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Pathogenic viruses cause many human, animal, and plant diseases that are associated
with substantial morbidity, mortality and socio-economic impact. Although effective
strategies for combatting virus transmission and associated disease are available,
global outbreaks of viral pathogens such as the virus responsible for the COVID-19
pandemic demonstrate that there is still a critical need for new approaches that can be
used to interrupt the chain of viral infection and mitigate virus-associated pathogenesis.
Recent studies point to non-thermal plasma (NTP), a partly ionized gas comprised of a
complex mixture of reactive oxygen and nitrogen species along with physical effectors, as
the potential foundation for new antiviral approaches. A more thorough understanding of
the antiviral properties and safety of NTP has stimulated explorations of NTP as the basis
for treatments of viral diseases. The recently described immunomodulatory properties of
NTP are also being evaluated for potential use in immunotherapies of viral diseases as well
as in antiviral vaccination strategies. In this review, we present the current state-of-the-art
in addition to compelling arguments that NTP merits further exploration for use in the
prevention and management of viral infections and associated diseases.
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INTRODUCTION

Viruses are a major group of ubiquitously present microbes responsible for many acute and chronic
infectious diseases. Viral infections spread easily, either from person to person or through contact
with contaminated objects or ingestion of contaminated foods. Some of these infections are self-
limiting, while others require aggressive therapeutic interventions or lead to loss of life [1]. Viruses
also challenge food safety and cause tremendous economic loss in agriculture due to infection of
plants or livestock [2, 3]. As an example of the global impact of viruses, the current coronavirus
disease-2019 (COVID-19) pandemic has brought to the forefront unresolved challenges in
prevention and treatment of viral diseases. Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), the viral cause of this pandemic, has become the source of widespread morbidity,
mortality, and economic burden [4, 5].

Despite extensive efforts directed toward new drug development, there are few effective, broad-
spectrum antiviral drugs available. Prevention of infection is currently the most effective method of
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combating virus infection and associated disease. There is a dire
need for novel approaches that can be used to prevent and control
viral infections. Recently, there has been increased interest in
defining roles for non-thermal plasma (NTP), an ionized gas
containing a complex mixture of reactive oxygen and nitrogen
species, in strategies effective against viral infection and disease.
This review discusses the potential for NTP in mitigating viral
infections and the points of intervention where state-of-the-art
plasma medicine approaches can be applied. We also highlight
collaboration opportunities for engineers and virologists to
develop novel methods for both prevention and treatment of
viral infections.

GLOBAL HEALTH CHALLENGES AND
ECONOMIC BURDENS

Viral infections have been the cause of considerable disease and
many deaths around the globe for centuries. The Antonine plague
in the second century A.D., now believed to be attributed to either
the smallpox or measles virus, is the earliest documented instance
of a large-scale viral outbreak (although cases of smallpox are
suspected to have occurred in China and Egypt in 3 BCE) [6, 7].
In modern history, smallpox outbreaks were documented starting
in the early 16th century. Eradicated in 1980, smallpox virus was
the cause of disfigurement and loss of sight in many who were
infected with this pathogen and, by conservative estimates, the
cause of over 500 million deaths during the 20th century [6]. The
Spanish flu, attributed to the spread of the H1N1 influenza virus
in 1918–1920, had the second highest lethality rate, but took only
two years to kill 40–50 million people, representing 2.1% of the
world population [8]. Because this pandemic strain of influenza
virus disproportionately affected young adults, its socio-
economic impact was tremendous.

The acquired immunodeficiency syndrome (AIDS) epidemic,
caused by the human immunodeficiency virus type 1 (HIV-1), is
another infection associated with widespread loss of life. Current
estimates of the HIV-1 global impact have reached 33 million
lives lost since the mid-1970s and over 38 million people now
living with pharmaceutically-controlled HIV-1 infection [9]. The
societal and demographic impact of AIDS at the level of families,
communities, and nations has been considerable and has driven
major policy decisions [10]. The worldwide spread of HIV-1
fostered the development of new public health measures, new
surveillance programs, and expanded international cooperation
in the management of emerging diseases.

In the 21st century, coronaviruses have been the cause of the
most frequently emerging epidemics and pandemics. These
include the 2002 Severe Acute Respiratory Syndrome-1
(SARS-1) outbreak, the 2012 spread of the Middle Eastern
Respiratory Syndrome (MERS), and the current COVID-19
pandemic [11]. Just over one year after the initial outbreaks,
SARS-CoV-2 continues to spread through populations on all
seven continents, resulting in a total of 119,220,681 cases and
2,646,826 deaths (as of March 10th, 2021) [12]. The emergence of
new viral variants, such as the B.1.1.7 variant, further complicates
efforts to contain the virus and raises important questions about

the efficacies of approved vaccines that were developed against
the original viral isolate [13]. The COVID-19 pandemic
continues to be the cause of considerable morbidity, mortality,
socio-economic burden and brings acute attention to the
disruptive potential of emerging pathogenic viruses and the
urgent need to find new methods for stopping them [4, 5].

While not the cause of massive global outbreaks, other viruses
nevertheless present significant public health challenges. For
example, the measles virus continues to reemerge in the form
of local outbreaks every 2–3 years resulting in loss of life, mainly
in children under 5 years of age [14]. Because the measles virus is
highly contagious, exposure almost always results in infection in
the unimmunized. Since the introduction of the measles vaccine
in 1963, global deaths attributable to measles virus infection have
gone down by 73% [14]. Other viruses, particularly those
associated with foodborne illnesses, continue to cause
outbreaks around the world due to inefficient decontamination
of consumable products. Such is the case for norovirus, which
annually causes close to 700 million cases of gastrointestinal
illness worldwide, many of which require hospitalizations [15].
Inefficient decontamination also contributes to ongoing
outbreaks caused by respiratory viruses that cause the
common cold and influenza. The potentially lethal influenza
virus A, the cause of the seasonal flu, causes hundreds of
thousands of deaths annually [16]. Analogous to virus
outbreaks among humans, loss of livestock due to disease
caused by viruses like avian influenza and porcine
reproductive respiratory syndrome virus (PRRSV) or loss of
economic crops from uncontrolled infections by plant viral
pathogens like tobacco mosaic virus result in the loss of
billions of dollars annually in the U.S. alone [2].

VIRUS STRUCTURE AND THE
REPLICATION CYCLE

Viruses are submicroscopic particles that are dependent on a host
cell for replication. They are not considered “living” but have unique
structural elements that allow them to enter (infect) and hijack living
cells for the purpose of replication. In general, most viruses consist of
a capsid (protein) that encloses the genetic material (nucleic acid)
carrying the codes for their structural and functional components
[17] (Figure 1). The capsid is made of small subunits arranged in
specific patterns that give each virus its unique shape and host cell
specificity. Some viruses are naked, consisting of the protein capsid
as the outermost layer of the virus. Other viruses are enveloped,
whichmeans that they are surrounded by a membrane derived from
the host cell. The envelope is composed of phospholipids acquired
from the host cell as well as glycoproteins that are encoded by the
virus and are key to virus entry into the host cell. Because of the
fragility of the envelope, enveloped viruses are generally more
sensitive to environmental factors (e.g., low humidity and
increased temperature) that adversely affect the structure of the
virus and reduce its infectivity [17]. Both types of viruses—including
enveloped (SARS-CoV-2, influenza virus A, and HIV-1) and non-
enveloped (norovirus and rhinoviruses)—have caused considerable
economic disruption and loss of life [4, 5, 18–22].
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The information necessary for a virus to replicate and cause
disease is stored in the viral genome, which can take the form of
DNA or RNA. As a consequence, DNA and RNA viruses use viral
enzymes called DNA- or RNA-dependent polymerases,
respectively, to facilitate replication in the host cell. During
replication, the nucleic acids of RNA viruses are more prone
to accumulate mutations relative to DNA viruses. Mutations that
confer a survival advantage for the virus include resistance to
antiviral drugs [23, 24] or the ability to replicate in new species
[25]. Several of the emerging or re-emerging viruses that are
contemporary threats to global public health are RNA viruses,
including the coronavirus SARS-CoV-2, Zika virus, influenza
virus A, Ebola virus, and HIV-1 [23–25].

Despite the simple structure of viruses and their genomes,
interactions between viruses and their host cells during viral
replication are quite complex, largely because viruses are
obligatory intracellular parasites. A single virus particle or virion
is sufficient to initiate infection, which is accomplished by the
attachment of proteins on the virus capsid or envelope to
corresponding receptors on the cell surface. This interaction
defines the host range and cellular tropism of a virus and also
facilitates the entry of the virus into the cell so that it can access the
cellular machinery to replicate its genome and assemble new copies
of itself. It is during the stage of egress from the cell that enveloped
viruses acquire their host-derived envelope through the process of
budding. In contrast, most non-enveloped viruses lyse their host
cells as the endpoint of replication cycle. Newly produced progeny
virions (infectious virus particles) that exit their host cells by either
mechanism can attach to and infect new cells, further facilitating
their spread (Figure 2). The time required for a single replication
cycle (the process that starts with virus entry and concludes with
the release of new viruses from the infected cell) varies considerably
between viruses. For example, the replication cycle of the influenza
virus can be as short as 6 h while the replication cycle for HIV-1 is
completed in approximately 24 h [26, 27]. The consequence of a
faster replication cycle can be the production of higher numbers of
progeny viruses and faster spread of the infection.

Some viruses, such as herpes simplex virus type 1 (HSV-1) and
HIV-1, infect the host cell and then establish a state of dormancy

(latency) in which the viral genome persists in the host cell but is
not used to synthesize viral proteins or new viruses for some time.
Latently infected cells pose a particular challenge to the host,
because they may be undetected by host immune defenses and
may be unaffected by antiviral drug therapies [28, 29].

VIRUS SPREAD AND METHODS OF
CONTROLLING INFECTION

A productive virus replication cycle produces more copies of the
virus that spread to other cells in the infected person and can also
be transmitted to other individuals. Control of transmission can
be accomplished through efficient disinfection strategies to
prevent exposure of new hosts to the virus. Additionally,
strategies that provide prophylactic protection from infection
or a therapeutic host immune response to an established infection
also reduce the risk of virus transmission.

Virus Transmission Is Necessary to Sustain
Virus Propagation in a Population
Viruses spread among populations by a process called transmission,
in which uninfected individuals become infected subsequent to virus
exposure. Most infectious viruses are spread by direct contact with a
contaminated item (fomite) in the environment or an infected
individual. Therefore, spread of infection in a community may be
controlled by creating spatio-temporal distance between an
individual and the source of the virus. This may be achieved by
the following measures, implemented separately or in combination:
disinfection/sanitation of the environment to reduce the quantity of
viruses, physical barriers to reduce contact with viruses, prophylactic
drugs and vaccines to prevent disease, isolation of infected
individual(s) (quarantine), and therapeutics for infected individuals.

FIGURE 2 | Life cycle of a generic virus. Infection of a host cell begins
with attachment of glycoproteins (enveloped virus) or capsid proteins (non-
enveloped) to receptors on the host cell (1). Replication of the viral DNA or
RNA then occurs using the host cell machinery (2), followed by assembly
of new virions (3) and release of newly assembled virions (4) that are released
to subsequently infect other host cells.

FIGURE 1 | Structure of a generic enveloped and non-enveloped virus.
Viruses may be enveloped, containing an outermost layer of glycoproteins
surrounding the capsid (A), or non-enveloped (B). They carry necessary
genetic information on their nucleic acid (DNA or RNA) that is enclosed in
a capsid.
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The ease with which a virus becomes transmitted from person
to person depends on the production of transmissible virus during
an infection and the size of the inoculum. After the initial infection,
there is a lag period, called the incubation period, during which
time the virus replicates productively. The infected individual may
or may not have clinical symptoms during the incubation period
but may still be capable of transmitting the virus to others. For
example, a person infected with varicella-zoster virus (VZV) is
contagious up to 1–2 days before the appearance of lesions
characteristic of varicella (chickenpox). Asymptomatic
transmission has also been a major challenge in containing the
COVID-19 pandemic and the spread of SARS-CoV-2, as infected
individuals who are asymptomatic can spread the virus to the
vulnerable in close proximity [30]. This is also true of infections by
other viruses (e.g., HIV-1), for which clinically apparent symptoms
may not develop until several days or months after infection [31,
32] but the asymptomatic individual can serve as a carrier and
spread the pathogen.

The route of transmission also has an important role in
sustained virus transmission within a population. Viruses like
HIV-1 and HSV-1 are spread primarily through direct, physical
contact with infected individuals. In contrast, airborne
transmission of viruses like influenza virus A and measles
virus may involve the spread of the virus over distances
exceeding 2 m, resulting in the infection of multiple people
simultaneously despite control measures [22, 33]. VZV can be
spread not only by direct contact, but also by inhalation of
aerosolized fluids from skin lesions and potentially by
inhalation of respiratory secretions exhaled by someone
infected by VZV. SARS-CoV-2 is transmitted between people
through contact with or inhalation of virus-laden respiratory
droplets [34, 35]. These droplets also settle on objects and
contaminate surfaces with viruses that may remain infectious
for several hours to a few days [36, 37].

