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ABSTRACT: Wearing a mask population-wide is an important preventive measure in addressing COVID-19 and potential future pandemics. We showed how a household microwave oven, a
coat-hanger, and a coffee cup can generate plasma that can be used to decontaminate N95 respirators in less than 1 minute. We proved that microwave-generated plasma can reduce infectivity
of the Tulane virus and the transmissible gastroenteritis virus (TGEV) on N95 respirators by >
3-log10. We further studied the Tulane virus by molecular assays to understand inactivation mechanisms, and we found that the plasma damages both viral proteins and genomes. Spectroscopy of
the plasma revealed OH and C-containing radicals as the most prevalent active species expected
to cause virus inactivation. The respirators still maintained filtration and fit even after 10 cycles of
the plasma treatment. We believe that microwave-generated plasma is an easily accessible respirator decontamination technique that everyone could use for safe respirator reuse.
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I. INTRODUCTION
The COVID-19 pandemic has caused unprecedented impacts on public health and
the global economy.1,2 SARS-CoV-2 features higher transmissibility than other coronavirus epidemics (such as SARS and MERS) and higher mortality than the pandemic influenza.3 More important, epidemiological studies report that asymptomatic
or minimally symptomatic patients also spread the virus efficiently.4,5 An increasing
amount of scientific evidence proves that wearing a mask population-wide helps to
curb transmission of virulent viruses.6,7 Although several types of vaccines proven
safe and effective through phase III clinical trials are now available, wearing a mask
is still considered a necessary preventive measure because achievement of herd immunity takes time, especially for countries that are left behind for vaccine supply.8 In
addition, emerging variants of SARS-CoV-2 could show a higher reproduction rate
(R0) due to higher transmissibility than the wild type, so a higher percentage of the
population may need to be vaccinated to reach herd immunity.9 For example, a delta
variant (B.1.617.2), which became the dominant strain in the UK, caused a surge of
confirmed patients but 62% of the population had their first jab and 44% are fully vaccinated as of June 2021.10
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With scientific support and a positive perception of mask wearing, demand for respirators will remain high throughout the current pandemic and surge again in future
pandemics.11 Depletion of respirators did not happen for the first time in the current pandemic; rather, there were respirator shortages back in 2004 (SARS) and 2009 (H1N1).12
To address the respirator shortage, the Center for Disease Control and Prevention
(CDC) and the Food and Drug Administration (FDA) temporarily recommended reuse
of respirators with the requirement of decontamination efficacy (> 3-log10 infectivity
reduction), keeping filtration efficacy, leaving no toxic materials for users.13,14 Different
decontamination technologies have been suggested and evaluated in terms of the above
mentioned requirements. For example, Schwartz et al. (2020)15 demonstrated that a
commercial device generating hydrogen peroxide vapor could successfully inactivate
6-log10 Geobacillus stearothermophilus spores at a large scale. Yang et al.16 summarized
cases where ultraviolet germicidal irradiation (UVGI) successfully inactivated influenza viruses harbored on respirators. Lee et al.17 invented a dielectric barrier discharge
plasma generator to produce ozone gas, which reduced 4-log10 infectivity of human
coronavirus (HCoV-229E) on respirators. However, most of these technologies require
special instruments or devices that ordinary people cannot easily access, and this is a
critical issue that limits respirator reuse population-wide. Although the CDC suggested
that respirators can be kept inside breathable paper bags for at least five days to reduce
SARS-CoV-2 infectivity,18,19 healthcare workers and others are left to choose either effective but less accessible or accessible but less effective options.
Plasma has been studied for pathogen inactivation for decades.20 Although its chemistry is tunable by optimizing carrier gas, plasma normally consists of various reactive
nitrogen/oxygen species and UV,21 whose diversity enables inactivation of a wide range
of pathogens (i.e., bacteria, fungi, and virus).22 In addition, plasma inactivation is known
to be nondestructive, and this feature makes plasma applicable to the biomedical and
food industries, where conventional disinfectants are limited due to toxicity and destructive reactions.23,24 Commercial plasma sterilization devices are not widely available and
are costly, so only a few if any hospitals, nursing homes, or other medical facilities are
expected to have them. However, plasma is widely known to be created by irradiating
grape hemispheres in a household microwave oven, which people can easily access.25
Our previous study succeeded in controlling and applying the plasma generated by a
2.45-GHz microwave oven in ambient air to engineering purposes.26
The goal of this study was to turn a household microwave oven into a plasma-generating unit for respirator reuse. This decontamination unit only requires a household microwave, coffee cups, a coat-hanger, saline, and 3% hydrogen peroxide, all of which are
easily available. We applied this unit to a N95 respirator contaminated by each of two
viral species (Tulane virus and porcine coronavirus) and evaluated virus inactivation efficacy and respirator performance (filtration efficiency and fit tests). We confirmed that
the microwave-generated plasma decontaminated the respirator without compromising
its performance. The ability to turn a microwave oven into a decontamination device
with common materials means instant worldwide accessibility. We believe this will contribute to addressing respirator depletion in current and potential future pandemics.
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II. METHODS
A. Microwave-Generated Plasma
The new idea described in this work is to create a plasma by making an antenna that
has a length equal to some multiples of the wavelength of 2.45-GHz microwaves in a
microwave oven (some multiple of 12.2 cm) and bending it into a split ring with a small
(2-mm) gap. An intense electric field is generated in the gap that can ignite plasma
under the right conditions. Those conditions are created by adding a conducting liquid,
such as saline solution, into the gap and placing the antenna cap on a piece of ceramic.
The conducting fluid electrically shorts the gap, causing a large current to flow and heat
the fluid quickly. The water is vaporized in a few seconds and a spark is generated in
the gap (Fig. 1). These first electrons then allow the plasma to be generated in the gap
out of the materials present. The plasma is sustained as long as the microwave power
is present. The plasma generates UV light and radicals, particularly carbon-containing

