
25  kV/cm) based on the formation of CPE in cultured 
cells. For the 12.5 kV/cm, results show statistically signifi-
cant BCoV inactivation starting at 100 pulses (Fig. 5a and 
b). In the higher amplitude field, inactivation of BCoV 
was significant following exposure to 10 pulses (Fig.  5c 
and d). In both conditions, the inactivation increased as 
amplitude and/or pulse number increased, with maximal 
“% inactivation” at 1000 pulses for both amplitudes.

Fig. 5 Infectivity of BCoV after exposure to MP nsPEFs for different pulse numbers and E-fields. Viral infectivity was assessed by CPE evaluation. 
Viral titers were determined upon titration on HRT-18G cells, as described in the methods, and evaluated at 6 days post inoculation. a and b are 
the  TCID50/ml and % Inactivation (i.e., data normalized to non-exposed virus sham control/0 pulses) following exposure to 12.5 kV/cm MP pulses. c 
and d are the  TCID50/ml and % Inactivation following exposure to 25 kV/cm MP pulses. Data are expressed as mean values ± S.E.M. of at least three 
independent experiments (n = 3). Statistically significant differences are noted by an asterisk, which represents p < 0.05
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Inactivation of BCoV following BP 600 nsPEF exposure
BP pulses, which are characterized by a reversal of 
polarity halfway through the pulse duration, have been 
shown to be as effective as MP exposures for micro 
and millisecond pulse durations. However, for nano-
second duration pulses, BP pulses are markedly less 
effective as compared to energy-matched MP pulses. 
Using second harmonic imaging, it was shown that BP 
nsPEF exposures impact both sides of a mammalian 
cell similarly to longer pulses but fail to induce as sig-
nificant permeabilization. The mechanism behind “BP 
cancellation” remains unknown but has been repeat-
edly observed by several laboratories in different stud-
ies (Gianulis et  al. 2018; Ibey et  al. 2014; Moen et  al. 
2016; Pakhomov et  al. 2018). As BP exposures match 
free-field exposures better, we exposed BCoV to BP 
(300 + 300  ns) pulses as a comparison to 600  ns MP 
pulses. As shown in Fig. 1 and Fig. 4, the overall energy 
within the BP pulse is ~ 30% less than the MP pulse. We 
chose to match peak electric field amplitude rather than 
energy, hypothesizing that peak electric field amplitude 

would be the driver of virus inactivation. Notably, the 
temperature profile for BP pulse exposure shows less 
of a temperature increase at both amplitudes tested in 
this study (Fig.  4c–d) as expected. We exposed BCoV 
to BP pulses (0, 1, 10, 100, or 1000) at two amplitudes 
(12.5  kV/cm or 25  kV/cm) and evaluated the infectiv-
ity of exposed virion based on the formation of CPE 
in cultured cells. Results shows statistically significant 
inactivation of BCoV only at the 1000 pulse condition 
at low (12.5 kV/cm) amplitude (Fig. 6a and b). However, 
we observe statistically significant inactivation of BCoV 
with as low as 1 pulse of 25 kV/cm nsPEF that increases 
with increasing pulse number (Fig. 6c and d).

Relationship between BCoV inactivation and exposure 
properties
To differentiate between the properties of nsPEF that 
induces inactivation, we plotted BCoV infectivity data 
(MP or BP pulses) at 25 kV/cm as a function of sample 
temperature (Fig. 7a) or pulse number (Fig. 7b). Results 

Fig. 6 Infectivity of BCoV after exposure to BP nsPEFs for different pulse numbers and E-fields. Viral infectivity was assessed by CPE evaluation. 
Viral titers were determined upon titration on HRT-18G cells, as described in the methods, and evaluated at 6 days post inoculation. a and b are 
the  TCID50/ml and % Inactivation (i.e., data normalized to non-exposed virus sham control/0 pulses) following exposure to 12.5 kV/cm BP pulses. c 
and d are the  TCID50/ml and % Inactivation following exposure to 25 kV/cm BP pulses. Data are expressed as mean values ± S.E.M. of at least three 
independent experiments (n = 3). Statistically significant differences are noted by an asterisk, which represents p < 0.05
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show that BP pulsing induces inactivation of BCoV 
at lower temperatures than MP pulsing equivalents 
(Fig. 7a and c).