Infectious large and small droplets have typical travel lengths
of less than 6 feet. However, mucus or water evaporation from the
droplets create sub-micrometer- to micrometer-sized droplet
nuclei that can remain airborne nearly indefinitely and travel
due to indoor air currents created by heating, ventilation, and air-
conditioning (HVAC) systems and by the movement of building
occupants. As an example of long-distance infection, livestock
and poultry farms are subject to airborne transmission of disease-
causing viruses. Investigations of the distances to which viruses
could be carried in the air demonstrated detection of RNA of an
animal coronavirus in the air at 16.1 km from an infected farm in
the US [38]. Although many viruses are transmitted via aerosols,
the potential of airborne transmission has been an overlooked
problem [39], at least until the COVID-19 pandemic.

Resolution of Viral Infection in the
Mammalian Host Relies on the Innate and
Adaptive Immune Responses
In humans, viruses can be cleared by host defense mechanisms
once an infection has been detected. Defense against a viral
infection begins with the non-specific innate immune response
followed by activation of the virus-specific adaptive immune

response, which may be cell-mediated (T cell), or antibody-
mediated (B cell). Many common viral infections can be
cleared by these host defense mechanisms before clinically
apparent symptoms develop [40–43] (Figure 3).

The first line of defense against viral infection is the innate
immune system, which can detect free virus as well as infected
host cells that display distinct markers on their surface that reflect
ongoing virus replication and virus-associated cell death [44].
Recognition of either free virus or virus-infected cells is
accomplished by dendritic cells or macrophages, often called
sentinel cells or antigen presenting cells (APCs), because they
constantly survey the body for invading pathogens and infected
cells. These cells engulf and break down the virus or virus-
infected cell through the process of phagocytosis. Activation
and recruitment of APCs is a critical step for engagement of
innate cells key for inhibition of viral infection. APCs display the
digested viral peptides on their cell surface and migrate to local
lymph nodes to present them to the adaptive immune cells (T and
B cells) in order to produce a cell or antibody-mediated response,
respectively. Both responses target the specific virus against which
they are generated and usually have no effect against other types
of viruses [40–43].

The second host defense mechanism is the adaptive immune
response, which is a long-term response to infection. It takes the
form of a cell-mediated response and a process that results in the
production of pathogen-specific antibodies. The cell-mediated
immune response depends on activation of CD8+ T cells that can
recognize the viral peptide displayed on APCs by virtue of an
appropriate receptor on their cell membrane. This response can
be broadened by engagement of CD4+ T helper cells that also
recognize that specific virus and provide additional signals to
enhance the antiviral function of CD8+ T cells. Once CD8+ T cells
are activated, they proliferate to expand and then migrate to
different sites in the body to kill the virus-infected cells displaying
the viral antigen, achieving clearance of infection. A small subset
of these virus-specific CD8+ T cells become long-lived memory
cells and may be called back into service at a later time to prevent
disease caused by the same virus. Vaccines rely on the use of
pathogen-derived antigens to generate memory responses that
provide specific recognition of infected cells and their elimination
by CD8+ T cells [40–43].

An antibody-mediated immune response is mounted by
B cells, which can be activated by interactions with APCs and/
or signals from the CD4+ T helper cells. Activated B cells mature
to produce antibodies that specifically bind to free virus,
preventing it from binding to uninfected host cells by a
process called neutralization. The generation of neutralizing
antibodies is thus critical for reducing viral burden in the
body, which enables the cell-mediated immune response to be
more effective at controlling the disease. Like the CD8+ T cells,
memory B cells are formed, providing protection against a later
re-exposure to the virus [40–43].

Despite innate and adaptive immune responses, many viruses
often succeed in causing clinical disease. A virus may gain a
foothold in the host due to deficiencies in immune responses
(such as an inability of immune cells to recognize infected cells), a
lack of engagement between innate and adaptive immune cells, or
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inefficient killing of infected cells by either innate or adaptive
immune cells [45]. Additionally, mutations in the capsid or
envelope of the virus that prevent it from being neutralized by
antibodies or provide other survival and transmission benefits
contribute to its continued propagation. A poor clinical outcome
from viral diseases can also be caused by an intensified immune
response. In some diseases (including COVID-19), the clinical
outcome may be worsened by severe, dysregulated inflammation
that occurs in response to the virus infection [45, 46]. Each of
these factors could potentially counter strategies intended to
prevent viral infections or treat virus-associated diseases.

Current Strategies for Controlling Viral
Infections
Current antiviral strategies are aimed at mitigating host exposure
to the virus (prevention of transmission), prevention of infection
or disease development following exposure (prophylaxis), or
treatment of disease. All three approaches, if effective, can
collectively decrease the prevalence of viruses in the

population over time, thus minimizing the impact of virus
infections in the population and potentially leading to its
eradication.

Disinfection of Viruses in the Environment
Antiviral strategies that focus on preventing transmission target
early events in the spread of the virus. One important
preventative strategy that serves to limit individuals’ exposure
to a virus in the environment is disinfection, intended to reduce
the virus load on surfaces. This can be accomplished by using
chemical agents (e.g., bleach), alcohol, and oxidizing agents (e.g.,
hydrogen peroxide or chlorine) that disrupt the viral envelope or
capsid [47]. However, these approaches are not feasible against
viruses that are airborne (such as influenza and coronaviruses).
For airborne viruses, high-efficiency particulate air (HEPA) filters
are the most efficacious approach available for removing virus-
containing droplets and aerosols from the air. It is estimated that
99.97% of aerosolized particles of 3 μm in size can be captured
with HEPA filters, making them suitable for capturing droplets or
aerosols that potentially contain infectious viruses [48, 49].

FIGURE 3 | Course of disease and the associated immune responses after exposure to an infectious virus. Exposure to an infectious virus is followed by an
asymptomatic incubation period (1) during which the virus replicates. During this phase, the tissue-resident innate immune responses are initiated but may still allow
disease symptoms to develop (2A). Stimulation of protective, adaptive immune responses results in resolution (3A) of the disease. In some cases, the patient may remain
asymptomatic (2B) because of a strong adaptive immune response. Certain viruses can transition to a chronic disease (3B) while others may have a fatal outcome
(3C). Successful immune responses may also lead to viral clearance.
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However, efficacy in viral decontamination and the ability to
capture viruses depends critically on airflow [50, 51]. While
HEPA filters are highly effective in HVAC systems, most
HVAC systems in office buildings have less than one air
exchange per hour. As a consequence, removal of virus-
containing aerosols and droplets by HEPA filtration of
recirculated room air may be less effective. Decontamination
of more contained indoor spaces can be accomplished with
exposure of room surfaces to ultraviolet light (UV), which
causes damage to viral proteins and the genome [52]. Despite
the frequent use of these control measures, there remains a risk of
exposure to respiratory viruses in especially densely populated
environments.

Prophylaxis to Prevent Disease Development or
Progression
Prophylaxis is a strategy used to prevent initial infection with a
virus, prevent the transition to virus-associated disease, or reduce
the severity of disease caused by the infection. It may be achieved
through the use of vaccines that stimulate immunity and are
intended to provide long-term protection against subsequent
exposure(s) with the same virus. Antiviral drugs, on the other
hand, limit viral replication early in infection, usually prior to
emergence of symptoms, and are typically administered after a
suspected virus exposure. These drugs may not be effective if the
infection has progressed too far or once disease symptoms have
developed. For example, oseltamivir (Tamiflu) prevents
emergence of influenza symptoms, but only when
administered within the first 48 h after exposure to the virus
[53, 54]. Prophylaxis for disease prevention or mitigation
subsequent to infection is not to be confused with
prophylactic approaches intended to prevent the initial
infection. For example, pre-exposure prophylaxis (PreP) is a
drug-based regimen designed to protect people from becoming
infected with HIV-1 rather than a therapy for preventing HIV-1-
associated disease in those who are already infected.

The most effective prophylactic measure against viral diseases
is a vaccine, which evokes a pathogen-specific immune response.
Vaccines function by educating the host immune system to create
immunological memory against a specific virus in response to
administration of a subset component of the virus or an
inactivated virus. This protects the host against disease upon a
subsequent encounter with the virus [55] because the reactivated
immune cells clear the virus and infected cells soon after re-
exposure. Several vaccines specific to viral diseases like smallpox
(now eradicated), measles, and poliovirus are part of the regular
childhood vaccination schedule. These and other vaccines are
advantageous relative to prophylactic drugs because they build
lifelong immunity that potentially protects immunized
individuals long after the vaccine was administered.

Treatment of Viral Diseases
When an infected person develops disease symptoms, one
recourse is treatment with antiviral drugs to control the
severity of symptoms and also prevent the spread of virus in
the community. Since viruses replicate inside the cells of the host,
such drugs need to have high selectivity, i.e., a high degree of

antiviral efficacy with little or no effect on host cell viability,
metabolism, or functions. Antiviral drugs target virus-specific
proteins or enzymes to inhibit viral replication and reduce the
virus burden. In some cases, this allows the immune system to
engage, resulting in the resolution of infection by complete
elimination of the virus from the body and establishment of
long-term immunity. In other diseases caused by viral pathogens
like HIV-1 or hepatitis C, the antiviral drugs control or prevent
severe disease but cannot affect the virus that has established a
latent infection [28, 56]. The symptoms and severity of a viral
infection may also be moderated by drugs that are administered
to either boost the host’s antiviral immune response, as in AIDS,
or dampen it, as in COVID-19 [57, 58]. The therapeutic options
available for viral infections are limited to a few diseases; there is
an urgent need for broad-spectrum antiviral approaches, as is
highlighted by the emergence of many recent viral outbreaks and
global epidemics.

Non-Thermal Plasma as a Potential New
Broad-Spectrum Antiviral Strategy
Non-thermal plasma has emerged as a technology with the potential
to be used to prevent viral infection and disease. NTP is an ionized
gas containing free energetic electrons that enable a highly reactive
environment at near ambient temperatures. The plasma-produced
free energetic electrons have energies that are large enough to
electronically excite, dissociate, and ionize molecules, and produce
more than 80 different species in humid air [59, 60]. The resulting
highly reactive oxygen and nitrogen species (RONS) are extremely
effective in inactivation of pathogens. We provide evidence in this
section that NTP technology has potential as a new broad-spectrum
antiviral strategy and has several advantages over existing
decontamination technologies. Investigation of the antiviral effects
of this technology has increased around the world in the last ten
years (Figure 4). A summary of the studies investigating antiviral
strategies utilizing NTP application is provided in Table 1. We
briefly review conventional decontamination technologies with
some of their limitations and contrast them with NTP technology.

UV-C germicidal irradiation, in which UV is produced in
lamps by plasma (although recently can also be produced by
LEDs), is a well-established decontamination technology for
pathogen inactivation both in water as well as on surfaces
[61–64]. However, UV-C radiation is limited by the
requirement for its proximity to the target and the shadowing
effect, as UV-C cannot penetrate opaque surfaces [65, 66].
Because plasma can flow around complex 3D surfaces,
decontamination by plasma technology is not limited by
shadowing. A recent study compared UV-C with plasma-
based inactivation of feline calicivirus (FCV) on surfaces and
showed that the energy cost of plasma-based inactivation can be
similar to UV-C [67]. However, UV-C was effective both on dry
and humid surfaces, while plasma was shown to be less effective
on dry substrates [67].

Other emerging non-thermal decontamination technologies
include pulsed electric fields (PEF) and high hydrostatic pressure
(HHP) [68]. Although PEF has been commonly used for
destruction of several non-sporing bacterial pathogens [69–72],
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its effect on viruses has not been well investigated [73–75]. While
PEF might have advantages over NTP for specific foods in liquid
form such as juices or milk (where oxidation of the food should be
minimized), NTP seems more effective against viruses. HHP, on
the other hand, has been extensively investigated for both
inactivation of bacteria and virus [65, 76, 77] and is an
accepted technology in the food industry around the world
[78]. While HHP offers homogeneous treatment, its use is
limited due to the requirement for sophisticated equipment
and its impact on food structure [78]. Furthermore, HHP is
limited in its throughput as a batch process, while NTP could be
implemented in a continuous treatment process.

Ionizing radiation has the capability to inactivate
microorganisms and is being used for food decontamination.
However, its development and commercialization have suffered
because of unfavorable public opinion [79]. Ionizing radiations,
such as x-rays, gamma rays, or electron beams, can deliver energy
as they pass through a food product. Absorption of the energy
leads to the generation of free radicals, which upon reaction with
pathogens, assist decontamination. While NTP technology also
intrinsically produces radicals and ions, the associated energies of
the energetic species are much smaller. This reduces the
penetration depth of plasma-produced species significantly,
and the majority of reactions of plasma-produced species are
limited to the (near) surface of objects.

