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Cold Plasma in Medicine and
Healthcare: The New Frontier in Low
Temperature Plasma Applications
Mounir Laroussi*

Electrical and Computer Engineering Department, Old Dominion University, Norfolk, VA, United States

Low temperature plasmas that can be generated at atmospheric pressure and at

temperatures below 40◦C have in the past couple of decades opened up a new

frontier in plasma applications: biomedical applications. These plasma sources produce

agents, such as reactive species (radicals and non-radicals), charged particles, photons,

and electric fields, which have impactful biological effects. Investigators have been

busy elucidating the physical and biochemical mechanisms whereby low temperature

plasma affects biological cells on macroscopic and microscopic scales. A thorough

understanding of these mechanisms is bound to lead to the development of novel

plasma-based medical therapies. This mini review introduces the reader to this exciting

multidisciplinary field of research.

Keywords: plasma discharge, cold plasma, plasma jet, plasma medicine, cells, tissues, bacteria, cancer

INTRODUCTION

Plasma medicine is about using low temperature atmospheric pressure plasmas to generate
controllable amounts of specific chemically reactive species that are transported to react with
biological targets including cells and tissues. The remarkable achievement of this plasma
application is that it took only about 25 years to take it from initial discovery, to fundamental
scientific investigation stage, and finally to applications on actual patients. How did this happen in
a relatively short time? A brief answer to this question is that although the field started in a rather
modest and unexpected way, it did not take long for the plasma physics community to realize its
great potential and its revolutionary promise. This was accentuated by the recruitment of health
science experts (biochemists, microbiologists, etc.) who joined the various research endeavors and
greatly advanced the ongoing research. Up until the present the mechanisms of action of plasma on
cells and tissues are still not fully understood but the body of knowledge has been steadily growing
and our understanding has expanded significantly to include a relatively good grasp on the physical
and biochemical pathways whereby plasma impacts biological matter.

The field started in the mid-1990s by few proof of principle experiments which showed that
low temperature plasma (LTP) possesses efficient bactericidal property [1–5]. It was realized from
the very beginning that the reactive species generated by LTP, which include reactive oxygen species
(ROS) and reactive nitrogen species (RNS) played a pivotal role in the observed biological outcomes
[1, 6]. It also became quickly apparent that LTP can not only be used to inactivate pathogens, such
as bacteria, on abiotic surfaces but it can also be used to disinfect biological tissues and therefore
can be employed for wound healing. In due time these early bold ideas, backed by some preliminary
experimental data, resonated strongly within the LTP research community, which by then (around
2005) realized what these new, promising but not fully explored applications meant and joined
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this emerging research field in droves. Consequently, advances
and new milestones were reached at relatively “break neck”
speed, and by the beginning of the second decade of the 2000s
clinical trials on chronic wounds were conducted with some
success [7]. In addition small doses of LTP were found to
selectively kill cancer cells without harming healthy ones. This
opened up another research avenue sometimes referred to as
“plasma oncology.” Investigators from research labs around the
world reported promising in vitro and in vivo results on the
killing of various cancer cell lines (see review [8] and references
therein). The cell lines included those associated with leukemia,
carcinoma, breast cancer, brain cancer, prostate cancer, colorectal
cancer, etc. [8]. In addition, more recently, cold plasma was used
in Germany in limited preliminary trials as a palliative therapy for
head and neck cancer patients [9]. The above described various
efforts finally culminated in the US Food & Drug Administration
(FDA) approval of the first clinical trials in the USA in 2019. This
constitutes yet another major milestone for the efforts to develop
novel LTP-based cancer therapies.

In this mini review, descriptions of LTP sources used in
plasma medicine is first given, then some major medical
applications are briefly described.

COLD ATMOSPHERIC PRESSURE
PLASMA SOURCES

Two types of plasma discharges have been used extensively in
biomedical applications: The dielectric barrier discharge (DBD)
and the non-equilibrium atmospheric pressure plasma jet (N-
APPJ). Figure 1 illustrates two photographs showing a DBD
ignited in argon gas (left photo) and the plasma plume emanating
from a N-APPJ operated with helium (right photo).

Dielectric Barrier Discharge (DBD)
Dielectric Barrier Discharges are ideal for the generation of large
volume non-equilibrium atmospheric pressure diffuse plasma.
Extensive investigations allowed for a good understanding and
improvement of their operation [10–23]. DBDs use a dielectric
material, such as glass or alumina, to cover at least one of the
electrodes. The electrodes are driven by high AC voltages in
the kV range and at frequencies in the kHz. Plasmas generated
by DBDs have been used for ozone generation, for material

FIGURE 1 | Two sources of low temperature atmospheric pressure plasma: Dielectric Barrier Discharge in argon driven by repetitive short duration (ns - µs) high

voltage pulses (a); A micro-jet using helium as operating gas, generating a cold plasma plume about 2.5 cm in length (b).

surface modification, as flow control actuators, etc. DBDs most
recent domain of application has been in biomedicine after
their successful early use in the mid-1990s to inactivate bacteria
[1]. Today they are used in various biomedical applications
including wound healing and the destruction of cancer cells and
tumors [24–27].

Sinusoidal voltages with amplitudes in the kV range and
frequencies of few the kHz were originally used to power DBDs.
However, since the early 2000s it was found that repetitive high
voltage short pulses (ns - µs) offered a more efficient way to
enhance the chemistry of such discharges [28–30]. DBDs are
able to maintain the non-equilibrium state of the plasma due
surface charge accumulation on the dielectric surface as soon
as a discharge is ignited. This creates an electrical potential
that counteracts the externally applied voltage and results in a
self-limited pulsed current waveform.

The electron energy distribution function (EEDF)
defines/controls the chemistry in the plasma. Short repetitive
high voltage pulses allow for preferential heating of the electrons
population and therefore an increase of ionization and excitation
[29]. Pulses with widths less than the characteristic time
of the onset of the glow-to-arc transition maintain stable
non-equilibrium low temperature plasma [29, 30].

To extend the operating frequency range below the kHz few
methods were proposed. For example, Okazaki and co-workers
used a dielectric wire mesh electrode to generate a discharge at
a frequency of 50Hz [16]. Laroussi and co-workers used a high
resistivity layer/film to cover one of the electrodes in a device
they referred to as the Resistive Barrier Discharge (RBD) [31].
The RBD can be operated with low frequencies extending all
the way to DC. The film barrier usually has a resistivity of few
M�.cm. The high resistivity film plays the role of a distributed
resistive ballast which inhibits the discharge from localizing and
the current from reaching high values.

Non-equilibrium Atmospheric Pressure
Plasma Jets (N-APPJ)
Although plasma jets were previously employed for material
processing applications [32, 33] biotolerant plasma jets developed
specifically for plasma medicine have been in use only since
the mid-2000s [34, 35]. These jets can emit low temperature
plasma plumes in the surrounding air. Because they canmaintain
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temperatures below 40◦C, they can come in touch with soft
matter, including biological tissues, without causing thermal
damage. These plasma sources proved to be very useful for
various applications including biomedical applications [26, 34,
35]. Because the plasma propagates away from the high voltage
electrodes and into a region free from high voltage the plasma
does not cause electrical shock/damage to the target cells or
tissues. However, the plasma plume does exhibit a very high
instantaneous and local electric field at its tip. This field plays a
role in the propagation of the plasma plume and can also affect
the treated target.

Investigators discovered that the plasma plumes generated
by N-APPJs are not continuous volumes of plasma but discrete
plasma packets/bullets propagating at high velocities, up to
105 m/s [36, 37]. The mechanisms governing the generation
and propagation of these plasma bullets were reported by
both experimental and modeling investigations [38–49]. A
photoionization model was proposed by Lu and Laroussi who
first investigated the dynamics of the plasma bullet [37]. Further
investigations also showed that the high electrical field at the head
of the plume plays a role in the propagation process. The average
strength of this electric field was experimentally measured to be
in the 10–30 kV/cm range [50–52].

The low temperature plasma sources described above produce
chemically reactive species including reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which are known
from redox biology to play important biological roles [53].
Other agents generated by these plasma sources are also
suspected to play active roles in biological applications. These
include charges particles (electrons and ions), UV and VUV
radiation, and electric fields. For example the electric field can
cause electroporation of cell membranes, allowing molecules
(including ROS and RNS) to enter the cells and cause damage
to the cell’s internal organelles (including mitochondria) and
macromolecules such as lipids, proteins, and DNA. To learn
more about the physics and design of LTP sources the reader is
referred to the following references [23, 27, 54–57].

APPLICATIONS OF COLD PLASMA IN
BIOLOGY AND MEDICINE

The early groundbreaking experiments using low temperature
atmospheric pressure plasma for biomedical applications were
conducted in a decade spanning from 1995 to 2004 [1–6, 58–
60]. The earliest experiments involved the use of dielectric
barrier discharge to inactivate bacteria on surfaces and in liquids
[1, 58] and to generate pulsed plasma in saline solutions for
surgical applications [61, 62]. Works on using cold plasma
for the disinfection of wounds, enhancement of proliferation
of fibroblasts, and cell detachment soon followed [25, 59, 60].
Eventually these seminal works attracted the interest of the
low temperature plasma research community and the field
witnessed a substantial growth in the years following 2005 and
until the present. Applications in wound healing, dentistry,
cancer treatment, etc. have since then been pursued in various
laboratories and research centers around the world leading to a

remarkable increase in the number of journal manuscripts on the
topic and to the publication of several books [63–66].

The ability of cold atmospheric plasma to inactivate bacteria
recently gained more relevance because modern society has been
facing several serious healthcare challenges. Amongst these are:
(1) Antibiotic resistant strains of bacteria such as Methicillin
Resistant Staphylococcus aureus (MRSA) and Clostridium
difficile (C-diff) are sources of hospital acquired infection
(HAI), which can be fatal to patients with a compromised
immune system; (2) Chronic wounds, such as diabetic ulcers,
do not heal easily or at all, and one of the problems is the
high level of infection caused by a spectrum of bacteria. The
inability of conventional methods to satisfactorily deal with these
problems necessitated the need for novel approaches based on
new technologies. Cold atmospheric plasma has been shown
to effectively inactivate bacteria such as MRSA and to greatly
reduce the bioburden in infected chronic wounds, making it a
very attractive technology that can be used to help overcome
the challenges listed above. In 2010, the first clinical trials on
the treatment of chronic wounds with cold atmospheric plasma
took place and yielded encouraging results [7]. Today there are
several plasma devices on the market which have been licensed
as medical instruments and which can be used in medicine,
including the treatment of various dermatological diseases.

LTP can be applied in two different ways. The first is what
is referred to as “direct” exposure. In this mode of application
the plasma comes in direct contact with the biological target and
therefore all plasma-produced agents act on the cells/tissues. The
second mode is what is referred to as “indirect” exposure. In this
case only the afterglow of the plasma is used or the plasma is
first used to activate a liquid medium then the plasma-activated
liquid is applied on top of cells/tissues. One of the advantages of
the latter is that the plasma activated liquid (PAL) can be stored
and used at a later time, giving a degree of flexibility that direct
exposure does not offer.

Direct Exposure
As mentioned earlier under direct exposure the biological target
is subjected to all plasma agents including charged particles,
photons, electric field, and reactive species. These agents act alone
and/or in synergy to produce certain biological outcomes. In the
case of bacteria inactivation, all the above agents were reported to
play a role. Lysing of vegetative cells as well spores were reported
after direct exposure to LTP, but cell death without lysis was
reported as well for gram-positive bacteria [67, 68].

The inactivation of bacteria by LTP has several applications
ranging from sterilization of heat sensitive medical tools, to
the destruction of biofilms, to disinfection of wounds, to
decontamination of liquids, food, and agricultural products.

Direct exposure has also been used in a non-lethal way to affect
eukaryotic cell functions, by modulating cell signaling pathways
[69], and in a lethal way for the destruction of cancer cells and
tumors [70–74]. Experiments using various cell lines have been
reported which showed that under a certain exposure dose LTP
can kill cancer cells in a selective manner [70–74]. Investigators
reported that LTP exposure leads to an increase in intracellular
ROS concentrations. Since cancer cells are under high oxidative
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stress, the increase in ROS leads to severe redox imbalance,
which can lead to one or more of the following: DNA damage,
mitochondrial dysfunction, caspase activation, advanced state of
oxidation of proteins, etc. Such acute stress ultimately leads to
cancer cells death.

Indirect Exposure
In this section we limit the discussion to the case of plasma
activated liquids (PAL). In this mode of exposure only long lived
chemical species that diffuse and solvate into the aqueous state
play a role. This eliminates the effects of photons, electric field,
short lived species, and heat. Liquids that have been used include
water to make plasma activated water (PAW) and biological
culture media to make plasma activated media (PAM). The
following discussion focuses on the use of PAM to destroy
cancer cells. Over the past few years investigators have reported
encouraging results on the use of PAM in vitro and in vivo
to kill cancer cells and reduce tumors [75–81]. The anticancer
characteristic of PAMhas been attributed to the long lived species
produced in the liquid phase after LTP exposure. These species
include hydrogen peroxide, H2O2, nitrite, NO

−
2 , nitrate, NO

−
3 ,

peroxynitrite, ONOO−, and organic radicals.
The making of PAM involves the exposure of a liquid medium

to an LTP source, most frequently the plasma plume of a plasma
jet, for a certain length of time. Media used include Eagle’s
Minimum Essential Medium (EMEM), Dulbecco’s Modified
Eagle Medium (DMEM), Ringer’s Lactate solution (RL), Roswell
Park Memorial Institute medium (RPMI), with additives such as
serum (e.g., bovine serum), glutamine, and antibiotics (e.g., mix
of Penicillin/Streptomycin). As an example of producing PAM,
a 24-well plate can be used where a few ml of fresh cell culture
media is added to each well. Each well can be treated by LTP
for a certain length of time, this way producing different PAMs
with different “strengths.” To illustrate the effects of PAM on
cancer cells the following work done at the author’s laboratory
is summarized [81].

In this experiment, to make PAM, 1ml of fresh cell culture
media (MEM) was added to each well of a 24 well plate. Each well
was exposed to the plume of the plasma pencil (a pulsed plasma
jet) for a designated time. After exposure, the media on top of
cells grown in a 96-well plate was replaced by 100 µl of PAM.
After PAM application, cells were stored at 37◦C in a humidified
incubator with 5% CO2. Media not exposed by LTP was used
for the control sample. The cancer cell line used was SCaBER
(ATCC R© HTB3TM) cell line from a urinary bladder tissue with
squamous cell carcinoma. Cell viability was quantified at different
times of incubations using The CellTiter 96 R© AQueous One
Solution Cell Proliferation Assay (MTS) (Promega, Madison, MI,
USA). To quantify the MTS assay results trypan blue exclusion
assay was used [81]. Figure 2 shows the results.

As can be seen in Figure 2, PAM that was created by longer
LTP treatment times causes a greater cell kill. PAM created
with an exposure time greater than 3min induces more than
90% cell reduction. However, for the 2min case, over time the
proliferation of live cells overtakes the destruction of cells and
therefore an increase in viability at 24 and 48 h was observed. To
investigate the role of the reactive species in the killing of SCaBER

FIGURE 2 | Viability of SCaBER cells after PAM treatment, using MTS assay.

Exposure time indicates the time the liquid media was exposed to plasma to

make PAM. Measurements were made after 12, 24, and 48 h of PAM

application. Data is based on three independent experiments using two

replications each. This figure is plotted based on data previously published in

Mohades et al. [81].

cells measurements of hydrogen peroxide, H2O2, produced in
PAM were made. It was found that the concentration of H2O2 in
PAM increased with exposure time and correlated well with the
reduction in cell viability of SCaBER [81]. This was in agreement
with works of various investigators which have shown the key
role H2O2 plays in the anticancer efficacy of PAM. Recently
Bauer proposed the hypothesis that H2O2 and nitrite lead to
the generation of singlet oxygen (1O2) which causes inactivation
of catalase [82]. Catalase, which is normally expressed on the
membrane of cancer cells, protects them from intercellular ROS/
RNS signaling. With enough inactivation of catalase an influx
of H2O2 via aquaporin occurs. Therefore the inactivation of
the protective catalase causes ROS mediated signals that lead to
apoptosis of malignant cells. Since healthy cells do not express
catalase on their surface they are subject to an influx of ROS such
as H2O2 or peroxynitrite. So if they are exposed to very high ROS
concentrations they also can be damaged. Therefore, the applied
dose of ROS/RNS has to be below a certain threshold to achieve
selective killing of cancer cells.

CONCLUSION

The application of low temperature atmospheric pressure
plasma in biomedicine opened up new frontiers in science and
technology. On a scientific level, new fundamental knowledge
(albeit still incomplete) regarding the interaction of plasma
with soft matter has been created. Before the mid-1990s
basic scientific understanding of the physical and biochemical
effects of plasma on cells and tissues was simply missing.
Today, 25 years later and after extensive and hectic scientific
investigations, our knowledge has greatly grown and many of
the mechanisms involved have been elucidated on the cellular
and sub-cellular levels. This allowed remarkable advances in the
quest of developing novel plasma-based therapies to overcome
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various healthcare challenges. The recent approval of the US
Food & Drug Administration of clinical trials using plasma
for cancer treatment is a critical milestone and a sign that
low temperature plasma may be on its way to be accepted
as a promising and exciting healthcare technology. To learn
more about the future directions of the field the reader is
referred to references [83, 84]. In addition, low temperature
plasma has obvious merits as a viable technology for space
medicine. As deep-space long-duration space travel becomes a

reality it is crucial to have available adequate methods to meet
medical emergencies in space. In this context plasma offers a
practical “energy-based” and “dry” technology that can replace
perishable drugs.
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Plasma-activated water (PAW) is produced by microhollow cathode discharge (MHCD),

where air is the working gas used. The treatment effect of PAW against Penicillium is

expressed by the germination inhibition rate and the sporoderm-breakage rate. The

maximum values of the germination inhibition rate and the sporoderm-breakage rate

are 82.31 and 66.91%, respectively. In this paper, the importance of the reaction

of HNO2 and H2O2 in Penicillium inactivation is illustrated, which is most likely due

to its product—ONOOH. The effective impact of ONOOH on inactivation beyond its

theoretical lifetime is indirectly reflected by the treatment efficiency, and the complexity

of peroxynitrite chemistry may be responsible for prolonging this effect. Moreover,

according to the difference of concentration magnitude between HNO2 and H2O2, and

the reaction of them under acidic conditions, a method to increase the H2O2 production

is demonstrated, which can contribute to improving the yield of ONOOH.

Keywords: ONOOH, plasma activated-water, Penicillium, sporoderm-breakage rate, water containing

INTRODUCTION

Recently, the demand for food with low preservatives and low processing levels has increased,
and the requirements for food quality have also improved. How to quickly and effectively kill
pathogens on food surfaces without affecting its quality is one a key issue in the field of food
safety and preservation. In order to overcome these problems, plasma-activated water (PAW) is
being rapidly developed. It has an outstanding inactivation ability and can efficiently inactivate
a wide variety of micro-organisms [1–5]. Compared with using the plasma directly, the main
advantage of PAW is its harmlessness. The dangers of the electric field, charged particles, and
thermal damage to tissue can be avoided by the PAW treatment with only reactive species [6]. PAW
that is generated by treating water with plasma differs from the conventional disinfection method,
which uses chemicals, and represents an environmentally friendly and cost-effective bactericide.
Based on the above advantages, PAW has been widely used and has made satisfactory progress in
many fields, especially in the food industry [7, 8].

Air plasma that is generated by dielectric barrier discharge (DBD), gliding arc, or corona
discharge adjacent to water creates an acidic solution that contains hydrogen peroxide (H2O2),
nitrate (NO−

3 ), and nitrite (NO−
2 ) anions, along with other long-lived secondary products [9–14].
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These species may be partly responsible for the extended
biological effects of PAW. Additional effects are exerted by short-
lived reactive species, especially the post-discharge evolution of
these species.·OH, O, HO2, ONOOH, and O2NOOH have been
reported to be present in PAW [15–18]. ONOOH is considered
by many researchers to be of substantial significance in PAW
inactivation. For example, Brisset and Hnatiuc [15] and Brisset
and Pawlat [17] presumed that ONOOH is likely to be an
intermediate in acidic solutions and analyzed its formation
pathway. Lukes et al. [19] provided evidence of the formation
of ONOOH in PAW through a pseudo-second-order post-
discharge reaction of H2O2 and HNO2. However, these studies
are all analytical and do not explain the importance of ONOOH
from an experimental perspective. Theoretically, the lifetime of
ONOOH is very short [20]. In addition, it requires a period
of time after being obtained to be adopted for PAW, which is
at least on the order of seconds. It is unknown whether PAW
remains effective in practical applications beyond the lifetime of
ONOOH, namely, whether the inactivation efficiency is affected
by ONOOH. Very few experiments have been conducted to
investigate this. To resolve this uncertainty, in this study, the
behaviors of ONOOH in the process are analyzed, namely its
biological effects. Furthermore, it was proven in a previous study
that adding water into the working gas can increase the content
of OH radicals in the plasma [21–23] and, subsequently, increase
the yield of H2O2. Is there a way to improve the production of
ONOOH if it does have an important role in the application? To
address the issue, in this paper, air-water microhollow cathode
discharge (MHCD) plasma-jet-activated water is generated for
the study of the treatment efficiency.

Fungi are ubiquitous in nature and closely related to human
life. Most fungi are saprophytic and not pathogenic, and even
play significant roles in various fields. However, a few fungal
species present a threat to agricultural production by causing
diseases such as rice blast, [24] wheat rust, [25], and citrus rot
[26]. Hence, the research on fungi is of substantial importance.
However, in previous studies, attention was rarely paid to the
effects of PAW against fungi. Furthermore, the treatment effect
of fungi is reflected by the germination inhibition rate, which
is a typical parameter for an evaluation method that is used in
biology [27]. Hence, the fungi do not germinate for a period
of time. This does not mean that they are actually inactivated
and can no longer germinate, but just that they are inhibited,
and these spores may continue to germinate during the extended
incubation time. Thus, the germination inhibition rate is not
equal to the inactivation rate. Then, how many fungi have
actually been inactivated? And is it possible to conduct a more
in-depth investigation? In this study, the treatment effect of
PAW on Penicillium, which is used to represent typical fungi,
is investigated more thoroughly, thereby resulting in sufficient
analysis of the relevant mechanisms.

MATERIALS AND METHODS

Penicillium Preparation
The Italicum Sacc, which is a species of Penicillium, was obtained
from the Chinese Academy of Agricultural Sciences Citrus

Research Institute,. The P. digitatum was inoculated using potato
dextrose agar medium and incubated for 5–7 days at 25◦C. Then,
the most viable spores were selected for the treatment, diluted
with sterilized water to 2.0 × 107 per milliliter, and kept in
the refrigerator at 4◦C. For plasma treatment, 3mL of sterilized
water was injected into petri dishes 35mm in diameter, and the
distance from the equipment nozzle to the suspension surface
was ∼4mm. Then, 150 µL of PAW was added to 60 µL of the
spore suspension. It was necessary to vibrate the spore suspension
for 1min to mix it homogeneously prior to treatment. After a
period of time, 600 µL of the medium was added and placed in a
constant-temperature incubator shaker for 16 h to germinate the
spores of P. digitatum. The temperature was set to 25◦C and the
rotating speed was set to 220 r min−1.

Experimental Setup
The experimental setup is schematically illustrated in Figure 1.
Plasma activated water used in this study is generated by treating
water with a microhollow cathode discharge (MHCD) jet device
at atmospheric pressure. The MHCD jet is set above the surface
of the water, which is a common method to produce PAW [4, 8].
The reactor consisted of two metal molybdenum electrodes and
a sapphire insulator, where the cathode and anode were made
of metal molybdenum and had diameters of 15 and 30.5mm,
respectively. The sapphire between two electrodes acted as the
dielectric layer, which was 30.5mm in diameter and 0.6mm
thick. These dimensions were designed to effectively avoid
surface discharge between the two electrodes. All three layers had
a microhole with a diameter of 0.5mm in the center. By adjusting
the coaxial alignment of the three microholes during assembly,
the gas flowed through the micropore and formed the discharge
channel. To ensure the safety of the operator, a clamping device
that was made of Teflon was used to prevent high-voltage shock.
As illustrated in Figure 1, the power supply to the microhollow
cathode discharge device was provided by a negative HVDC
power supply (Xi’an Zhaofu Electronic Company: 0–30 and 2
kW), and its output voltage range was 0 to −30 kV and power
was 2 kW. A 400 k� resistor was connected in series between
the negative high-voltage output of the power supply and the
cathode of the MHCD device, with the objectives of limiting the
current and ensuring the stable operation of the plasma jet. The
gas flow consisted of two parts: the bottle air flow QA, which was
almost dry air, and the humid air flowQW, which was obtained by
passing through the homemade Monteggia bottle that contained
the secondary distilled water. The water content in the working
gas was precisely adjusted by two mass flow controllers (MFCs)
of model Sevenstar D07-7 and could be varied in a well-defined
way (from 2.53 to 9.57mg L−1) by changing the settings of the gas
flowmeters of the two parts. The relationship between water ratio
and water content was evaluated by the Karl Fischer titration
method. The main advantage of the gas-liquid mixing method
that is used in this experiment was that the particles of water
vapor in the obtained working gas were sufficiently small for
distributing equably in the gas flow to realize a stable condition.
The pure bottle air that was used in this study was provided by
Wangmiao Industrial Trading Company in Chongqing, and its
water content was <1 ppm.
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FIGURE 1 | Schematic diagram of the experimental setup.