FIG. 1: Antenna on inverted coffee cup in microwave oven with N-95 respirator suspended
behind it. (Bottom inset): intense plasma created at the antenna gap on the cup surface. The
plasma could cause soot on materials near the plasma source. However, we found no microwave
malfunction after more than 100 cycles. The intact respirator or pieces of respirator were put on
the upper surface of the microwave throughout the experiments. Thus, inactivation efficacy may
differ if the respirator is place differently.
Volume 11, Issue 3, 2021
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radicals from the ceramic surface. Hydrogen peroxide (at both 3% and 30%) added to
the gap with the saline produces hydrogen peroxide vapor and OH radicals. Positive
and negative ions and electrons are generated as well. All of these species are potential
disinfectants for virus inactivation in this study.23,24
The procedure to produce the plasma is as follows:
• First, obtain a piece of heavy-gauge (8–12) wire that is stripped of insulation,
such as a metal coat-hanger. Cut it to 24.4 cm. Bend it into a circle leaving a
gap of around 2 mm. This produces a split-ring antenna with a length of 2 times
the wavelength of the 2.45-GHz microwaves which power microwave ovens.
Through experimentation, we learned that the length must be within 5% (i.e.,
24–25 cm). The gap must be between 1 and 2.5 mm.
• Second, disable the rotating arms in the microwave oven simply by turning the
turntable dish upside down.
• Third, place the antenna with the gap down into glass or ceramic such as a
coffee cup. Both ends of the antenna forming the gap should be touching the
ceramic/glass surface. The antenna may need to be tilted up and supported to
achieve this (Fig. 1).
• Fourth, add some saline solution (around 1 mL) and some normal household
3% hydrogen peroxide (at least 1 mL) to the antenna gap. If you do not add a
conductive fluid, you will not be able to initiate plasma.
• Fifth, turn the microwave up to its highest power (i.e., normal operation) for
1 minute maximum. At first the liquid will start boiling. In about 15 seconds
a popping sound and bright sparks will emanate from the gap (Fig. 1, bottom
inset). Soon, continuous plasma will form, and a loud buzzing sound will be
heard. The continuous plasma should run for at least 30 seconds. Note that to
prevent the respirator from being damaged, it should not be left in for more
than 1 minute. We published a how-to video showing the complete process and
including safety tips.27
• Sixth, wait for 5 minutes to cool down the antenna or metals in the respirator.
B. Virus Inactivation Experiments
We used two viral species, Tulane virus and transmissible gastroenteritis virus (TGEV),
to evaluate the inactivation efficacy of our device. Tulane virus is in the Calicivirus family
and is a surrogate for human norovirus. It is a nonenveloped virus with a single-stranded
RNA within the same Baltimore classification as SARS-CoV-2. The FDA’s guideline for
respirator decontamination requires > 3-log10 infectivity reduction of a nonenveloped virus, which is considered more resistant than enveloped viruses in general.14 Tulane virus
was received from the Cincinnati Children’s Hospital Medical Center. MA104 cells were
purchased from ATCC (CRL-2378.1) and used as the host cells for the virus as described
elsewhere.28,29 The complete medium for the MA104 cells was a mixture of 1X minimum
essential medium (MEM; Thermo Fisher Scientific) with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific), 1X antibiotic-antimycotic (Thermo Fisher Scientific), 17 mM
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of NaHCO3, 10 mM of HEPES, and 1 mM of sodium pyruvate. The virus was inoculated
to the MA104 cells with 90% confluency and incubated at 37°C with 5% CO2 for 3
days in order to multiply the virus particles. The viruses were harvested by three cycles
of freezing and thawing and then purified by centrifugation (Sorvall Legend RT Plus,
Thermo Fisher Scientific) at 2,000 rpm (556 g) for 10 minutes, filtered through a 0.45μm filter (Millipore Sigma), and ultracentrifuged (Optima XPN-90, Beckman Coulter) at
1,000 rpm (116 g) for 5 minutes followed by 36,000 rpm (150,700 g) at 4°C for 3 hours.
The virus pellets on the ultracentrifuge tubes were suspended in 1X PBS and kept at
–80°C until use. The final virus concentration was about 107 PFU/mL.
TGEV is a porcine coronavirus belonging to the Coronaviridae family. It shares similar structural characteristics with SARS-CoV-2. For example, TGEV has a membrane
encapsulating the nucleocapsids. Its positive single-stranded RNA genome is about 28
kb long. TGEV was provided by the Veterinary Diagnostic Laboratory at the University
of Illinois at Urbana-Champaign. ST cells obtained from ATCC (CRL-1746) were used
as the host cells. The ST cells were supplemented by the same complete medium described for the MA104 cells. TGEV was inoculated to the ST cells and incubated for 5
days at 37°C with 5% CO2. It was then harvested by three cycles of freezing and thawing. The large impurities from the cell debris were removed by centrifuge and filtration,
which were used for purification. The final TGEV concentration was about 106 PFU/mL.
Artificial saliva was prepared by mixing six major compositions listed in ASTM
E2700-16 in distilled water (Table 1). Each virus solution was mixed with the artificial
saliva at a ratio of 1:1 to mimic where the virus is shed from the patient’s mouth.30 A
droplet of the testing solution was inoculated to respirators with a pipette. The inoculated
respirator was left inside the biosafety cabinet until the solution was thoroughly evaporated (about an hour). The temperature and relative humidity inside the biosafety cabinet
were maintained at about 20°C and 30%–50% throughout the experiments (A600FC,
General Tools). The testing solution was inoculated to either a whole respirator or small
pieces of respirators depending on the purpose. First, the testing solution was seeded to
five places inside and five places outside of the N95 respirator (Fig. 1, top inset) to check
the impact of respirator shape on inactivation efficacy. The contaminated respirator was
placed above the antenna inside the microwave oven as shown in Fig. 1. Both sides of
TABLE 1: Composition of artificial saliva
Reagent
CaCl2·H2O