In addition to physical decontamination processes, many
chemical intervention methods are used [80]. Due to their
similarity, fresh produce washing and water treatment share
many technologies. Examples of chemicals used for the purpose
of decontamination include chlorine, chlorine dioxide, ozone,
and hydrogen peroxide [81, 82]. Ozonation, a plasma-based

technology, can be a highly effective decontamination approach
for water, surfaces, and food, particular in the gas phase.
However, its use leads to off-target effects in food decontamination
[25, 82, 83].

While NTP-induced decontamination has similarities to
chemical decontamination approaches, it can be considered a
physical decontamination technology since it only requires air
and electricity. Its key advantage is that the RONS are produced in
situ and no external supply of chemicals is needed. Nonetheless,
similarities between NTP and ozonation are obvious. The more
intense interaction of NTP with the substrate being treated relative
to ozonation leads to a broader range of species that have been
shown to enhance virucidal efficacy.

NTP VIRUCIDAL ACTION

Although virucidal activity of NTP has been thoroughly
established, the underlying pathway leading to virus
inactivation is not clear because of the inherent complexity of
NTP. While NTP is also an effective source of UV radiation and
electric fields, there is growing consensus that RONS are the key
enablers of atmospheric pressure NTP virucidal activity, as in the
case of plasma-based bacterial inactivation [84–87]. Plasma-
produced RONS, including O3, O2 (a), O, OH, HO2/O2

−, NO,
NO2

−, ONOOH/ONOO−, H2O2, HNO2, and N2O5, are proposed
as key agents for pathogen inactivation [60, 85–93]. A schematic
of these key species with reaction pathways in a gas phase plasma
impinging on a liquid surface is shown in Figure 5. Different
plasma sources are used by different researchers to investigate the
inactivation of different viruses. Since not all plasma sources have

FIGURE 4 | Timeline and distribution of studies by geography investigating the antiviral effects of NTP (data for 2021 includes publications as of March 10, 2021).
The number of studies utilizing NTP for antiviral applications increased over the last ten years (A) and were predominantly performed in the United States (B).
Abbreviations: AUS: Australia; BRA: Brazil; CZE: Czech Republic; CHN: China; FRA: France; GER: Germany; GBR: Great Britain; IRN: Iran; ITA: Italy; KOR: South Korea;
SVN: Slovenia; USA: United States of America.
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been characterized in detail and different viruses might respond
differently to NTP treatment, the reported data are difficult to
compare quantitatively. We provide a summary of these results

that have been obtained mainly in the last decade, draw general
conclusions when possible, and outline some remaining
important research questions.

TABLE 1 | Compilation of studies investigating antiviral effects of NTP. These studies used either infectious human viruses or surrogate viruses to evaluate the antiviral effect
of NTP.

Author Year Country Virus/Bacteriophage (Phage) References

Burleson et al. 1975 United States VSV, EMC, GDVII Virus [240]
Vickery et al. 1999 AUS DHBV [241]
Kelly-Wintenberg et al. 1999 United States Bacteriophage Phi X174 [242]
Kelly-Wintenberg et al. 2000 United States Bacteriophage Phi X174 [243]
Shin et al. 2003 United States NV, PV1, Coliphage MS2 [244]
Roth et al. 2007 United States Bacteriophage Phi X174 [245]
Venezia et al. 2008 United States Λ and Lytic Bacteriophage, HSV-2, AdV, PV, PIV [246]
Yasuda et al. 2008 JPN λ Bacteriophage [247]
Terrier et al. 2009 FRA hPIV-3, RSV, H5N2 [198]
Yasuda et al. 2010 JPN λ Bacteriophage [173]
Kalghatgi et al. 2011 United States Lentivirus [248]
Zimmerman et al. 2011 GER AdV [96]
Brun et al. 2012 ITA HSV-1 [249]
Mizuno et al. 2012 JPN λ Bacteriophage, M13 Bacteriophage [74]
Shi et al. 2012 CHN HBV [250]
Alshraiedeh et al. 2013 GBR MS2 Bacteriophage [122]
Sakudo et al. 2013 JPN Influenza A Virus, Influenza B Virus [179]
Alekseev et al. 2014 United States HSV-1 [197]
Isbary et al. 2014 GER Varicella-zoster virus [102]
Wu et al. 2015 CHN MS2 Bacteriophage [127]
Bae et al. 2015 KOR MNV-1, HAV [103]
Aboubakr et al. 2015 United States FCV [121]
Ahlfeld et al. 2015 GER NoV [200]
Takamatsu et al. 2015 JPN CV, FCV [125]
Wang et al. 2016 CHN NDV, AIV [126]
Min et al. 2016 United States TV [251]
Sakudo et al. 2016 JPN AdV [179]
Aboubakr et al. 2016 United States FCV [94]
Ryan et al. 2016 United States HPV-16 [124]
Volotskova et al. 2016 United States HIV-1 [221]
Amiran et al. 2016 IRN HIV [220]
Sakudo et al. 2017 JPN RSV [252]
Lacombe et al. 2017 United States TV, MNV-1 [104]
Braga et al. 2017 BRA HPV [253]
Park et al. 2018 KOR MNV-1, HAV [254]
Nayak et al. 2018 United States FCV [101]
Štěpánová et al. 2018 CZE CMV, ZYMV, WMV [255]
Hanbal et al. 2018 JPN TMV [256]
Aboubakr et al. 2018 United States FCV [174]
Guo et al. 2018 CHN MS2, Phi 174 and T4 Bacteriophages [99]
Bunz et al. 2018 GER HAdV [257]
Su et al. 2018 CHN NDV [163]
Yamashiro et al. 2018 JPN FCV [162]
Filipić et al. 2019 SVN PVY [123]
Xia et al. 2019 United States MS2 Bacteriophage [206]
Aboubakr et al. 2020 United States HuNoV, FCV [180]
Chen et al. 2020 United States SARS-CoV-2 [199]
Guo et al. 2020 CHN SARS-CoV-2 [92]
Hongzhuan et al. 2020 CHN NDV [213]
Moldgy et al. 2020 United States FCV [95]
Moldgy et al. 2020 United States FCV [67]
Nayak et al. 2020 United States PRRSv [115]
Bunz et al. 2020 GER HSV-1 [258]
Roh et al. 2020 KOR TV [259]
Xia et al. 2020 United States PRRSv [208]
Attri et al. 2021 JPN SARS-CoV-2 [172]
Mohamed et al. 2021 United States HIV-1 [232]
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Plasma Sources
Plasmas can be generated with different electrode geometries,
plasma power, excitation voltages, dominant reactive species, gas
temperatures, feed gases, and gas residence times, all of which alter
the plasma impact on virus. In addition to the changes in plasma
properties, the target virus, and target substrate (surfaces, solutions,
or tissues) could be of key importance for virus inactivation. A
schematic of the most common plasma sources used for virus
inactivation, including different treatment modalities, is shown in
Figure 6. The majority of the reported studies have been performed
by three types of plasma sources: plasma jets, dielectric barrier
discharges (DBDs), and gliding arcs [94–96]. Plasma jets, one of
the most commonly used plasma sources in decontamination
studies, are typically generated in a capillary and the plasma and/
or reactive species are convectively transported to the substrate being
treated [97]. Plasma jets are often operated in a noble gas (Ar or He)
with different molecular admixtures (e.g., O2, H2O and N2) and are
point sources that facilitate topical treatment. Nonetheless, plasma
jets have high virucidal activity, most likely due to the efficient
production of short-lived reactive species such as O2(a) and their
longer lifetime in a noble gas compared to a humid air environment.
However, comparison of results from different research groups
becomes rather complex because they often use in-house built
plasma jets of different designs. While the majority of plasma jets
have the same operating principles, differences in RONS production
are to be expected.

Different types of DBDs—a plasma discharge generated
between two metal electrodes covered by a dielectric material
[98]—have been investigated for decontamination applications.

The key advantage of DBDs is that they enable the production of
near room temperature plasma in air through the generation of
self-limiting micro-discharges. DBDs are generated by time
varying voltage excitation approaches with varying geometries.
Examples include nanosecond-pulsed direct DBDs (Figure 6A)
[67, 95], surface DBDs (Figure 6H) [67, 96, 99], and a 2D array of
integrated coaxial microhollow DBD (Figure 6G) [95, 100, 101].

Plasma sources less commonly used for virus inactivation
include microwave (MW) plasma [102] and gliding arc
discharge (Figure 6F) [95, 103, 104]. A key disadvantage of
MW and gliding arc discharges is their elevated gas
temperature, typically in excess of 1000 K [105–108], although
near room temperature MW discharges similar to plasma jets
have been developed for biomedical applications [109–111]. The
high gas temperatures in MW and gliding arc discharges
operating in air favor the production of NO, while for low gas
temperatures, the production of O3 and a broader range of RONS
is reported [95]. At similar plasma power, the gliding arc
discharge was found to be less effective against FCV as
compared to DBDs, suggesting that very high concentrations
of NO, the dominant species produced in gliding arcs operating
in air are needed to inactivate virus [95]. As an example, the
inactivation curves of these different plasma sources and
configuration against FCV treated on surfaces and in solution
are shown in (Figure 7A). Although different plasma sources
offer uniquely different inactivation pathways, direct
comparisons of different sources for identical treatment
conditions suggest that DBD-based devices show significant
promise for decontamination applications because of their

FIGURE 5 | Schematic of key plasma-produced species relevant to virus inactivation. Reaction pathways are also provided both in the gas phase and liquid phase.
In the liquid phase, we also show the production of radicals from long-lived plasma produced chemistry. The horizontal dashed line represents the plasma-liquid
interface. This set of reactions is a compilation of the reactions that are believed to be dominant for virus inactivation and is adapted from [59, 94, 184, 238, 239].
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high virucidal effects at ambient operational temperatures and
their ability to be scaled up for large volume or area treatments
(Figure 7A).

Direct Versus Indirect Treatment
Depending on the plasma source configuration and the proximity
of the virus samples from the discharge, three distinct NTP
treatment modalities can be distinguished: direct, remote, and
indirect treatments (Figures 6A,D,E). During direct treatment,
the electrical current through the discharge flows through the
virus samples, which acts as one of the electrodes. Since the virus
is in direct contact with plasma, the exposure of virus to short-
lived plasma-produced species, including electrons, ions, radicals,
and UV, is significantly higher as compared to the other
treatment modalities. During direct treatments, the virus will
also be subjected to high electric fields at the plasma-substrate
interface [112]. For remote treatments, the plasma is generated at
a remote location relative to the sample and the plasma effluent is
convectively transported to the virus samples (Figures 6C,E–H).
The plasma effluent contains reactive species with a lifetime
longer than the characteristic convective transport time scales
determined by the gas velocity, typically leading to gas residence
times on the order of milliseconds to seconds. This gas residence
time is larger than the lifetime of many radical and ionic species,
which are significantly depleted in the remote treatment

modality. While the dominant species in the plasma effluent
will often be significantly less reactive than in the plasma, remote
treatment modalities have been shown to be highly effective for
virus inactivation [95, 101]. Finally, the indirect treatment
modality refers to the treatment of virus samples with liquid
pre-treated with plasma, more commonly referred to as plasma-
activated medium or liquid (PAM or PAL) (Figure 6D). While
PAM/PAL has been extensively studied in the context of bacterial
inactivation and for cancer treatment [113, 114] and less so for
virus decontamination, similarities between virus and bacteria
inactivation have been found, as expected [94].

In general, the direct treatment modality is more effective
against viruses compared to remote treatment. In particular, it
was found that remote DBD treatments were not effective for dry
virus, while direct treatment could inactivate virus on both dry
and humid substrates [67, 101]. Although complete inactivation
(>4 log10 reductions) was achieved for both treatment modalities,
the inactivation could be reduced from a minute to a second time
scale with direct treatment [95] (Figure 7A). When aerosolized
virus was sent through the plasma, the virus inactivation
timescale was further reduced to 10 ms [115]. While the direct
treatment modality is more effective, it does not always entail
larger energy efficiency for surface decontamination expressed as
energy per unit area [67]. In first order approximation, this
unanticipated result is due to the potential of a remote plasma

FIGURE 6 | Schematic of different plasma sources used for virus inactivation including different treatment modalities: (A) DBD for direct treatment, (B) plasma jet in
contact with a substrate, (C) plasma jet (remote treatment), (D) indirect treatment (PAL/PAM), (E) volumetric DBD (remote treatment), (F) gliding arc (remote treatment),
(G) two-dimensional array of integrated coaxial microhollow DBD (remote treatment), and (H) surface DBD (remote treatment). Substrate treated by each of these
plasma sources could either be a surface or a liquid volume. The reactive species provided are the dominant species produced in dry air or O2-containing plasmas.
Additional species like HNO2 and H2O2 can be formed for dry substrates when humidity is added to the feed gas.
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source to treat surfaces that are much larger than its cross-
sectional area.