Measurement Methods
To identify the gas-phase active components that were produced
by the MHCD jet, FTIR spectroscopy in the spectral range from
400 to 4,000 cm−1 was used, which was conducted in a poly tetra
fluoro ethylene (PTFE) cell using a Nicolet iS50 with a spectral
resolution of 2 cm−1. The cell consisted of two KBr windows,
each with a diameter of 4 cm, which were positioned at each end
of the tube, while the gas inlet and outlet were fixed sideways
along its length of 10 cm. A vacuum pump was used to evacuate
the gas-phase product from the cell to obtain a more accurate
result. Furthermore, the ultraviolet-visible spectrophotometer
(Beijing BeiFen RayLeigh Company, UV 2200) was adopted to
measure the active species in PAW, such as NO−

2 and NO−
3 .

The measurement was done by placing the PAW in a cuvette
and then placing the cuvette in the spectrophotometer. And the
content of H2O2 that was generated by the air–water MHCD

in the phosphate buffer saline (PBS) buffer was detected via
electrochemical measurement.

RESULTS AND DISCUSSION

Germination Inhibition by
Plasma-Activated Water
In this study, to explore the ability of plasma-activated water
(PAW) to inactivate Penicillium, a series of experiments are
conducted under various parameter conditions and the treatment
efficiency of the air-water MHCD plasma jet is evaluated in
terms of the germination inhibition rate of the spores, which is
calculated via Equation 1. In this formula, Sc and St represent
the rates at which spores are germinated in the control group
and the treatment group, respectively, where the germination
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FIGURE 2 | Spore germination of Penicillium (at a magnification of 400 times). (a) The control group, (b) after PAW treatment, and (c) spores that grew into hyphae

after prolonged cultivation.

rate is obtained by dividing the number of germinated spores
by the total number in each group. The main advantage of
this approach is that is excludes some of the spores that
are not originally germinated. During the experiment, we are
surprised to find that the total number of spores in the treated
group is significantly reduced compared with the control group
under various conditions. For example, as shown in Figure 2,
which presents the spore germination figure of Penicillium at
the applied voltage of −6 kV and treatment time of 9min,
the total number of spores decreases to 106 in the treatment
group (Figure 2b) compared with 350 in the control group
(Figure 2a). When preparing the solution, its concentration in
the experimental group is the same as that in the control group;
hence, the numbers of spores should be approximately equal.
However, now there is a large difference in the total number of
spores, which could be related to sporoderm breakage caused
by PAW. Then, the commonly used method for calculating the
germination inhibition rate (Equation 1) is no longer applicable.
Since the number of broken spores is not known, we use the total
number of spores in the control group as that of the experimental
group to reduce the error. Therefore, Equation 2 is adopted.
It expresses that, based on Equation 1, the total number of
spores in the experimental group is equal to that in the control
group, in which the inhibition effect of PAW on the spores can
be identified.

Equation 1:

Spore germination inhibition (%) =
Sc − St
Sc

× 100

where Sc and St are the rates of spore germination in the control
group and the treatment group, respectively.

Equation 2:

Spore germination inhibition (%) =
Nc −Nt

Nc
× 100

where Nc and Nt are the numbers of spores that were germinated
in the control group and the treatment group, respectively.

In this experiment, the cultivation time is set to 16 h. Within
a limited time, it is easy to distinguish the germinated and

the ungerminated spores; however, it is difficult to distinguish
the spores after long-term cultivation. Since some spores grew
into hyphae and intertwined with each other after prolonged
cultivation, those fungi are impossible to recognize under a
microscopic view. In the red circle in Figure 2c, we cannot
determine whether there is one bifurcated spore or two
intertwined spores. Hence, via experiments, we selected 16 h as
the cultivation time.

In the experiment, it is demonstrated that the inhibition
efficiency is strongly affected by the applied voltage, processing
time, and storage time. Treatment time, response time, and
storage time, respectively, refers to the treatment of water by
the jet, the treatment of fungi spores solution by PAW, and the
period of time after being obtained to be adopted for PAW.
First, the change laws of the germination inhibition rate of PAW
with the applied voltage and the treatment time are investigated
when the response time is set at 10min, the water content
is 9.57mg L−1, and the storage time is 5min, as plotted in
Figure 3. From the result, we find that the inhibition efficiency
increases with the increase of the applied voltage, namely, the
plasma-activated water at a high voltage is favorable for inhibiting
Penicillium. When the treatment time is 3min and the applied
voltage is −3 kV, the corresponding germination inhibition
rate is 41.40%. Then, the inhibition rate increases to 72.91%
as the voltage is increased to −6 kV. This behavior is also
suitable for other treatment times. Figure 3 shows the change
in the inhibition rate with the treatment time. According to
Figure 3, the inhibition efficiency increases with the treatment
time when the other conditions remain unchanged. For example,
under the −6 kV condition, when the treatment time is
set at 3min, the inhibition efficiency of the plasma-activated
water against Penicillium is 72.91%. When the treatment time
increases to 9min, the corresponding germination inhibition
rate increases to 82.31%. This behavior is similar to that
under other voltage conditions. Thus, increasing the applied
voltage or treatment time improves the inhibition efficiency
of PAW.

Figure 4 plots the change curves of the inhibition efficiency
under various response times when the treatment time is 6min,
storage time is 5min, and the water content is 9.57mg L−1. The
reaction time is measured from the addition of PAW into the
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FIGURE 3 | Changes in the inhibition efficiency with the treatment time at

various voltages when the water content is 9.57mg L−1, the response time is

10min, and the storage time is 5min.

Penicillium suspension to the addition of a large amount of the
medium to the mixture (to prevent PAW from continuing to
act on Penicillium) [14]. The results prove that the germination
inhibition rate against Penicillium increases substantially when
the response time increases from 5 to 15min. Figure 5 plots the
variation of the germination inhibition efficiency with the storage
time. The germination inhibition rate significantly decreases with
the increase in the delay time. The PAW that has been stored for
24 h remains effective for the treatment of Penicillium; however,
its efficiency is reduced ∼2 times. For example, in the case of
−3 kV voltage and 9.57mg L−1 water content, when the storage
time is set to 0min, the germination inhibition rate is 63.52%,
and it decreases to 33.11% as the storage time increases to 24 h.
The behavior at the −6 kV condition is similar. Among all the
experimental conditions, the germination inhibition rate attains
its highest value of 82.31% at −6 kV applied voltage when
the treatment time and water content are 9min and 9.57mg
L−1, respectively. Moreover, according to Figure 5, there was
no significant difference in inhibition efficiency within the first
15min. The fastest relative reduction occurs in the time range
from 15 to 30min. Hence, the active species that are generated
in the liquid are sufficiently stable to continue acting within
a limited time, while the inhibition efficiency of the liquids
decreases substantially upon a longer delay.

Measurements of the
Sporoderm-Breakage Rate
The total number of spores rapidly decreases, as shown in
Figure 2. Hence, the sporoderms of some spores are directly
broken with the application of PAW. The strong inactivation
effect of PAW is also observed here. The spores that are broken
are inactivated and no longer germinate. If we can quantify the
proportion of spores that are broken, it will be useful for studying
the properties of PAW. Hence, the sporoderm-breakage rate is

FIGURE 4 | Changes in the germination inhibition efficiency with the response

time when the treatment time is 6min, the storage time is 5min, and the water

content is 9.57mg L−1.

FIGURE 5 | Changes in the germination inhibition efficiency with the storage

time in the case of 6min treatment time, 9.57mg L−1 water content, and

10min response time.

measured. DNA is present in cells, and each spore contains
DNA. If the sporoderm is broken, the DNA spills out of the
cell and is destroyed; hence, the number of spores that remain
in the solution is reflected by the DNA content. DNA, namely,
deoxyribonucleic acid, is similar to other substances, such as
proteins and nitric acid, that have high absorbance at distinct
wavelengths. Therefore, it can be measured by a spectrometer.
The method is described as follows: Destruction of the cytoderm
is a prerequisite for DNA extraction [28]. Therefore, we apply the
method of grinding with liquid nitrogen to destroy the cytoderm.
To prevent insufficient milling, lywallzyme (Beijing TianGen
Company, RT410) is added to further degrade the sample. After
that, a mixture of various substances is obtained, which mainly
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FIGURE 6 | Variations of the germination inhibition rate and

sporoderm-breakage rate with the treatment time under 9.57mg L−1 water

content, −6 kV voltage, 10min response time, and 5min storage time.

include sugars, proteins, and DNA. Then, the Plant Genomic
DNA Kit (Beijing TianGen Company, DP305) is used to perform
targeted extraction of the DNA from themixture, and the content
of DNA is measured via spectrophotometry. In Figure 6, the
variation of the sporoderm-breakage rate with the treatment
time is plotted. As the treatment time increases, the sporoderm-
breakage rate increases. For instance, when the voltage and water
content are fixed at −6 kV and 9.57mg L−1, respectively, the
sporoderm-breakage rate is 50.9% at 3min treatment time, and
when the treatment time is 9min, the corresponding sporoderm-
breakage rate is 66.9%. The results demonstrate that the spores
are completely inactivated due to the sporoderm being broken.

The inactivated Penicillium spores are divided into two parts:
those with a broken sporoderm and those that have been
inactivated but not broken. The latter are still present in PAW
and do not germinate under longer culture. Since other spores
grew into hyphae and entangle with each other after prolonged
cultivation, as shown in Figure 2, we cannot judge those spores
that are inactivated but not broken. Therefore, the consideration
of both the germination inhibition rate and the sporoderm-
breakage rate will be the most comprehensive method for
evaluating the treatment effect of PAW on the fungi.

Detection and Analysis of Products in PAW
To obtain additional insight into the process, liquid analytics are
necessary. Therefore, we use an ultraviolet spectrophotometer to
detect active species in PAW. The existence of both NO−

3 and
NO−

2 is obtained from the UV-VIS spectra, as shown in Figure 7.
A group of 5 peaks in the range of 330–395 nm is a characteristic
profile of NO−

2 [29]. The peak at 302 nm is mainly attributed
to NO−

3 [30]. The measured absorbance values are converted
to absolute concentrations through a standard curve. The
experimental results demonstrate that the concentration of NO−

3
increases whereas that of NO−

2 decreases upon longer exposure
to plasma, where a transformation between them is observed.
As expressed in reactions (1) - (2), the disproportionation of

FIGURE 7 | UV absorbance: (A) NO−
2 and (B) NO−

3 at various voltages and

treatment times.

nitrites in acidic medium and the reaction with OH may be
partly responsible for this result. In addition, the yields of NO−

2
and NO−

3 both increase with the applied voltage. For example,
when the applied voltage and treatment time are set at −4
kV and 9min, respectively, the concentration of NO−

3 is 7.45
mmol/L and that of NO−

2 is 1.92mmol/L. As the voltage increases
to −6 kV, the corresponding concentrations are 10.83 and 2.5
mmol/L. The behaviors of NO−

2 and NO−
3 are consistent with our

results of germination inhibition and indicate that those in the
solutionmay play an important role in the inactivation properties
of PAW.

3NO−
2 +2H+→NO−

3 +2NO·+H2O (1)

·OH +HNO2 → NO·
2 +H2O (2)

According to previous studies, products in PAWmay include O3,
NO−

2 , NO
−
3 , H2O2. However, neither O3 nor H2O2 is detected in

this study.
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To assess these processes comprehensively, liquid analytics
must be combined with plasma diagnostic investigations. Thus,
the gas products of a plasma jet are observed via an FTIR
absorption measurement. The variations of two infrared spectral
regions with the voltage and water content are plotted in
Figure 8, in which the main products are nitrogen oxides such
as NO2, NO, and N2O, without the absorption of O3. The
experimental results demonstrate that the products in the plasma
jet are strongly affected by the applied voltage. For instance,
when the flow rate and water content are set at 2.5 L min−1 and
2.53mg L−1, respectively, the peak value of NO increases with the
applied voltage. The main reason for this is related to reactions
(3)-(5). With respect to NO2, when the water content is fixed
at 2.53mg L−1, as the applied voltage increases from 3 to 6 kV,
its peak value increases, which is mainly due to reactions (6)-(8).
Therefore, combined with reactions (9)-(10), this indicates that
these products, as precursors of the liquid products, contribute
to the changes in HNO2 and HNO3 in PAW. In addition, the
behaviors of the gas products as functions of the voltage are
consistent with our results from the obtained UV spectra. Since
the gaseous products in this system do not include O3, almost
no O3 is detected in the PAW within the detection limit; instead,
products of further reaction of nitrogen oxides are detected. Most
likely, due to the small-hole discharge, inside of which is a small
arc, the local temperature is high, thereby resulting in O3 not
being detected. However, since the gas in the small holes blows
the arc, the arc is cooled; hence, the blowing temperature is not
high. For H2O2, the reaction (11) is widely recognized [31–33].
In the case of excess HNO2, H2O2 is completely reacted, thereby
resulting in its absence from PAW.

N + O2 → NO+ O (3)

O+ NO2 → NO+ O2 (4)

N + NO2 → NO+ NO (5)

O+ NO3 → O2 + NO2 (6)

NO3 +H → OH + NO2 (7)

N2O5 +M → NO2 + NO3 +M (8)

2NO2+H2O→NO−
2 +NO−

3 +2H+ (9)

NO+ OH +M → HNO2 +M (10)

NO−
2 +H2O2 +H+ → O = NOOH +H2O (11)

Significance and Lifetime of ONOOH in
PAW
To determine whether the treatment effect of PAW is realized
only by the mixture of HNO2 and HNO3, we mixed HNO2

and HNO3 solutions in which the two species are in the same
concentration as PAW. We found that the inhibition effect is
non-significant and the germination inhibition rate is only 8.48%.
Furthermore, at concentrations of nearly 102 times the initial
concentrations, an inhibition rate of 60.71% was realized, which
is similar to the treatment effect of PAW. In the case of such a low
germination inhibition rate, the sporoderm-breakage rate must
be much lower. Hence, the combination of HNO2 and HNO3

does not play a central role in the process, and it should not be the

FIGURE 8 | Gas-phase FTIR spectra: (A) NO2, (B) NO of varying voltage.

main factor for sporoderm-breakage of Penicillium. Therefore,
the additional species or products that are generated from the
plasma treatment play an important or synergistic role in the
inhibition properties of PAW.

Considering the reaction of nitrites (HNO2) with hydrogen
peroxide (H2O2) to form peroxynitrous acid (ONOOH) under
acidic conditions, it is speculated that ONOOH plays an
important role in the application of PAW. Due to the overlapping
spectra of HNO3 and ONOOH as isomers, ONOOH cannot be
detected in PAW. However, this does not mean that it is not
present. Thus, we adopt the method of mixing H2O2 and HNO2

to obtain a solution with the same concentrations as in PAW,
and we further investigate the treatment effect of ONOOH. To
conduct the experiment, we determine the amount of H2O2 that
is produced in PAW. In this experiment, the content of H2O2

that is generated by treating phosphate buffer saline (PBS) buffer
using the MHCD is detected via electrochemical measurement.
Under this condition, the reaction between HNO2 and H2O2 is
prevented. Themethod was described in detail in previous papers
[21, 34, 35].

Figure 9 plots the variations of the concentration of H2O2

with the voltage and treatment time when the water content is
9.57mg L−1 and the flow rate is 2.5 L min−1. The experiment
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FIGURE 9 | Effect of the treatment time of the air-water jet on the content of

H2O2 at four applied voltages.

results demonstrate that the concentration of H2O2 that is
produced increases with the applied voltage. For example, when
the treatment time is set at 9min, the concentration of H2O2

ranges from 1.26 µmol L−1 at−3 kV up to 3.08 µmol L−1 at −6
kV. In addition, the H2O2 content that is produced in the PBS
buffer increases with the treatment time. For example, in the case
of an applied voltage of −6 kV and a water content of 9.57mg
L−1, when the jet processing time is 3min, the generated H2O2

concentration is 1.02 µmol L−1. If the processing time increases
to 9min, the corresponding H2O2 concentration is 3.08 µmol
L−1. The behaviors at other applied voltages (−3, −4, and −5
kV) is similar. The variation of H2O2 accords with that of the
germination inhibition rate in the presence of sufficient HNO2,
thereby suggesting that the intermediate products of ONOOH
that are generated by the reaction between H2O2 and HNO2 may
play a synergistic role in this process.

Combined with the results for H2O2 that are presented above,
the relationship between the contents of ·OH radicals and H2O2

is analyzed. H2O2 may be generated via reactions (12-16) when
the voltage is <-4.5 kV, where some of the H2O2 is detected. As
the parameters are increased, more ·OH radicals are produced,
which increases the number of pathways for generating H2O2, as
expressed in reactions (17) and (18).

O+H2O → H +HO2 (12)

O2 +H2O → OH +HO2 (13)

HO2 +HO2 → H2O2 + O2 (14)

HO2 +H2O → H2O2 + OH (15)

H2O+ O2 → H2O2 + O (16)

HO2 + OH → H2O2 + O (17)

·OH + ·OH → H2O2 (18)

FIGURE 10 | Variations of the germination inhibition rate and the

sporoderm-breakage rate with the storage time for a mixed solution.

To further explore whether or not ONOOH plays an important
role in the process, H2O2 is added into the mixture of HNO3 and
HNO2, namely, mixture solutions with the same concentrations
of HNO3, HNO2, and H2O2 as in the PAW that is produced
under −6 kV voltage, 6min treatment time, 10min response
time, and 9.57mg L−1 water content are prepared. Then, these
mixtures are treated with Penicillium. According to Figure 10,

the inhibition effect of the solution is significantly improved and
is close to that of PAW at the corresponding concentrations. The
inhibition effect is∼8 times as strong compared with the solution
to which only HNO3 and HNO2 have been added. This indicates
that in addition to HNO2 and HNO3, the product ONOOH
generated by the reaction of H2O2 and HNO2 is involved, and
it enhances the treatment effect. Due to the strong increase in the
treatment efficiency, the sporoderm-breakage rate is measured
to determine whether it is related to ONOOH. According to
the results, the maximum sporoderm-breakage rate is attained at
47.49%, which is even higher than the germination inhibition rate
under the condition that H2O2 is not added. It is demonstrated
that ONOOH is generated by the reaction of HNO2 and H2O2

under acidic conditions and plays an important role in improving
the germination inhibition rate and the sporoderm-breakage rate.

ONOOH is a transient substance, and its lifetime is very short.
The germination inhibition rate of PAW that has been aged for
24 h is still almost 6 times that of the HNO2 and HNO3 mixture.
Is this caused by ONOOH? And is the high efficiency of PAW
attributable to the important role that is played by ONOOH? To
answer these questions, the variation of the treatment efficiency
with the storage time for the HNO3, HNO2, and H2O2 mixture is
studied. According to Figure 10, although both the sporoderm-
breakage rate and the germination inhibition rate for the mixture
decrease with the increase of the storage time, we find that the
mixture is also effective after being stored for 1,440min and the
magnitude of the reduction with the storage time is∼30%, which
is similar to that of PAW. In addition, the treatment effect of
NO−

2 in an acidic environment is largely intensified by H2O2,
namely, it is proven that ONOOH has a substantial impact on
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FIGURE 11 | Schematic diagram of several chemical reactions that occur in PAW.

inactivation beyond its theoretical lifetime. Since ONOOH and
HNO3 are isomers, it is not possible to detect ONOOH via
UV spectroscopy, Raman spectroscopy, or mass spectroscopy.
However, in this study, we detect the presence of ONOOH.
Moreover, the reason why a transient substance can age for
24 h is analyzed as follows: Approximately 30% of the ONOOH,
which is a short-lived substance, is decomposed into ·OH and
NO−

2 radicals [reaction (19)], while the remainder transforms
to nitric acid, which is immediately followed by dissociation
into NO−

3 and H+ [reaction (20)] [36, 37]. However, due to Le
Chatelier’s principle, in the case of a high HNO3 concentration,
the latter reaction is expected to be significantly weakened.
Hence, ONOOH may be present when the HNO3 concentration
is high. In addition, ONOOH may be present in the cyclic
reaction to prolong its effect in a short period of time, as indicated
in blue in Figure 11. Nevertheless, as time goes on, complex
chemical kinetics are not sufficient to maintain it, and ONOOH
is gradually dissipated, thereby resulting in reduced inactivation
efficiency. Overall, the complexity of the peroxynitrite chemistry
is related to the prolonged treatment phenomena of PAW.

2HNO2→NO·+NO·
2+H2O (19)

ONOOH → HNO3 (20)

ONOOH → NO·
2 + ·OH ∼ 30% (21)

ONOOH → HNO3 → NO−
3 +H+ ∼ 70% (22)

Moreover, although the addition of H2O2 into the mixture of
HNO3 and HNO2 significantly improves the treatment efficiency
against Penicillium, it is not as effective as PAW with the
same concentration, even if it is used immediately after mixing.
Therefore, in addition to ONOOH, other substances are involved
in the cyclic kinetic process and enhance the treatment effect. We
posit that O−

2 andO− are also useful. A species such as O−
2 cannot

be obtained by mixing HNO3, HNO2, and H2O2; however, it
could be generated by the collision of electrons with O2 or O3

in the plasma discharge region. The strong performance of O−
2

in medical inactivation has been proven in previous research.
O− can be acquired by NO−

2 or ·OH in the discharge area.
As transient substances, their lifetimes are very short. However,
combined with the cyclic reactions of O−- O3- HO2 – O−

2 and
OH – O− – O−

2 – O3, which are marked in red in Figure 11, it is
reasonably speculated that O−

2 and O− remain effective beyond
their longevity, thereby contributing to the stronger effect of
PAW than the mixture. Their behaviors and the roles that are
played by these species in the process merit further exploration
in the future.

Possible Ways to Increase the Yield of
ONOOH
According to the analysis above, an indirect indication of the
important role of ONOOH is proposed; hence, increasing the
yield of ONOOH will have a positive effect on the treatment
of Penicillium. According to the data that are presented above,
the productions of HNO2 and H2O2 differ by an order of
magnitude, namely, the yield of HNO2 is much larger than that
of H2O2. Therefore, according to the reaction of H2O2 and
HNO2 under acidic conditions, more H2O2 can contribute to
more ONOOH being produced. Thus, we studied a method
for improving H2O2 production. Figure 12 plots the variation
curve of the concentration of H2O2 with the water content when
the treatment time is 9min and the flow rate is 2.5 L min−1.
The experimental results demonstrate that, with increasing water
content, the concentration of H2O2 increases substantially. For
instance, when the applied voltage and the treatment time
are fixed at −6 kV and 9min, respectively, the H2O2 content
increases to 3.08 µmol L−1 at 9.57mg L−1 water content
from 1.03 µmol L−1 at 2.53mg L−1 water content. Therefore,
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FIGURE 12 | Variation of the H2O2 content with the water content.

increasing the water content in the working gas contributes to
the formation of H2O2.

To verify our assumption, the variations of the germination
inhibition rate and the sporoderm-breakage rate of PAW with
the water content are investigated when the response time is
set at 10min, the voltage is −6 kV, and the storage time is
5min, as shown in Figure 13. It is confirmed that the inhibition
efficiency is strongly affected by the water content, namely,
when the water content is increased, the germination inhibition
rate increases substantially. For example, under the treatment
time of 6min, when the water content is 2.5 L min−1, the
germination inhibition rate is 63.52%, which increases to 75.12%
when the water content reaches 9.57mg L−1. At the same time,
according to Figure 13, the sporoderm-breakage rate increases
when increasing the water content of the working gas. For
example, under the condition of 9min treatment time, when
the water content is fixed at 9.57mg L−1, the corresponding
sporoderm-breakage rate is 43.96%, which increases to 66.91% as
the water content increases to 9.57mg L−1. This behavior is also
observed for other treatment times.