Modeling of membrane charging and mechanical forces
Results of the charging model is presented in Fig. 8. The 
applied voltage and the resultant charging on the viral 
membrane are presented in Fig. 8a and b. An inset car-
toon of the viral membrane depicts the direction of 
charging on the viral membrane (which notable oscil-
lates for bipolar exposures). The blue line and yellow 
line represent the unipolar and bipolar modeling results, 
respectively. The results of the mechanical models are 
presented in three panels with inset cartoons illustrat-
ing the direction of the physical forces on the viral mem-
brane (Fig. 8c–e). The blue line and red line represent the 
unipolar and bipolar modeling results, respectively.

Discussion
A major lesson from the COVID-19 pandemic is that 
physical sterilization methods that kill viruses but are 
not harmful to humans are required in order to minimize 
the spread and infectivity of microorganisms in occupied 
spaces (Martins et al. 2022). Both ultraviolet and chemi-
cal treatments have proven effective but can be unsafe in 
the presence of humans. A leading non-chemical tech-
nology involves EM fields (EMFs), which may be devel-
oped and used at a low intensity; bystander safe level, yet 
remain capable to inactivate microorganisms (Perlman 
et al. 2021; Sun and Liu 2011). In this paper, we investi-
gated the ability of nsPEF exposures to neutralize virus 
infectivity as a direct application technology (liquid sam-
ples) and as a surrogate for high peak power pulsed elec-
tric fields (surface decontamination).

To date, the mechanism(s) and properties of viruses 
that would enable EM-based neutralization remain 
largely unknown. This void in knowledge necessitates 

Fig. 7 Percent inactivation in MP versus BP pulsing as a function of temperature and pulse number. Numerical data from the figures shown 
in panels a and b are summarized in panel (c). Data are expressed as mean values ± S.E.M. of at least three independent experiments (n = 3). In panel 
c, statistically significant differences are noted by an asterisk, which represents p < 0.05
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more modeling and experiments to help determine if 
electrical pulses can be effective virus neutralizers. We 
conducted a comprehensive investigation exposing a 
surrogate coronavirus, BCoV, to various nsPEFs expo-
sure conditions to precisely define the EM parameters 
that will neutralize the virus. Previous approaches to 
studying coronavirus neutralization used surrogate 
agents including influenza or bacteriophage MS2, due 
to the stringent requirement of biosafety level 3 (BSL3) 
laboratory associated with handling SARS-CoV-2. In 
our experiments, we selected a BCoV as a model virus 
for SARS-CoV-2 to better match the morphology and 
shape of SARS-CoV-2) as well as for its biosafety level 
(BSL2) requirement (Abdelrahman et  al. 2020; Cantu 
et al. 2023; Echchgadda et al. 2023; Vlasova et al. 2021; 
Yao et  al. 2020; Clark 1993). The two beta-coronavi-
ruses are enveloped positive-sense single-stranded 
RNA viruses with similar size and composition (Cantu 
et  al. 2023). We believe our selection of BCoV would 
provide a greater reliability in translating our experi-
mental results to applicability in other coronaviruses 
neutralization.

Furthermore, to our knowledge, we are the first 
group to study the effect of nsPEFs on virus neutraliza-
tion, particularly coronavirus inactivation. Specifically, 
we compared MP and BP nsPEF exposures of BCoV to 
define  the dose needed to achieve viral neutralization. 

Results showed significant inactivation of BCoV even in 
the absence of a thermal rise (Fig.  7). Specifically, MP 
and BP pulses induce similar inactivation of B CoV at 
100 pulses (70.3 ± 4.677% and 74.0 ± 5.647%, respectively) 
even though the temperature of the two solutions is sig-
nificantly different (43.7 °C and 30.9 °C).