Humidity and Transport Limitations
Plasma-induced inactivation of virus in solution is dependent on
the effective transfer of RONS produced in the gas-phase plasma
to the liquid. Short-lived species usually have a limited
penetration depth (determined by their lifetimes) and will
react near the plasma-liquid interface, making the reactivity
transfer extremely transport limited. For example, OH radicals
have penetration depths up to a few μm in water [116–118]. The
solvation of neutral species into liquid water depends on its
Henry’s law solubility constant. H2O2 with a large solubility
constant can easily be transferred from the gas to the liquid
phase while O3 and NO2 only solvate minimally into the liquid
due to almost 7 orders of magnitude lower solubility constants
[119]. However, enhanced mass transfer of O3 into bulk liquid by
vortexing the sample has been shown to induce efficient
inactivation of pathogens [101, 120]. Highly convective
transport of species can be achieved by using plasma jets,
which have been used extensively for virus inactivation in
solution [121–127]. Kondeti et al. reported on the
decomposition of crystal violet by a plasma jet and found a
correlation between decomposition efficacy and liquid phase
convection induced by impinging gas jets onto the liquid
[128]. Virus inactivation in solution is similarly transport-
limited and can be impacted by altering the transport
processes, either by diffusion or convection. Note that liquid
agitated by a jet airflow will lead to convection of the virus
particles in the solution, which might lead to significantly
different efficacies compared to treatment of bacterial biofilms
or cells attached to the bottom of a well, where plasma-produced
species have to be transported through a liquid layer before
reaching the cells. The above transport limitations can
considerably impact which species are dominant for the
inactivation of virus and might explain why often longer-lived
species or secondary species derived from these species might
dominate virus inactivation compared to plasma-produced
radicals (Figure 5).

Virus inactivation by NTP on substrates is augmented by
humidity relative to dry substrates [101]. This effect has also been
previously reported for virus inactivation by O3 where short
duration exposure at >90% relative humidity significantly
enhanced virus inactivation [64]. A water layer on the
substrate acts as a solvent to facilitate biochemical reactions
such as lipid peroxidation at larger water activities [129].
Hence, even for surface decontamination in the gas phase, in
the presence of a liquid layer on the substrate, multiphase
transport limitations might be important.

RONS Enabling Virus Inactivation
As described above, plasma-produced RONS, including O3,
O2(a), O, OH, HO2/O2

−, NO, NO2
−, ONOOH/ONOO−, H2O2,

and N2O5, are proposed as key agents for pathogen inactivation
[85–87, 92, 93]. A subset of these species (O3, O2(a) and H2O2)
has been studied in the context of virus inactivation for other
disinfection technologies; we will review the key findings of these

species before summarizing the studies of plasma produced
RONS and our key conclusions.

Ozone, an ROS produced by commercial ozonizers, has been
extensively studied for its potential for virus inactivation both in
water and gas phase [80, 130]. At appropriate concentrations, a
physiological solution with a dissolved O3/O2 mixture (ozonized
saline solution) has proven to be effective against viral pathogens
and has been formalized for use in hospitals in Russia and Ukraine
[131–133]. Aqueous solutions of O3 were shown to inactivate
poliovirus 1 (PV1), Venezuelan Equine Encephalomyelitis virus,
and Hepatitis A virus (HAV) in liquid phase [134, 135]. In the gas
phase, O3 is shown to have maximal virucidal efficacy against
different viruses for a short period in high humidity (>90% RH) at
peak concentrations of 20–25 ppm [136]. It was also effective
against Norovirus and its animal surrogates, FCV, enterovirus
71 (EV71), and bacteriophages [137–140]. A large range of Ct-
values (a value defined as the product of O3 concentration and
contact time with virus) for different viruses have been reported,
indicating that the sensitivity of different viruses to O3 can vary
significantly [138, 141].

Similarly, H2O2 is a well-known disinfectant and has been
extensively tested for virus inactivation. Many commercial H2O2-
based decontamination systems, registered with the Environmental
Protection Agency (EPA) have been tested against different viruses
including FCV, adenovirus, TGEV, AIV, African swine fever virus,
Hog cholera virus, Newcastle disease virus (NDV), pseudorabies
virus, swine vesicular disease virus, and MS2 bacteriophage
[142–145]. In all cases, complete inactivation compared to the
control was achieved with exposure times ranging from 10min
to 3 h. The effectiveness of H2O2 decontamination was reduced
significantly in the presence of blood for some of the viruses [144,
145]. H2O2 has been demonstrated to inactivate FCV on different
surfaces such as stainless steel, plastic, glass, vinyl flooring, and
ceramic tile [142], and H1N1 influenza viruses on stainless steel
coupons [146]. It has also been used to decontaminate laboratory
equipment with no adverse effects [144]. Aqueous solutions of H2O2

have been utilized to inactivate both RNA and DNA viruses without
significant damage to virus immunogenicity, which might suggest
possibilities for the development of an H2O2-based vaccine
preparation platform [146, 147].

O2(a) is the key species in photodynamic therapy (PDT), which
has been much used against viral infection. The scientific
community has known for at least 12 years that HIV-1 can be
completely destroyed with PDT. For instance, the lipid envelope of
HIV-1 is cholesterol rich with an oxidizable carbonic bond (C�C),
which can be oxidized using O2(a) [148]. Several studies have
reported the use of PDT for inactivation of HIV-1 using different
photosensitizers such as methylene blue, rose Bengal, hypocrellin,
and hypericin [149, 150] as well as for HPV and HSV [151, 152]. A
list of virus-mediated infectious diseases that have been treated
with PDT in clinical settings is previously summarized [153]. Due
to its advancement in decontamination of blood components, PDT
has also been investigated for blood banking applications
[154–156]. O2(a) has been used to inactivate HSV-1 and Suid
herpesvirus type 1 (SHV-1) and was shown to inactivate these
viruses in the presence of human plasma [157]. Numerous studies
also report inactivation of MS2 bacteriophage in aqueous
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suspension byO2(a) [158–160], which was also confirmed by using
histidine as a quencher of O2(a) [161].

Since all of these oxidants along with other reactive species are
readily generated by plasmas, it is not surprising that NTP can be
highly virucidal. Nonetheless, the required treatment times in
plasma can be much smaller than typically used in H2O2 and O3

decontamination approaches, implying that other species
contribute to the inactivation. When the role of O3 produced
by NTPs was assessed, it was observed that the virus inactivation
was enhanced by the presence of RNS [101]. Further studies
showed that the combination of O3 and NO2 in the gas phase
leads to the production of N2O5, which most likely leads to the
formation of peroxynitrite (ONOO−/ONOOH) in the humid
water layer on the substrate being treated [92, 95]. RNS were
confirmed to be the only active agent in the case of virus
inactivation in bulk liquids for the same plasma source [101].
At low pH, the importance of ONOOH produced fromH2O2 and
NO2

− in PAW has already been shown for bacterial inactivation
by air plasma [86]. A detailed study to assess the key species
responsible for virus inactivation by NTPs through a scavenger
study was performed by Aboubakr et al. [94]. These studies
suggest that, in addition to O3, peroxynitrous acid (or so-called
acidified nitrides at reduced pH [86]) and O2(a) are the dominant
species responsible for FCV inactivation in solution in an oxygen
plasma [94]. Similar scavenger studies and comparison with
positive controls by Yamashiro et al. confirm the role of
ONOO− and O2(a) in FCV inactivation with a different
plasma source [162]. Guo et al. confirmed that the inactivation
of bacteriophages (T4, Φ174, MS2) is similarly strongly mediated
by O2(a) [99]. They further showed, through scavenger studies,
that OH radicals, superoxide (O2

−), and ONOO− make no
significant contributions to virus inactivation, although some
of these radicals might have been less abundant for the plasma
conditions used. The effect of H2O2 is mostly deemed as
secondary in the inactivation of FCV, potato virus Y (PVY),
and adenovirus, while it is suggested that it might play a
dominant role in the inactivation of RSV and influenza A
virus [84].

While the aforementioned reactive species are important
for virus inactivation in solution, the effect of short-lived
reactive species such as O and OH radicals is more likely in
airborne virus when the radicals can directly inactivate the
virus or have to diffuse into a micrometer sized droplet that is
similar to the reactive diffusion length of the radical [115].
While the effect of OH against NDV in plasma-activated
solution [163] is suggested, other studies imply that OH
had no role in virus inactivation [99, 121]. The
demonstration that OH radicals can decompose 50% of the
hydrocarbons in a droplet of 60 µm [117] suggests that a
similar effect could be anticipated for virus in small
droplets or virus particles present in the plasma. Although
the role of plasma generated O radicals on virus inactivation
has not been reported to date, several studies report plasma
conditions that enable the inactivation of Penicillium
digitatum spores [164], cancer (THP-1 leukemia) cells
[165], bacteria (E. coli) [166], and yeast cells
(Saccharomyces cerevisiae) [167] by O radicals. In addition,

O atoms react with Cl− in saline solution forming hypochlorite
ion (OCl−) at concentrations sufficient to inactive bacteria
(Pseudomonas aeruginosa and Staphylococcus aureus) [168].
Similarly, the possible role of HO2/O2

−, although well
established as bioactive molecules [169, 170], needs to be
further established for virus inactivation.

Depending on the treatment mode, conditions and plasma
source, the virus inactivation pathways could be through ROS,
RNS, or a combination of both. The species that are ultimately
responsible for the inactivation of the virus might not only
depend on the dominant species produced by the plasmas but
also on the environmental and treatment conditions, since
transport limitations are exceedingly important for plasma-
based decontamination. This might unfortunately add some
system- and treatment-specific aspects to the inactivation
mechanisms of virus by NTP.

Mechanisms Associated With Antiviral
Effect of Plasma
The biological effects of plasma produced RONS on the ability of
the virus to bind with host receptors, enter into host cells, and
replicate its genome have only partly been quantified to date.
Plasma has many different species and hence a variety of
mechanisms are to be expected. One of the earlier studies
showed that plasma significantly reduced the infectivity as well
as the replication ability of human adenovirus [96]. Recent work
has also shown that plasma can degrade purified SARS-CoV-2
RNA, as well as modify outer components of the virus necessary
for attachment such as the spike protein [92, 171, 172]. In
addition, several other investigators reported that plasma leads
to significant protein oxidation of the virus coat or capsid. Yasuda
et al. [173], reported that the inactivation of bacteriophage
lambda by NTP was mainly due to oxidation of the coat
protein; the plasma impact on the DNA did not significantly
contribute to bacteriophage inactivation.

Similarly, Aboubakr et al. showed that, for short treatment
times, seemingly intact viruses were still present, as observed by
TEM [94, 174]. A proteomics study of the virus showed
significant oxidation of the virus capsid and specific amino
acids responsible for attachment and entry of the virus into
the host cell. Singlet oxygen, a dominant species in the NTP
used, was independently reported to inactivate viruses by
damaging nucleic acid and the viral envelope [175]. The
inactivation of bacteriophage f2 by ozone treatment was
similarly attributed to the breakdown of viral coat proteins,
which hindered the adsorption of the phage to the host cells
[176]. However, other studies have shown that the impact of
ozone is mainly on virus genome [177]. Even when the ROS are
known, the mechanism can depend significantly on the type of
virus investigated or the treatment condition used, as was the case
for UV described above.

Not all studies suggest that plasma impacts the capsid or viral
coat. Plasma has been shown to impact both the virus surface
proteins and RNA genes of bacteriophage MS2 [178]. Sakudo
et al. [179] report that a nitrogen plasma inactivated adenovirus
by damaging its genomic DNA with limited impact on the capsid
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protein. The results show that the mechanisms might be both
virus- and plasma source-specific. A detailed comparison of the
plasma impact on different viruses for the same plasma
conditions might shed further light on the mechanisms.

Plasma Efficacy on Different Virus and Virus
Surrogate Models
The evaluation of the efficacy of plasma-induced inactivation of
pathogenic human viruses can entail significant health hazards,
mandating the use of specialized laboratories such as a biosafety
level 3 (BSL-3) facility. Such resources are expensive, require
specialized training, and do not always justify extensive testing
with these viruses. As such, surrogate animal viruses compatible
with BSL-1 and BSL-2 laboratories have been favored for initial
testing and plasma technology optimization [92, 101, 104, 172,
180, 181].

Animal viruses are also considered good models for airborne
human viruses [182, 183]. However, due to the increased risk for
testing airborne virus compared to substrates or solutions spiked
with virus, bacteriophages are often used as surrogates for
airborne pathogenic viruses. They are not only easier to
handle but can also be produced in large quantities and
quantified by plaque-based infectivity assays [184–186].