According to the experimental results, the germination
inhibition rate and the sporoderm-breakage rate effectively
increase as the water content in the working gas increases, which
is most likely attributable to the increase in ONOOH production
through the reaction between HNO2 and H2O2. Thus, adding
water into the working gas of the MHCD jet may be an effective
approach for increasing the concentration of ONOOH in PAW.
It also indirectly indicates the important role of ONOOH in the
application of PAW.

CONCLUSION

In this paper, for the application of PAW to Penicillium
inactivation, the general formula for calculating the germination
inhibition rate is modified to minimize the experimental errors
as much as possible. In addition, the sporoderm-breakage rate
is utilized to assess the treatment effect of PAW on fungi,

FIGURE 13 | Variations of the germination inhibition rate and the

sporoderm-breakage rate with the water content and the treatment time under

−6 kV voltage, 10min response time, and 5min storage time.

which is the most comprehensive method. We find that the
maximum values of the germination inhibition rate and the
sporoderm-breakage rate are 82.31 and 66.91%, respectively.
The high treatment efficiency of PAW is demonstrated not
only for bacteria but also for fungi. This result is meaningful
because the topic of plasma agriculture is very hot, and fungi
are abundant in agriculture. Moreover, we artificially prepare
a solution with the corresponding concentrations of H2O2,
HNO3, and HNO2 in PAW. It is demonstrated from the
results that the reaction of H2O2 and HNO2 is involved in
inactivating Penicillium, and its product ONOOH may play
an important role in the process. Furthermore, the effective
impact of ONOOH on inactivation beyond the theoretical
lifetime is indirectly reflected by the treatment efficiency, and
the complexity of peroxynitrite chemistry is responsible for
prolonging its effect. Moreover, according to the difference
of concentration magnitude between HNO2 and H2O2, and
the reaction of them under acidic conditions, a method
to increase the H2O2 production is demonstrated, which
can contribute to improving the yield of ONOOH. It can
reflect on the germination inhibition rate and the sporoderm-
breakage rate.
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The requirements for new technologies to serve as anticancer agents go far beyond

their toxicity potential. Novel applications also need to be safe on a molecular and

patient level. In a broader sense, this also relates to cancer metastasis and inflammation.

In a previous study, the toxicity of an atmospheric pressure argon plasma jet in four

human pancreatic cancer cell lines was confirmed and plasma treatment did not promote

metastasis in vitro and in ovo. Here, these results are extended by additional types of

analysis and new models to validate and define on a molecular level the changes related

to metastatic processes in pancreatic cancer cells following plasma treatment in vitro and

in ovo. In solid tumors that were grown on the chorion-allantois membrane of fertilized

chicken eggs (TUM-CAM), plasma treatment induced modest to profound apoptosis in

the tissues. This, however, was not associated with a change in the expression levels

of adhesion molecules, as shown using immunofluorescence of ultrathin tissue sections.

Culturing of the cells detached from these solid tumors for 6d revealed a similar or smaller

total growth area and expression of ZEB1, a transcription factor associated with cancer

metastasis, in the plasma-treated pancreatic cancer tissues. Analysis of in vitro and in ovo

supernatants of 13 different cytokines and chemokines revealed cell line-specific effects

of the plasma treatment but a noticeable increase of, e.g., growth-promoting interleukin

10 was not observed. Moreover, markers of epithelial-to-mesenchymal transition (EMT),

a metastasis-promoting cellular program, were investigated. Plasma-treated pancreatic

cancer cells did not present an EMT-profile. Finally, a realistic 3D tumor spheroid

co-culture model with pancreatic stellate cells was employed, and the invasive properties

in a gel-like cellular matrix were investigated. Tumor outgrowth and spread was similar or

decreased in the plasma conditions. Altogether, these results provide valuable insights

into the effect of plasma treatment on metastasis-related properties of cancer cells and

did not suggest EMT-promoting effects of this novel cancer therapy.

Keywords: epithelial-to-mesenchymal transition, kINPen, plasma medicine, plasma sources, reactive oxygen

species, ROS
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INTRODUCTION

Cancer is the second leading cause of death worldwide after
cardiovascular diseases [1]. Cancer incidence is increasing,
and the spectrum of regionally dominating tumors and their
mutational burden is heterogeneous. Hence, efficient cancer
treatment remains challenging and is one of the significant
difficulties of today. However, new concepts of cancer therapies
are under investigation. This includes immunotherapies [2],
target-specific drugs [3, 4], or technological innovations such
as photodynamic [5, 6] and cold physical plasma therapy [7].
Cold physical plasmas are partially ionized gases generating a
plethora of reactive species (ROS) besides other components such
as electric fields, temperature, light of different wavelengths, and
charged particles [8, 9]. At sufficient concentrations, these species
mediate oxidation-induced damage and death in tumor cells
[7]. Plasma treatment was previously shown to control tumor
growth in pre-clinical models effectively [10–12]. Moreover, first
patients with tumors of the head and neck benefited from this
new therapeutic approach and experienced a reduced tumor
burden [10, 11].

Today, increased tumor toxicity is only one of the columns
of promising new cancer therapies. The other aspects include
tolerability (beneficial ratio between anticancer activity and side
effects) and safety aspects, for instance. Such risk assessment
includes the investigations of whether a new treatment is void
of inducing cancer cell detachment and metastasis. Metastasis is
one of the greatest challenges in cancer therapies. Disseminated
tumor growth induces organ dysfunction and often hinders
surgical resection [12–15]. Especially in pancreatic cancer,
the disseminated spread into the peritoneal cavity (peritoneal
carcinomatosis) hinders successful cancer therapies [16–23].
Therefore, this type of cancer is a challenging but ideal model to
investigate the effect of a novel treatment on cellular detachment
and metastatic phenotype.

Treatments with the kINPen argon plasma jet had been
shown to be void of genotoxicity according to OECD-based
protocols [24–27] and did not introduce cell detachment through
physical irritations (argon gas flow), or biological modulations
of adhesion markers [28]. Moreover, the absence of tumor
formation after six repetitive treatments of skin was validated
in a 1-year follow up study in mice [26]. Also, clinicians that
treated patients with the kINPen argon plasma jet in similar
settings as investigated here (no modulation of feed- or sheath
gases), did not report any severe side-effects [29–32]. This study
now extends on the previous investigations of four different
pancreatic cancer cell lines (MiaPaCa2, PaTuS, PaTuT, and
Panc01) and tissue from in ovo-grown tumors, to a more detailed
analysis of factors that can mediate an altered cell detachment
and outgrowth. This includes (i) adhesion molecules, that are
responsible for cell-cell and cell-matrix contact being essential to
maintain tissue integrity [33–35], (ii) markers of the epithelial-
mesenchymal transition (EMT), that are associated with cancer
cell polarization and transformation to a more metastatic
phenotype [18, 36, 37], and (iii) molecules of inflammation
known to drive or limit inflammation-mediated cellular escape
from the bulk tumor mass. In a series of experiments, it was

demonstrated that the plasma treatment regime using the kINPen
argon plasma jet was safe with respect to the aspects mentioned
above and the model systems employed in this study. There were
no hints for the promotion of EMT changes or metastasis and
therefore further research in this field is strongly encouraged.

MATERIALS AND METHODS

Cell Cultivation and Plasma Treatment
The experiments were carried out with four human pancreatic
cancer cell lines: MiaPaCa2 (ATCC: CRL-1420), PaTuS (DSMZ:
ACC-162), PaTuT (DSMZ: ACC-204), and Panc01 (ATCC:
CRL-1469). The culturing was performed in Dulbecco’s
modified Eagle’s medium (DMEM; Pan Biotech, Aidenbach,
Germany), which was supplemented with 10% fetal bovine
serum, 2% glutamine, and 1% penicillin and streptomycin
(all Sigma, Steinheim, Germany) in a cell culture incubator
(Binder, Tuttlingen, Germany). For co-culture experiments,
cells transduced with nuclear fluorescent proteins were used.
The pancreatic stellate cell line RLT-PSC (developed at the
Faculty of Medicine of the University of Mannheim [38],
kindly provided by Prof. Ralf Jesenofsky) was transduced to
express nuclear mKate2 (RLT-PSC Red) using a lentiviral vector
(Essen BioScience, Essen, Germany). MiaPaCa2 (MiaPaCa2
Green) and Panc01 (Panc01 Green) were transduced to express
nuclear green fluorescent protein (Essen BioScience, Essen,
Germany). Cells were cultured in DMEM-F12 medium (Gibco,
Dreieich, Germany). For experiments, absolute cell counting
was performed using an Attune NxT flow cytometer (Thermo
Scientific, Waltham, USA), and seeding was done in Roswell
Park Memorial Institute medium 1640 (RPMI; Pan Biotech,
Aidenbach, Germany) with similar supplements as for DMEM.
For FACS experiments, 2 × 104 cells per well were seeded in
96-well flat-bottom plates (Eppendorf, Hamburg, Germany).
For three-dimensional tumor spheroids, 3 × 103 cells per well
in medium containing 0.24% Methocel (ratio 2:1, 2 × 103

RLT-PSC, 1 × 103 pancreatic cancer cells) were seeded in
ultra-low attachment plates (Nunclon Sphera; Thermo Scientific,
Waltham, USA). For seeding on the chorion allantois membrane
of fertilized chicken eggs (TUM-CAMmodel), 2× 106 cells were
supplemented with 15 µl Matrigel (Corning, New York, USA).
Before plasma treatment, the cells were cultured for an additional
24 h (FACS experiments), 72 h (spheroid experiments), and 96 h
(TUM-CAM model). Plasma treatment was done using high-
purity (99.999%) argon gas (Air Liquide, Paris, France) at two
standard liters per minute running the atmospheric pressure
argon plasma jet kINPen (neoplas tools, Greifswald, Germany).
The plasma treatment of co-cultured spheroids (in 150 µl PBS
and medium exchange 90min later) was done for 120 s and
standardized using an xyz-table (CNC Step, Gelfern, Germany),
which fixed the plasma jet and operated the computer-driven
treatment protocol.

In ovo Experiments
Specific pathogen-free chicken eggs (Valo BioMedia, Osterholz-
Schrambeck, Germany) were incubated in an egg incubator
(Thermo de Luxe 250, Hemel, Verl, Germany) at 37.5◦C and
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65% humidity at constant turning (for the first 6 days). The
preparation of the eggs’ chorion-allantois membrane (CAM) as
well as the treatment was performed as described before [28].
Briefly, the tumor cells were implanted at day 8 of the incubation,
and the plasma treatments were performed at days 12 and
14. The cell floaters were detached from the tumors by gently
pipetting 150 µl of growth medium (RPMI) up and down and
collecting the supernatant after the second plasma treatment. A
part of the supernatant was stored for cytokine quantification,
and the detached cell floaters were further incubated in vitro
for the following 6 days (144 h). For this, flat-bottom 96-well
cell culture plates (Eppendorf, Hamburg, Germany) were utilized
that supply a ring which was filled with water to prevent
excessive evaporation of culture medium during that time.
After incubation, cells were subjected to imaging and flow
cytometry analysis.

Tumor Tissue and Live-Cell Imaging
Tissues from the in ovo grown tumors were explanted from
the CAM and embedded in OCT medium (Tissue-Tek; Sakura
Fintek, Alphen aan de Rijn, Netherlands) before freezing in
liquid nitrogen and storage at −80◦C. Ultrathin tissue sections
were cut (5µm) and mounted (Dako fluorescence mounting
medium; Agilent Technologies, Santa Clara, UA) on microscopy
slides. For the quantification of apoptotic cells, the In situ Cell
Death Detection Kit (TUNEL red; Roche, Basel, Switzerland) was
utilized according to the manufacturer’s instructions. For nuclear
counterstaining, diamide-2-phenylindol (DAPI; BioLegend, San
Diego, USA) was used. For the staining of cellular adhesion
molecules, the tissue slides were fixed with 4% paraformaldehyde
(PFA) and permeabilized with Triton-X (both Sigma Aldrich, St.
Louis, USA). Blocking was performed with 5% bovine serum
albumin (BSA; Sigma Aldrich, St. Louis, USA) before they
were stained with the respective antibodies targeting CD49b
conjugated with phycoerythrin (PE; clone: P1E6-C5; BioLegend,
San Diego, USA), CD326 conjugated with AlexaFluor (AF) 488
(clone: 9C4; BioLegend, SanDiego, USA), and CD324 conjugated
with AF647 (clone: EP700Y; Abcam, Cambridge, UK). The
images were acquired using a BZ-9000 fluorescence microscope
(Keyence, Frankfurt, Germany). The ratio of TUNEL+ cells over
the area of the tissue region was quantified utilizing the image
analysis software ImageJ.

For the investigation of cultured ex ovo tumor cell floaters, and
in vitro grown three-dimensional tumor and pancreatic stellate
cell spheroids, high content imaging was performed utilizing the
Operetta CLS imaging system (PerkinElmer, Waltham, USA).
The ex ovo floaters were fixed and permeabilized as described
above and were imaged with a 20 × air objective (NA = 0.4;
Carl Zeiss, Jena, Germany) acquiring brightfield as well as
fluorescence images at λex 365 nm and λem 430–500 nm for the
detection of DAPI, and λex 630 nm and λem 655–760 nm for the
detection of Zinc finger E-box-binding homeobox 1 (anti-ZEB1
AF700, clone: 639914, R&D Systems / biotechne, Minneapolis,
USA). For the algorithm-driven (Harmony 4.9; PerkinElmer,
Waltham, USA) image and cell quantification strategy, a pseudo-
fluorescence channel was calculated by merging the fluorescence
channels. The total cellular proliferation area resulting from

the initial cell floaters added as well as the ZEB1 fluorescence
intensity inside that growth area was calculated. The three-
dimensional tumor and stellate cell spheroids were imaged 72 h
after their treatment with plasma. This was done utilizing a
5 × objective (NA 0.16; Carl Zeiss, Jena, Germany) capturing
the brightfield channel, as well as the fluorescence channels for
the detection of GFP-expressing tumor cells at λex 475 nm and
λem 500–550 nm, and for mKate-expressing stellate cells at λex

560 nm and λem 570–650 nm. The detection of the spheroid area
was done by creating a pseudo fluorescence image out of the
merged fluorescent channels and an inverted brightfield image,
which had the highest intensities in the area of spheroid growth.
The cell outgrowth was calculated by determining the number of
cells outside the spheroid region. Their distance to the spheroid
border region was calculated automatically based on algorithms
implemented in the quantitative imaging software.

Flow Cytometry
To quantify the expression of adhesion molecules and markers
of the epithelial-to-mesenchymal transition (EMT), the cells were
treated in 96-well flat-bottom plates and were harvested 24 h later
with accutase (Pan Biotech, Aidenbach, Germany). Subsequently,
the cells were transferred to a u-bottom plate (Nunclon; Thermo
Scientific, Waltham, USA) and were fixed and permeabilized.
The cells were stained with DAPI and antibodies targeting αSMA
conjugated with AF594 (clone: 1A4; Abcam, Cambridge, UK),
anti-vimentin conjugated with PerCP/Cy5.5 (clone: H84; Santa
Cruz Biotechnology Dallas, USA), and anti-ZEB1 conjugated
with AF700 (clone: 639914; R&D Systems, Minneapolis, USA).
After washing, cells were acquired with a Cytoflex S (Beckman-
Coulter, Brea, USA) flow cytometer. The expression of the
markers was quantified in viable (DAPI−) cells and normalized
to that of untreated cells. Unstained controls were treated like
their counterparts and were acquired using the same settings.
Data analysis was done using Kaluza 2.1 (Beckman-Coulter,
Brea, USA).

Quantitative Polymerase Chain Reaction
(qPCR)
The cell lines were cultured in optimal growing conditions
before they were harvested with the enzyme accutase, and
cell pellets were generated via centrifugation and washing of
the cells. Afterward, they were suspended in lysis buffer, and
cellular RNA was isolated utilizing an isolation kit according
to the manufacturers’ instructions (RNA Mini Kit; Bio&SELL,
Feucht, Germany). The RNA was quantified using a NanoDrop
2000C (Thermo Scientific, Waltham, MA, USA). Quantitative
polymerase chain reaction (qPCR) was then carried out
with 1 µg RNA that was synthesized into cDNA using a
thermocycler device (Thermo Scientific, Waltham, USA). For
these experiments, 96-well v-bottom plates loaded with Sybr
Green (BioRad, Munich, Germany) were used to label the
mRNA-targets during 50 heat cycles (Light Cycler 480; Roche,
Mannheim, Germany). Expression levels were calculated with
formulas provided by the 2−11Ct method and in relation
to GAPDH.
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Quantification of Chemokine/Cytokines
Supernatants for chemokine/cytokine analysis of cancer cells
were collected 4 h post-treatment of the in vitro experiments
96-well plates as well as 30min after plasma treatment of
TUM-CAM with subsequent rinsing of tumors and aspiration
of the liquid. Supernatants were stored in 96-well plates at
−80◦C. For detection of the soluble inflammatory mediators
(chemokines/cytokines), the LEGENDplex (BioLegend, San
Diego, USA) bead-based immunoassay was utilized. The
experiments were carried out according to the manufacturer’s
instructions. The targets of the assay were the following:
interleukin (IL) 1β, IL6, IL8, IL10, and IL12p70, free-active
tumor growth factor β (TGFβ), tumor necrosis factor α (TNFα),
interferon γ (IFNγ), C-X-C motif chemokine ligand 1(CXCL1),
CXCL10, arginase, C-C motif ligand 17 (CCL17/TARC), and
vascular endothelial growth factor (VEGF). All 13 targets were
quantified simultaneously, each with specific standards and limits

of detection. Staining and measurement of samples were done
in v-bottom 96-well plates (Eppendorf, Hamburg Deutschland),
from which the fluorescent beads were directly acquired with a
flow cytometer (CytoFlex; Beckman Coulter, Brea, USA). The
discrimination between the 13 different beads was done using
differences in forward and side scatter (FSC, SSC) and fluorescent
intensity at λex 638 nm and λem 640–680 nm. By analyzing the
fluorescence intensity of PE-labeled antibodies (λex 561 nm and
λem 564–606 nm) detecting the targets bound to the beads,
the absolute concentration of all factors was interpolated using
polynomial functions of the 5th degree and dedicated data
analysis software (Vigene Tech, Carlisle, USA).

Statistical Analysis
Data are from two to six experiments with several technical
replicates. For statistical analysis and graphing, Prism 8.4.2
(GraphPad, San Diego, USA) was utilized. Multiple comparisons

FIGURE 1 | Plasma treatment increased apoptosis in in ovo-grown pancreatic tumors. (A) Schematic overview of the experimental procedures in this study. (B) DAPI

and TUNEL-stained tissue from in ovo-grown MiaPaCa2 tumors that (I) were left untreated or (II) plasma-treated for 2 × 60 s, and (C) quantification of TUNEL+

apoptotic cells per mm2 of tissue. (D) DAPI and TUNEL-stained tissue from in ovo-grown PaTuS tumors that (I) were left untreated or (II) plasma-treated for 2 × 60 s,

and (E) quantification of TUNEL+ apoptotic cells per mm2 of tissue. (F) DAPI and TUNEL-stained tissue from in ovo-grown PaTuT tumors that (I) were left untreated or

(II) plasma-treated for 2 × 60 s, and (G) quantification of TUNEL+ apoptotic cells per mm2 of tissue. (H) DAPI and TUNEL-stained tissue from in ovo-grown Panc01

tumors that (I) were left untreated or (II) plasma-treated for 2 × 60 s, and (I) quantification of TUNEL+ apoptotic cells per mm2 of tissue. Arrows in the images indicate

a significant (↑↑), and a moderate (↑) increase of apoptosis. The data display the distribution of the values with their mean (red line) as well as 25 and 75% quartiles

(dotted lines). The magnification of all images was 20×. The data are from at least 4–5 eggs per group. Scale bar is 500 µm.
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were done with ANOVA (with Welch’s correction). For
comparison between two adjacent groups, the Welch’s t-test was
used. The levels of significance are indicated in the figures as
asterisks: α = 0.05 (∗), α = 0.01 (∗∗), and α = 0.001 (∗∗∗).

RESULTS

Plasma Treatment Partly Elicited Apoptosis
of Pancreatic Cancer Cells Grown in ovo
To test the anticancer efficacy of cold physical plasma generated
via the kINPen, different pancreatic cancer cell lines (MiaPaCa2,
PaTuS, PaTuT, and Panc01) were seeded on the chorion-allantois
membrane of fertilized chicken eggs (TUM-CAMmodel) to grow
solid tumors before these were plasma-treated twice for 60 s on
two consecutive days (Figure 1A). The induction of apoptosis
was different among the cell lines tested. A significant effect
(p < 0.044) of plasma treatment was observed in MiaPaCa2
tumors (Figures 1B,C). An apparent increase in the apoptosis
rate (TUNEL+ cells) was visible in the tumor surface region,
and to a lower amount also in deep tissue layers (Figure 1B).
In contrast, PaTuS cells did not show large rates of apoptosis

after plasma treatment (p < 0.764; Figures 1D,E). Similar results
were obtained for PaTuT cells (p < 0.331) (Figures 1F,G). For
Panc01 tumors, a modest increase (p < 0.082) of apoptotic cells
was observed in the plasma treatment conditions, especially at the
tumor margins (Figures 1H,I).

Plasma Treatment Did Not Affect the
Adhesion Marker Profile of in ovo-Grown
Tumors
Cellular adhesion is a critical factor in tumor metastasis. In
addition to themechanical spread of tumor cells through invasive
measures, endogenous metastasis occurs when cells actively
detach from their mass and migrate into blood vessels and
lymph nodes. Therefore, the expression of adhesion molecules
in untreated and plasma-treated tumors was investigated.
Tissue sections were prepared, and tissue slides were stained
for the cell adhesion markers integrin alpha-2 (CD49b;
Figure 2A), E-cadherin (CD324; Figure 2B), and Ep-CAM
(CD326; Figure 2C). It was found that CD49b was expressed
across all different tumor cell lines, albeit to a different extent.
CD324 was highly expressed only in PaTuS but not in the three

FIGURE 2 | Adhesion marker profile of in ovo-grown tumor tissue was unaffected by plasma treatment. (A) Tumor tissue from in ovo-grown MiaPaCa2, PaTuS,

PaTuT, and Panc01 cells that were stained with anti-CD49b (red), (B) anti-CD324 (green), (C) and anti-CD326 (yellow) antibodies 24 h after 2 × 60 s of plasma

treatment. The magnification of all images was 20×. Changes in growth morphology are indicated with stars (⋆). The images are representatives from at least 4–5

eggs per group carrying one tumor each. Scale bar is 500µm.
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FIGURE 3 | Plasma treatment reduced the growth of ex ovo pancreatic cancer cell floaters. (A) Representative images of MiaPaCa2 cells that detached from in

ovo-grown tumors by washing and after seeding them into flat-bottom plates for culture and proliferation in the consecutive 6 days, shown as (I) fluorescence image,

and (II) software-processed pseudo-fluorescence image for the quantification of (B) the growth area of detached cell floater cultures, and (C) the expression of ZEB1

analyzed via high content imaging in these cells. Shown are (B) the min-max box-plots and median (black line) and mean (+) and (C) the individual values with their

mean (red line). The data are technical replicates from at least 4–5 eggs per group. ***p < 0.001. Scale bar is 250 µm.

other tumor cell lines. CD326 expression was found inMiaPaCa2
and PaTuS tumors, but only to a negligible extent in PaTuT
and Panc01 tumors. Interestingly, the growth pattern of PaTuS
tumors was changed following the treatment with plasma to a
more glandular, epithelial phenotype. A decrease in E-cadherin
and Ep-CAM is a known indicator of pro-metastatic cancer
phenotypes, suggesting plasma treatment not to interfere with
such processes.