While we do not conclusively identify the specific 
mechanism by which nsPEF neutralizes BCoV in the pre-
sent study, our results suggest the observed viral inacti-
vation may involve multiple forces acting upon the virus 
particle. For decades, researchers have described the 
effects of electrical pulses on lipid bilayers using model 
membranes and MD simulations (Böckmann et al. 2008; 
Cantu et al. 2016; Eisenberg et al. 1973; Ibey et al. 2009; 
Joshi et  al. 2001; Kramar et  al. 2007; Tarek 2005; Teis-
sie and Tsong 1981; Tieleman et  al. 2003; Vernier et  al. 
2009; Vernier et  al. 2006). NsPEF  exposures  are known 
to induce multiple physical forces  including electrical, 
mechanical, and thermal  when delivered in  biologically 
relevant solutions (Barnes et  al. 2017; Roth et  al. 2015, 
2017; Schoenbach et  al. 2007). In the present study, we 
observe equivalent inactivation of BCoV under condi-
tions where temperatures do not meet the minimum 
threshold of heat required to neutralize BCoV (Figs.  4 
and 6). Therefore, it appears that nsPEF exposure does 
not neutralize BCoV solely through thermal mechanisms.

Fig. 8 Modeling nsPEF charging on viral membrane and resultant mechanical forces. a The applied pulse shape used in the simulation to represent 
MP and BP exposures of BCoV. b The resultant membrane charging observed on the viral membrane (100 nm diameter). c Mechanical forces acting 
on the cell due to the nsPEF electric field: c displacement d Velocity and e Jerk
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In Fig. 8, we provide an analytical model of membrane 
charging (b) during a simulated exposure (a) showing 
that the membrane of the viron, despite being two orders 
of magnitude smaller than a mammalian cell (100  nm 
vs. 10  μm), shows significant membrane charging dur-
ing both MP and BP exposures. The membrane poten-
tials reached during the exposures are below what is 
considered “permeabilizing” for mammalian cells (1  V). 
However, as thresholds for viral permeabilization are 
unknown as well as the impact of repetitive  exposures, 
we cannot  exclude direct permeabilization of the viron 
membrane as a mechanism. That being said, we would 
not expect BP stimulation to induce more inactivation 
than MP exposures (Fig.  7) based on previous cellu-
lar results showing a marked inefficiency of BP nsPEF-
induced permeabilization (Ibey et al. 2014). Future work 
will focus on devising methods to directly visualize loss 
of membrane integrity in viral particles to verify if rapid 
permeabilization is indeed occurring.

Other mechanisms that could result in inactivation 
include electromechanical and thermoelastic interac-
tions. Thermoelastic phenomena occur when a media 
experiences a rapid temperature rise in a short time 
(< 10  µs). These thermoelastic phenomena have been 
postulated to contribute to effects such as electropora-
tion. Previous work has shown that nsPEF pulses, spe-
cifically in a cuvette are capable of generating acoustic 
shock waves, but those shock waves appeared weaker 
than forces that would be expected to permeabilize 
membranes based on the thresholds from ultrasound 
and sonoporation literature (Roth et  al. 2014). Future 
work will focus on measuring these forces within the 
cuvette and applying equivalent acoustic waves to virus 
in media to evaluate whether inactivation occurs. Addi-
tionally, electromechanical interactions occur due to a 
charged membrane interacting with an external electric 
field. The resulting electromotive forces could play a role 
in membrane damage through compressive, expansive or 
shear stresses. In Fig. 8c–e, we evaluated the electromo-
tive forces of the electric field on a viron sized particle. 
We found that displacement would occur in MP and BP 
pulses at the microsecond timescale. Given the rate of 
pulsing of 1 Hz, we do not expect displacement effects to 
compound with subsequent pulsing due to time for dis-
sipation and random motion within the virus containing 
solution. The velocity is also greater in the MP expo-
sures leading to a rapid increase in velocity followed by 
a gradual slowing of the particle in the microsecond time 
frame. BP pulses appear to have overall no net movement 
of the cell and no net velocity change. However, when 
we evaluate the jerk imposed on the cell, we see that BP 
exposures generate a significant push pull force on the 
viron particle that is diffused by motion and velocity in 

the MP exposure. This jerk force could be responsible for 
the observed difference between MP and BP stimulation 
as its intensity is amplified for BP exposures. Future work 
will focus on isolating electromechanical forces and stud-
ying their impact on viral infectivity.