While care should be taken in translating established
surrogates from one disinfection technology to the other or
from one plasma source to another, the reported results on a
variety of viruses, further supported by our yet unpublished
results, suggest that plasma can be effective against a large
range of investigated pathogens and its decontamination
efficacy is, in first approximation, largely independent of the
virus being treated [180]. While further research in this area is
needed to assess whether the effectiveness of NTP against
different virus can be impacted by plasma conditions, the
complex mixture of reactive species produced by NTP might
indeed overcome some of the virus-specific differences observed
with other non-thermal technologies, such as O3 or UV, which
might be favored because of specific chemical compositions of the
RNA, DNA, or proteins in the virus capsid and coating.

APPLICATION OF NTP FOR VIRUS
INACTIVATION

Pathogenic viruses can be spread in liquids, by contact with
contaminated surfaces, and through airborne routes of
dissemination. Each avenue of transmission poses unique
challenges with respect to disinfection by NTP.

Decontamination of Liquids and Solutions
The interaction of NTP with liquids produces reactive species in
the liquid phase which are critical for many chemical and
biological applications. Liquids in contact with NTP are rich
sources of OH radicals and are in fact considered a form of
advanced oxidation technology enabling the breakdown of
organic and inorganic compounds in water [187]. More
recently, NTP containing air interacting with water have been

studied for its exceptional bactericidal effects that can last for
several minutes to several days after water is treated by plasma
(PAW) [188, 189]. Many studies have shown that the bactericidal
effect of plasma treated solutions requires an acidic environment
(typically, pH values of 3–4) [189, 190]. These conditions are
attributed to reactive nitrogen species (RNS), particularly
acidified nitrites, and peroxynitrite chemistry as highlighted
above. In some cases, the bactericidal effect of PAW is
ascribed to ROS such as O3 and specifically O2

− related
chemistry [120, 191]. Plasma treatment of solutions is also
dependent on the composition of the solution. Treatment of
virus suspensions in solutions with different compositions is
shown to impact virus inactivation, particularly in the
presence of pH buffers (impacting peroxynitrite chemistry),
hydrocarbons (scavenging of oxidizing plasma-produced
species) and saline (Cl− is a scavenger of OH and can react
with plasma-produced O forming OCl−) [168]. PAM for use of
cancer treatments is a nice example of how plasma generates
long-lived hydrocarbon radicals that have biological impact.

The decontamination of liquids can be highly effective against
bacteria [192]; there is no doubt this can be extended to its use for
virus decontamination [94, 99]. Nonetheless, the efficacy of the
decontamination will diminish with increasing concentrations of
organic compounds. Plasmamight bemost effective in conditions
where O3 and UV are also effective.

Decontamination of Surfaces
Both low pressure and atmospheric pressure NTP have been well
established over the past 3 decades as excellent tools for
decontamination of heat sensitive surfaces [109, 193]. This work
was preceded by plasma-assisted decontamination devices, which
used disinfectants such as H2O2 injected in the plasma [194].
Nonetheless, all these developments focused on bacteria and were,
more recently, extended to wound healing and inactivation of biofilms
[195, 196]. Most of these studies were performed in the context of
decontamination ofmedical devices and other heat sensitive substrates.

Until 2015, only a handful of studies reported on the effect of NTP
against viruses, including influenza viruses, adenovirus, cornealHSV-1,
and MS2 bacteriophage [96, 121, 127, 197, 198]. These studies have
been extended significantly; the state-of-the art shows that plasma-
based decontamination of surfaces is possible using direct treatment on
timescales of ∼1 s [95] and remote treatments on timescales of ∼1min
[101]. A more recent study demonstrated NTP can inactivate SARS-
CoV-2 on various surfaces including plastic, cardboard, and metal in
less than 180 s [199]. With regard to foodborne viruses, Bae et al.
inactivated murine norovirus (MNV) and HAV on meat samples
[103]. Ahlfeld et al. observed a significant reduction in human NoV
GII-4 on plastic dry surfaces by exposure to air-based plasma generated
by a DBD setup [200]. Lacombe et al. reported a significant decrease in
the titer of TV and MNV on blueberries after exposure to air-based
gliding arc-plasma [104]. The antibacterial efficacy of NTP against
foodborne bacterial pathogens in vitro and on food and food packaging
materials has been previously reviewed [201–203]. Nonetheless,
virucidal effects of plasmas are much less studied and research on
NTP treatment of foodborne viruses has only recently begun. Studies
report NTP inactivation of murine NoV, hepatitis A virus, HuNoV,
TV, and FCV [101, 103, 104, 121, 200]. The effect of NTP-produced
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oxidative species on the nutritive value, sensory quality attributes, and
chemical safety of treated food has not been comprehensively
investigated to date [204, 205].

Direct contact between plasma and substrate can lead to more
effective inactivation of viruses compared to remote plasma treatments
for which long-lived reactive oxygen and nitrogen species (RONS) in
the plasma effluent enable inactivation. Nonetheless, direct plasma-
substrate interactions are highly substrate dependent and are limited
by substrate morphologies and composition. Hence, several
researchers have focused on decontamination by remote plasmas.
A recent report shows similar inactivation of norovirus and FCV on
stainless steel or lettuce [180]. Inactivation of Salmonella heidelberg
with the same plasma source on Romaine lettuce, chicken breast, and
stainless steel showed significant differences in inactivation efficacies
[180]. While the non-smooth structure of lettuce and chicken meat
can contribute to the reduced inactivation efficiency, the authors
suggested that the inactivation was impacted by the protein
concentration present on the substrate, as evidenced by their
experiments with different concentrations of bovine serum
albumin deposited on the stainless surface. Hence, the reduction in
inactivation efficacies on substrates could be enhanced by a
competitive process of substrate and virus inactivation.

Mitigation of Airborne Virus Transmission
Until early 2020, only a handful of studies reported the inactivation
efficacy of plasmas against airborne pathogens [115, 178, 198, 206].
With the advent of the COVID-19 pandemic, many research
groups started investigating the effectiveness of NTP as a

decontamination tool against virus transmission [171, 207, 208].
The use of cold oxygen plasma in a single-pass flow tunnel with a
particle residence time of 0.44 s in the plasma resulted in 3.1, 2, and
2.1 log10 TCID50/ml reductions in hPIV-3, RSV and influenza virus
A (H5N2) titers, respectively [198]. Wu et al. achieved more than
95% inactivation of aerosolized MS2 bacteriophage in ambient air
[127]. Xia et al. reported a reduction in the infectivity of MS2
bacteriophage greater than 2.3 log10 using a packed-bed non-
thermal plasma reactor at a high air flow rate of 170 slm or a
particle residence time of 0.25 s [206]. Using the same packed-bed
DBD reactor embedded in a test tunnel, a maximum of 1.3 log10
reduction in the titer of the aerosolized PRRS virus was achieved at
a high flow rate of 400 slm [208]. Nayak et al. reported complete
inactivation with a 3.5 log10 reduction in the aerosolized PRRS
virus using a DBD reactor under all investigated operating
conditions [115]. Figure 7B shows a summary of the results in
this work. The virus aerosol residence time in most of these studies
was in the order of milliseconds, which is a timescale relevant for
typical HVAC conditions. This reinforces the importance of direct
contact of virus aerosols with the plasma and the presence of
abundant short-lived reactive species.

The studies summarized above highlight plasma as a promising
technology with similar advantages as electrostatic precipitation
[209], but possibly superior to filters. Plasma will directly
inactivate the airborne virus with efficacies in excess of 99.9%,
comparable to HEPA efficacies. The small pressure-drop across
the plasma systems when mounted in air handling systems
compared to HEPA filters will potentially require smaller

FIGURE 7 | (A) Inactivation curves for FCV treated on surfaces and in liquid solution by different plasma sources and configuration shown in Figure 6. The data
are taken from [67, 94, 95, 101, 162] and are normalized to the reference virus titer. The short dashed colored lines represent the detection limit for each of the
corresponding plasma treatment. Note that the plasma power was 14.5 W for volumetric DBD, 2D-DBD and gliding arc, while a lower power was used for direct
DBD (12 W), surface DBD (0.7 W) and RF plasma jet (2.5 W). The treatment of liquids is solution and volume dependent. In this case, the solution was distilled
water and the volume was kept constant at 100 μL. (B) Schematic representation of the inactivation of aerosolized PRRS virus by a volumetric DBD treatment in
wind tunnel test conditions at sampling time of 5 min and discharge power of 39.6 W. The graph compares the amount of infectious virus before (control) and after
(plasma) treatment as obtained by the TCID50 approach with a measure of the remaining genome obtained with the RT-qPCRmethod. The results show a reduction
of 3.5 log10 (remaining infectivity is below detection limit), while the genome remains, confirming that the majority of the inactivated virus is still collected downstream
of the plasma treatment [115].
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investment of energy for air handling. In some HVAC systems,
significant vibrations associated with their operation cause loss of
fibers from the HEPA filters, resulting in diminished filtration
efficacy. In contrast, NTP technology and virus inactivation by
NTP are not affected by physical disturbances. Another
advantage of NTP over HEPA filtration is that plasma inactivates
infectious virus. In contrast, virus captured on HEPA filters can
remain infectious for extended periods of time unless HEPA
filtration is combined with UV-C or other decontamination
technologies. Air treatment devices based on plasma technology
are being currently used, although often in the context of odor
control [210, 211]. The potential for broader implementation ofNTP
technology, already used in selected air handling systems, to enable
reductions in virus transmission has considerable potential but
requires further collaborative research and development.

UNIQUE OPPORTUNITIES FOR USING NTP
AGAINST VIRAL INFECTIONS

Because application of NTP involves the delivery of reactive
chemical species that can adversely affect the integrity and
structures of nucleic acids, proteins, and lipids that are the
building blocks for infectious viruses, early uses of NTP as an
antiviral agent involved direct inactivation of viruses on
inanimate surfaces. However, the same NTP-associated
mechanisms that directly affect virus integrity and infectivity can
also be used indirectly to reduce the risk of transmission and affect
the course of virus-associated disease. Recent studies have paved the
way for developing roles for NTP in vaccine preparation and
delivery, treatment of virus-infected cells and tissues, and
therapies that leverage the capacity of NTP to induce
immunomodulation.

Roles for NTP in Vaccination
Vaccination remains the most effective antiviral strategy against
many pathogenic viruses including poliovirus, HAV, and the
measles virus [212]. In any vaccination strategy, vaccine
preparation and delivery are both important elements in the
developmental process to ensure that a vaccine is highly effective
in preventing viral infection or virus-associated disease. Roles for
NTP in both of these important aspects of vaccine development
are under active exploration.

Use of NTP in Preparation of Vaccines
The essential component of any antiviral vaccine is the antigen,
which is derived specifically from the virus. The antigen can take
one of several forms, including peptides and whole proteins,
inactivated virus preparations, and attenuated live viruses.
Antigens to be delivered in vaccine preparations may also be
encoded in nucleic acids (RNA or DNA). To date, few studies
have explored the use of NTP to enhance the ability of antigens to
generate an adaptive immune response.

NTP was demonstrated to inactivate whole viruses which were
tested as antigens in vaccine formulations against two poultry
viral infections in livestock, Newcastle disease virus and the avian
influenza virus. The NTP-created vaccine formulation resulted in

better B and T cell responses in chickens as compared to those
vaccinated with the traditional formaldehyde inactivated virus [126,
213]. These enhanced immune responses may have been due to
better preservation of viral antigen structures by NTP relative to
formaldehyde-mediated inactivation. Hypothetically, greater
preservation of the antigen structure would translate into a
higher fidelity immune response through better recognition of
viral antigens in their native conformations. Extrapolating on
these studies, it may be possible to use NTP to prepare viral
antigens with greater capacities to elicit virus-specific immune
responses for pathogens and diseases that do not yet have a vaccine.

Use of NTP to Augment Vaccine Delivery
Vaccines are typically administered by intradermal, subcutaneous,
subdermal, or intramuscular injection, as well as mucosal
application and electroporation-assisted injection. The last
method shares a common element—application of an electric
field to alter cell membrane integrity and enable antigen
delivery into cells—with generation and delivery of NTP [214].
This suggests that NTP may also be used for facilitated vaccine
delivery. This was investigated in a murine model of vaccination,
where NTPwas used to aid in the intradermal delivery of an HIV-1
envelope-expressing DNA plasmid vaccine via direct application to
the skin at the site of injection. Dermal application of NTP resulted
in an increase in stimulated cytotoxic CD8+ T cells as compared to
DNA plasmid injected without NTP application. This strongly
suggested that NTP enhanced vaccine delivery and promoted an
optimal immune response against the vaccine antigen that may not
have been achieved due to inefficient delivery by other methods.
NTP was proposed to be a better alternative to electroporation
because NTP application is non-invasive. Additionally, NTP
delivers active effectors (e.g., RONS) in addition to or instead of
an electric field, dependent on the device used to generate NTP.
These effectors, as shown in other studies, likely stimulate
beneficial changes in mechanisms that underlie immune
responses (immunomodulation) to vaccine antigens, thereby
increasing vaccine efficacy [126, 213–215].