Amount
0.13 g

NaHCO3

0.42 g

NH4Cl

0.11 g

NaCl
KCl
(Porcine gastric) mucin
Water
Volume 11, Issue 3, 2021
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the respirator were in direct line-of-sight with the top of the coffee cup. The microwave
oven was then turned on for 30 s with 30% hydrogen peroxide and the antenna. The testing solution was inoculated to rectangular pieces of respirator [width:length = 15:5 (mm)
measured from the top view] to determine inactivation efficacy under different inactivation methods but the same location. The pieces of respirator were put in the microwave
oven and exposed to the microwave for 1 minute alone (without saline, hydrogen peroxide, or the antenna), then the microwave for 1 minute with saline only, the microwave
for 1 minutes with saline and 30% hydrogen peroxide for the first set of experiments and
the microwave for 40 seconds with saline and 3% hydrogen peroxide for the second set
of experiments; finally, the microwave for 40 s with all the components (either 30% or
3% H2O2) including the antenna. As mentioned in the introduction, it takes at least 10
seconds to initiate plasma. That is why the comparison tests without plasma but with
microwave energy were conducted for at least 40 seconds. All of the experiments were
intended to determine its role in inactivating viruses. After the decontamination process,
each inoculation site on the intact respirator was cut into 10-mm-diameter pieces. The
pieces were submerged in 1 mL of culture medium without FBS. The viruses were then
detached from the respirator pieces by vortexing them for 3 minutes and shaking them
for 30 minutes at 450 rpm. The infectious virus concentration in the inoculum and the
washing solution was about 106.5 and 106 PFU/mL, respectively, showing around 30%
virus detachment efficiency over the viral infectivity ranging from 102.2 to 105.4 PFU per
respirator piece. The same procedure was carried out with the negative controls which
had been left in the biosafety cabinet throughout the experiments (about an hour).
The detached virus solutions were analyzed for the effects of treatment. The infectivities of the Tulane virus and TEGV were determined by plaque assay.30 The host
cells were prepared in 6-well plates two days before the inactivation experiments. The
10-fold serial dilutions of virus solution were prepared and 700 µL of each dilution was
inoculated to each well with its host cells. The viruses on the cell monolayer were incubated at 37°C with 5% CO2. The plates were gently shaken every 15 minutes to facilitate
virus attachment to the cells. After 1 hour of incubation, the virus solution was aspirated
and 2 mL of overlay solution was put into the well. The overlay solution contained 1.31
mL of 2X MEM, 0.5 mL of 1% agarose solution, 0.1 mL of FBS, 0.05 mL of 15-mM
HEPES, 0.03 mL of 7.5% sodium bicarbonate, and 0.01 mL of 100X antibiotic-antimycotic. The overlay solution was solidified at 4°C and incubated further until plaque
formation, which came at 2 days for Tulane and TGEV. After incubation, the cells were
fixed on the wells using 10% formaldehyde for 1 hour. Then the plaques were visualized
with 0.05% crystal violet in 10% ethanol for 20 minutes.
The Tulane virus was further studied by molecular assays to understand inactivation
mechanisms. We used three molecular assays: two-step RT-qPCR, RNase, and binding.
Each assay was designed to track damages on the genome, capsid proteins, and receptorbinding proteins, which are the main viral components. The two-step RT-qPCR consisted
of two PCR steps:10 cDNA synthesis covering 80% of the Tulane virus genome and qPCR