Plasma Treatment Neither Promoted Cell
Detachment Nor Expression of ZEB1
After analyzing the toxicity and adhesion-related receptor
expression in solid pancreatic cancer tissue, the next question
was whether plasma treatment actively engaged the dislodgement
of individual cells from the main tumor. This might occur due
to, e.g., argon gas pressure, electrical discharges, drying of the
outer tumor surface, and ROS-mediated breakage of cell-cell
connections. The experiment was done by plasma treatment
of the tumors and washing the tumors immediately afterward.
The cells that were contained in the washing solution (cell
culture medium) were then seeded into cell culture plastic and
allowed to grow for 6 days (144 h). This was necessary, as the
number of cells retrieved directly in the washing solution was
too low to perform intelligent imaging analysis. After 6 days,
the cell growth was calculated using a software-based method
that was utilizing a filtered image to detect the area of these cell
floaters (Figure 3A). In MiaPaCa2 cells, it was found that the
cell growth non-significantly decreased with plasma treatment,
while PaTuS and PaTuT cells contained in the washing liquid
overall failed to proliferate significantly in vitro (Figure 3B). In
both cell lines, the growth area was similar or smaller in the
plasma treatment condition. This does not suggest that these
cells do not grow in vitro, but rather the cells detached from
the original tumor mass were mostly not viable or too low in
numbers. Panc01 cells, in contrast, had a large growth area in
the control group, which significantly declined in the plasma
treatment group (Figure 3B). These results suggest that plasma
treatment either did not promote the detachment of pancreatic

tumor cells from the bulk tumor mass or that detachment was
promoted, but the cells were dead, unable to proliferate, or
both. The next question was whether the cells that grew in
vitro changed their expression levels of the zinc finger e-box
binding homeobox 1 (ZEB1) transcription factor, known to be
associated with the mesenchymal transition of cancer cells [18].
ZEB1 was detected in the highest amount in MiaPaCa2 and
Panc01 cells, and both of these cell lines showed a reduction of
ZEB1 expression in the cells initially detached from the plasma-
treated bulk tumor mass (Figure 3C), suggesting a decreased
EMT phenotype.

Plasma Treatment Modulated the
Inflammatory Profile in vitro and in ovo
Inflammation is one key aspect in tumor metastasis, and
cytokines and chemokines are the major regulators of
inflammation. Therefore, 13 different soluble mediators of
inflammation were quantified in supernatants of in vitro and
in ovo experiments (Figure 4). All data were normalized to
that of untreated controls, while crossed out boxes indicate
concentrations above or below the detection limit of the
assay. Arrows indicate a 2-fold up or downregulation. Three
is an only partial agreement between the in vitro and in vivo
results, exemplifying the need to address research questions
in both systems. Panc01 showed a consistent downregulation
of almost all cytokines investigated in vitro and in ovo, except
VEGF and IL8. By contrast, in vitro supernatant analysis of
MiaPaCa2 and PaTuT revealed only upregulation of cytokines
for IL6 and TNFα in both cell lines, and IL1β and TNFα in
MiaPaCa2. The results for PaTuS were mainly analogous to
those retrieved for PaTuT, except for an increase in CCL17 and
a decrease in IL8 and CXCL1. While some of the results were
similar to those seen in the in ovo samples (e.g., for IL6 and
TNFα), some were different either in amplitude or direction
of regulation. This was expected, as the CAM provided a
nutritious and vascularized tumor microenvironment in which
the cells modulate the expression of several genes associated
with, e.g., extracellular matrix generation, differentiation, and
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FIGURE 4 | Plasma treatment modulated the chemokine and cytokine profile of pancreatic cancer cells. Quantification of pro and anti-inflammatory cytokines and

chemokines 4 h after exposure of the cells to plasma in vitro, or after rinsing untreated or plasma-treated tumors on the CAM. The concentrations of the soluble

factors were normalized to the respective untreated control, and the fold change of their secretion was blotted in the heat-map, showing the numerical value of the

fold change. Decreased cytokine secretion is shown in gray, no change in white, and increased secretion in olive colors. Data are compiled from over 1,000 single

data points, and show means of three independent experiments (in vitro) and 4–5 eggs per group (in ovo) over untreated control = 1. Crossed-out data (X) was at the

upper limit of detection of the assay except for CXCL10 in MiaPaCa2, which was at the lower limit of detection. Blue arrows indicate upregulation of >2-fold; red

arrows indicate downregulation >2-fold.

angiogenesis. In general, it was observed that PaTuS and PaTuT
cells showed a similar pattern in the secretion of IL6, IL8,
CXCL1, and VEGF in vitro and in ovo, which validates their
similar nature.

Plasma Treatment Did Not Induce an EMT
Phenotype in Pancreatic Cancer Cells
in vitro
PaTuT and PaTuS cells only showed few cell detachment in
the in ovo experiments. However, they had the most vital
changes in cytokine expression among the tested cancer cell lines.
Hence, it was tested if the plasma treatment induced a more
invasive mesenchymal phenotype (EMT) that is associated with
tumor cell metastasis and growth. The expression of α-smooth-
muscle actin (αSMA), was unaffected, while vimentin was
slightly increased (p < 0.1; Figures 5A,B) in PaTuS cells. ZEB1
was not found to be expressed in PaTuS cells (Figures 5A,B).
In PaTuT cells, α SMA did not show any change in the
cells after exposure to plasma (Figures 5A,C). Vimentin and
ZEB1 gave a modest, non-significant upregulation after plasma
treatment (Figures 5A,C). Another marker that is protective
against tumor invasion and angiogenesis is the Tissue inhibitor
of metalloproteinases 2 (TIMP2) [39]. Therefore, the expression
of TIMP2 was investigated among all pancreatic cancer cell
lines that were tested in this study. PaTuS cells showed the
highest gene expression of TIMP2, followed by MiaPaCa2. The
expression in both of the cell lines was significantly different
compared to PaTuT and Panc01 cells, which had low levels of
TIMP2 (Figure 5D).

Plasma Treatment Reduced the Cancer
Cell Outgrowth in a Stellate
Cell-Matrix-3D-Model
To provide a tumor microenvironment that could be monitored
via fluorescence microscopy, a co-culture of human pancreatic
stellate and cancer cells was setup. The former are myofibroblasts
contributing to matrix formation and remodeling. The 3D
tumor spheroid mixtures were exposed to plasma and embedded
into a basement membrane matrix (growth factor reduced
Matrigel) containing mainly laminin and vimentin collagens
providing growth conditions for the cells [34] that allow
the analysis of the evasion of the fluorescently labeled cells
from the bulk tumor over time using quantitative multicolor
fluorescence live-cell microscopy. MiaPaCa2 and Panc01 cells
showed the highest release of floaters that had detached from
the bulk tumor and grown in vitro (Figure 3B). Therefore,
these two cell lines were used in this model as we expected
a high degree of motility. Plasma treatment reduced the
size area of the core spheroid in both cancer cell types
co-cultured with stellate cells (Figure 6A). Interestingly, the
stellate cells had a higher capacity of exiting the core spheroid
into the extracellular matrix (Figures 6B,E, orange cells).
Quantification of the absolute number (Figure 6C) of evaded
cells and absolute distance of evaded cells to the spheroid
core (Figure 6D) in the stellate cell-MiaPaCa2 spheroid model
showed no significant difference for both cell types. By contrast,
both the number of cells (Figure 6F) as well as their mean
migration distance (Figure 6G) significantly decreased with
plasma treatment of Panc01 cells co-cultured with stellate cells
in 3D spheroids.
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FIGURE 5 | Plasma treatment did not significantly modulate the EMT marker expression profile in vitro. (A) Overlay of the expression of the EMT marker αSMA,

vimentin, and ZEB1 in PaTuS (upper row) and PaTuT cells (lower row) 24 h after their exposure to 60 s of plasma treatment in vitro; (B) quantification of the expression

of EMT markers in PaTuS cells; (C) quantification of the expression of EMT markers in PaTuT cells; (D) relative expression of TIMP2 in MiaPaCa2, PaTuS, PaTuT, and

Panc01 cells in relation to the housekeeping gene GAPDH. Shown is (B,C) the mean +SEM, and (D) the mean only. The data (A–C) are from two independent

experiments with 2–3 replicates each. **p < 0.01 and ***p < 0.001, respectively.

DISCUSSION

Pancreatic cancer is an aggressive and fast-growing tumor entity
[40, 41]. It is often diagnosed at very late stages after there are
already metastases in the liver or lungs. Peritoneal metastases
may also be present at this time [41, 42]. Even with surgery in a
resectable tumor, the number of R0 resections (no tumor tissue in
the respectivemargins) remains to low [43, 44]. Pancreatic cancer
has a poor prognosis, and the importance of cell residuals is
outlined by the median survival that drops from 25.1 months (for
R0) to only 15.3 months with R1 resection [16]. A combination
with plasma treatment might become an additive approach to
existing surgical and chemotherapeutic strategies to tackle the
tumor cell residuals at the surgical margins of the pancreas.

Additional treatment of these cancer cell residuals might be
able to decelerate the rapid course of cancer remission observed
in most patients. Plasma treatment showed promising effects
against pancreatic cancer cells in vitro [45–48] and in vivo [49–
52]. However, the possibility of inducing a more metastatic
phenotype in the cells surviving the treatment is underexplored.
Early studies with experimental plasma jets showed an increase
in cellular detachment [53–55]. Recent investigations did not
report any cellular detachment in the TUM-CAM or spheroid
model [28, 34], or a lack of EMTmarker modulation after cellular
exposure to plasma-oxidized medium [23].

In our previous work, it was shown that plasma treatment
introduced cellular toxicity in vitro and reduced the tumor mass
of tumors grown on the chorion-allantois membrane of fertilized
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FIGURE 6 | Plasma treatment reduced cancer cell outgrowth in a matrix-3D-tumor model. (A) Representative images of a software-calculated, highly-contrasted

image of the spheroid with the algorithm-based detection of the spheroid core area are as well as its quantification at the bottom; (B) representative images of (I)

untreated and (II) 120 s plasma-treated spheroids of co-cultured MiaPaCa2 Green + RLT-PSC Red, in Matrigel 72 h after the treatment; (C) the quantification of the

cell count outside the spheroid region; (D) the quantification of the cells’ absolute distance to the spheroid core; (E) representative images of (I) untreated and (II) 120 s

plasma-treated spheroids of co-cultured Panc01 Green + RLT-PSC Red, grown in Matrigel 72 h after the treatment; (F) the quantification of the cell count outside the

spheroid region; (G) the quantification of the cells’ absolute distance to the spheroid core. The data show (A,C,F) mean +SEM and (D,G) mean and 25% and 75%

quartiles in violin plots, and are from 2 to 3 replicates of two independent experiments. Scale bar is 150µm.

chicken eggs (TUM-CAM in ovo model) [28]. The TUM-CAM
model provides a realistic setting for the growth of solid tumors.
It supplies an extracellular matrix, as well as a supply of blood
and nutrients through the chicken embryo’s blood vessels [56].
Argon gas flow alone did not alter the metabolic activity of the
tested cancer cell in the same setting, and more importantly,
did also not significantly detach cells from the in ovo grown
tumors. The role of mechanical stress that is applied through a
similar plasma treatment can therefore be neglected, indicating
the changes in EMT and adhesion marker profile to be more
important for the initiation of metastasis. These investigations
were now expanded to further downstream analysis of the tumor
tissue. Despite a modest to substantial induction of apoptosis
in plasma-treated tumor tissue, a change in some of the main
cell adhesion molecules was not observed. Cells, including tumor
cells, usually firmly adhere to the bulk mass via adhesion
molecules, such as CD49b (integrin α-2), CD324 (E-cadherin),
and CD326 (Ep-CAM) [15, 28, 57–59].

CD49b is an integrin involved in cellular contacts with
laminin and collagen of extracellular matrices. Early work
reported MiaPaCa2 cells to be void of CD49b [60], but similar to
other studies [28] we found the molecule to be expressed in these
and all other cell types. Ep-CAM plays a controversial role in the
progression of epithelial tumors. This molecule is an adhesion
molecule often found to be overexpressed in non-malignant
epithelial. CD326 is also associated with tumor cell signaling
(mandatory function in tumor cell invasion) and is–because of

its higher expression in cancers—described as a tumor-antigen
[61, 62]. Novel therapy approaches also use targeted-therapies
against Ep-CAM to prevent tumor growth [63]. However, Ep-
CAM was only found expressed in tissue from MiaPaCa2 and
PaTuS tumors and was not modulated by their treatment with
plasma. Cell-cell contacts are mediated via E-cadherin (CD324),
which has a crucial function in preserving tissue stability [58].
Reduced expression or loss of CD324 is associated with a
more motile, invasive cancer cell phenotype [64]. In our study,
CD324 was only expressed in PaTuS and in PaTuT cells to a
modest extent. This corresponds to our finding that both cell
lines released the lowest number of viable floaters from in ovo-
grown tumors to proliferate in vitro. MiaPaCa2 and Panc01
cells showed only background level of E-cadherin staining in
tumor tissues. Subsequently, they showed more in vitro growth
from cellular floaters initially detached from the in ovo-grown
tumor. Importantly, plasma treatment reduced the amount of
MiaPaCa2 and Panc01 cells grown in vitro after in ovo treatment
of tumors. Similar findings were made for ZEB1 expression
levels in the in vitro cultures. ZEB1 is a transcription factor
highly associated with tumor progression and metastasis [65]. It
is known that this factor is associated with EMT in pancreatic
cancer and leads to signaling cascades changing the cellular
polarity and reducing the expression of adhesion markers such
as E-cadherin [18, 66, 67]. It is also associated with decreased
prognosis in various types of tumors [68]. Besides ZEB1, another
EMT marker is the TIMP2, which is involved in the suppression
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of matrix metalloproteinase (MMP) activity and vascularization
[39]. MiaPaCa2 and PaTuS cells had higher levels of TIMP2
than PaTuT and Panc01 cells, suggesting these to be vulnerable
to cellular outgrowth. Indeed, PaTuT showed more ZEB1 and
vimentin expression than PaTuS cells. Also, other markers that
are associated with the mesenchymal-like phenotype, such as
αSMA, were not changed due to the treatment. These data
suggest that plasma treatment was not promoting EMT and
metastatic potential of human pancreatic cancer cells in vitro
and in ovo. Even more, tumor cells with a more mesenchymal
profile, such as Panc01, were particularly sensitive to plasma
treatment in terms of reduced outgrowth, as seen in tumor
spheroid experiments. In general, spheroids are utilized in several
studies utilizing plasma treatments, while most of them are using
plasma-oxidized media or lacked an additional extracellular
matrix so that no outgrowth was monitored, but showed a strong
reduction in the growth of these 3D-models [23, 28, 34, 69–76].

The inflammatory profile in the tumor microenvironment—
especially regarding the crosstalk with stromal cells—is decisive
in tumor metastasis ever since the discovery of the link between
chronic inflammation and tumorigenesis by Rudolf Virchow
in 1863 [77–79]. However, the specific traits of inflammation
are as heterogeneous as are different tumor types and stages
[80], but some universal findings include the pro-angiogenic
property of TGFβ and VEGF [81]. While in vitro changes in
both molecules were rather modest, we identified an increase
in VEGF with plasma treatment in ovo with PaTuS and PaTuT,
while VEGF was decreased in MiaPaCa2 and Panc01. It has
to be stated, however, that the origin of targets measured in
samples from in ovo experiments cannot be explicitly determined
(due to, e.g., angiogenesis provided by the chicken embryo
as well). Noteworthy, none of the 13 molecules investigated
followed the same tendency after plasma treatment, neither in
vitro nor in ovo. By contrast, for each cell line, there were
clear and consistent patterns. For Panc01, the majority of targets
were either similar or markedly decreased, especially in vitro.
This supports other findings of this study, pointing to cellular
senescence. This pathway has been recently unraveled in Panc01
cells, with miR-137 as a central switch [82] that may have
also been activated with plasma treatment but warrants further
studies. PaTuS and PaTuT, two sister cell lines with different
metastatic potential, showed a similar regulation of chemokines
and cytokines release (especially IL6, IL8, CXCL1, and VEGF)
despite their different sensitivity to plasma treatment. VEGF
production may be a consequence of hypoxia-inducible factor
1α (HIF1α) activation with IL8 serving as another molecule to
support angiogenesis [83] and tumor growth [84]. By contrast,
IL8 also is positively associated with oxidative immunogenic
cancer cell death (ICD) in melanoma cells, together with
the activation of dendritic cells [85]. This was similar to
the increased levels of IL6 in that study. IL6 is a potent
attractor of monocytes/macrophages [86], which can, in turn,
be supportive or detrimental for tumor growth, depending on
microenvironmental factors [87]. Being the ligand for CXCR2
[88] and a neutrophil chemoattractant [89], CXCL1 is associated
with poor prognosis in cancer due to its growth-stimulating,
pro-angiogenic properties [90], also in pancreatic cancer [91],
by encouraging tumor-stromal interactions. Increased levels

of this chemokine were found in PaTuS and PaTuT cells,
which at least for PaTuS might explain the different tissue
morphology observed for E-cadherin compared to that of
PaTuS. Also, an increased release of IFNγ and TNFα was
identified following plasma treatment. Both molecules were
previously linked to antiproliferative effects in pancreatic cancer
cells [92].

CONCLUSION

The results provide valuable insights into the effect of plasma
treatment on metastasis-related properties of cancer cells in
vitro and in ovo and did not suggest EMT-promoting effects
of this novel cancer therapy. For future research, a detailed
investigation of the EMT modulation through specific reactive
species should be carried out. Although being technically
challenging, future studies using in vivo models on cancer
metastasis after plasma treatment are needed to validate our
findings and the investigations should be extended to other
tumor fields and clinical applications also. In addition, plasma
treatment should be combined with existing therapies to identify
its adjuvant potential.
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The potential applications for cold plasma in medicine are extensive, from microbial
inactivation and induction of apoptosis in cancer cells to stimulating wound healing
and enhancing the blood coagulation cascade. The safe bio-medical application of
cold plasma and subsequent effect on complex biological pathways requires precision
and a distinct understanding of how physiological redox chemistry is manipulated.
Chemical modification of biomolecules such as carbohydrates, proteins, and lipids
treated with cold plasma have been characterized, however, the context of how
alterations of these molecules affect cell behavior or in vivo functionality has not been
determined. Thus, this study examines the cytotoxic and mutagenic effects of plasma-
treated molecules in vitro using CHO-K1 cells and in vivo in Galleria mellonella larvae.
Specifically, albumin, glucose, cholesterol, and arachidonic acid were chosen as
representative biomolecules, with established involvement in diverse bioprocesses
including; cellular respiration, intracellular transport, cell signaling or membrane
structure. Long- and short-term effects depended strongly on the molecule type and
the treatment milieu indicating the impact of chemical and physical modifications on
downstream biological pathways. Importantly, absence of short-term toxicity did not
always correlate with absence of longer-term effects, indicating the need to
comprehensively assess ongoing effects for diverse biological applications.

Keywords: cold atmospheric plasma, cytotoxicity, mutagenicity, safety, In vivo toxicity

INTRODUCTION

The biological effects of cold plasma are complex and occur at the biological interface between
biophysics, biochemistry and cell biology. Cold plasma is produced by applying energy to a gaseous
environment. As the gas is ionized a complex mixture of reactive components is generated. The
application of cold plasma technology to biological targets has revealed effectiveness in a diverse
range of activities from promoting cell proliferation [1], blood coagulation [2], cancer treatment [3,
4], and inducement of specific cell senescence [5]. Other noteworthy applications of cold plasma have
included disinfection potentially with reduced risk of antimicrobial resistance [6–8],
decontamination of fresh produce [9], bio-decontamination of heat sensitive products [10],
seeds and grains with an aim for human consumption [11, 12] and areas key to the
sustainability of food and agriculture [13, 14].
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The biological effects of plasma and plasma generated
chemistry are dependent on the surrounding liquid
environment [15–18]. In fact, studies have indicated immense
variability in the biological effects attributed to cold plasma,
depending on both the composition of the sample substrate
and that of the ionized gas. Thus, for successful application of
cold plasma technology it is important to not only understand
interactions at the bio-plasma interface during treatment, but also
to understand the short-term and long-term consequences of
plasma induced biomolecule alteration and the effect this may
have on biochemical processes. In fact, plasma induced chemical
modification of proteins and amino acids [19, 20] and lipids [21]
have been studied in isolation. Additionally, both simulated,
modeling studies and direct experimentation have shown how
interactions of cold plasma chemical species modify amino acids
[22, 23], change protein structure and function [19, 24–26] and
oxidize lipids [27, 28] but these studies are limited in their ability
to examine or understand the long-term biological effects of the
plasma induced modifications in a complex biosystem.

Encouragingly, investigations of direct plasma jet [29] or surface
micro-discharge treatment on mammalian cells showed negligible
mutagenic effects [30] and nomutagenic potential using the in vivo
HET-MN model [31]. In fact, a range of investigations on human
or animal tissues in vivo and clinical application of several certified
plasma devices suggest that cold plasma treatment under these
conditions is well tolerated and safe [32] and no long-term adverse
effects have been reported to-date [33, 34]. However, other studies
have also demonstrated that cold plasma can be modulated to
become a powerful mutagenesis tool under appropriate conditions
[35, 36] and mutagenic effects of cold plasma treated complex bio-
fluids on mammalian cells have been documented, but not directly
elucidated [37], suggesting that genetic damage is possible where
cells experience exposure to intense plasma or plasma reactive
species over extensive periods of time.

In an effort to reconcile these differences, this study examines
the cytotoxic and mutagenic potential of plasma-treated
biomolecules using both in vitro and in vivo models chosen
for relevance to a range of biological environments which
incorporate protein, lipid and carbohydrate components.
Bovine serum albumin was selected as a representative protein
molecule and for its chemical similarity to human serum albumin
which is an abundant antioxidant protein in the blood.
Arachidonic acid was chosen as an essential omega-6
polyunsaturated fatty acid [38] with four cis double bonds that
contributes to mammalian cell membrane fluidity at
physiological temperatures and is a precursor of eicosanoids
[39]. Cholesterol, a sterol synthesised by all animal cells, is
required for membrane structural integrity and flexibility.
Cholesterol is a monounsaturated fatty acid precursor for all
steroid hormones and functions in intracellular transport and cell
signaling with the formation of lipid rafts in the plasma
membrane [40]. Glucose was selected as a model carbohydrate
and ubiquitous fuel source in biology. The safe application of cold
plasma and subsequent effect on complex biochemical pathways
requires precision and a distinct understanding of how
physiological redox chemistry is manipulated.

RESULTS

Cytotoxicity Dependent on Biomolecular
Structure
To assess the short-term cytotoxic effect of plasma treated
biomolecules, selected biomolecules were dissolved in
deionised water and subjected to plasma treatment. CHO-K1
cells were seeded at 2.5 × 104 cells/ml with 20% v/v of these
treated biomolecules and cell growth was assessed after 2–3 days
(Figure 1).

Prolonged plasma treatment of the bio-molecular solutions
induced cytotoxicity in the CHO-K1 cell line, which was
dependent on plasma treatment time (Figure 1). Plasma
treated cholesterol elicited the strongest cytotoxic reaction. The
growth of CHO-K1 cells cultured with plasma treated cholesterol
was reduced to 75% with 1 min of plasma treatment compared to
94% (BSA), 84% (arachidonic acid), and 96% (glucose) and was
less than 1% when cultured with cholesterol treated for 5 and
10 min. This is in contrast to arachidonic acid and glucose, where
cell growth was reduced to 62% and 74% with 5 min treatment
and decreased to 35% and 43% with 10 min of treatment
respectively. CHO-K1 cells cultured with BSA plasma treated
for 5 min were reduced to 30% and failed to grow when cultured
with BSA treated for 10 min.

Exposing aqueous solutions to cold plasma treatment leads to
the generation of hydrogen peroxide among other molecules,
which may be a useful indicator of plasma activity and potential
predictor of the cytotoxicity of the solutions. The aqueous
treatment environment provides the substrate to generate
complex plasma-liquid chemistry without the same quenching
effect that cell culture media provides. Measurements of pH and
hydrogen peroxide were used as an indicator of plasma-liquid
chemistry (Figure 2). The H2O2 quantification of the plasma
treated biomolecular solutions indicated that the surrounding
media influences the generated plasma chemistry and may have
an effect on the biomolecules or generation of secondary products
(Figures 2B,C). As hydrogen peroxide has been identified as a
major contributor to cytotoxic effects of plasma treated liquids,
cell growth was correlated to the hydrogen peroxide
concentration of the respective biomolecule solution used at
20% v/v and the IC50 was determined. Cell growth data
obtained from biomolecules dissolved in DMEM-F12 and used
at 10% v/v for the mutagenicity assays below, are plotted in the
same graphs for comparison purposes (Figure 3).

A comparison of the plasma-treated biomolecule solutions as a
function of their hydrogen peroxide content, serves to indicate
whether the differences in cytotoxicity are based on differences in
their scavenging of hydrogen peroxide or on toxic modifications
of the biomolecules themselves. The IC50 values of hydrogen
peroxide for plasma treated biomolecules dissolved in deionised
water ranged from 22 µM for BSA (Figure 3A), 34 µM for
cholesterol (Figure 3B), to 60 µM for arachidonic acid
(Figure 3C) and 71 µM for glucose solutions (Figure 3D).
These data suggested that differences in hydrogen peroxide
concentration were not the primary determinant of differences
in toxicity. The dose-response curves obtained for biomolecules
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dissolved in DMEM displayed similar trends to those for
biomolecules treated in water with the notable exception of
BSA. The increased cytotoxicity associated with plasma treated

BSA-water solutions may be due to the lack of pH buffering
capacity accompanied by the more oxidative environment of the
water with less scavenging potential for plasma generated reactive
species. These conditions could potentially lead to the generation
of toxic bi-products in the plasma treated aqueous biomolecular
solutions that may not occur in the DMEM-F12 solution.