Inhibition of Viral Replication in Infected
Cells Using NTP
In considering the use of NTP as a therapy for viral infections,
the spread of the virus and ensuing infection must be reconciled
with the ability to deliver NTP to infected cells. Some virus
infections result in localized clinical manifestations e.g., HSV-1
infection of the lip produces a herpetic lesion (i.e., cold sore),
while a human papillomavirus (HPV) infection can take the
form of a wart. The application of NTP to such localized lesions
can be of therapeutic value. In addition, NTP treatment is
projected to have a considerable margin of safety, as
suggested by animal and human studies where no significant
acute or long-term adverse effects of therapeutic NTP
application to skin were noted [215, 216]. For infections by
viruses that spread to multiple tissues, organs, and
compartments (e.g., HIV-1 and SARS-CoV-2), it will be
impractical to deliver NTP to all cells that harbor the virus
because of the focal nature of NTP application.
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The antiviral effect of focal NTP application to an HSV-1
infection was demonstrated in a model of HSV-1 herpes keratitis,
a cause of blindness from HSV-1 replication in the cornea [217].
Alekseev et al., modeled this condition using both corneal
epithelial cells and corneal explants from human donors in a
study that PAL. Application of NTP-conditioned media caused a
reduction in HSV-1 infection, as demonstrated by reduced HSV-
1-mediated cytotoxicity in corneal epithelial cells, inhibition of
viral replication, and a reduction in the number of infectious virus
particles produced in corneal explants [197]. Importantly, this
study demonstrated that NTP-mediated antiviral effects were
accomplished in the absence of any cytotoxicity in the human
corneas [197]. These results may be especially useful in guiding
the development of topical NTP-based treatments to alleviate
local viral infections and the associated pathogenesis.

The antiviral effects of NTP may also be useful in treating
warts, which are lesions on the mucosa and skin caused by
several strains of the human papillomavirus (HPV). Althoughwarts
are typically benign, infection by high-risk subtypes of HPV can
result in malignant transformation. Warts can be painful, difficult to
treat, and a continued source of infectious virus that can be spread by
direct or indirect contact. The resolution of warts in patients after
application of NTP suggests the potential of NTP to eliminate local
human papillomavirus infections [218, 219]. Since NTP application
was followed by lesion resolution over a period of 3–4months, it is
fair to speculate that wart clearance observed in these case studies
could be attributed to the immediate antiviral effects of NTP. These
patients suffered no immediate or long term side effects, reinforcing
the safety of NTP demonstrated in many animal models of cancer
[218, 219]. Furthermore, demonstrations of NTP-stimulated
immunomodulation in animal models of cancer suggest roles for
anti-HPV immune responses stimulated by NTP in establishing
long-term clinical outcomes.

NTP was also shown to have antiviral effects against HIV-
1-infected cells. To investigate the potential for NTP to affect
the course of replication in HIV-1-infected cells, Amiran
et al. applied NTP to either cell-free suspensions of HIV-1
prior to infection or to the HeLa cell-based HIV-1 reporter
cell line after infecting them with HIV-1 [220]. While
inhibition of viral replication was observed under both
conditions, the doses of NTP that yielded antiviral effects
were also cytotoxic, resulting in considerable losses in cell
viability [220]. Potential mechanisms whereby NTP exhibits
anti-HIV-1 effects were also explored by Volotskova et al.,
where monocyte-derived macrophages were exposed to NTP
prior to infection. Pre-infection exposure to NTP caused a
reduction in the macrophage cell surface markers, CD4 and
CCR5, which are critical cell attachment receptors for HIV-1.
Reductions in HIV-1 replication subsequent to NTP
application were attributed to down regulation of cell
surface HIV-1 receptors, which would prevent viral entry
into the macrophages by decreasing virus fusion with the cell
[221]. Additional assessments of pre-infection NTP
application suggested that NTP also inhibited HIV-1
replication by affecting post-entry events in the virus
replication cycle. While the results of these investigations
do not provide a path toward a practical use for NTP to treat

systemic HIV-1 infection, the antiviral effects observed for
both HIV-1 (and HSV-1) demonstrate the potential of NTP
to inhibit infection in cells infected with disparate viruses.

Application of NTP-Mediated
Immunomodulation to Antiviral Strategies
The focal nature of NTP would seem to preclude the use of NTP
to treat viral infections that are widely disseminated in the body.
However, recent investigations in plasma medicine suggest an
intriguing strategy for addressing systemic viral infections with
NTP that overcomes this limitation. This approach relies on the
intersection of two growing areas of interest: immunotherapies
effective against infectious diseases [222] and NTP-induced
immunomodulation in eukaryotic cells [223, 224].

In the absence of effective antiviral drugs available to
control or clear a viral infection, immunotherapies are
emerging as promising alternatives. They are being
investigated for their usefulness as treatments for viral
infections and virus-associated diseases, particularly those
characterized by dysfunction of the immune system. They
typically involve the isolation of cells from infected patients,
exposure of the cells ex vivo to appropriate stimulants to achieve
a specific immunological outcome, and then administration of the
altered cells to the patient as an immunotherapy (similar to
vaccination) [225]. Successful treatment promotes development of
immune responses against the virus to control infection, diminishes
the symptoms associated with infection, and (perhaps) accelerates the
clearance of the virus from the body. Such treatments allow control of
the infection by the patient’s immune system without the need for
antiviral drugs, even if virus is not fully cleared from the body.

NTP is shown to boost immune response against cancer while
being well tolerated [215, 226, 227]. In these studies, the induction
of immunogenic cell death (ICD), characterized by the release or
display of various danger signals from tumor cells that alert
innate immune cells, was a common measure of the
immunomodulation attributed to NTP [215, 226, 227]. A
similar immunotherapy approach for systemic viral disease
involving NTP would rely on the delivery of NTP effectors to
virus-infected cells ex vivo for the purpose of inducing specific
immunological changes (immunomodulation) in those cells for
subsequent administration to the patient. Furthermore, the
successful use of NTP in combination in with other
immunostimulatory agents ex vivo for enhanced therapeutic
efficacy in murine cancer models suggests that similar lines of
attack may be feasible in viral diseases [215, 226, 227]. The
apparent role of NTP in these studies is to enhance the
immunostimulatory capacity of cancer cells following NTP
exposure in order to facilitate a stronger immune response in
vivo when patients are immunized with their own NTP-exposed
tumor cells.

This approach may be particularly beneficial for people
living with HIV-1 (PLWH) where the infection can be
suppressed by a lifelong regimen of antiretroviral drugs but
is not cleared from the body [228]. The virus is instead
maintained as a latent infection in reservoirs throughout
the body. Latent viruses in these reservoirs remain
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unaffected by concentrations of antiretroviral drugs that
effectively inhibit actively replicating virus. Specific
deficiencies in HIV-1-specific immune responses further
sustain the chronic HIV-1 infection in PLWH [229–231].

Given the capacity of NTP to stimulate immunomodulation in
cells and tissues, we are investigating NTP as the basis of an
immunotherapy for patients with well suppressed HIV-1
infections. Such a therapy would have parallels to other immune-
based therapies, such as CAR T cell therapy and dendritic cell
vaccination, in that an NTP-based immunotherapy for HIV-1
infection will elicit an effective immune response against the virus
using the patient’s own cells. In this envisioned therapeutic strategy,
latently infected T cells will be removed from the patient and exposed
ex vivo to NTP which will induce beneficial immunological changes
in these HIV-1-infected cells. NTP-exposed cells will then be injected
back into the patient as a personalized vaccination. The personalized
aspect of this approach is particularly important, since each HIV-1-

infected patient harbors a unique population of viral variants
(quasispecies) characterized by distinct viral genomic sequences
and phenotypes. This personalized approach overcomes a major
limitation of traditional vaccines, which are targeted typically to a
single viral genotype and would be less effective against viral
quasispecies in patients that deviate from that specific genetic
sequence.

An NTP-based immunotherapy will rely on effects of NTP
exposure in three different phases of the therapy. During the
first phase in which patient cells are exposed ex vivo to NTP, one
effect of NTP will be to increase antigenicity in latently infected
cells. Along these lines, our investigations demonstrated that
NTP exposure stimulated viral gene expression in a cell line
model of latent HIV-1 infection [232]. The expression of viral
proteins is a necessary first step in presenting viral antigens to
host immune cells and generating an adaptive immune response
to HIV-1.

FIGURE 8 | NTP application has potential roles in mitigating virus transmission, in prophylaxis of viral diseases and in treatments of certain focal and systemic viral
infections. NTP may be used to prevent virus transmission through disinfection of viruses from food, surfaces/objects, and air. To prevent disease following exposure to
viruses, NTP may be used to enhance antigenicity of viruses in vaccine preparations following inactivation or can be applied to skin to promote antigen presenting cell
(APC) functions that are beneficial for vaccination. Treatments for various symptoms of viral diseases such as cold sores or warts can also incorporate NTP to exert
antiviral effects and to modulate symptoms. Augmentation of the immune response may be accomplished through stimulation of damage associated molecular pattern
(DAMP) emission from NTP-exposed cells, which promotes APC function and a subsequent adaptive immune response.
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NTP exposure of latently infected cells will also increase cellular
immunogenicity, which will be an important part of the second phase
of the therapy: administration of NTP-exposed cells to the patient. A
vaccine product injected for the purpose of inducing an antigen-
specific immune response must stimulate local responses at the
injection site, including recruitment (chemotaxis) of immune cells
involved in mounting adaptive immune responses and a level of
inflammation that facilitates those immune responses. We have
shown that in vitro application of NTP to T lymphocytes
stimulates the release of pro-inflammatory cytokines and
chemokines [232] that will have roles in creating an immunogenic
environment at the site of injection [233].

In the final phase of the therapy, the presentation of viral antigens
to cells of the immune system will result in an HIV-1-specific
adaptive immune response. Our investigations into the effect of
NTP exposure on epitope presentation revealed that NTP
application to a human T lymphocyte cell lines altered the arrays
of peptides presented on cell surface MHC class I molecules [232].
Comparisons of peptides detected on Jurkat T lymphocyte cells and
the latently infected J-Lat cell line showed differences in host cell
peptide display attributed to cell type and NTP exposure.
Furthermore, NTP exposure of J-Lat cells appeared to alter the
HIV-1-specific peptides displayed on these cells [232]. The strongly
suggests that NTP exposure will alter the breadth of viral peptides
presented in the surfaces of HIV-1-infected cells. A more diverse
peptide pool is often desirable for maximizing the CD8+ T cell
response, for diseases like HIV-1 infection that are highly dependent
on CD8+ T cells for clearance [234, 235]. Hypothetically, altering
and/or broadening the range of HIV-1-specific peptides through the
effects of NTP exposure of cells during the ex vivo phase will result in
a more effective HIV-1-targeted immune response capable of
controlling reemergence of infection without the use of
antiretroviral drugs.

The development of an NTP-based immunotherapy against HIV-
1 still poses many challenges. For example, viral escape mutations and
an inability to maintain robust B and T cell responses may reduce the
long-term efficacy of the approach. This would be true for any viral
infection in which escape variants can emerge. Additionally, NTP-
induced immunotherapy will possibly be insufficient on its own to
effect control over the infection.While NTP-based immunotherapy is
hypothesized to offset deficiencies in the HIV-1-specific immune
response, it may have limited capacity to reverse latent infection,
which will be necessary to make infected cells “visible” to immune
surveillance (as these cells, which do not express HIV-1 proteins, will
appear to immune surveillance as uninfected cells). As one solution,
NTP immunotherapy may be combined with a latency reversal agent
(LRA), which will reactivate viral replication in latently infected cells.
Cells harboring latent HIV-1 infections would then become
productively infected, producing viral proteins and displaying
virus-derived peptides that will be recognized and targeted by
immune cells [29].

The hypothesized use of NTP-based immunotherapy against viral
infections combined with animal studies that have explored the
application of NTP as an immunomodulatory treatment for cancer
indicate an additional use for NTP: treating infections by oncogenic
viruses, or viruses capable of causing cancer [236]. In treating disease
caused by oncogenic viruses, the dual challenge is to effectively

mitigate the spread of the virus while simultaneously clearing the
body of proliferating cancerous cells (which can also contribute to the
spread of the virus). Treatments for proliferative diseases that are
systemic, such as Hodgkin lymphoma caused by Epstein-Barr virus
infection, will need to rely solely on immunomodulation induced in
neoplastic cells that are exposed to NTP ex vivo and then injected into
the patient as a form of immunotherapy. For more localized virus-
associated cancers, such as pre-cancerous and cancerous cervical
lesions caused by HPV-16/18 infection, NTP may have a direct
effect on the replicating virus as well as an indirect effect in the
form of a more effective adaptive immune response mounted against
proliferating cells that form the lesions [237]. These and various other
potential applications of NTP to prevent or treat viral diseases are
summarized in Figure 8.