quantifying the cDNA. This assay assumed that any damage on the viral genome, which
are a template for cDNA synthesis, would prevent the cDNA synthesis which ends up not
Plasma Medicine
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being quantified at the qPCR step. The genome was extracted from the samples using a
QIAmp Viral RNA Mini Kit (Qiagen). The cDNA (5,534 bp long) synthesized from the
extracted genome using the thermal cycler (MyCycler, Bio-Rad) and the ProtoScript First
Strand cDNA Synthesis Kit (New England BioLabs). Finally, the cDNA was quantified by
qPCR (QuantStudio 3, Thermo Fisher Scientific) and PowerUp SYBR Green Master Mix
(Applied Biosystems). We followed the recipes for genome extraction, cDNA synthesis,
and qPCR provided by the manufacturer. Information on primers and thermocycles are
provided in Table 2.30 The RNase assay used RNase (A/T1 mix, Thermo Fisher Scientific),
an enzyme-degrading RNA, and RNase inhibitors (SupeRNase Sigma Aldrich) to quench
RNase activity. The virus sample was incubated with the RNase at 37°C for 30 minutes,
the RNase inhibitor was then incubated at 37°C for 30 minutes. This assay hypothesized
that if the capsid proteins are damaged (more than 3.8 nm), the RNase can penetrate the
viral shield and degrade the genome.31 After the RNase assay, the number of genomes
was quantified by two-step RT-qPCR. The binding assay uses porcine gastric mucin conjugated with magnetic beads (PGM-MBs) to attract viruses with intact receptor-binding
proteins.28,32 The mixture of 10 µL of virus solution, 10 µL of beads, and 980 µL of PBS
was gently shaken for 30 minutes. We assumed that only viruses with intact binding ability
would bind to the PGM-MBs. The supernatant was aspirated while the virus-containing
beads were being held on the tube by the magnet. The beads were rinsed with 1X PBS by
vortexing the solution, and the supernatant was removed to get rid of the unbound viruses.
This washing process was repeated three times. Then the genome on the beads was extracted using the QIAmp Viral RNA Mini Kit. The number of genomes was quantified by
qPCR (QuantStudio 3, Thermo Fisher Scientific) and iTaq Universal SYBR green reaction
mix (Bio-Rad Laboratories). The qPCR cocktail consisted of 3 μL of RNA, 0.3 μL of 10μM TV-NSP1-qPCR-F primer, 0.3 μL of 10-μM TV-NSP1-qPCR-R primer, and 1.275 μL
of nuclease-free water. Detailed information on one-step RT-qPCR is provided in Table
2. We applied the three molecular assays (two-step RT-qPCR, RNase, and binding) to
both the plasma-treated samples and the negative controls. The data for the plasma-treated
samples were normalized on a log-scale to that of the negative controls (i.e., log C/C0) to
describe the integrity change in the viral structures by the plasma treatment.
C. Illinois Filtration and Fit Testing
Circular sections cut from one test respirator (2 circular sections of 47-mm diameter
were loaded onto a filter holder (URG,) and exposed to dried and charge-neutralized
polydisperse 2% NaCl aerosols generated using a constant output atomizer (TSI Model
3076). The face velocity on the filter was maintained at 9.4 cm/s, which is equivalent to
an effective flow rate of 85 Lpm (the NIOSH-recommended most severe breathing flow
rate) through the entire respirator area [the surface area of the respirator was measured
manually (~ 150 sq. cm)]. NaCl particle number concentration was measured before and
after connecting the test filter using a condensation particle counter (CPC; TSI Model
3022A with a flow rate = 1.5 Lpm). The particle filtration efficiency of the tested filter
material was calculated as
Volume 11, Issue 3, 2021