Mutagenic Effect of Plasma Treated
Biomolecules
CHO-K1 cells were cultured with 10% v/v of biomolecules
dissolved in DMEM-F12 to assess the long term mutagenic
effects of plasma treated biomolecules using the hypoxanthine
phosphoribosyl transferase (HPRT) assay. The growth of CHO-
K1 cells cultured in 10% v/v of plasma treated solutions was
assessed to ensure cells were growing in selected conditions
(Figure 4). Cell growth of CHO-K1 cells cultured in
arachidonic acid solution treated with plasma for 10 min was
reduced by 50%. Cells that were cultured with plasma treated BSA
and glucose were reduced to 75% and 78% respectively for the
10 min treated biomolecule (Figure 4). Plasma treated cholesterol
did not appear to exhibit the same degree of cytotoxicity following
prolonged plasma treatment as cell growth remained stable even
at the extended treatment time of 10 min. This is in contrast to
effects found for cholesterol treated in water above (Figure 3).
The cytotoxic effects observed were independent of pH as the
value of the buffered solutions did not decrease below a pH of 6.8
for the prolonged treatment time of 10 min for glucose and
cholesterol and a pH of 7.1 for BSA and arachidonic acid.

In order to assess the long-termmutagenic potential of plasma
treated biomolecules, CHO-K1 cells were cultured with plasma
treated biomolecule solutions over 34 days and monitored for
HPRT-deficient mutants through colony formation in selective
medium. Data is presented as cumulative data from experiments
performed in triplicate, with all replicates plated in three
independent plates at each time point and is displayed as
percentage positive plates of the overall plates assessed at each
time point (Original data available as Supplementary Table S1).
Plasma treated biomolecules caused an increase in mutant
colonies over time of culture and time of extended plasma
treatment of the biomolecule solution (Figure 5).

FIGURE 1 | Cytotoxicity of plasma treated biomolecules dissolved in deionised water over plasma treatment time.

FIGURE 2 | pH of plasma treated biomolecules dissolved in deionised
water (A) and hydrogen peroxide quantification of plasma treated
biomolecules dissolved in deionised water (B) and dissolved in DMEM-F12
(C).
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HPRT colony formation in CHO-K1 cells cultured with
plasma-treated BSA increased over cell culture period and
with the prolonged plasma treatment time of 10 min
(Figure 5A) and reached a maximum HPRT+ of 56% of
replicates for 10 min plasma treatment after 27 days of
exposure. Plasma treated arachidonic acid was consistently
HPRT+ after 13 days of culture for 5 and 10 min plasma
treatment times, with a maximum of 50% HPRT+ replicates
on day 34 of culture (Figure 5B). Glucose displayed the greatest
mutagenic potential aligned with plasma treatment time and cell
culture period (Figure 5C). There was a maximum of 78%
HPRT+ replicates for the 10 min plasma treated glucose after
27 days in culture. Plasma treated cholesterol exhibited low
mutagenic potential even with the extended treatment time of
10 min reaching a maximum of 22% HPRT+ after 27 days in
culture (Figure 5D).

Plasma treated glucose exhibited the greatest mutagenic
potential accounting for 36% of the total HPRT+ colonies
(Figure 6).

In vivo Model System to Test Plasma
Treated Biomolecule Toxicity
Larvae of the wax moth Galleria mellonella were used as a
model system to assess the toxicity of plasma treated
biomolecules in vivo through injection. The plasma treated
biomolecules were found to be well tolerated by the Galleria
larvae with ∼100% survival (Figure 7). Haemocyte density
was assessed as an indicator of overall larvae health. There was

no significant increase in haemocyte density as would be
observed if the larvae were under substantial stress (data
not shown). For comparison, larvae were also injected with
deionised water subjected to the same plasma treatment and
hydrogen peroxide solutions at concentrations between 100
and 900 µM. The larvae tolerated the plasma treated deionised
water well and haemocyte density was not affected (data not
shown). The larvae did not tolerate the higher concentrations
of hydrogen peroxide despite the concentrations being in the
same range as measured in the plasma treated biomolecules
(Figure 9). The surviving larvae were assessed for haemocyte
density and levels were not significantly different from the
control. This indicates that the immune system had not been
challenged and that the solutions did not stimulate a non-
selective immune response. Despite the equivalence in
peroxide concentrations, this study indicated that there was
no toxicity of the plasma treated biomolecules to the in vivo
model G. mellonella under the conditions tested.

As a comparative indicator of their susceptibility, the IC50/
LD50 for hydrogen peroxide was determined for both the
in vitro and in vivo model systems used. In the CHO-K1
in vitro model, the IC50 of H2O2 was 140 µM (Figure 8)
compared to the G. mellonella in vivo model that had an
LD50 of 675 µM (Figure 9) for 20 µl of injected hydrogen
peroxide. While the mode of exposure of the larvae/cells is
not comparable, this nonetheless supports the much higher
tolerance observed for G. mellonella larvae injected with
biomolecules compared to the direct exposure of CHO-K1
cells to biomolecule-supplemented medium.

FIGURE 3 | IC50 determination for plasma treated biomolecules dissolved in deionised water and DMEM (A) BSA, (B) Arachidonic acid, (C) Glucose, (D)
Cholesterol.
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DISCUSSION

Whilst eukaryotic cells have developed methods of dealing with
oxidative stress induced biomolecule modification and have
mechanisms to restore redox balance, detrimental effects due
to excessive ROS do occur. The downstream biological effects of
these structural changes remain to be investigated. To elucidate
the mechanisms of actions and potential long-term effects of cold
plasma, we chose four biomolecules involved in diverse
biochemical pathways and a multitude of bioprocesses
including; cellular respiration, intracellular transport, cell
signaling or cell membrane structural components to analyse
in this investigation. Plasma-induced chemical modifications of
proteins, DNA, lipids and carbohydrates and associated
structural modifications are dependent on gas composition,
plasma discharge characteristics and liquid environment [22].
Results indicate that plasma induced chemical alterations to the
biomolecular structure of these molecules has the potential to
cause repercussions in cellular processes or to generate toxic/
mutagenic metabolites.

The eukaryotic cell membrane is composed of two lipid
monolayers embedded with proteins. The effects of cold
plasma on cell membranes include transient pore formation
through lipid peroxidation due to hydroxyl radicals [41]. H2O2

and O3 are indirectly involved in lipid peroxidation through the

generation of hydroxyl radicals through the iron-catalysed
Haber–Weiss reaction [42] and the lipid radical is able to
propagate a chain reaction of lipid peroxidation of nearby
lipids. The direct exposure to oxidants such as hydrogen
peroxide or lipid hydroperoxides has been shown to directly
induce apoptosis in various cell types [43]. Cholesterol is a
monounsaturated fatty acid found in cell membranes and is
prone to oxidation by oxygen free-radicals generating products
such as hydroperoxides and oxysterols [40]. When cholesterol
dissolved in deionised water was treated with plasma, significant
cytotoxic effects were observed on CHO-K1 cells after just 5 min
of plasma treatment. The H2O2 measurement of plasma treated
cholesterol in H2Omeasured the highest of the biomolecules over
700 µM and can be correlated to the higher cytotoxic effects
observed. However, as the IC50 indicates, H2O2 is not the only
cytotoxic factor generated in the plasma treated solution. Despite
the short-term cytotoxic effects observed for plasma treated
cholesterol dissolved in H2O in vitro, the treated biomolecule
was well tolerated by the in vivo model of G. mellonella. Plasma
treated cholesterol also exhibited the lowest mutagenic potential
of the selected biomolecules despite oxidation products of
cholesterol such as epoxide demonstrating mutagenic potential
in vitro [44, 45]. The short-term cytotoxicity observed in this
study may be attributed to differences in the biochemical
structures of the biomolecules and the aqueous environment
they were treated in.

Arachidonic acid is an essential polyunsaturated fatty acid
released during epithelial disruption and wound healing and is a
crucial mediator of inflammation. Either directly or after
enzymatic conversion to eiconsanoids, arachidonic acid
modulates the function of various organs and systems
including the digestive, renal, reproductive and immune
systems [38]. The ability of arachidonic acid to induce
cytotoxic effects, which were apoptotic in nature, in liver
cells was predominantly attributed to lipid peroxidation and
oxidative stress, where lipid peroxidation endproducts were
detected and the exposure of cells supplemented with
arachidonic acid to exogenous antioxidants provided
protective effects [46]. The four double bonds make this
molecule more susceptible to lipid peroxidation compared to
the single double bond found in cholesterol and allow the lipid
to react readily with molecular oxygen promoting oxidative
stress [47] and may make it susceptible to lipid peroxidation by
plasma reactive species. However, even after 10 min of plasma
treatment when dissolved in H2O and used at 20% v/v in
culture, cell growth showed very similar responses to those
of cholesterol and remained just under 50%. Yet, arachidonic
acid was the only biomolecule which showed pronounced
cytotoxic effects at 10% v/v after plasma treatment in
DMEM-F12. Arachidonic acid metabolism has been
associated with the induction of genetic mutations by
triggering hydroperoxide dependent oxidation products
capable of inducing DNA damage and mutations [48].
Uncontrolled arachidonic acid lipid peroxidation and
superoxide production may explain the cytotoxic and
mutagenic potential of this bioactive molecule [39] and could
play a role in the plasma-mediated effects observed here.

FIGURE 4 |Growth of CHO-K1 cells in 10% v/v of physiological levels of
selected biomolecules after plasma treatment. Different letters indicate a
significant difference between treatment times (p < 0.05).
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Serum albumin is the most abundant blood protein and acts
as a circulating extracellular antioxidant. Its antioxidant
properties arise from the flexible nature of the three domain
design that enables the protein to adapt to a variety of ligands,

including polyunsaturated fatty acids [38], long chain fatty
acids (LCFA) and oxysterols. Albumin is important in the
binding of the cationic ligands copper and iron preventing
them from generating hydroxyl radials via the Fenton reaction
with hydrogen peroxide. When BSA was dissolved in dH20,
treated with plasma and cultured with CHO-K1 cells at 20%
v/v, reduction of cell growth below 50% was observed after
5 min treatment time. BSA dissolved in DMEM-F12 and
treated with plasma before being cultured with CHO-K1
cells at 10% v/v displayed no significant cytotoxic effects
even at the prolonged treatment time of 10 min. The effects
of plasma on protein structure are well documented. Unfolding
and loss of activity in the model protein lysozyme was
hypothesised to be due to chemical modifications of amino
acids based on shifts in protein mass [49]. Oxidation of BSA
and free methionine has been demonstrated using a capillary
plasma jet [50] and investigations using a µAPPJ to treat BSA as
a model protein indicated oxidation of sulfur-containing
amino acids but no modification to cysteine involved in
disulphide bonds [51]. Other studies using DBD plasma
systems indicated that the thiol group of cysteine is
modified by reactive oxygen and nitrogen species [52] and
showed inactivation of proteins such as RNase by oxidation of
sulfur-containing amino acids and over-oxidation of disulfide
bonds [53].

FIGURE 5 | Colony formation (% HPRT+) for cultures supplemented with plasma treated biomolecules over the course of cell culture and according to plasma
treatment (A) BSA, (B) Archidonic acid, (C) Glucose, (D) Cholesterol. Data is presented as cumulative data from experiments performed in triplicate, with all replicates
plated in three independent plates at each time point. Plates were scored as positive or negative based on the presence of colony formation and are displayed as
percentage positive plates of the overall plates assessed at each time point.

FIGURE 6 | Colony formation (% total HPRT+) according to selected
biomolecules.
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Glucose was utilised in this study as a model carbohydrate and
ubiquitous form of energy in cells. Plasma treated glucose exhibited
the lowest cytotoxic potential under both treatment conditions but
the highest mutagenic potential. H2O2 measurements were no
different than the other treated biomolecules at 400 µM in H2O
and 600 µM in DMEM-F12. During carbohydrate oxidation, the
hydroxyl groups are oxidised to carbonyl groups and then carboxyl
groups. Li et al found that treating sugars including glucose in
solutions of water and PBS with DBD plasma caused the
decomposition of these sugars into formic acid, glycolic acid,
glyceric acid, tartaric acid and oxalic acid in time dependent
concentrations and these effects were attributed to reactive
oxygen species, primarily the hydroxyl radical [54].

In summary, a general increase in mutagenesis was observed
over time and with longer plasma treatment times in all
biomolecules. This was not unexpected as plasma technology
has proven to be a powerful mutagenesis tool in microbial
breeding in bacteria, fungi and microalgae, causing greater DNA
damage and higher mutation rate than conventional mutagenesis
methods [35, 36]. A possible limitation in this study was the ability
to detect mutations in mammalian cells which varies depending on
the locus examined using a single-copy gene whose inactivation by
the mutagen causes a detectable phenotype, allowing small-scale
detection of deletions, transitions or transversions.

All of the tested biomolecules were well-tolerated in the short-
term by the in vivo Galleriamodel after single exposure via injection

and importantly this suggests that higher organisms may possess
sufficient mechanisms for detoxifying toxic components in the
plasma treated liquids to prevent noticeable impacts on
morbidity or mortality. However, the injection of this larvae
model with lettuce broth treated with the same plasma system
showed severe toxicity of 5 min treated product in another study
[55]. The disparity between the short- and long-term effects and the
influence of the aqueous milieu in this study highlights the need for
more extensive investigations into the conformational changes on
biomolecules post-plasma treatment and the effect that such
intended or unintended changes would have on biological pathways.

The large-scale biomedical application of cold plasma or wider
applications in food preservation or disinfection require adequate
scientific research and technical data evaluating the overall safety
considerations of cold plasma treatment. Cytotoxic and
mutagenic responses of plasma treated biomolecules observed
in vitromay not carry over to the in vivomodel. This could be due
to numerous reasons, including metabolic transformation. Even if
a possible mutagen is produced, it may not reach the target organ
or cells in high enough concentrations to cause genetic damage.
Cells and especially more complex cellular structures and
organisms have developed a range of mechanisms to remove
defective molecules such as the degradation of damaged
proteins through the proteasome. The longevity of alterations to
the biomolecules and their purpose or elimination in a biological
system need to be considered, where their persistence may not be
long enough to cause systemic toxicity or long-term effects such as
genotoxicity. The in vivomodel presented in this study represents a
short-term toxicity study while the HPRT assay is a long-term
model of continuous and therefore excessive exposure to the
plasma-treated substances. Both approaches can add insight to
the overall question of plasma technology and applications safety.
Our short-term in vivo tolerance results agree with a number of
studies showing tissue tolerance to plasma and low in vitro toxic
and mutagenic risks, suggesting that plasma reactive species in
limited doses are safe. Adverse cyto- and genotoxic effects of high
cumulative doses over long-term nonetheless indicate the need for
further extensive studies to define the limits beyond which
treatments could pose risk. In vivo models on mammals to

FIGURE 7 | Galleria mellonella larvae survival rates 24 h post injection
with plasma treated biomolecules.

FIGURE 8 | Dose-response curve for CHO-K1 cells treated with H2O2.
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examine possible mutagenic manifestations of direct plasma
treatment or indirect plasma treatment including ingestion of
plasma treated foods or liquids or application of plasma treated
solutions should also be performed [56].

MATERIALS AND METHODS

All chemicals were obtained from Sigma-Aldrich (Arklow,
Ireland) unless specified otherwise.

Plasma System
Cold plasma was generated using the previously described [57]
high-voltage dielectric barrier discharge atmospheric cold plasma
system, DIT-120, characterized in detail byMoiseev et al [58]. For
the generation of plasma activated model solutions, samples were
placed in Petri dishes inside a polypropylene container that
operated as the dielectric barrier and the sample holder. The
container was sealed in an air-tight film to ensure species
retention. Plasma was generated by sine-wave excitation at
80 kV RMS and 50 Hz (ac frequency) in air and the distance
between electrodes was kept constant at 3cm for all experiments.
Model solutions were subjected to 24-h post treatment storage
time within the sealed container before opening.

Preparation of Biomolecule Solutions
All biomolecules were dissolved within physiological ranges (BSA
530 mmol/l; glucose 4 mmol/l; cholesterol 5 mmol/l; arachidonic
acid 10 μmol/l). For the short term in vivo and in vitro cytotoxicity
study, biomolecules were dissolved in deionised water prior to
plasma treatment. For the long term mutagenicity study,
biomolecules were dissolved in DMEM-F12 prior to plasma
treatment. All solutions were filter sterilised with a 0.2 µm
syringe filter before and after plasma treatment.

Cell Culture
The Chinese hamster cell line CHO-K1 was used for the
cytotoxicity and mutagenicity studies. CHO-K1 cells were
cultivated in DMEM/F12 with 2 mM L-glutamine and 10%

foetal bovine serum [24]. Cells were grown at 37°C and 5%
CO2 in a humidified incubator. Cells were detached using
trypsin/EDTA and cell concentrations and viability were
assessed using trypan blue exclusion assay. Cell viability was
assessed by crystal violet staining: trypsinized cells seeded at 2.5 ×
104 cells/ml were left to re-adhere and grow for 3 days. Culture
supernatant was removed and cells were fixed with 70%methanol
for 1 min followed by staining with 0.2% crystal violet solution for
10 min. Cells were washed with water and allowed to air-dry.
Adherent crystal violet was dissolved with 10% acetic acid and the
absorbance was measured at 600 nm on a spectrophotometric
microplate reader (Biotek, Winooski, United States). Cell growth
was expressed as a percentage of control cells.

HPRT Assay
The hypoxanthine phosphoribosyl transferase (HPRT) assay was
employed to detect the potential of plasma treated biomolecules to
induce mutations in the CHO-K1 cell line. Cells were cultured in
T25 flasks or 6-well plates in DMEM/F12 medium supplemented
with 10% FBS and 10% biomolecule solution, treated at 80 kV RMS
for 0, 1, 5, and 10min with 24 h post-treatment storage time. Cells
were passaged every 3–4 days through trypsinisation and reseeded at
2.5 × 104 cells/ml into fresh 6-well plates. Once a week during
reseeding, cells were also plated at 1 × 104 cells/ml in 60mm round
dishes with DMEM/F12 10% FBS and 10 μg/ml 6-thioguanine (6-
TG) as a selection agent. Colony formation was determined after
10–14 days of incubation at 37°C and 5% CO2 by staining with
crystal violet. Plates were recorded as HPRT+ or HPRT-based on
the existence of colonies. CHO-K1 cells were cultured with
plasma treated solutions in three independent models and 6-
TG plates were set up in triplicate for each replicate. Data is
presented as cumulative data in the form of percentage positive
plates of total plates assessed at each time point. Control plates
were negative for colony formation at the start of the 40 days
exposure; ethyl methanesulfate (EMS) was used as a positive
control to induce colony formation.

Insect Larvae
Sixth-star G. mellonella larvae were obtained commercially from
livefoods.direct.co.uk and stored in wood shavings at 15°C prior
to use. Dead larvae and those showing signs of melanisation were
discarded. Three groups of ten randomly-selected larvae, each
weighing 0.2–0.3 g were used for each treatment.

Galleria mellonella Intra-haemocoel
Inoculation
The G. mellonella haemocoel was injected with 20 µl of selected
biomolecular solution using a 0.3 ml Terumo® Myjector® U-100
insulin syringe through the base of the last proleg. Three control
groups of ten larvae were injected with sterile deionised H2O.
Larvae were incubated at 30°C for 24 h. Larvae were assessed
visually for viability 24 h after injection with plasma treated
biomolecule solutions and percentage survival was noted.
Larvae were considered dead if they were unmoving, failing to
reorient themselves if placed on their backs or failed to respond to
stimuli [59].

FIGURE 9 | Dose-response curve for Galleria mellonella larvae injected
with H2O2.
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Harvesting of Insect Haemocytes
After 24 h incubation at 30°C, haemolymph was drained from five
larvae in each group by piercing the anterior region and draining
into chilled 1.5 ml microfuge tubes, which were kept on ice to
prevent melanisation of the haemolymph. All samples were diluted
by adding 100 µl haemolymph to 900 µl ice-cold PBS and for each
extract concentration, haemocytes were enumeratedmicroscopically
using a haemocytometer, and compared to haemolymph samples of
control larvae which were injected with 20 µl of sterile H2O.

Colorimetric Determination of Peroxide
Concentration
Concentrations of peroxide in plasma treated solutions were
ascertained via spectrophotometrically measuring the oxidation
of potassium iodide to iodine at 390 nm. 50 µl of phosphate buffer
and 100 µl of 1 M KI solution were added to 50 µl of plasma
treated biomolecule solution and incubated at room temperature
for 30 min. Absorbance was read at 390 nm and a standard curve
of known hydrogen peroxide concentrations was generated with
each plate to correlate absorbances with peroxide concentrations.

Statistical Analysis
Experiments were performed in triplicate and results are
presented as means with standard deviations and statistical
analysis where applicable was performed by analysis of
variance (ANOVA) using GraphPad Prism (GraphPad
Software Inc., La Jolla, United States). Results obtained from
the HPRT assay are presented as cumulative data of experiments
performed in triplicate with three plates per replicate.
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1School of Food Science and Environmental Health, Technological University Dublin, Dublin, Ireland, 2School of Pharmacy,
Queens University Belfast, Belfast, United Kingdom, 3Department of Orthopaedic Surgery, Sidney Kimmel Medical College,
Jefferson University, Philadelphia, PA, United States, 4School of Chemical and Biomolecular Engineering, University of Sydney,
Sydney, NSW, Australia, 5School of Biological Sciences, Queens University Belfast, Belfast, United Kingdom, 6Plasma Research
Group, School of Biosystems and Food Engineering, University College Dublin, Dublin, Ireland
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A Corrigendum on

Biomolecules as Model Indicators of In Vitro and In Vivo Cold Plasma Safety
by Heslin C, Boehm D, Gilmore BF, Megaw J, Freeman TA, Hickok NJ, et al. Front Phys (2021) 8:
613046. doi:10.3389/fphy.2020.613046

In the original article, the reference for [16] was incorrectly written as “Khlyustova A, Jarzina F,
Brinckmann S. Important parameters in plasma jets for the production of RONS in liquids for
plasma medicine: a brief review. Front Chem Sci Eng (2019) 13:238–52. doi: 10.1007/s11705-019-
1801-8.”

This should be “Khlyustova A, Labay C, Machala Z, Ginebra MP, Canal C. Important parameters
in plasma jets for the production of RONS in liquids for plasma medicine: a brief review. Front Chem
Sci Eng (2019) 13:238–52. doi: 10.1007/s11705-019-1801-8.”

Further, the reference for [17] was incorrectly written as “Labay C, Shimizu T, Thomas HM,
Morfill GE. Enhanced generation of reactive species by cold plasma in gelatin solutions for selective
cancer cell death. ACS Appl Mater Interfaces (2020) 12(42):47256–69. doi: 10.1021/acsami.0c12930.”

This should be “Labay, C, Roldán, M, Tampieri, F, Stancampiano, A, Escot Bocanegra, P, Ginebra,
MP, Canal, C. Enhanced generation of reactive species by cold plasma in gelatin solutions for selective
cancer cell death. ACS Appl Mater Interfaces (2020) 12(42):47256–69. doi: 10.1021/acsami.0c12930.”

The authors apologize for these errors and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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Mechanisms of Plasma-Seed
Treatments as a Potential Seed
Processing Technology
Alexandra Waskow*, Alan Howling and Ivo Furno

Swiss Plasma Center, École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Plasma treatments are currently being assessed as a seed processing technology for
agricultural purposes where seeds are typically subjected to pre-sowing treatments to
improve the likelihood of timely and uniform germination. The aim of this review is to
summarize the hypotheses and present the evidence to date of how plasma treatments
affect seeds, considering that there is difficulty in standardizing the methodology in this
interdisciplinary field given the plethora of variables in the experimental setup of the
plasma device and handling of biological samples. The ever increasing interest for plasma
agriculture drives the need for a review dedicated to seeds, which is understandable to
an interdisciplinary audience of biologists and plasma physicists. Seeds are the first step
of the agricultural cycle and at this stage, the plant can be given the highest probability
of establishment, despite environmental conditions, to exploit the genetic potential of the
seed. Furthermore, seedlings seem to be too sensitive to the oxidation of plasma and
therefore, seeds seem to be the ideal target. This review intentionally does not include
seed disinfection and sterilization due to already existing reviews. Instead, a summary
of the mechanisms of how plasma may be affecting the seed and its germination and
developmental properties will be provided and discussed.