CONCLUSION

Efforts focused on the development of novel NTP-based
interventions for viruses and viral infections have revealed that
non-thermal plasma is an effective virucidal agent. NTP reduces
virus burdens on contaminated surfaces and airborne viruses for the
purposes of virus inactivation. In the course of investigations in this
field, different devices have been used to generate NTP and achieve
effective disinfection of viral pathogens. These highlight the promise
for NTP as a broad-spectrum disinfectant.

Demonstrations of NTP-mediated virus inactivation have more
recently been complemented by investigations of NTP as an antiviral
agent that can be applied to prevent infection, interfere with virus
replication, or indirectly impact viral infection and virus-associated
disease bymodifying host virus-specific immune responses.While the
direct effects of NTP on virus infection and replication can be viewed
as a derivation of the use of NTP for surface decontamination, the use
of NTP as a basis for immunotherapies against viral infections is a
novel and intriguing advancement of biomedical applications
for NTP.

In developing NTP for use as an antiviral agent, numerous
challenges remain to be addressed. First, NTP and the active
effectors delivered during its generation can vary between devices
and plasma forms, necessitating studies to determine the optimal form
of plasma and device for a particular application. Second, the
effectiveness of virus disinfection by NTP can be diminished by a
number of external factors, including environmental conditions, the
amount of virus on the contaminated surface, and the materials to be
disinfected. Third, in applications involving disinfection of airborne
viruses, there are challenges imposed by the need to scale up NTP
application to meet the needs of large structures and the need for
sufficient contact time between NTP effectors and airborne viruses in
high flow air handling systems. Fourth, the focal nature of NTP
contrasts with the disseminated nature of some viral infections. The
application of NTP to localizedmanifestations of viral infections relies
more on the direct effects of NTP on viral replication and infection.
However, the use ofNTP to treat viral pathogens that are disseminated
throughout the body will rely less on the direct effect of NTP
application and more on indirect NTP-mediated
immunomodulation to enhance systemic antiviral immune
responses. The use of NTP as the basis for immunotherapy or
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prophylactic vaccination against virus infections represents a
challenging but high reward direction for the field of plasmamedicine.

As a tool demonstrated to be effective for diverse applications, NTP
provides many opportunities for developing effective strategies for
preventing virus transmission, mitigating virus-associated disease, and
protecting against infection through vaccination. Efforts to expand on
these opportunities will require considerable collaboration between
plasma scientists, virologists, and immunologists to develop NTP-
based antiviral approaches for pathogens that are current global
challenges as well as viral pathogens that have yet to emerge.
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11. Čivljak R, Markotić A, and Kuzman I. The Third Coronavirus Epidemic in
the Third Millennium: What’s Next? Croat Med J (2020) 61(1):1–4.

12. World Health Organization (W.H.O). Coronavirus (COVID-19) Dashboard
(2021). March 14th, 2021. [cited 2021.; Available from: https://covid19.
who.int/.

13. Firestone MJ, Lorentz AJ, Wang X, Como-Sabetti K, Vetter S, Smith K, et al.
First Identified Cases of SARS-CoV-2 Variant B.1.1.7 in Minnesota —
December 2020–January 2021. Morbidity and Mortality Weekly. Febrary
(2021) 17:2021, 2021 ([cited 2021].

14. World Health Organization (W.H.O). Measles (2019) 2019, 2019 . [cited
2021.; Available from: https://www.who.int/news-room/fact-sheets/detail/
measles.

15. Bartsch SM, Lopman BA, Ozawa S, Hall AJ, and Lee BY. Global Economic
burden of Norovirus Gastroenteritis. PLoS One (2016) 11(4):e0151219.
doi:10.1371/journal.pone.0151219

16. Luliano AD, Roguski KM, Chang HH, Muscatello DJ, Palekar R, Tempia S,
et al. Estimates of Global Seasonal Influenza-Associated Respiratory
Mortality: a Modelling Study. Lancet (2018) 391(10127):1285–300.

17. Johnson J, and Chiu W. Structures of Virus and Virus-like Particles. Curr
Opin Struct Biol (2000) 10(2):229–35. doi:10.1016/s0959-440x(00)
00073-7

18. Blanco A, Abid I, Al-Otaibi N, Pérez-Rodríguez FJ, Fuentes C, Guix S, et al.
Glass Wool Concentration Optimization for the Detection of Enveloped and
Non-enveloped Waterborne Viruses. Food Environ Virol (2019) 11(2):
184–92. doi:10.1007/s12560-019-09378-0

19. Cho JG, and Dee SA. Porcine Reproductive and Respiratory Syndrome Virus.
Theriogenology (2006) 66(3):655–62. doi:10.1016/j.theriogenology.2006.
04.024

20. Jacobs SE, Lamson DM, St. George K, and Walsh TJ. Human Rhinoviruses.
Clin Microbiol Rev (2013) 26(1):135–62. doi:10.1128/cmr.00077-12

21. Macias AE, McElhaney JE, Chaves SS, Nealon J, Nunes MC, Samson SI, et al.
The Disease burden of Influenza beyond Respiratory Illness. Vaccine (2020)
39:A6–A14. doi:10.1016/j.vaccine.2020.09.048

22. Setti L, Passarini F, De Gennaro G, Barbieri P, Perrone MG, Borelli M, et al.
Airborne Transmission Route of COVID-19: Why 2 Meters/6 Feet of Inter-
personal Distance Could Not Be Enough. Ijerph (2020) 17(8):2932. doi:10.
3390/ijerph17082932

23. Irwin KK, Renzette N, Kowalik TF, and Jensen JD. Antiviral Drug Resistance
as an Adaptive Process. Virus Evol (2016) 2(1):vew014. doi:10.1093/ve/
vew014

24. Domingo E, and Holland JJ. RNA Virus Mutations and Fitness for Survival.
Annu Rev Microbiol (1997) 51:151–78. doi:10.1146/annurev.micro.51.1.151

25. Parrish CR, Holmes EC, Morens DM, Park E-C, Burke DS, Calisher CH, et al.
Cross-species Virus Transmission and the Emergence of New Epidemic
Diseases. Mmbr (2008) 72(3):457–70. doi:10.1128/mmbr.00004-08

26. Abdoli A, Soleimanjahi H, Tavassoti Kheiri M, Jamali A, and Jamaati A.
Determining Influenza Virus Shedding at Different Time Points in Madin-
darby Canine Kidney Cell Line. Cell J (2013) 15(2):130–5.

27. Mohammadi P, Desfarges S, Bartha I, Joos B, Zangger N, Munoz M, et al. 24
Hours in the Life of HIV-1 in a T Cell Line. Plos Pathog (2013) 9(1):e1003161.
doi:10.1371/journal.ppat.1003161

28. Roizman B, and Sears AE. An Inquiry into the Mechanisms of Herpes
Simplex Virus Latency. Annu Rev Microbiol (1987) 41:543–71. doi:10.1146/
annurev.mi.41.100187.002551

29. Ait-Ammar A, Kula A, Darcis G, Verdikt R, De Wit S, Gautier V, et al. Current
Status of Latency ReversingAgents Facing theHeterogeneity ofHIV-1Cellular and
Tissue Reservoirs. Front Microbiol (2019) 10:3060. doi:10.3389/fmicb.2019.03060

30. Saurabh S, and Vohra C. What Should Be the Criteria for Determining
Asymptomatic Status in COVID-19? QJM (2021) ((hcab002).

Frontiers in Physics | www.frontiersin.org June 2021 | Volume 9 | Article 68311819

Mohamed et al. Non-Thermal Plasma Against Viruses

https://doi.org/10.1038/nri2802
https://doi.org/10.3389/fpls.2014.00660
https://doi.org/10.1016/j.ijfoodmicro.2018.06.001
https://doi.org/10.1016/j.ijfoodmicro.2018.06.001
https://doi.org/10.1097/phh.0000000000001299
https://doi.org/10.1097/phh.0000000000001299
https://doi.org/10.2147/jhl.s270175
https://doi.org/10.1016/j.vaccine.2011.06.080
https://doi.org/10.1017/s0025727300008279
https://doi.org/10.1017/s0025727300008279
https://www.who.int/news-room/fact-sheets/detail/hiv-aids
https://www.who.int/news-room/fact-sheets/detail/hiv-aids
https://doi.org/10.1097/00002030-200406002-00001
https://doi.org/10.1097/00002030-200406002-00001
https://covid19.who.int/
https://covid19.who.int/
https://www.who.int/news-room/fact-sheets/detail/measles
https://www.who.int/news-room/fact-sheets/detail/measles
https://doi.org/10.1371/journal.pone.0151219
https://doi.org/10.1016/s0959-440x(00)00073-7
https://doi.org/10.1016/s0959-440x(00)00073-7
https://doi.org/10.1007/s12560-019-09378-0
https://doi.org/10.1016/j.theriogenology.2006.04.024
https://doi.org/10.1016/j.theriogenology.2006.04.024
https://doi.org/10.1128/cmr.00077-12
https://doi.org/10.1016/j.vaccine.2020.09.048
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.1093/ve/vew014
https://doi.org/10.1093/ve/vew014
https://doi.org/10.1146/annurev.micro.51.1.151
https://doi.org/10.1128/mmbr.00004-08
https://doi.org/10.1371/journal.ppat.1003161
https://doi.org/10.1146/annurev.mi.41.100187.002551
https://doi.org/10.1146/annurev.mi.41.100187.002551
https://doi.org/10.3389/fmicb.2019.03060
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


31. Farzadegan H, Polis MA, Wolinsky SM, Rinaldo Jr. CR, Sninsky JJ, Kwok S,
et al. Loss of Human Immunodeficiency Virus Type 1 (HIV-I) Antibodies
with Evidence of Viral Infection in Asymptomatic Homosexual Men. Ann
Intern Med (1988) 108(6):785–90. doi:10.7326/0003-4819-108-6-785

32. Hyland P, Coulter W, Abu-Ruman I, Fulton C, O’Neill H, Coyle P, et al.
Asymptomatic Shedding of HSV-1 in Patients Undergoing Oral Surgical
Procedures and Attending for Noninvasive Treatment. Oral Dis (2007) 13(4):
414–8. doi:10.1111/j.1601-0825.2007.01316.x

33. Tang S, Mao Y, Jones RM, Tan Q, Ji JS, Li N, et al. Aerosol Transmission of
SARS-CoV-2? Evidence, Prevention and Control. Environ Int (2020) 144:
106039. doi:10.1016/j.envint.2020.106039

34. Chan K-H, Sridhar S, Zhang RR, Chu H, Fung AY-F, Chan G, et al. Factors
Affecting Stability and Infectivity of SARS-CoV-2. J Hosp Infect (2020)
106(2):226–31. doi:10.1016/j.jhin.2020.07.009

35. Tang JW, Bahnfleth WP, Bluyssen PM, Buonanno G, Jimenez JL, Kurnitski J,
et al. Dismantling Myths on the Airborne Transmission of Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2). J Hosp Infect (2021)
110:89–96. doi:10.1016/j.jhin.2020.12.022

36. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A,
Williamson BN, et al. Aerosol and Surface Stability of SARS-CoV-2 as
Compared with SARS-CoV-1. N Engl J Med (2020) 382(16):1564–7.
doi:10.1056/nejmc2004973

37. Fears AC, Klimstra WB, Duprex P, Hartman A, Weaver SC, Plante KC, et al.
Comparative Dynamic Aerosol Efficiencies of Three Emergent Coronaviruses
and the Unusual Persistence of SARS-CoV-2 in Aerosol Suspensions. Cold
Spring Harbor, NY: medRxiv [Preprint] (2020).