Lastly, high strength electric fields applied to virus 
could directly impact the spike protein conformation and 
therefore limit binding to the host cell. Specifically, the 
binding of the SARS-CoV-2-spike protein to the ACE2 
receptor on the host cell has been shown to be impacted 
by the presence of a strong electric field through molec-
ular dynamics modeling (Arbeitman et al. 2021). In this 
paper, force fields up to  107  V/m were applied to spike 
protein and notable changes were observed within 
100  ns. Extremely high field intensities at  109  V/m 
changes were shown to be irreversible. Another paper 
also showed that at field intensities of  108 V/m spike pro-
tein conformation could be modified on the nanosec-
ond timescale (Kuang et al. 2022). In both papers it was 
shown that spike proteins are more susceptible to elec-
tric fields than other proteins and therefore, technology 
taking advantage of this vulnerability could be pursued 
to mitigate the infectivity of virus in a variety of set-
tings. In our research, we directly applied 2.5 MV/m and 
1.25 MV/m fields to a solution of virus. These fields are 
notably lower than the peak fields simulated in the two 
publications, but fields as low as  104 V/m were predicted 
to induce some confirmational changes. It is unclear how 
the viral environment within the cuvette exposure per-
formed in our study mirrors a MD simulation as far as 
true e-field intensity at the spike protein itself and how 
such fields in an unconstrained environment would com-
pare to artificially forced field alignment with an isolated 
spike protein. However, as the field intensities applied 
(on the lower end of the simulations) are similar and the 
exposure duration comparable, it is important to follow 
up our experimental efforts with subsequent molecular 
level modeling to close this comparison gap.

To gain insight into the mechanism of action for viral 
impact by nsPEF it is important that we consider not 
only the vulnerability of the virus, but also the multiple 
forces acting simultaneously in the exposure medium. 
While we supply an electric field between two elec-
trodes below the breakdown threshold, there remains 
current generation, thermal buildup, and mechani-
cal forces in the system which can have an impact on 
the viral particles themselves. As is true for previous 
nsPEF exposures in cells and tissues, we create multi-
ple physical forces simultaneously in solutions when 
we discharge high voltage in a short time period. This 
creates multiple forces acting on the target of interest 
and it is unlikely that any one is entirely driving the bio-
logical response. Previous work has investigated this 
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for cellular exposures with some conclusions related to 
membrane permeabilization of the plasma membrane, 
however, as the target has become small and has differ-
ent physical vulnerably, such studies should be repeated 
to better understand the impact of each physical force 
within the exposure system. (Roth et  al. 2015; Barnes 
et  al. 2017). Understanding which force dominates in 
achieving the desired biological impact is critical to 
refining a technological approach to viral decontami-
nation. Therefore, we should consider the possibility of 
the field having a direct impact on the molecular com-
ponents of the virus.

In conclusion, the present study shows the efficacy of 
600 nsPEFs to inactivate coronavirus at various ampli-
tudes, pulse numbers, and pulse polarity even under 
conditions that do not produce neutralizing heat. Thus, 
these results could form a foundation for defining spe-
cific EMF exposure conditions that can neutralize 
viruses. Furthermore, understanding these inactiva-
tion mechanism(s) may prove important to targeting a 
variety of micro-organisms (Guo et al. 2018; Haberkorn 
et al. 2021; Martens et al. 2020). Future studies should 
expand upon the results described herein to determine 
how nsPEF technologies can be utilized to safely disin-
fect virus-contaminated spaces for viral decontamina-
tion and to clarify the mechanism of interaction driving 
this inactivation.
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