Keywords: plasma, seeds, processing, mechanisms, germination, surface modification, stress or disease

resistance

INTRODUCTION

The motivation driving plasma-seed treatment research is the importance of food. The world
population is projected to increase to 10 billion by 2050 and even without increasing the food
supply, it is necessary to maintain the current food production and quality [1]. Most food begins
with planting seeds.

The aim of this review is to centralize the hypotheses and present the evidence to date of how
plasma treatments affect seeds, considering that there is difficulty in standardizing themethodology
in this interdisciplinary field given the plethora of variables in the experimental setup of the
plasma device and handling of biological samples. Considering that plasma agriculture has been
gaining more attention recently, it is therefore useful to have a review dedicated to seeds, which is
understandable to an interdisciplinary audience of biologists and plasma physicists.

48

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.617345
http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.617345&domain=pdf&date_stamp=2021-04-14
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:alexandra.waskow@epfl.ch
https://doi.org/10.3389/fphy.2021.617345
https://www.frontiersin.org/articles/10.3389/fphy.2021.617345/full


Waskow et al. Mechanisms of Plasma-Seed Treatments

The review is organized as follows. The Seed Structure
and Development section will be presented first to establish a
common ground, followed by a summary of current techniques
used to improve seed survival in section Seed Performance.
In section Non-thermal Plasma (NTP) as a Seed Processing
Technology, plasma will be introduced and the motivation
for its application on seeds followed by a corroboration of
recent research to provide an overview of physical, chemical,
and biological mechanisms that can be triggered by plasma
components is in section Mechanisms of How Non-thermal
Plasma Affects Seeds and Their Subsequent Development.

SEED STRUCTURE AND DEVELOPMENT

Although very diverse, all seeds have generally evolved to contain
all their needs to develop into plantlets once the environmental
conditions are perceived as appropriate. The living tissues of
seeds are protected by the seed coat (testa), which can vary
between species and cultivars, or depend on the plants being
fertile or clones unable to produce the next generation. Inside
the dry mature seed, the embryo is in a partially desiccated,
quiescent state, poised to germinate upon the addition of water or
in other words, imbibition. It is then provided with stored foods
through the endosperm during germination, a process which is
the transition from an inactive to active seed that grows, ruptures
the seed coat and develops from a seedling first into a plantlet,
which is generally still frail and particularly sensitive to external
stresses, to then a more stress-resistant autotrophic plant.

The trigger for germination requires a number of external
parameters to be met, which will vary from seed to seed,
but are generally a combination of water, temperature and
light. Additionally, each seed has different requirements due to
structural differences, particularly in the seed coat. Imbibition is
the first step where the seed undergoes three stages with initially
rapid, then slow and finally rapid water uptake. Water reactivates
the enzymes that can repair DNA and membrane damages
by using pre-existing RNA transcripts produced during seed
maturation, and activates enzymes involved in beta-oxidation
and amylases to break down stored oil and starch into sugars for
energy and cell wall production. Proteases break down storage
proteins into amino acids for protein synthesis [2].

After the third water uptake stage, the seed is swollen since
the tissues have expanded and the embryo grows. The first visible
sign of germination is the protrusion of the radicle, which later
becomes the root. From there, the hypocotyl, which connects
the root and shoot, hooks out and brings out the shoot with the
cotyledon/s, then the true leaves. Once photosynthesis starts, the
plantlet can grow independently from prior storages of organic
matter and will only take nutrients and water from the soil and
the surrounding media.

Prior to germination, there are hormones and inhibitors
that prevent the process, to ensure the right environment and
maximize the probability of the germinated seed to survive and
thrive. The hormone abscisic acid (ABA) is known for its role
in maintaining dormancy and for inhibiting germination. When
this is removed by a lengthy water imbibition, another hormone

gibberellic acid (GA) is produced and germination begins. As
the embryo grows, both auxin and cytokinin are involved in cell
expansion and cell division, respectively, whereas later during
the stressful life of the plant, hormones such as salicylic acid,
jasmonic acid and ethylene will play a role in plant defense to
protect it against abiotic stresses such as cold, heat, dehydration,
and biotic stresses, such as herbivores, viral, fungal and bacterial
pathogens. More information about plant defense can be found
in Andersen et al. [3].

SEED PERFORMANCE

The best chance for survival is to provide the seed with an
opportunity to germinate from the very beginning, assuming
they are not dead, and for food production, there are additional
criteria beyond successful germination which are germination
uniformity and rate for a single harvest when done on an
industrial scale. For this reason, many centuries ago, a method
called priming was developed to ensure a more uniform and
faster germination.

Seed priming is a method which can increase plant growth
parameters, such as germination rate and uniformity and
contribute to higher yields and greater plant resistance. As
reviewed by Pawar and Laware [4] and Lutts et al. [5], the concept
of priming is to provide water and activate the metabolism
of the seed to repair damage before continuing the embryo
development and the emergence of the root.

Priming is frequently applied using water (hydro-priming),
which requires soaking the seeds for a given timeframe. This
water treatment can be modified to ameliorate germination
rate, efficiency and uniformity with the addition of salts
(halo-priming), solutes to change the osmotic pressure (osmo-
priming), micronutrients like boron and iron (nutri-priming),
hormones like gibberellic acid (hormonal priming) or beneficial
microorganisms, such as Pseudomonas species (bio-priming),
and metallic nanoparticles like iron and silver (nano-priming).
Priming can also be done without water by using a solid
and non-soluble material such as sand or clay called matrix
priming [4].

Depending on the seed and its structure, it can be primed
with wet treatments by soaking in cold, warm, boiling water or
dry treatments using dry heat or microwaves. Seeds can also
be primed using acid scarification and physical scarification.
Seeds, specifically their seed coats, can also be modified with
compounds such as selenium or salicylic acid [6] or agents that
are protectants, nutrients, symbionts, soil adjuvants (hydrogels)
and colorants [7]. Protectants, such as pesticides, and colorants
make up the bulk of coatings and are applied mostly to crops and
vegetables to mainly deter insects (44%), weeds, and fungi [8].

Pesticides in the seed coatings can transfer into the soil
through rain and enter the groundwater and wastewater
treatment plants. Since these compounds are highly toxic, persist
for a long time and become more toxic with time when held
in storage, remediation methods, used to remove toxic chemical
compounds, can be done with microorganisms, clay, polymeric
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materials or UV-H2O2 and UV- ozone, and hydroxyl radicals and
at times, even require additional water resources [9].

Although protective coatings are important and occupy
a multi-billion-dollar market, the amount of investment in
remediation techniques highlights that it would be beneficial to
consider alternatives to minimize pesticide use. For this reason,
alternatives have been considered such as biocontrol using
fungi or bacteria, biopesticides derived from natural compounds
such as grapefruit seed extract [10], physical methods such as
ultrasound [11, 12] as well as genetic engineering [13]. It would
also be ideal to find a method with minimal energy consumption
in view of energy savings considering that energy input is five to
ten times greater than the output in the form of food in North
America [14].

NON-THERMAL PLASMA (NTP) AS A SEED
PROCESSING TECHNOLOGY

Ideally, more effective solutions for seed treatment to ensure
rapid and uniform germination should not include toxic
residues, consume little energy, have low penetration depth
to avoid injuring cells, and favor long storage time [15],
while subsequently supporting optimal seed development.
These criteria can possibly be met with non-thermal plasma
(NTP) treatments.

Plasma is an ionized gas that can be ignited under low
or atmosphere pressure conditions. The plasma composition
depends on the operating parameters such as voltage, frequency,
humidity, flow rate, and gas mixture. Gases such as argon,
oxygen, nitrogen, helium, and/or air can be ionized by electric
fields to form electrons, ions, UV, thermal radiation and reactive
species. Specifically, air plasmas contain reactive oxygen species
(ROS) such as superoxide (O·−

2 ), hydrogen peroxide (H2O2),
hydroxyl radical (OH·), singlet oxygen (1O2), and ozone (O3)
and reactive nitrogen species (RNS) such as nitric oxide (NO·),
peroxynitrite and nitrogen dioxide radical (NO·

2) [16]. Han
et al. [17] and Laroussi [18] describe the types of plasma
treatments in detail. Šimončicová et al. [19] describe the types
of plasma treatments for biological applications. In short, they
include dielectric barrier discharge (DBD) as the most common
plasma source, followed by plasma jet, corona, microwave,
radiofrequency, and gliding arc. The DBD generates plasma by
alternating high voltage (kV) between two electrodes, one or
both of which are insulated by a dielectric to prevent electric
arcs. The DBD may generate the plasma in a volume of gas
between the electrodes (VDBD) or on the surface of a dielectric
adjacent to electrodes (SDBD). In a plasma jet, there is usually
a DBD excitation of gas flowing in a thin tube. Corona ignites
plasma at the tip of a sharp edge and forms diffuse plasma toward
the ground electrode. Microwave plasma is produced using a
magnetron at a very high frequency in the GHz range, whereas
radiofrequency plasma is ignited in the MHz range; both are
ignited in a vacuum chamber at low gas pressure. Gliding arc
generates an arc at the shortest distance between two diverging
electrodes, which then expands. The seeds and seedlings can be
treated directly with the plasma or indirectly at a distance away

from the plasma. They can also be soaked or watered using liquids
exposed to plasma. These liquids are considered as plasma-
activated media (PAM) and if water is used, it is called plasma-
activated water (PAW). Comparing the gaseous and aqueous
treatments, similar effects on macroscopic plant properties have
been reported [20, 21].

Plasma treatment may enhance seed survival without toxic
residues since all the constituents in plasmas may be found in
nature and recombine shortly afterwards. Moreover, components
in plasma have approximately 10 nm deep penetration, limiting it
to surface functionalization [12]. Importantly, plasma treatments
are considered to be low maintenance with low energy costs [22].
Therefore, many studies have been performed involving plasma
treatments of agronomic interest, such as quinoa, basil, tomato,
wheat, radish, soybean, mung bean, rice, Ajwain and Umbu
and seeds deemed important for the landscape like Norway
spruce [23].

Randeniya and de Groot [22] and Puac et al. [24] reviewed
the observed effects on germination and subsequent plant
growth. The extensive list of these effects in this review has
been summarized in Figure 1. It can increase germination
probability and biomass [25] or increase disease resistance or
stress resistance [26, 27]. Additionally, it can accelerate or delay
germination and subsequent development [28], decrease water
consumption [29], decrease levels of microbial pathogens or
insects [30, 31], without detectable toxic residues [20]. Molina
et al. [32] proposed to make a hydro-absorbant polymer coating
with short plasma treatments on specific seed types, and Kopacki
et al. [33] suggested to use plasma for seed coatings against
fungal pathogens.

Other than treating the seed or plant directly, plasma
treatment can also be used on the plant’s surroundings by
degrading volatile organic compounds in the soil to improve soil
health [34, 35]. It may also have potential as an alternative to
fungicide [36] and be implemented in industry as field studies
have shown [16, 37].

Table 1 shows the legend describing the categories of Table 2,
which is a compilation of papers described in four categories:
seed coat modification, growth parameters, metabolism, and
disease or stress resistance and further divided by the scale
of information i.e., macroscopic, microscopic or molecular
properties. Seed disinfection and sterilization were intentionally
left aside and can instead be found in more detail in the food
processing field [108].

MECHANISMS OF HOW NON-THERMAL
PLASMA AFFECTS SEEDS AND THEIR
SUBSEQUENT DEVELOPMENT

Quite consistently, most reports refer to optimized plasma setups
that can significantly change germination and plant growth
parameters. For example, germination rate may be accelerated,
shoot and root lengths may be longer [68] and more branching
of the roots [25] or stronger root system [85] were reported
although it is difficult to know the causative agent behind these
effects due to varying plasma-seed treatment methodologies.
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FIGURE 1 | Effects of plasma treatment on seeds which includes surface modifications, changing growth parameters, modulating disease, and stress resistance
through metabolism.

Not all observe the same effects and instead, plant growth
can be improved without changing germination rate [49] or
scientists have strong variation in their experiments [53, 69].
This could mean that further optimization is required, which
is time-consuming considering the number of variables in the
experimental design. It is not yet clear by which mechanism(s)
these effects arise but understanding this will simplify the

experimental design and potential scale up for the future so
that the results are reproducible. Here, we take a closer look
at the physical, chemical, and biochemical factors derived from
plasma treatments to have a more detailed understanding of
what is happening to the seed. A summary of the plasma-seed
interactions at the seed surface and at a molecular level are given
in Figures 2, 3, respectively.
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TABLE 1 | Legend describing each category of Table 2 for the type of plasma
and seed used in the study as well as the main findings (see this table for a
description of the categories).

Category Description

Plasma

Geometry Volume or surface dielectric barrier discharge
(VDBD/SDBD), radiofrequency (RF), jet

Pressure Atmospheric or low

Gas type Oxygen, nitrogen, argon as single or admixtures

Seed type Radish, wheat, rice etc.

Micro(organism)

Bacteria or fungi or
insect

Native or artificial contamination of a microorganism or
organism (pest)

Main findings

Seed coat modification Wettability, water uptake, morphology, surface
chemistry

Growth parameters Germination rate, root length, shoot length, seed vigor

Metabolism Antioxidant enzymes, proline, soluble sugars

Disease or stress
resistance

Plants grown in stressful conditions or include
molecular component which contributes toward
resistance

Scale

Macroscopic Seen by eye

Microscopic Seen using a microscope (mostly light or scanning
electron)

Molecular Enzymes, proteins, DNA, RNA, DNA modification

Physical Factors
The physical factors such as heat, ultraviolet, and electromagnetic
fields and mechanical scarification are the first contact point with
the seed coat and may then trigger downstream consequences
from this initial interaction. In the following section, each
physical factor and its effect will be presented individually.

Heat
The temperature of plasma treatments can range from room
temperature up to 90◦C, so in principle it is possible to have
an effect depending on the temperature and treatment time
although not many authors think that increased temperature is
responsible for the changes in plants. Temperature is monitored
in a few studies by measuring the electrode temperature,
calculating the gas temperature from spectra or measuring the
temperature of the seed directly using an infrared camera or
thermocouple [47, 109] but it has not yet been done on a
molecular level by assessing the seed or plant response. Kitazaki
et al. [110] compared plasma and heat treatments by heating
the seeds on a hot plate but did not see the same effect on the
plant development.

Others have tried to look into heat shock proteins (HSPs),
which are induced with temperatures ranging from 31 to 37◦C,
but HSPs are often not exclusively induced by heat. Theymay also
accumulate under oxidative stress, high intensity irradiation, and
desiccation [111]. Iranbakhsh et al. [78] treated wheat seedlings
with plasma and observed increased expression in heat shock
factor A4A in both the root and shoot system in correlation with

an increase of growth parameters and mitigating the negative
effect of salinity stress. They only reached a maximum of 29◦C
in a 2min plasma treatment, suggesting that heat alone is not
responsible for the observed effects in this particular study but
the role of HSPs during plasma treatment remains unclear since
it was shown not to change in the study by MildaŽiene et al. [53].

Ultraviolet Light (UV)
The role of high-energy photons in plasma-seed treatments has
been controversial since UV has had a negligible effect so far
but the effects of UV on seeds and plants could theoretically
contribute to the wettability or growth enhancement effects
indirectly; for example, by producing radicals or reactive oxygen
species (ROS) such as ozone [60]. Gao et al. [52] checked the
effects of UV separately from plasma and observed that UV had
only a minor contribution toward the seed wettability. Sarinont
et al. [102] also reported that there was no effect from UV when
they saw the lack of growth enhancement effect after they blocked
UV with a quartz plate.

It is known that just UV-B can accelerate germination of
safflower seeds but then negatively affects growth [112]. Noble
[113] made the same conclusions with kale, cabbage, radish
and agave seeds. Likewise, Sadeghianfar et al. [114] showed
accelerated germination of maize and sugar with UV-C treatment
but instead, saw an increase in plant growth parameters and
suspected this may be due to breaking down the seed coat and
increase in temperature.

There may be differences in effects depending on the
wavelength since it has been shown that UV-A had a more
pronounced effect than UV-C but both were able to accelerate the
germination rate and improve growth parameters [115]. On the
one hand, UV is often associated with inducing DNA damage.
Prakrajang et al. [46] compared gamma radiation with plasma
and saw only with gamma irradiation that the plants did not
grow well and thus suspected it was induced DNA damage.
On the other hand, plants treated with UV were able to better
cope with drought stress, possibly by activating DNA repair
mechanisms [116]. This may be due to an increase in phenolic
compounds, which often have a role in disease or stress resistance
and this response can be triggered by intense UV light which is
accompanied by high temperature and photo-oxidative damage
in nature [117].

Babajani et al. [59] and Iranbakhsh et al. [118] both considered
that plasma-derived UV may be detected by photoreceptors
which then might affect secondary metabolism and trigger stress
responses if the treatment is done briefly. UV is also linked
with photomorphogenesis and cell elongation, division, and
differentiation [119]. Iqbal et al. [63] compared laser and plasma
treatment separately on seeds and saw similar types of effects:
damage to the seed coat, an increase in water uptake and
protein content.

Electromagnetic Fields (EMF)
Pauzaite et al. [23] and MildaŽiene et al. [53] also attributed
the changes in growth parameters to radiation since MildaŽiene
et al. [53] saw similar protein expression profiles when comparing
seeds treated with plasma or electromagnetic fields (EMF). This is
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TABLE 2 | Collection of plasma-seed treatment papers.

Citation Plasma Seed type Micro (organism) Main findings Scale

Iranbakhsh et al. [38] DBD; atm pressure; Ar Hemp Growth parameters, metabolism Macroscopic and
molecular

Kang et al. [39] 1) Arc discharge; low or atm
pressure; underwater
2) DBD; low and atm pressure;
(0.6–1 atm); not clear

Rice Fusarium fujikuroi Seed coat modification, growth
parameters, disinfection/disease
resistance

Macroscopic

Billah et al. [40] DBD; low pressure (400 torr); air Black gram Seed coat modification, growth
parameters, metabolism

Macroscopic and
molecular

Rezaei et al. [41] Not clear; atm pressure; air Hyssop Tissue modification (dried leaves) Macroscopic

Koga et al. [42] DBD; atm pressure; humid air Radish Seed coat modification (color) Macroscopic

Ghasempour et al. [43] DBD; atm pressure; Ar Catharanthus roseus Growth parameters, metabolism Macroscopic and
molecular

Mujahid et al. [44] DBD; atm pressure; He and O2 Grape cultivar Muscat
of Alexandria

Growth parameters, metabolism Macroscopic and
molecular

Filatova et al. [45] CCP RF; low pressure (200Pa);
air

Maize, wheat, lupine Native fungi,
Fusarium

culmorum

Growth parameters, metabolism,
disinfection/disease resistance

Macroscopic and
molecular

Prakrajang et al. [46] Not given; not given; Ar Chili pepper Growth parameters Macroscopic

Kobayashi et al. [47] DBD; atm pressure; air Arabidopsis
(seedlings)

Growth parameters Macroscopic

Dawood [48] RF; low pressure; Ar Moringa Seed coat modification, growth
parameters

Macroscopic and
microscopic

Sidik et al. [49] Plasma jet/plume; atm pressure;
He

Corn and eggplant Growth parameters Macroscopic

Ambrico et al. [50] DBD; atm pressure; air Basil Seed coat modification, growth
parameters,

Macroscopic and
microscopic

Seddighinia et al. [51] DBD; atm pressure; Ar Bitter melon Growth parameters Macroscopic,
microscopic

Gao et al. [52] DBD; atm pressure; air Pea Seed coat modification, growth
parameters

Macroscopic.
microscopic

MildaŽiene et al. [53] CCP RF; low pressure (200Pa);
air

Sunflower Growth parameters, metabolism Macroscopic and
molecular

Šerá et al. [54] DBD; atm pressure; air Pine Growth parameters, disinfection Macroscopic

Cui et al. [55] DBD; atm pressure; air Arabidopsis Growth parameters, metabolism Macroscopic and
molecular

Liu et al. [56] DBD jet; atm pressure; N2, O2, air Radish, mung bean,
wheat, tomato,
lettuce, mustard,
Dianthus and sticky
bean

Growth parameters Macroscopic

Los et al. [57] DBD; atm pressure; air Wheat Seed coat modification, growth
parameters, metabolism

Macroscopic and
molecular

Moghanloo et al. [58] DBD; atm pressure; Ar Astragalus frida Growth parameters, metabolism Macroscopic and
molecular

Pérez-Pizá et al. [36] Needle to plane DBD; atm
pressure; N2, O2

Soybean Seed coat modification, growth
parameters, metabolism

Macroscopic and
molecular

Babajani et al. [59] DBD; atm pressure; Ar Melissa officinalis Growth parameters, metabolism Macroscopic and
molecular

Lotfy et al. [60] Plasma jet; atm pressure; N2 Wheat Seed coat modification (water
uptake), growth parameters

Macroscopic

Bafoil et al. [61] DBD; atm pressure; air Arabidopsis Seed coat modification, growth
parameters

Macroscopic,
microscopic?, and
molecular

Singh et al. [62] RF; low pressure; (0.40 mbar) O2

and Ar
Basil Growth parameters, metabolism Macroscopic and

molecular

Iqbal et al. [63] Not clear; low pressure; Ar Wheat Seed coat modification, growth
parameters, disease resistance

Macroscopic and
molecular

(Continued)
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TABLE 2 | Continued

Citation Plasma Seed type Microbe Main findings Scale

Islam et al. [64] DBD; low pressure (10 Torr); air,
Ar, O2

Rapeseed, mustard Growth parameters, metabolism Macroscopic and
molecular

Kabir et al. [65] DBD; low pressure (10 Torr); air,
Ar, O2

Wheat Seed coat modification, growth
parameters, metabolism

Macroscopic and
molecular

Afsheen et al. [66] RF capacitive; low pressure; Ar Wheat Beetle Seed coat modification, pest
resistance

Macroscopic

Lo Porto et al. [67] RF; low pressure (800 mTorr); N2,
O2

Asparagus Seed coat modification, growth
parameters

Macroscopic

Jiang et al. [68] ICCP RF; low pressure (150Pa);
He

Tomato Growth parameters Macroscopic

Hosseini et al. [69] CCP RF; low pressure; N2 Artichoke Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic and
molecular

Tounekti et al. [70] DBD; atm pressure; He Coffee and grape
seeds

Growth parameters Macroscopic

Zhang B. et al. [37] CCP glow RF; low pressure
(30-200Pa); air, He

Maize, peppers,
wheat, soybeans,
tomatoes, eggplants,
pumpkins

Growth parameters, metabolism Macroscopic and
molecular

Khatami and Ahmadinia
[71]

Gliding arc; atm pressure; air Pea, Zucchini Native microflora Growth parameters Macroscopic

Pawłat et al. [72] DBD plasma jet; atm pressure; He
and N2

Thuringian Mallow Seed coat modification, growth
parameters

Macroscopic and
microscopic

Rahman et al. [73] DBD; low pressure (10 Torr); air,
Ar, O2

Wheat Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic and
molecular

Pawlat et al. [72] Gliding arc; atm pressure; N2 Thuringian Mallow Seed coat modification, growth
parameters

Macroscopic and
microscopic

Hayashi et al. [74] RF; low pressure (20-80Pa); O2,
Ar

Arabidopsis, radish Growth parameters, metabolism Macroscopic and
molecular

Matra [75] Plasma flashlight; atm pressure
Ar, O2

Sunflower Growth parameters Macroscopic

Bafoil et al. [76] 1) DBD; atm pressure; air
2) plasma jet; atm pressure; He

Arabidopsis Seed coat modification, growth
parameters

Macroscopic,
microscopic

Măgureanu et al. [25] DBD (fluidized); atm pressure; air Tomato Growth parameters Macroscopic

Štěpánová et al. [77] DBD; atm pressure; air Cucumber and pepper Seed coat modification, growth
parameters

Macroscopic and
microscopic

Iranbakhsh et al. [78] DBD; atm pressure; Ar Wheat Growth parameters, metabolism,
stress resistance

Macroscopic and
molecular

Iranbakhsh et al. [79] DBD; atm pressure; Ar Chili pepper Growth parameters, metabolism Macroscopic,
microscopic and
molecular

Pauzaite et al. [23] CCP RF; low pressure (60Pa); air Norway spruce Growth parameters Macroscopic and
molecular

Park et al. [80] DBD; atm pressure; N2 and air Barley Seed coat modification, growth
parameters, metabolism

Macroscopic and
molecular

Zhang J. et al. [81] DBD; atm pressure; Ar Soybean Growth parameters Macroscopic

Shapira et al. [82] RF inductive; low pressure; air Pepper and lentil Seed coat modification Microscopic

Lotfy (36b) Plasma jet; atm pressure; N2 Watermelon Seed coat modification, growth
parameters

Macroscopic

Wang et al. [83] DBD; atm pressure; air, N2 Cotton Seed coat modification Microscopic

Kim et al. [84] Corona discharge plasma jet; atm
pressure; air

Broccoli Native Aerobic
bacteria, molds
and yeasts, B.
cereus, E. coli,
Salmonella spp.