38. Alonso C, Goede DP, Morrison RB, Davies PR, Rovira A, Marthaler DG, et al.
Evidence of Infectivity of Airborne Porcine Epidemic Diarrhea Virus and
Detection of Airborne Viral RNA at Long Distances from Infected Herds. Vet
Res (2014) 45:73. doi:10.1186/s13567-014-0073-z

39. Tellier R, Li Y, Cowling BJ, and Tang JW. Recognition of Aerosol
Transmission of Infectious Agents: a Commentary. BMC Infect Dis (2019)
19(1):101. doi:10.1186/s12879-019-3707-y

40. Denman AM. Principles of Clinical Immunology. Practitioner (1982)
226(1374):1993–2007.

41. Lentz AK, and Feezor RJ. Principles of Immunology. Nutr Clin Pract (2003)
18(6):451–60. doi:10.1177/0115426503018006451

42. Mohamed H, Esposito RA, Kutzler MA, Wigdahl B, Krebs FC, and Miller V.
Nonthermal Plasma as Part of a Novel Strategy for Vaccination. Plasma
Process Polym (2020) 17:e2000051. doi:10.1002/ppap.202000051

43. Herzog RW, and Ostrov DA. A Decorated Virus Cannot Hide. Science (2012)
338(6108):748–9. doi:10.1126/science.1230342

44. Agol VI. Cytopathic Effects: Virus-Modulated Manifestations of Innate
Immunity? Trends Microbiol (2012) 20(12):570–6. doi:10.1016/j.tim.2012.
09.003

45. Alcami A, and Koszinowski UH. Viral Mechanisms of Immune Evasion.
Trends Microbiol (2000) 8(9):410–8. doi:10.1016/s0966-842x(00)01830-8

46. Iwasaki M, Saito J, Zhao H, Sakamoto A, Hirota K, and Ma D. Inflammation
Triggered by SARS-CoV-2 and ACE2 Augment Drives Multiple Organ
Failure of Severe COVID-19: Molecular Mechanisms and Implications.
Inflammation (2021) 44(1):13–34. doi:10.1007/s10753-020-01337-3

47. Mayer BK, Yang Y, Gerrity DW, and Abbaszadegan M. The Impact of Capsid
Proteins on Virus Removal and Inactivation during Water Treatment Processes.
Microbiol Insights (2015) 8(Suppl 2):15–28. doi:10.4137/MBI.S31441

48. Dietz L, Horve PF, Coil DA, Fretz M, Eisen JA, and Wymelenberg KVD. Novel
Coronavirus (COVID-19) Pandemic: Built Environment Considerations to
Reduce Transmission. mSystems (2019) 5(2):e00245–20.2020

49. Pan M, Lednicky JA, and Wu CY. Collection, Particle Sizing and Detection of
AirborneViruses. J ApplMicrobiol (2019) 127(6):1596–611. doi:10.1111/jam.14278

50. Viscusi DJ, Bergman MS, Eimer BC, and Shaffer RE. Evaluation of Five
Decontamination Methods for Filtering Facepiece Respirators. Ann Occup
Hyg (2009) 53(8):815–27. doi:10.1093/annhyg/mep070

51. Nardell EA, and Nathavitharana RR. Airborne Spread of SARS-CoV-2 and a
Potential Role for Air Disinfection. JAMA (2020) 324(2):141–2. doi:10.1001/
jama.2020.7603

52. Budowsky EI, Bresler SE, Friedman EA, and Zheleznova NV. Principles of
Selective Inactivation of Viral Genome. I. UV-Induced Inactivation of
Influenza Virus. Arch Virol (1981) 68(3-4):239–47. doi:10.1007/bf01314577

53. De Clercq E. Antiviral Drugs in Current Clinical Use. J Clin Virol (2004)
30(2):115–33. doi:10.1016/j.jcv.2004.02.009

54. Leneva IA, Roberts N, Govorkova EA, Goloubeva OG, and Webster RG. The
Neuraminidase Inhibitor GS4104 (Oseltamivir Phosphate) Is Efficacious
against A/Hong Kong/156/97 (H5N1) and A/Hong Kong/1074/99 (H9N2)
Influenza Viruses. Antiviral Res (2000) 48(2):101–15. doi:10.1016/s0166-
3542(00)00123-6

55. Zepp F. Principles of Vaccine Design-Lessons from Nature. Vaccine (2010)
28(Suppl 3):C14–C24. doi:10.1016/j.vaccine.2010.07.020

56. Mocarski ES, Jr., Abenes GB, ManningWC, Sambucetti LC, and Cherrington
JM. Molecular Genetic Analysis of Cytomegalovirus Gene Regulation in
Growth, Persistence and Latency. Curr Top Microbiol Immunol (1990) 154:
47–74. doi:10.1007/978-3-642-74980-3_3

57. Oldstone MBA. Immunotherapy for Virus Infection. Curr Top Microbiol
Immunol (1987) 134:211–29. doi:10.1007/978-3-642-71726-0_9

58. Hadden JW. Immunotherapy of Human Immunodeficiency Virus Infection.
Trends Pharmacol Sci (1991) 12(3):107–11. doi:10.1016/0165-6147(91)90517-v

59. Gaens WV, and Bogaerts A. Kinetic Modelling for an Atmospheric Pressure
Argon Plasma Jet in Humid Air. J Phys D: Appl Phys (2013) 46(27):275201.
doi:10.1088/0022-3727/46/27/275201

60. Reuter S, vonWoedtke T, andWeltmannK-D. The kINPen-A Review on Physics
andChemistry of theAtmospheric Pressure Plasma Jet and itsApplications. J Phys
D: Appl Phys (2018) 51(23):233001. doi:10.1088/1361-6463/aab3ad

61. Hijnen WAM, Beerendonk EF, and Medema GJ. Inactivation Credit of UV
Radiation for Viruses, Bacteria and Protozoan (Oo)cysts in Water: A Review.
Water Res (2006) 40(1):3–22. doi:10.1016/j.watres.2005.10.030

62. de Roda Husman AM, Bijkerk P, Lodder W, van den Berg H, Pribil W, Cabaj
A, et al. Calicivirus Inactivation by Nonionizing (253.7-Nanometer-
Wavelength [UV]) and Ionizing (Gamma) Radiation. Aem (2004) 70(9):
5089–93. doi:10.1128/aem.70.9.5089-5093.2004

63. Park GW, Linden KG, and Sobsey MD. Inactivation of Murine Norovirus,
Feline Calicivirus and Echovirus 12 as Surrogates for Human Norovirus
(NoV) and Coliphage (F+) MS2 by Ultraviolet Light (254 Nm) and the Effect
of Cell Association on UV Inactivation. Lett Appl Microbiol (2011) 52(2):
162–7. doi:10.1111/j.1472-765x.2010.02982.x

64. Thurston-Enriquez JA, Haas CN, Jacangelo J, Riley K, and Gerba CP.
Inactivation of Feline Calicivirus and Adenovirus Type 40 by UV
Radiation. Aem (2003) 69(1):577–82. doi:10.1128/aem.69.1.577-582.2003

65. Barbosa-Cánovas GV, Tapia MS, and Cano MP. Novel Food Processing
Technologies. 1 ed.. Boca Raton, FL: CRC Press (2004).

66. Guerrero-Beltrán JA, and Barbosa-Cánovas GV. Advantages and Limitations
on Processing Foods by UV Light. Food Sci Tech Int (2004) 10(3):137–47.

67. Moldgy A, Aboubakr H, Nayak G, Goyal S, and Bruggeman P. Comparative
Evaluation of the Virucidal Effect of Remote and Direct Cold Air Plasmas with
UV-C. Plasma Process Polym (2020) 17(4):1900234. doi:10.1002/ppap.201900234

68. Ross AIV, Griffiths MW, Mittal GS, and Deeth HC. Combining nonthermal
technologies to control foodborne microorganisms. International journal of food
microbiology. 2003 Dec 31;89(2-3): 125–38. doi:10.1016/S0168-1605(03)00161-2

69. Deeth HC, Datta N, Ross AI, and Dam XT. Advances in Thermal and
Non-Thermal Food Preservation. Ames, Iowa, USA: Blackwell Publishing
(2007). p. 241–69. Pulsed Electric Field Technology: Effect on Milk and
Fruit Juices.

70. Grahl T, and Märkl H. Killing of Microorganisms by Pulsed Electric fields.
Appl Microbiol Biotechnol (1996) 45:148–57. doi:10.1007/s002530050663

71. Sale AJH, and Hamilton WA. Effects of High Electric fields on Micro-
organisms. Biochim Biophys Acta (Bba) - Biomembranes (1968) 163(1):37–43.
doi:10.1016/0005-2736(68)90030-8

72. Tewari G, and Juneja VK. Advances in thermal and Non-thermal Food
Preservation. Ames, IA: Blackwell Publishing (2007). p. 1–281.

73. Khadre MA, and Yousef AE. Susceptibility of Human Rotavirus to Ozone,
High Pressure, and Pulsed Electric Field. J Food Prot (2002) 65(9):1441–6.
doi:10.4315/0362-028x-65.9.1441

74. Mizuno A, Inoue T, Yamaguchi S, Sakamoto KI, Saeki T, Matsumoto Y, et al.
Conference Record of the 1990. IEEE Industry Applications Society Annual
Meeting (1990). p. 713–9. Inactivation of VirusesUsing PulsedHigh Electric Field.

75. Todd ECD. Encyclopedia of Food Safety. Elsevier (2014). p. 221–42. doi:10.
1016/b978-0-12-378612-8.00071-8 Foodborne Diseases: Overview of
Biological Hazards and Foodborne Diseases.

Frontiers in Physics | www.frontiersin.org June 2021 | Volume 9 | Article 68311820

Mohamed et al. Non-Thermal Plasma Against Viruses

https://doi.org/10.7326/0003-4819-108-6-785
https://doi.org/10.1111/j.1601-0825.2007.01316.x
https://doi.org/10.1016/j.envint.2020.106039
https://doi.org/10.1016/j.jhin.2020.07.009
https://doi.org/10.1016/j.jhin.2020.12.022
https://doi.org/10.1056/nejmc2004973
https://doi.org/10.1186/s13567-014-0073-z
https://doi.org/10.1186/s12879-019-3707-y
https://doi.org/10.1177/0115426503018006451
https://doi.org/10.1002/ppap.202000051
https://doi.org/10.1126/science.1230342
https://doi.org/10.1016/j.tim.2012.09.003
https://doi.org/10.1016/j.tim.2012.09.003
https://doi.org/10.1016/s0966-842x(00)01830-8
https://doi.org/10.1007/s10753-020-01337-3
https://doi.org/10.4137/MBI.S31441
https://doi.org/10.1111/jam.14278
https://doi.org/10.1093/annhyg/mep070
https://doi.org/10.1001/jama.2020.7603
https://doi.org/10.1001/jama.2020.7603
https://doi.org/10.1007/bf01314577
https://doi.org/10.1016/j.jcv.2004.02.009
https://doi.org/10.1016/s0166-3542(00)00123-6
https://doi.org/10.1016/s0166-3542(00)00123-6
https://doi.org/10.1016/j.vaccine.2010.07.020
https://doi.org/10.1007/978-3-642-74980-3_3
https://doi.org/10.1007/978-3-642-71726-0_9
https://doi.org/10.1016/0165-6147(91)90517-v
https://doi.org/10.1088/0022-3727/46/27/275201
https://doi.org/10.1088/1361-6463/aab3ad
https://doi.org/10.1016/j.watres.2005.10.030
https://doi.org/10.1128/aem.70.9.5089-5093.2004
https://doi.org/10.1111/j.1472-765x.2010.02982.x
https://doi.org/10.1128/aem.69.1.577-582.2003
https://doi.org/10.1002/ppap.201900234
https://doi.org/10.1016/S0168-1605(03)00161-2
https://doi.org/10.1007/s002530050663
https://doi.org/10.1016/0005-2736(68)90030-8
https://doi.org/10.4315/0362-028x-65.9.1441
https://doi.org/10.1016/b978-0-12-378612-8.00071-8
https://doi.org/10.1016/b978-0-12-378612-8.00071-8
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


76. Barbosa Cánovas GV, Pothakamury UR, Palou E, and Swason BG.
Nonthermal Preservation of Foods. New York: Marcel Dekker (1997). p. 276.

77. Govaris A, and Pexara A. Inactivation of Foodborne Viruses by High-Pressure
Processing (HPP). Foods (2021) 10(2):215. doi:10.3390/foods10020215

78. Pereira RN, and Vicente AA. Environmental Impact of Novel thermal and
Non-thermal Technologies in Food Processing. Food Res Int (2010) 43(7):
1936–43. doi:10.1016/j.foodres.2009.09.013

79. Resurreccion AVA, Galvez FCF, Fletcher SM, and Misra SK. Consumer
Attitudes toward Irradiated Food: Results of a New Study. J Food Prot (1995)
58(2):193–6. doi:10.4315/0362-028x-58.2.193

80. Hirneisen KA, Black EP, Cascarino JL, Fino VR, Hoover DG, and Kniel KE.
Viral Inactivation in Foods: A Review of Traditional and Novel Food-
Processing Technologies. Compr Rev Food Sci Food Saf (2010) 9(1):3–20.
doi:10.1111/j.1541-4337.2009.00092.x

81. World Health Organization (W.H.O). Surface Decontamination of Fruits and
Vegetables Eaten Raw : A Review (1998). [cited 2021.; Available from: https://
apps.who.int/iris/handle/10665/64435.

82. Ramos B, Miller FA, Brandão TRS, Teixeira P, and Silva CLM. Fresh Fruits
and Vegetables-An Overview on Applied Methodologies to Improve its
Quality and Safety. Innovative Food Sci Emerging Tech (2013) 20:1–15.
doi:10.1016/j.ifset.2013.07.002

83. Ölmez H, and Kretzschmar U. Potential Alternative DisinfectionMethods for
Organic Fresh-Cut Industry for Minimizing Water Consumption and
Environmental Impact. LWT - Food Sci Tech (2009) 42(3):686–93. doi:10.
1016/j.lwt.2008.08.001
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