RT-qPCR

One-step RT-qPCR
(binding assay)
TV-NSP1-qPCR-R

TV-NSP1-qPCR-F

TV-NSP1-qPCR-R

TV-NSP1-qPCR-F

TV-VP2-R

AGCGAGAGAAAA
GCCTGCA
GTGCGCATCCTTG
AGACAAT
TTGGAGCCGGGT
AGAAACAT
GTGCGCATCCTTG
AGACAAT
TTGGAGCCGGGT
AGAAACAT

Sequence (5’–3’)

991–1011

879–899

991–1011

879–899

Position in
genome
6213–6232

132a

132a

Amplicon
length (bp)
5,354

50°C for 10 min; 95°C
for 1 min; then 40 cycles
of 95°C for 10 s; 60°C
for 30 s

42°C for 60 min; 80°C
for 5 min
95°C for 10 min; 40
cycles of 95°C for 15 s;
60°C for 1 min

Reaction condition

a

Sequence of standard sample for NSP gene of Tulane virus (Integrated DNA Technologies): 5’-AGAATTGGACCGAATTTGGCACACACTCAG
AATTTGGTGTGCGCATCCTTGAGACAATAACAGGCACAATACCCCCTTGGAAACCTCACCAGGAATCAATATCTGAAGTTCTGGA
CGACCTCACACACGGTAAAGTCCAAACAGGTGATGATGTTTCTACCCGGCTCCAAAGGTTGAGCGACACTATCAAAGATCTGAGTGTCATG
GCTTGTGATCCCTCTGCACCGCCCGAAGTTGCGC-3’(GenBank accession number: EU391643).

cDNA
synthesis
qPCR

Two-step RT-qPCR

TABLE 2: RT-qPCR conditions and primers30
Assay
Process
Primer name
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 #  
particle number concentration after placing the mask  3  

 cm 
Particle removal Efficiency(%) =  1 −
 × 100 
 # 

particle
number
concentration
before
placing
the
mask

 cm3  

9

(1)