Growth parameters, metabolism Macroscopic and
molecular

(Continued)
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TABLE 2 | Continued

Citation Plasma Seed type Microbe Main findings Scale

MildaŽiene et al. [85] CCP RF; low pressure (60Pa); air Purple coneflower Growth parameters Macroscopic and
molecular

Li et al. [86] DBD; atm pressure; air Wheat Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic,
molecular

Sera et al. [87] 1) gliding arc; atm pressure;
humid air
2) microwave plasma discharge;
low pressure (140Pa); Ar, O2

3 cultivars of hemp Growth parameters Macroscopic

Puligundla et al. [88] Corona discharge plasma jet; atm
pressure; air

Rapeseed Native Growth parameters, metabolism Macroscopic and
molecular

Puligundla et al. [89] Corona discharge plasma jet; atm
pressure air

Radish Native Growth parameters, metabolism Macroscopic and
molecular

Gómez-Ramírez et al.
[90]

1) DBD; low pressure (500 mbar);
dry air
2) RF; low pressure (0.1 mbar);
dry air

Quinoa Seed coat modification, growth
parameters

Macroscopic,
microscopic

Guo et al. [91] DBD; atm pressure; air Wheat Seed coat modification, growth
parameters, metabolism, stress
resistance

Macroscopic,
microscopic,
molecular

Zhang et al. [92] Needle to plane DBD; atm
pressure; Ar

Soybean Growth parameters, metabolism Macroscopic,
molecular

da Silva et al. [93] DBD; atm pressure; air Mimosa Seed coat modification, growth
parameters

Macroscopic and
microscopic

Meng et al. [94] DBD; atm pressure; air, Ar, O2, N2 Wheat Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic,
molecular

Nalwa et al. [95] Glow discharge; low pressure (0.2
mbar); O2

Bell pepper Seed coat modification, growth
parameters,

Macroscopic,
microscopic

Junior et al. [96] Plasma jet DBD; atm pressure; He Mulungu Seed coat modification, growth
parameters

Macroscopic,
microscopic

Zahoranová et al. [97] DBD; atm pressure; air Wheat Native Seed coat modification, growth
parameters

Macroscopic

Zhou et al. [98] Plasma jet array; atm pressure;
He, N2, air, O2

Mung bean Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic,
molecular

Khamsen et al. [99] Hybrid microcorona discharge;
atm pressure; air, Ar;

Rice Native fungi Seed coat modification, growth
parameters

Macroscopic and
microscopic

Li et al. [16] CCP RF; low pressure (150Pa);
He

Peanut Seed coat modification, growth
parameters

Macroscopic

Gholami et al. [100] CCP RF; low pressure; air Ajwain Seed coat modification, growth
parameters

Macroscopic

Matra [101] Plasma flashlight; atm pressure;
Ar

Radish Growth parameters Macroscopic

Sarinont et al. [102] DBD; atm pressure; air, O2, NO,
He, Ar, N2

Radish Growth parameters Macroscopic

Dobrin et al. [103] DBD; atm pressure; air Wheat Seed coat modification, growth
parameters

Macroscopic

Stolárik et al. [104] DBD; atm pressure; air Pea Seed coat modification, growth
parameters, metabolism

Macroscopic,
microscopic,
molecular

Munkhuu et al. [105] Not clear; not clear; not clear Clover Growth parameters Macroscopic

Ji et al. [106] 1) DBD; atm pressure; Ar, N2, air
2) microwave plasma torch for
NO; N2, O2

Coriander Seed coat modification, growth
parameters

Macroscopic

Kadowaki and Kurisaka
[107]

DBD; atm pressure; air Arabidopsis Growth parameters Macroscopic
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FIGURE 2 | Summary of the possible mechanical, chemical, and biochemical interactions of plasma components with the seed surface.

FIGURE 3 | Summary of hypotheses and current evidence of plasma-seed treatments on a molecular scale.

not entirely surprising since pulsed electric fields also affect seed
germination [120, 121]. It needs to be kept in mind though that
electric field treatment is also accompanied by oxidative stress
and ozone [122] where ozone has been suggested by Patwardhan
and Gandhare [123] to be the main effective parameter in
the treatment.

Static or alternating magnetic fields can also change
germination probability, growth rates, increase root, and shoot
length, change redox status of plants possibly by increasing
hydrogen peroxide (H2O2), altering photosynthesis, alleviating
drought stress or increasing mineral content [124, 125].
Arguably, UV may have a role but a minor contribution
in terms of direct effect considering that the above studies
used several hours long UV treatments to have an effect
whereas most plasma treatment are in the seconds or minutes
range. Nevertheless, photons and electromagnetic fields can

still possibly contribute indirectly through the production
of RONS.

Mechanical Scarification and Erosion
In terms of mechanical effects, it has been suggested that altering
the seed coat may play a role in modifying germination rate.
Typically, a seed has four layers: the cuticle, epidermis,
hypodermis, and parenchyma. The differences in the
microstructures and chemistry of these layers determine
differences between species and even cultivars. The seed coat
role is like a water modulator; it controls the entry of water so it
can be absorbed slowly by the cotelydons to minimize or avoid
imbibition damage [126].

It has been suggested that the removal of the lipid layer
allows for better access to water, a requirement for triggering
germination [127]. Bafoil et al. [61] showed the importance
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of the seed coat by using mutants of Arabidopsis plant model
Ler and Col-0 ecotypes and showed the rearrangement of lipid
components, changes in lignin and seed coat erosion. Many,
although not all authors have observed with scanning electron
microscopy (SEM) that seed surfaces treated with plasma have
an eroded appearance [52, 83, 86, 93, 96, 104], where MildaŽiene
et al. [128] only saw etching on the seed surface facing plasma
treatment and others did not see any changes [29, 110, 129].

A majority of these authors have been able to correlate these
changes with increased water uptake. For example, Pawlat et al.
[72] observed that plasma treatment changed the seed structure
by removing the upper cuticle layers covered with wax, a polymer
present to prevent water loss under heat stress, and may form
micro-pores to aid water absorption. Bafoil et al. [61] also worked
with an Arabidopsis mutant gtap5, which is not able to make
suberin or cutin and saw that plasma was not able to improve the
germination without these polymers in the seed coat, suggesting
their importance. This waxy layer was even considered as a
parameter in the experimental design of a study done by Park
et al. [80]. They used two seed types, one with and the other
without a waxy layer, and their results indirectly implied that this
waxy layer plays a role in the effect that plasma treatment will
have on the seeds, suggesting plasma indeed may be improving
the seed coat permeability, considering wax limits water loss and
controls gas exchange.

Billah et al. [40] pointed out that there may be exothermic
reactions from the plasma that release heat and may melt the
wax due to its low evaporation temperature of 37◦C or eroded
by reactive species. This was also pointed out by Holc et al.
[130]. Wang et al. [83] also suggested that through surface
modification via etching, the seed is able to absorb water through
increased hydrophilicity. This enhanced water absorption by
modifying the seed structure is further supported by others who
observed the degradation of cellulose on seed surfaces [131].
Currently, the analysis of components with FTIR-ATR is limited
to cellulose since it is difficult to differentiate between different
organic plant components like cellulose, hemicellulose, pectins,
etc. Wang et al. [83] used both FTIR-ATR to measure seed
surface changes as well as FTIR to analyze the gas exhaust
from the plasma treatment. They needed to omit wavenumbers
i.e., peaks below 1,500 cm−1 that were difficult to assign to
specific functional groups during analysis but also suggested
that the spectral bands are mainly attributed to cellulose rather
than wax.

Junior et al. [96] showed that water may be guided
differently after plasma treatment due to surface modifications.
They observed that the hilum increased the amount of water
absorption, the micropyle had a more open configuration and in
particular, the water absorption was improved mainly through
the hilum rather than micropyle. In any case, by thinning
the seed coat, it is logical to assume that water will be more
readily absorbed.

Interestingly, the water absorption can be controlled
by the plasma treatment using different gases and
coating thickness as mentioned by Volin et al. [28].
Depending on the working gas, 0.5–2µm thick coatings
were applied and their thickness modified imbibition.

This suggests that the seed coat thickness can be
mechanically modified by etching or by changing the
chemical properties.

Despite adding to the thickness with an additional layer of
coating, germination was improved in a few instances, which
highlights the importance of chemistry, but it is difficult to
separate the etching effect from the chemistry in this study.
As it still remains, it is not known yet whether this increased
permeability is principally due to mechanical mechanisms such
as etching as Pawlat et al. [132] suggested, a combination of
both mechanical and chemical as mentioned by Gómez-Ramírez
et al. [90], Tounekti et al. [70], and Park et al. [80] or solely due
to chemistry.

SEM is an insightful tool, which can provide quick qualitative
results of the plasma-seed treatment. Nevertheless, caution
should be exercised when interpreting SEM images because plant
genetics influence the seed coat pattern. Otherwise, observed
changes might already be pre-existing and should instead be
attributed to biological variation rather than plasma treatment
and therefore, using the same seed before and after treatment
is recommended.

Pawlat et al. [132] noticed that the seed shape influences the
type of change affecting the seed and showed in their SEM images
that the seed edge was torn off whereas the middle grew in
sharpness. This brings attention to the fact that this process needs
to be delicately handled. For example, Cui et al. [55] used tape
to prevent the movement of seeds during the plasma treatment
but this may affect the seed coat especially if it is done in the
presence of moisture. As a result, it seems that there is a limit
to how much information can be extracted from surface analysis
using microscopy. Instead, it would be useful to further explore
the chemical modifications since this is currently limited at the
moment in the literature.

It may very well be that the chemistry is sufficient to affect
downstream processes considering that an effect in growth
parameters without visible seed coat modifications has been
observed [57]. MildaŽiene et al. [85] also observed positive
growth effects using vacuum and EMF without visibly changing
the seed coat structure using SEM. It may also be the case that
the results will depend partly on whether there is physical or
physiological dormancymeaning whether dormancy is due to the
seed coat or embryo.

Chemical Factors
On the one hand, etching may play more of a role in certain
seed types with impermeable seed coats but, on the other hand, it
may be that a specific concentration and/or mixture of reactive
species from a higher power plasma is required to observe an
effect. In the latter, mechanical damage might merely be a side
effect, which too can contribute to enhanced water absorption
but is not the primary factor. For this reason, chemical factors
will now be discussed in the next section.

Nutrient Absorption
In addition to analyzingmechanical damage, SEM can be coupled
with energy dispersive X-rays (EDX) to look at the composition
of seed surface. Other methods such as X-ray Photoelectron
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Spectroscopy (XPS) and micro X-ray fluorescence spectroscopy
(µ-XRF) can also be used to acquire information about the
elemental distribution. It has been observed by several authors
like Pérez-Pizá et al. [36] and da Silva et al. [93] that lipid
layers undergo chemical oxidation, which can therefore improve
interaction with water.

Shapira et al. [82] found that irreversible wettability is not
due to electric charging, which could indirectly imply that it
may be done chemically. Pérez-Pizá et al. [36] also correlated
the increased hydrophilicity with oxidized seed using nitrogen
and oxygen plasmas. This perhaps suggests that hydrophilicity
again is done through chemical rather than mechanical changes.
This may not be entirely dependent on the gas type but rather
about producing an appropriate profile of reactive species at
sufficient concentrations that will oxidize the outermost lipids.
It has been shown by Gómez-Ramírez et al. [90] using XPS and
EDX that plasma treatment can oxygenate carbon and deposit
nitrogen groups on the seed surface. They hypothesized that these
elements, as well potassium, are later absorbed by the seed in the
presence of water [133].

Ambrico et al. [50] instead used µ-XRF and showed the
concentration and redistribution of macro- and micronutrients
such as potassium after plasma treatment. As an example, on
the one hand, the diffusion of potassium into the seed interior
may improve the germination through enzyme activation, help
with water retention, or detoxify ROS [134]. On the other hand,
potassium at the surface can be interpreted as seed damage since
it may be used as an indicator of cell membrane integrity [135].
Interestingly, Zhou et al. [98] exposed seeds to plasma-treated
water and they had the lowest leakage rate bymeasuring electrical
conductivities, which is used to measure the cell membrane
integrity. This mobilization of nutrients perhaps is not lost to the
environment but is loosened and absorbed immediately by the
seed [136].

Gas Exchange
When considering gases, it could be that oxygen on the surface
is responsible for not only increased wettability but may also
assist in seed respiration. Considering that oxygen is another
requirement for germination, Sarinont et al. [102] observed
oxygen, NO and nitrogen gas to be the most effective for
plant growth but fumigation with oxygen gas already had an
effect on growth parameters, albeit mild compared to plasma.
This fumigation might be sufficient to improve plant growth
like in the case of nanobubbles [137]. Although fumigation
had a positive effect on plant growth, plasma application had
a stronger effect which may be due to the transport process
being more efficient i.e., speed up the process by not relying
on diffusion or provide more directionality. This highlights
the presumably overlooked importance of oxygen especially
considering that Rahman et al. [73] saw also more obvious
changes in growth parameters when using an oxygen admixture
instead of air.

This principle could likewise work for nitrogen gas but instead
of modifying respiration, it may be directed toward other cellular
processes such as photosynthesis since it is a major component of
chlorophyll or protein synthesis [138]. Asmentioned in the paper

of Gao et al. [52], the presence of CO and O+
2 signals confirmed

that chemical etching of the seed surface by plasma played an
important role in stimulation of seed germination [139]. These
chemical changes may then be responsible for changing the
biochemistry and molecular events in the plant and therefore,
these will be discussed in the next section.

Biochemical and Molecular Factors
Chemical Species

RONS and Seed Coat Interactions
Regardless of whether the changes to the seed coat surface
might loosen an elicitor such as oligosaccharins, as mentioned
by Iranbakhsh et al. [78], many authors are in agreement and
speculate that it is principally reactive oxygen and nitrogen
species (RONS) that trigger biological processes.

Oxidation of the seed coat is very often observed but this
can be propagated internally since there can be an increase in
maldonaldehyde (MDA), a product of lipid peroxidation, after
plasma treatment as seen by both Los et al. [57] and Cui et al.
[55]. This may be among the first steps in the signal transduction
considering that lipid peroxidation does not rely on enzymatic
activity, which is very limited in dry seeds [140].

Mujahid et al. [44] mentioned that it may be instead
the hydroxyl radicals which are responsible for the cell
wall loosening. Bafoil et al. [61] calculated an increased
expression of 23 genes for class III peroxidases after plasma
treatment, which are proteins localized in the seed coat
which regulate concentrations of hydrogen peroxide and
precede the rupture for germination. Pauzaite et al. [23] also
suggested that ROS may alter the seed coat pigmentation,
which is known to be linked to germination. The flavonoid
biosynthetic pathways and abscisic acid, a hormone for
dormancy, are regulated by the same gene locus. Although they
had changes in the seed coat flavonoids, they could not find
any clear connection in their study between flavonoids and seed
germination parameters.

Others have seen that the seed coat pigmentation does in fact
influence seed permeability and the rate of imbibition where
brown seeds had faster water uptake, reached a germination
optimum sooner but weremore susceptible to imbibition damage
than black seeds [141]. Liu et al. [56] also attempted to
decipher between seed types using PAW and brought up in
their discussion that seed storage proteins are typically oxidized
during germination, which may facilitate the mobilization of
the storage reserve. Therefore, it may be possible that plasma-
derived ROS may be affecting the seed pigmentation first and
then downstream the germination rate. Additionally, considering
that Mueller et al. [142] suggested that ROS play a role in the
cleavage of cell wall polymers, it may be that changes inside the
seed in turn modify the outer layers. The mechanical pressure
on the endosperm needs to be relieved for the radical protrusion
but this is based on cell wall loosening, which is linked to the
action of ROS [140] and this, again, may be another argument
that external seed coat erosion might not be necessary for
modifying germination.

Alternatively, it could also be that chemical modifications to
the seed coat, for example through lipid oxidation, may lead to
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the carbonylation of proteins, rendering them more susceptible
to cleavage and leading to the breakdown of aleurone layer
[140, 143]. Therefore, post-translational modifications, such as
carbonylation and sulfhydryl group’s oxidation, are also another
mechanism by which ROS, specifically H2O2, can shift a seed
from a dormant to non-dormant state as shown by Oracz et al.
[144] and Valderrama et al. [145].

ROS Entry and Involvement in Seed Development
Generally, it is not fully understood how external ROS are
detected and how these signals are transduced in seed cells
but this process may partly depend on the presence of water.
Water is needed to trigger germination and increase respiration,
a reaction which oxidizes sugars to release energy in the form
of ATP. During respiration, ROS are produced as by-products
and thus, ROS generation is the hallmark from dormant to
metabolically active seeds [140]. Where the moisture content
is low, there is very little, if any, enzymatic activity but there
may be hydrated pockets within the seed, permitting limited
metabolic activity. It could be that this pocket of water may
assist the diffusion and retention of ROS in the seed and,
therefore it may be that plasma-derived ROS accumulate in
these pockets and trigger signaling for intracellular programs.
This process may be done more efficiently with hydrated
instead of desiccated seeds due to the higher water content.
Nevertheless, in dry conditions, ROS may have an effect that
is simply paused until imbibition [140] and this may be why
there are long-term effects [23] or why long-term storage of
plasma-treated seeds can still have a positive effect on growth
parameters relative to the untreated seeds [102]. On the other
hand, the effects of the plasma treatment may be continuously
ongoing but are not morphologically obvious until imbibition
and subsequent growth. MildaŽiene et al. [128] pointed out
that biochemical changes continue to occur in seeds at various
levels, including hormonal balance, gene expression, oxidative
processes, mRNA content, and protein translation during storage
and these changes may occur across all of these levels after
plasma treatment.

Although it is not known which ROS is/are responsible for the
effect and how it/they enter, it is known that seeds have pores
whose size is genetically regulated and this also may assist the
diffusion of ROS into the seed [126]. H2O2 can interact with the
surface and diffuse through the membrane but charged species
such as superoxide are not able to bypass the membrane and are
dependent on voltage-dependent anion channels called porins,
which are only found in the mitochondria [146]. Despite its
charge, superoxide can break down into hydroxyl and singlet
oxygen and these may be able to bypass more easily [147].
In some cases, RONS bypass the membrane using aquaporins,
protein channels used for water transport [148]. Transport also
depends on the life stage of the plant since ozone can be taken up
through the stomata in the leaves. Seol et al. [149] observed an
accumulation of ROS in chloroplasts, and suggested that through
the micropores, ROS can travel down further into the plant
tissue, from the epidermis into the mesophyll but if too potent,
chloroplast degradation occurs.

Considering the lifetime and complexity of the reactive species
reactions, there is a bias for researchers to measure longer-lived
species like H2O2, O3, and NO and therefore, most of the focus
for this section will be dedicated to these species herein [150].

Ozone
Surprisingly, little has been done to monitor and measure ozone
during plasma treatments and it seems that many overlook the
effect of ozone on seed germination despite it being possible
to enhance germination with optimized treatment parameters.
On the one hand, ozone can impair plant growth by replacing
CO2 and reducing photosynthesis. This is done by inhibiting the
opening of the stomata due to the reduced flow of potassium
ions [151]. In some cases, plants like mung beans are not
able to overcome ozone stress with their antioxidant defenses
[152]. On the other hand, ozone has been used to enhance
seed germination [153] or improve fruit quality [154]. Ozone
seemingly has an ambivalent role that is dependent on the
concentration and length of treatment [155] as it is the case
for many other treatments i.e., hormone, nanoparticles, heat.
The authors mentioned that there is a variable response to the
same ozone treatment based on the species and it is weak and
transient. By using electron paramagnetic resonance (EPR), they
showed that O3 increased the concentration of radicals (carbon
and oxygen species) in all tested species except one.

Pawlat et al. [72] measured 0.01 ppm of ozone produced
during plasma treatment and had an effect on the growth
parameters but it is not clear whether this is due to ozone or other
treatment parameters, such as the short heat treatment at 40◦C.
Perhaps this ozone treatment might not have been sufficient, in
terms of concentration and exposure time but is a good example
to point out that it would be helpful to include as a control in
studies to clarify whether the effect is due to ozone, other reactive
species or other parameters.

It is especially interesting to differentiate this because ozone
can trigger the production of ethylene, which then breaks down
abscisic acid, the seed dormancy hormone [156]. Alternatively,
it could be that ozone generates short-lived species inside the
seed, which may be recognized as a signal for germination since
the accumulation of ROS and peroxidation products is linked
with seed dormancy alleviation [144]. As Sudhakar et al. [157]
pointed out, the production of hydrogen peroxide is observed
in the early imbibition period of tomato seeds and nitric oxide,
hydroxyl radicals and superoxide radicals accumulate during
seed germination in different species. For this reason, many
scientists speculate that H2O2 and NO are the reason for the
observed effects using plasma treatments, whether or not it is the
short-lived species such as superoxide, hydroxyl and NO that are
eventually converted into H2O2 [55].

Wang et al. [83] used a nitrogen plasma in open air and
suggested that nitrogen oxides, which are known to have a
role in dormancy and germination signaling, are present after
plasma treatment and may initiate these biological processes
[158]. Instead, Puac et al. [159] looked at meristematic cells
of carrots treated with a RF plasma for <2min and suggested
that at least H2O2 and superoxide can pass through the
cell membrane and reactive species may be one mechanism
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since they observed fluctuations in levels of redox quenching
antioxidant enzymes such superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), which control and limit
damage from excessive levels of ROS. This was also observed
by Henselova et al. [160] in maize using a DSCBD for <2min.
Simultaneously, these antioxidative enzymes may behave like
sensors to detect ROS availability and redox perturbations so
that an organism can respond appropriately [145, 161]. There
is also an overlapping relationship between these enzymes, NO
and H2O2 where NO positively regulates APX1 through a post-
translation modification, S-nitrosylation, which then enhances
resistance to oxidative stress and improves immune responses
[162] and NO regulates itself as well as ROS [145, 163].

NO and H2O2
Rahman et al. [73] suggested that plasma induces H2O2

formation, which is found in hydrated seeds and is involved
in imbibition and early germination. They compared Ar/O2

to Ar/air admixtures and observed higher concentrations of
H2O2 with Ar/O2 without inducing scavengers that counter
H2O2 production. They concluded that plants treated with
this admixture had better growth parameters due to the
increased H2O2 concentration and did not see any changes
in NO. Likewise, after plasma treatment, an increase in
H2O2 concentration was correlated with positive effects on
germination, whereas a decrease was correlated with negative
effects on germination [23]. The same authors also showed for
the first time the oscillatory dynamics of H2O2, which occurs
in Arabidopsis and conifers but it is not characteristic for other
seed types such as radishes and sunflowers. This already suggests
that there can be differences between species including on a
molecular level.

Kang et al. [39] interestingly did not see an effect and
observed high variation in rice germination. Los et al. [57] also
saw no changes in H2O2 levels in wheat but still had growth
enhancement. This suggests that there are either differences in
the plasma that do not necessarily lead to changes in H2O2 and
requires optimization, or that seeds respond differently, and it is
not exclusively due to H2O2 but instead to nitrites and nitrates.

This latter point was heavily emphasized by Billah et al. [40]
who observed an increase in H2O2 but think that nitrogen is the
main contributor for enhanced growth in gram seeds. In contrast,
Liu et al. [56] compared different gases using direct and indirect
plasma treatments to produce PAW and soaked a variety of seeds.
They were tempted to believe that effects are more likely due to
oxygen-derived species. Interestingly, NO can downregulate the
signal for H2O2 and will activate genes for antioxidant enzymes
as pointed out by Iranbakhsh et al. [118] so once again, it is
difficult to separate the effects of both H2O2 and NO.

In the case of H2O2, it is considered a long-distance signaling
molecule, which is highly interconnected with hormones,
metabolism and gene transcription. The signaling likely includes
MAPK cascades as pointed out also by Babajani et al. [59].
ROS mediated signaling includes calcium signaling, protein
phosphorylation and gene transcription which are redox
sensitive. The relationship between ROS and MAPK is not
fully elucidated and both are able to regulate each other.

These complexes phosphorylate transcription factors, kinases,
phosphatases or other proteins, which can then change enzyme
activity or gene expression [164].