The filtration efficiency tests were performed twice on each respirator after 0, 1, 3,
5, and 10 cycles of plasma exposure. The respirators were exposed to microwave only,
boiling 30% hydrogen peroxide and saline only were used as the controls.
The quantitative fit testing was performed at the University of Illinois following the
modified ambient aerosol condensation nuclei counter quantitative fit testing protocol
(1910.134 App A, OSHA). The N95 respirators that underwent 1, 3, 5, and 10 cycles of
decontamination treatment were tested.
D. CDC Filtration and Fit Testing
Masks were also sent to the National Personal Protective Technology Laboratory run
by the CDC for evaluation. Eleven respirators (3 M Model 1860) that were unworn and
not subjected to any pathogenic microorganisms were submitted for evaluation. This
included 7 respirators that were subjected to 3 cycles of the microwave plasma decontamination process and an additional 4 respirators that served as controls. The samples
were tested using a modified version of NIOSH Standard Test Procedure (STP) TEBAPR-STP-0059 to determine particulate filtration efficiency. The TSI model 8130, using
sodium chloride aerosol, was used for filtration evaluation. For the laboratory fit evaluation, a static manikin headform was used to quantify changes in the manikin fit factor.
The TSI PortaCount PRO+ 8038 in “N95 Enabled” mode was used for this evaluation.
Additionally, tensile strength testing of the straps was performed to determine changes
in strap integrity. The Instron 5943 tensile tester was used for this evaluation.
E. Plasma Spectroscopy
Spectra were obtained from the plasma in the microwave oven by drilling a hole
through the back of the oven and inserting an optical fiber. The fiber was connected to
an Oceanoptics HR 2000+ ER spectrometer and data between 200 and 1,100 nm were
captured at various intervals during the process. The first set of decontamination experiments were conducted with a steel antenna made from a coat-hanger, but to understand
the origin of the spectral lines, additional spectra were captured when using an antenna
made from Cu and Al. The second and third sets of decontamination experiments were
conducted with a Cu antenna.
III. RESULTS AND DISCUSSION
Tulane viruses inoculated on both sides of the respirator were reduced by a factor of >
3-log10 (p < 0.05; Fig. 2). The shortest and longest distances between the plasma source
Volume 11, Issue 3, 2021
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FIG. 2: Microwave-generated plasma inactivation efficacy on Tulane virus inoculated at different sites on an N95 respirator. (A) Inoculation locations of viruses on the respirator. Both inside
and outside were inoculated. (B) Inactivation results after 30-seconds of plasma exposure with
saline solution and 30% hydrogen peroxide. Arrows indicate points at which detection limits
were reached. In these cases inactivation could be greater than shown. Infectivity loss of viruses
inoculated inside and outside the respirator was significantly greater than 3-log10 (p < 0.05 by
Wilcoxon Signed Rank Test, N = 5).

and the inoculation site were about 10 (#1) and 30 cm (#5), respectively (Fig. 2A).
Although the materials for inside and outside the respirator could also affect inactivation
efficacy,30 in this experimental condition, there was no significant difference between
infectivity loss (p > 0.05).
To determine the effect of each component of the decontamination unit on virus
inactivation efficacy, we performed the inactivation experiments with different combinations of components (i.e., microwave, saline, 3% H2O2, and antenna) (Fig. 3). Note
that we used commonly available concentration of hydrogen peroxide (3%) in this experiment. Although the addition of hydrogen peroxide to the microwave increased virus
inactivation efficacy, neither the microwave alone nor the microwave with 3% hydrogen
peroxide (i.e., no plasma) was able to achieve a reduction of more than 3-log10. The
temperature of the air in the microwave oven always remained below 40°C since the
microwave fan was always active. This result suggested that plasma generation is essential for decontamination.
Molecular assays were conducted to examine the damage to the genome, capsid proteins, or spike proteins of the Tulane virus. Figure 4A shows the data on infectivity loss.
The combination of all decontamination units showed > 3.9-log10 infectivity reduction,
but the integrity of the genome, capsid proteins, and spike proteins showed from 0.5 to
2-log10 reduction (red, blue, and green, respectively). There was no significant difference
in integrity loss among the three viral components.
We conducted the inactivation experiments with a brown glass between the plasma
source and the virus-inoculated respirator to protect the viruses from possible UV
Plasma Medicine
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FIG. 3: Tulane virus inactivation efficacy, second set. Tick labels on x-axis indicate components
used in decontamination treatment. In all cases the microwave was on for 40 seconds. The plasma
was created when the antenna was applied (third and fifth experimental conditions). It took 10
seconds to generate the plasma, which lasted for 30 seconds. Thus, the total microwave time was
still 40 seconds. Arrows indicate experiments where detection limits were reached. Inactivation
could have been more effective than indicated. The Mann-Whitney Test was performed to compare two experiment conditions (ns, not significant; *p < 0.05).

irradiation from the plasma. We found the microwave-generated plasma did not show
a significant difference in infectivity loss and damages to viral components (p > 0.05)
with and without installation of the glass shield, and the plasma was still capable of
inactivating viruses by greater than > 3-log10. Note that we measured the UV transmittance of the brown glass with polychromatic UV irradiated by a medium-pressure Hg
UV generator (Calgon Carbon Co., Pittsburgh, PA). In the range from 280 to 400 nm,
the wavelength of the UV generated by plasma,33 the UV transmittance was less than
1%. This result indicated that the glass blocked the UV irradiation caused by plasma
generation.
We also conducted the same inactivation experiment with TGEV, which was used
as a surrogate for the SARS-COV-2, and the results were similar to those for Tulane
virus (Fig. 5). Greater than 3-log10 infectivity loss was achieved when all decontamination unit components were used. Even with the glass blocking UV irradiation, the
microwave-generated plasma was still able to inactivate viruses by > 3-log10.
Figure 6 shows emission spectra taken when the plasma was glowing using three
materials to make the antenna. The brightest plasmas were more easily made using
a copper antenna, though a bright intense plasma could be made with any material.
The aluminum antenna produced the least bright plasmas and quickly melted after
one or two uses. These results suggested copper as the recommended material. All
of the spectra contained the Na line doublet at 589.0 and 589.6 nm and the C lines at
Volume 11, Issue 3, 2021
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FIG. 4: Tulane virus inactivation mechanisms. (A) Infectivity of Tulane virus comparing damages on genome, capsid proteins, and spike proteins. We installed a glass shield for the third
experiment, which protected the sample from plasma-generated UV radiation. Radicals could
still easily flow around the shield. Arrows indicate where detection limits were exceeded. The
Mann-Whitney test was performed to compare two sets of experimental conditions. Comparisons
of infectivity loss are presented in the figure (ns, not significant; *p < 0.05). (B) UV wavelength
produced by a medium-pressure UV generator was measured with the glass shield (red or straight
line) and without the glass shield (dark red or wavy line). UV transmittance (blue or light wavy
line) was calculated by dividing irradiance without the glass shield by irradiance with the glass
shield.
Plasma Medicine
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FIG. 5: TGEV inactivation efficacy in the third set of experiments. Inactivation depended on
experimental conditions as discussed in the text: (1) microwave with saline and 3% hydrogen
peroxide (N = 4); (2) microwave plasma with saline, 3% hydrogen peroxide, and antenna (N = 2),
(3) conditions in item 2, with UV irradiation blocked by glass (N = 2). The Mann-Whitney test
was performed for statistical analysis between two conditions (ns, not significant).

FIG. 6: Spectra of active plasma region using three antenna materials. The primary light produced is in the visible spectra as opposed to the UV. The shape of the spectra shows OH and CO
radicals and CO2 molecules in an excited state. The magnitude of the OH radical band at 300 nm
is a function of the intensity of the plasma and the presence of hydrogen peroxide more so than
that of the antenna material.
Volume 11, Issue 3, 2021
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766.2 and 768.5 nm. The Cu and steel antenna showed an Fe line at 670.4 nm but at
a lower intensity. Of most interest was the molecular vibrational and rotational bands
showing the presence of excited state radicals. The OH complex around 300 nm was
clearly seen in the brightest of plasmas with either the steel or the copper antenna. The
continuum emission with a superimposed band structure between 400 and 650 nm was
likely due to CO and CO2 excited states.34 Every plasma heated the ceramic material
under the gap to the point of becoming red hot. Since this was done in air, some combustion of the carbon-containing ceramic material was expected, and that may have
been the source of the carbon oxide compounds. After hundreds of exposures, a thin
film of carbon soot was visible on the ceiling of the microwave, further confirming
the presence of carbon in the plasma. The radicals produced by the plasma and active
species appeared to be strong enough to oxidize both the genome and the proteins,23,24
which agreed with the molecular assay results showing molecular damages on viral
genomes and proteins. Wigginton et al.35 presented that singlet oxygen targets both
the viral genomes and proteins. Therefore, we concluded that the radicals produced by
the plasma (rather than UV) inactivated the viruses by nonspecifically targeting both
genomes and proteins.
Of particular note was the lack of the 777-nm O radical emission line. Ozone is
created when O radicals interact with oxygen molecules in the air. An IGS-S100 ozone
meter (EP Purification) was used to monitor ozone during plasma creation. A maximum
concentration of 0.16 ppm was detected in the microwave oven immediately after exposure. A concentration of 0.10 to 0.12 ppm was detected coming out of the microwave
oven vent during exposure. In the background the concentration was 0.02 ppm. The
levels of ozone produced in our experiment were orders of magnitude below the 120
ppm needed for sterilization quoted in Lee et al.17 Our microwave oven plasma did not
generate significant amounts of ozone.
The particle filtration efficiencies of the respirator after multiple plasma exposure
cycles including 30% hydrogen peroxide are shown in Fig. 7. The initial efficiencies
were very similar (≥ 99%). Furthermore, the tested respirators passed the fit test after
1, 3, 5, and 10 plasma exposure cycles. Collectively these results suggested that the
decontamination of the N95 respirator by plasma exposure would not compromise its
filtration efficiency or fit. We sent the respirators treated by 3 cycles of plasma to the
CDC’s NPPTP lab to analyze filtration efficiency and fit. Tables 3–5, show that there
was no statistical difference between the masks undergoing 3 cycles of decontamination
compared to the controls.
IV. CONCLUSION
We demonstrated how to set up a decontamination unit using available materials such as
a microwave, saline, 3% H2O2, and a coat-hanger. We proved that microwave-generated
plasma inactivates a greater than 3-log10 of viral infectivity within 1 minute. From the
inactivation experiments with glass shielding, plasma spectroscopy, and molecular assays, we concluded that the plasma-creating OH and other radicals (rather than UV
Plasma Medicine
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FIG 7: Filtration efficiency after plasma decontamination treatment. Filtration test results
showed no statistical difference in filtration from the microwave, plasma or vapor exposures.
New = clean respirator before decontamination; M and H = assumed controls after 2 minutes
of microwave exposure alone and 2 minutes of microwave in with 30% hydrogen peroxide and
saline, respectively. P1, P3, P5 and P10 = respirator after 1, 3, 5, and 10 plasma decontamination
cycles. Error bars = standard deviation (1σ) of the duplicate measurements.

TABLE 3: Filter efficiency evaluation from CDC NPPTP
Sample
Flow Initial filter
Initial
rate
resistance
leakage
(LPM) (mmH2O)
(%)
Three cycles of plasma-treated
respirators (N = 5)
Control (no plasma treatment)
(N = 2)

Maximum
Filter
leakage
efficiency
(%)
(%)

85

8.0 ± 0.2

0.35 ± 0.14 0.84 ± 0.25 99.2 ± 0.3

85

8.1 ± 0.1

0.29 ± 0.00 0.80 ± 0.01 99.2 ± 0.0

Note: The test method utilized in this assessment was not the NIOSH standard test procedure used for
certification of respirators. Respirators assessed in this modified test do not necessarily meet the requirements
of STP-0059, and therefore cannot be considered equivalent to N95 respirators tested to STP-0059.

irradiation) destroys the viral genome and proteins. The electrostatic charge in the microfibers was not investigated; however, filtration and fit were not compromised by the
10 cycles of plasma treatment.
A few notes of caution need to accompany these results. First, if possible you should
dispose of contaminated masks and use new ones to ensure optimal safety. If this procedure is used to decontaminate N-95 respirators, it is important that an actual plasma is
made. It is quite obvious when the system goes into continuous mode: a bright light and
a loud buzzing sound are emitted by the plasma. The antenna and the material beneath
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TABLE 4: Manikin fit evaluation
Sample

Three cycles of plasma-treated
respirators (N = 2)
Control (no plasma treatment) (N = 2)

mFF
mFF deep
mFF
normal
breathing
normal
breathing 1
breathing 2
200+
200+
200+
200+

200+

200+

Overall
manikin
fit factor
200+
200+

Note: Per OSHA 1910.134(f)(7), if the fit factor as determined through an OSHA-accepted quantitative
fit testing protocol is equal to or greater than 100 for tight-fitting half facepieces, the fit for that respirator
passes. This assessment does not include human fit testing and only uses two exercises (normal and deep
breathing) on a manikin headform. It is a laboratory evaluation using a manikin headform and varies greatly
from the OSHA individual fit test. Headform testing only includes normal breathing and deep breathing on
a stationary (nonmoving) headform; therefore, its fit results cannot be directly translated to the standard
OSHA-accepted test. Instead, this testing provides an indication of the change in fit performance (if any)
associated with the decontamination of respirators.

TABLE 5: Strap integrity evaluation
Sample
Three cycles of plasma-treated respirators (N = 3)
Control (no plasma treatment) (N = 2)

Force in top
strap (N)
2.93 ± 0.04
2.94 ± 0.14

Force in bottom
strap (N)
2.83 ± 0.02
3.00 ± 0.12

Note: Tensile force in respirator straps was recorded at 150% strain.

the antenna gap get hot and may glow red. Thus, these surfaces should not be touched
until they are cool to the touch for 5 minutes.
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