Additionally, ROS may produce changes in calcium signaling
and use different signatures in terms of duration and amplitude
depending on the species and this will dictate what happens
downstream, for example root elongation [165]. It was shown by
Cui et al. [55] that there was increased calcium in the roots of
4-day-old Arabidopsis seedlings which were previously plasma-
treated as seeds and they mentioned this may eventually lead
to plant growth if maintained at a low level. Since there is little
evidence about signaling due to plasma treatments, the focus now
will shift from signal transduction to how hormones, metabolism
and gene expression are modified with plasma, starting first
with hormones.

Hormones
It is difficult to differentiate between the action of ROS
and hormones because ROS are highly interconnected with
hormones like salicylic acid (SA) and jasmonic acid (JA), which
are widely reported. Information remains scarce with auxin
and cytokinins, which are hormones that affect germination
properties [150]. Nevertheless, “hormonesmodulate the effects of
ABA/GA balance: auxin IAA (indole-3-acetic acid) is a negative
regulator of germination; ethylene, cytokinins, brasinosteroids,
and strigolactones can stimulate germination; SA and jasmonate
(stress hormones) may affect germination positively or negatively
depending on the situation” [53].

There are authors like Kitazaki et al. [110], who agree on
the importance of reactive species. Specifically, they think it
is the relationship between ROS and the hormones, which
stimulates plant growth. It is true that the importance of
hormones cannot be overlooked considering that the seed coat
is a source of hormones for the developing seed [166, 167].
MildaŽiene et al. [85] also demonstrated how a dry seed
undergoes subtle metabolic modulation by using proteomics.
They showed that vacuum affected the auxin/cytokine balance,
cold plasma increased GA, and EMF decreased the amount of
ABA and increased IAA and SAwithout changing GA despite not
being able to make a clear connection between phytohormones
and germination kinetics. Ji et al. [168, 169] also observed an
increase in GA in spinach seeds but did not measure any other
hormones. The increase in GA may be the result of plasma-
derived ozone [157] although it is often speculated that it is
specifically auxin and cytokinins that are affected, which are
hormones that increase and stimulate cell division, proliferation
and elongation. Perez Pizá et al. [170] showed that with plasma
treatment, there was a decrease in ABA and increase in IAA, a
hormone which increases growth by regulating enzyme activity.
They also detected H2O2, which coincided with an increase in
ethylene after 24 h of imbibition.

It may be that plasma-derived ROS regulate hormone
production while for example increased auxin levels may be the
reason for increased lateral root growth as pointed out by Wang
et al. [171] where the authors correlated increased levels of auxin
in tomato with lateral root growth under drought stress. Stolárik
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et al. [104] found changes in auxin and cytokinins with a 2-
min plasma treatment in peas. They found an increase in IAA
and oxIAA as well as zeatin, the most common cytokinin, and
correlated this with increased growth parameters. This is logical
since these two hormones work together; auxin is responsible for
DNA replication and initiating the cell cycle whereas cytokinins
trigger cell division and mitosis [172].

It seems that plasmas may somehow modulate concentrations
of hormones and there may be a link with auxin especially
considering that this hormone also affects xylem differentiation
[173]. It has been observed that plasma treatment modified the
diameters of root and stems as well as the differentiation of tissues
such as xylem and phloem [51, 52, 58, 174]. These changes in root
morphologymay then enhance nutrient exchange [68] which was
also proposed by Zahoranová et al. [97]. Moreover, Babajani et al.
[59] pointed out that auxin transport may also be affected by NO,
which is often produced in plasmas. Additionally, it could very
well be the case that auxin biosynthesis is upregulated because
it is known that abiotic or biotic stresses increase the shikimate
pathway which produces the precursor for IAA.

Metabolism
As stated previously, there is a link between hormones and
metabolism and both primary and secondary metabolism, which
are involved in growth and defense, respectively, are altered after
plasma treatment [175].

Regarding primary metabolism, increased ATP levels along
with ethanol were observed, suggesting increased anaerobic
respiration [92]. Moreover, higher concentrations of protein and
sugar were observed by Islam et al. [64] and Billah et al. [40]
due to an increase in reserve utilization enzymes. Billah et al.
[40] explained that this could be because H2O2 transduces the
signal for soluble sugar synthesis and therefore, more soluble
sugar and protein are seen after plasma treatment [62]. Moreover,
exogenous treatment with H2O2 can stimulate germination by
breaking dormancy through the oxidative pentose phosphate
pathway, which provides reducing power and carbon for the new
growth [176]. This pathway also links primary and secondary
metabolism because it provides the precursor for the shikimate
pathway, which is important for plant defense.

Regarding secondary metabolism, an increase in enzymatic
antioxidants like catalase [58], superoxide dismutase [78],
phenylalanine ammonia lyase (PAL) and peroxidases [59] as
well as non-enzymatic antioxidants like total soluble sugar and
proline to better tolerate stress have been observed, likely due to
the increased concentration of ROS. Furthermore, Ghasempour
et al. [43] showed an increase in phenols, chlorophyll, flavonoids
and alkaloids with plasma treatment. Pauzaite et al. [23] has seen
changes in flavonoids after plasma treatment while others have
observed increased phenolic compounds [45, 168, 177].

Defense
ROS may also trigger defense compounds which can originate
from the shikimate pathway and phenylpropanoid pathway to
induce the production of precursors. For example, H2O2 can
activate the shikimate pathway [178, 179]. ROS can also make
the plant readily available in a redox state to respond quickly

to stress as stated by Filatova et al. [45]. Iranbakhsh et al. [118]
suggests that the defense response, triggered by ROS and/or
UV, modulates the hormone balance since they saw an increase
in PAL, a key enzyme in the phenylpropanoid pathway. This
pathway also produces protective proteins called pathogenesis-
related proteins and depending on whether they are acidic or
basic, they can be upregulated by salicylic acid and ROS ormethyl
jasmonate and ethylene, respectively [180].

Although Perez et al. [181] used PAW, they looked at several
genes involved in plant defense in an infected tomato plant and
saw an increase in the gene expression of pal (phenylalanine
ammonia lyase) but not pr1a, pr4, pr5 (pathogenesis related
protein) or erf1 (ethylene response factor). The gene pal is
involved in the phenylpropanoid pathway and makes defense
compounds like phytoalexins and phenolic compounds and
therefore, this information complements the increase in phenolic
compounds seen experimentally by others previously mentioned
in the section Metabolism.

Gene Expression
ROS can also affect gene transcription either directly or indirectly
through hormone conjugates as mentioned by Stolárik et al.
[104]. Redox sensitive transcription factors are widespread
among animal, bacteria and plants [147] and these factors can
be modified through the formation of disulfides upon sensing
ROS [140].

Unsurprisingly, there are others who think plasma also
modifies gene expression although molecular information
concerning plasma-seed treatments is very limited. Hayashi et al.
[182] suggested that ROS generated in plasma with water vapor
may be a method to control the redox state of the plant by
changing the thiol quantity (oxidizing cysteine to cysteine with
OH radicals). This has an important role in gene transcription
and therefore can change the plant response.

Iranbakhsh et al. [38] observed an increase in the transcription
factor WRKY1 and other enzymes involved in secondary
metabolism in plasma-treated hemp seeds.WRKY is of particular
interest since it is a family of transcription factors involved in
many biotic and abiotic stress responses such as fungus, cold
stress, salt stress, and drought tolerance. Furthermore, they are
known for regulating phenolic compounds and there are specific
factors such as AtWRKY23 that regulate auxin. Moreover, there
are also interactions between MAPK cascades and this WRKY
family and they can also activate PR proteins [183].

The other genes that have been studied were by Guo et al.
[91] who observed an increase in LEA chaperone during stress, Ji
et al. [168] who saw increased expression of a hydrolytic enzyme
called pullulanase in spinach seeds, Ghasempour et al. [43] who
saw an increase in gene expression for DAT, an enzyme in the
biosynthesis of vinblastine and vincristine, alkaloids with anti-
cancerous properties and Islam et al. [64] who showed changes
in gene expression of ascorbate peroxidase and catalase but not
superoxide dismutase with an air plasma in rapeseed.

These few preliminary studies demonstrate that plasma
treatment can change gene expression for both primary and
secondary metabolism, for growth and defense, respectively.
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Epigenetics and Genetics
These changes by the plasma treatment in the short-term may be
due to epigenetics such as regulating DNA cytosine methylation,
which inactivates gene expression [74, 184].

Zhang et al. [92] checked the methylation of genes involved
in ATP synthase, an enzyme needed to produce energy for the
cell, and TOR kinase, an enzyme which may increase metabolism
and biosynthesis for energy and biomass production, and saw
decreased methylation, meaning that the expression of these
genes increased. Nevertheless, it cannot be ruled out yet that there
may be changes to the DNA considering that genotoxic effects
from plasma treatment have been observed [185].

Although it was not verified, MildaŽiene et al. [85] found
many similarities between cold plasma and electromagnetic
treatment in protein expression but this may also be done
epigenetically or through post-translational modifications.
Despite the authors attributing the changes to radiation, it may
be the action of hydroxyl radicals or other ROS since they too are
produced from high energy radiation [186]. Additionally, there
also remains the possibility that instead the DNA repair process
is triggered by for example ozone and this may be responsible for
the improvement in germination kinetics [187, 188].

Lastly, the plant genome itself may play a role in sensitivity
to plasma treatment. Kobayashi et al. [47] treated Arabidopsis
seedlings and saw that the ecotypes Col and Ler responded
differently to the same plasma treatment although the results
were not statistically significant. Lo Porto et al. [67] also
pointed out that asparagus germination is strongly influenced
by ecotype although they did not include this in their study.
Therefore, the genetic component should not be overlooked
when considering plasma-seed treatments and studies should
be done on multiple generations since plasma treatment can
have long-lasting effects in the same generation as observed
by Sarinont et al. [102] where the growth enhancing effects
remained even after 17 months of storage of plasma-treated
radish seeds.

In summary, it remains difficult to infer whether these effects
are primarily attributed to the action of a single mechanism
like mechanical scarification, chemical modifications, or changes
in biochemistry through ROS; even within ROS, each species
behaves and functions differently. Additionally, variables such as
the state of dehydration or hydration of the seed may influence
the interaction and retention of ROS.

Ozone specifically in the presence of UV radiation may
undergo reactions to eventually generate superoxide and
hydroxyl radicals in the seed coat or these short-lived species may
directly interact with the seed coat and this could be the critical
point that determines how the external physical and chemical
stimuli are transformed into internal biological stimuli.

The seed coat pigments can be altered and seed coat
embedded enzymes like superoxide dismutase, NADPH oxidases
or peroxidases can transform these species into signaling
molecules like H2O2, which can more easily diffuse through the
membrane or the apoplastic space, and then transduce this signal
either through secondary messengers like calcium and MAPK
cascade or be transmitted without the assistance of enzymes.
Once the signal is sent, the hormonal balance may be modulated

between GA and ABA to break dormancy, to increase auxin
and cytokinin to accelerate the germination process, and increase
ethylene, SA and JA for stress or disease resistance.

In parallel, metabolism may be modulated through the
addition of water and enhanced gas exchange to modify enzyme
activity to break down food reserves but at the same time,
increase enzymatic and non-enzymatic antioxidants to shield
against this sudden burst of ROS either externally derived or from
metabolism. As a result of this stressful stimulus, metabolism in
other defense pathways like shikimate and phenylpropanoid may
be then activated to produce precursors in anticipation of future
stressful events such as hormones or protective proteins.

CONCLUSION AND FUTURE OUTLOOK

What has been shown to date is a combination of plasma device
geometries, treatment methods and seeds that are able to alter
the plant parameters. On the one hand, this diversity emerges
from individual researchers considering what is relevant for their
society and local economy, but on the other hand, this also
makes it difficult to standardize the current research. We seem to
have reached a point where there is potential in this technology
as a proof-of-concept although there may be an inherent bias
by publishing solely positive results, giving the impression that
finding these setups is simple and it only takes trial-and-error to
optimize the treatment conditions. Therefore, it would be helpful
for the readers to also publish negative results to know what is
not working when designing these treatments to move toward
standardization and improve our fundamental understanding.

Most scientists are using DBD plasma enclosed in a chamber
with air as the process gas although there is flexibility in choosing
the type of plasma device. Air plasma is practical and produces a
rich chemistry. However, the role of humidity in these plasma-
seed treatments is still debated. Is it best to work with dry or
wet seeds? Should one control and add or remove humidity, for
example, by a gas flow?

Many authors reported evidence, more often than not, that
plasma treatment modifies the seed surface in such a way
that water uptake increases; this is either done by poration,
removal of the topmost layers or through oxidizing the surface
to improve the water interaction. It is not yet clear whether it
is through mechanical, chemical means or both and whether
this is dependent on the plasma treatment, seed type or both.
How much energy needs to be injected into the plasma to
obtain these effects? To address this, future studies should
continue correlating surface modifications with changes in
germination in a systematic manner and clearly record the
electrical characteristics. This would clarify if mechanical erosion
is necessary to induce a change, under which circumstances
mechanical erosion or chemical alterations are needed, and
specifically which gas types and electrical properties are needed.

It also seems that most authors agree that RONS are
predominantly responsible for the observed plant growth effects.
However, it is not yet clear whether it is ROS, RNS or the
synergistic action of both. It is also not clear if it is purely a RONS
effect because plasma is a synergy of individual mechanisms.
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Although most authors agree that the effects are not due to
heat, it remains difficult to define temperature in these studies,
especially in the presence of a gas flow. Is the seed temperature
after treatment, the plasma temperature or the temperature of the
device measured? Is it certain that an increase of a few degrees
is not enough to trigger a heat shock response? Is the relative
humidity altered by the plasma heating? For this reason, it would
be useful for scientists to include controls in their studies for
heat, ozone, electric fields, and humidity, mimicking what they
are using in the plasma treatment where possible.

Most authors observe changes at the molecular level although
these studies are still extremely limited. More studies focusing on
gene and protein expression would at least provide insight about
whether the same genes are activated across different plasma
treatments and across different seed types. It is also not clear
whether these effects are long-term and at which point they
would be considered genotoxic or adverse for plant growth. The
bottleneck here will be that gene expression studies are limited to
already sequenced plant genomes. However, these results may be
applicable to closely related species.

As a next step, it would be useful to understand how each
parameter in the plasma treatment affects the outcome so
it is more predictable to be able to control the output. To
accomplish this, it will require the continued collaborative efforts
of biologists, chemists and physicists and these standardized
protocols will likely need to be tailored to the seed type due to
the diversity in the seed coat and build on the information from
industry or associations such as AOSA (Association of Official
Seed Analysts) where plasma is an added parameter.

Much of the outcome of the plasma-seed treatment seems
to depend on both the plasma setup and seed features. If the
seed has many layers that need to be scarified, plasma may help
with mechanical erosion through etching or by melting the wax
with the heat produced as a by-product of plasma generation.
If the seed is rather permeable, it may functionalize the surface
through the addition of chemical groups on the surface to
become more hydrophilic and enhance gas exchange to then
affect the seed biochemistry. Therefore, it may be that there are
several modes of plasma treatment that can be selected i.e., if you
need mechanical scarification and erosion, then use high power
AC and argon for ion bombardment, if you need a gentle dose
with ROS for chemical modification of seed coat, use nanopulse
power for better ROS generation and lower temperature, or if
you want to generate NO or H2O2 or if you want to delay or
accelerate germination for storage or sowing, respectively, choose
the appropriate gas type.

Very little has been done in terms of economic analysis other
than by Niemira [189] but it would be useful tomention explicitly

the power density of the device, the maximum number of seeds
that can be treated to have an effect and potentially disclose
the cost of manufacturing the plasma device to then see which
designs would be easiest to implement and scale-up. This does
not mean one plasma device is used universally as one of the
advantages is the flexibility in design so people can adapt their
treatment to their surroundings (seeds may vary in their value
or importance depending on the country). By understanding
the plasma-seed interactions and mechanisms, this will also help
with setting up regulations around this technology since it is
still ill-defined.

Generally, future studies should ideally correlate results
using methods from different fields as far as possible, such
as combining material science techniques with biological
analysis and recording plasma parameters to find trends across
experiments. The most urgent questions are: which treatment
parameters are necessary to see a reproducible beneficial effect
on seeds, can these parameters be applied to a plethora of seeds
or is it necessary to tailor them to each seed type, how is
the plasma treatment affecting the seed on a molecular level,
is it possible to have these plasma treatments and biological
effects consistently reproduced, can the plasma treatment be
reliably scaled up for industrial applications, and how does
plasma treatment compare to already existing methods such
as acid or mechanical scarification? Provided that scientists
now focus on the molecular effects of plasmas, with time, we
might understand in detail how plasma-seed treatments work to
develop this into a viable seed processing technology. Our hope
is that plasma treatments will be another technology useful to the
agriculture community.
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GLOSSARY

Glossary of abbreviations (in alphabetical order).

Abbreviation Full name Short description

ABA Abscisic acid Hormone known for its role in maintaining dormancy and for inhibiting germination

AC Alternating current Usually in the kHz range in these applications

APX Ascorbate peroxidase A H2O2 scavenging enzyme found in plants to protect the cell from damage by H2O2 or OH radicals

AtWRKY23 Auxin regulation factor Auxin-inducible gene and member of WRKY transcription factor family involved in growth and development, biotic
and abiotic stress, and signal transduction

auxin IAA Indole-3-acetic acid IAA is the most abundant form of the hormone auxin; auxin is involved in cell elongation, cell division and
differentiation, phototropism, geotropism

CAT Catalase Enzyme which catalyzes the decomposition of H2O2 to water and oxygen; protects from oxidative stress

CCP Capacitively-coupled plasma A continuous discharge maintained in a gas by AC voltage between electrodes

DAT Acetylvindoline O-acetyltransferase
enzyme

An enzyme involved in the biosynthesis of vindoline, a precursor of vinblastine and vincristine

DBD Dielectric barrier discharge Electric gaseous plasma between electrodes, of which at least one has a dielectric (insulating) surface layer

DSCBD Diffuse coplanar surface barrier
discharge

A type of dielectric barrier discharge

EDX Energy dispersive X-rays Analysis of X-rays after sample irradiation by high energy electrons

EMF Electromagnetic fields Electric and magnetic fields; pulsed, or low frequency (kHz) or high frequency (GHz)

EPR Electron paramagnetic resonance Analysis of electron spin by excitation and detection

erf1 Ethylene response factor Gene encoding a protein belonging to the ERF transcription factors, one of the largest groups involved in biotic
and abiotic stresses using a hormone ethylene

FTIR Fourier-transform infrared
absorption spectroscopy

Absorption spectroscopy suitable for identifying polar molecules

FTIR-ATR Attenuated total reflectance FTIR Absorption spectroscopy suitable for the surface of opaque samples

GA Gibberellic acid Hormone produced to trigger germination

HSPs Heat shock proteins Proteins produced when cells are exposed to temperatures above their normal growth temperature; can also be
triggered by oxidative stress, toxins, heavy metals

JA Jasmonic acid Hormone involved in wound response, which can be inflicted by herbivores, and systemic acquired resistance

LEA Late embryogenesis abundant
protein

Proteins associated with seed development and involved in responding to abiotic stresses such as desiccation
and cold stress

MAPK(KK) Mitogen-activated protein kinase
cascade

Major signal transduction pathway in eukaryotes composed of several proteins called kinases which take
extracellular stimuli and convert into cellular responses; activity altered with the addition of a phosphate group
(phosphorylation); can regulate plant development, growth, ripening, hormone signaling and in response to biotic
and abiotic stresses

MDA Maldonaldehyde A product of lipid peroxidation

NADPH
(oxidase)

Nicotinamide adenine
dinucleotide phosphate (oxidase)

Co-factor involved in oxidation-reduction reactions, protects against ROS, regenerates glutathione (GSH)
(membrane-bound enzyme which generates superoxide or H2O2 )

NTP Non-thermal plasma Plasma in which the electron temperature far exceeds the gas temperature

PAL Phenylalanine ammonia lyase Catalyzes first reaction of phenylpropanoid pathway which is involved in polyphenol biosynthesis (flavonoids,
lignin, phenylpropanoids); belongs to secondary metabolism used for plant defense

PAM Plasma-activated media Any liquid, or other medium, exposed to plasma activation

PAW Plasma-activated water Water exposed to plasma treatment

PR
proteins

Pathogenesis-related proteins Proteins induced upon pathogen attack; part of systemic acquired resistance

pr Pathogenesis-related protein Gene encoding for pathogenesis related protein

RF Radio frequency Alternating voltage, generally from 1 MHz to 300 MHz

RNS Reactive nitrogen species Reactive radicals containing nitrogen, such as nitric oxide, for example

RONS Reactive nitrogen and oxygen
species

Any combination of ROS and RONS

ROS Reactive oxygen species Reactive radicals containing oxygen, such as ozone, superoxide, hydroxyl radicals

SA Salicylic acid Hormone synthesized in response to pathogens; part of local and systemic acquired resistance; induces PR
proteins

SDBD Surface dielectric barrier discharge Dielectric barrier discharge between electrodes disposed on a surface

SEM Scanning electron microscopy Electron microscopy suited to surface analysis

SOD Superoxide dismutase An enzyme which catalyzes superoxide into H2O2 and oxygen

(Continued)
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GLOSSARY | Continued

Abbreviation Full name Short description

TOR
kinase

Target of rapamycin kinase An enzyme which may increase metabolism and biosynthesis for energy and biomass production according to
nutritional, hormonal or other cues

UV Ultra violet radiation 100–400 nanometer wavelength, including UV-A, UV-B and UV-C regions

VDBD Volume dielectric barrier discharge Dielectric barrier discharge in a gas between electrodes

WRKY1 Transcription factor Family of transcription factors involved in many biotic and abiotic stress responses

XPS X-ray photoelectron spectroscopy Analysis of high-energy electrons after sample irradiation by X-rays

µ-XRF Micro X-ray fluorescence Fluorescence of X-rays from a sample bombarded by high energy radiation
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Decontamination Of Endospores By
Plasma Sources On Dried Surfaces:
A Review Of Key Parameters And
Inactivation Results
A Salmon*, G. D Stancu and C. O Laux

Laboratoire EM2C, CNRS, UPR 288, CentraleSupélec, Université Paris Saclay, 8-10 rue Joliot Curie, F-91190 Gif-sur-Yvette,
France

The efficiency of plasmas sources for the decontamination of heat-sensitive devices has
been proven for more than 20 years, but commercial plasma-based sterilizers still have a
narrow range of applications. This can be partially explained by difficulties to determine
reliable bio-indicators and standardized microbiological test procedures required by
industrial uses. In this paper, we examine the influence of environmental factors on the
inactivation rate of microorganisms deposited on surfaces and treated by plasma sources.
In addition, we present a literature review showing that several in-discharge and afterglow
plasma sterilizers offer shorter treatment times than conventional low-temperature
sterilizers to reduce the concentration of endospores on contaminated surfaces by 6-
log. Finally we make a few recommendations for future plasma decontamination
standards.

Keywords: plasma, endospores, decontamination, sterilization, non-thermal

1 INTRODUCTION

Low-temperature decontamination methods are increasingly used for the treatment of heat-sensitive
materials in devices exposed to biohazards, such as endoscopes in hospitals [1], containers in the food
industry [2], spacecraft components [3] or contaminated equipment in areas exposed to war acts [4].
Standard non-thermal sterilization methods suffer from limitations related to their toxicity, high
cost, low material compatibility, and/or long sterilization cycles (several hours). An alternative
approach consists in using atmospheric pressure nonequilibrium plasmas produced by electric
discharges. The use of plasma sources for low-temperature decontamination has been widely studied
for more than 20 years [5–7]. Various biocidal mechanisms of plasmas have been demonstrated,
including cell lysis induced by charged species [8, 9], DNA inactivation by radiation from excited
molecules and atoms [8, 10], and alteration of cell components by chemical products such as reactive
oxygen and nitrogen species (RONS). This combination of inactivation mechanisms is attractive
because a broad range of microorganisms can be treated, namely bacteria, viruses [11] including
Sars-CoV2 [12], fungi [13, 14] and prions [15]. However, the intensities of the mentioned biocidal
mechanisms strongly depend on the type of plasma source (discharge kind, gas flow, power,. . .),
working distance between the plasma and the contaminated surface, and operating conditions
(surface nature, humidity,. . .). Therefore, it is difficult to compare decontamination results using
plasma sources because the inactivation results are highly dependent on the operating conditions.
Comparing the results requires to define standardmicrobiological test conditions, and thus themajor
parameters that need to be controlled.
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The present paper first aims to identify the influence of
several environmental parameters that are not systematically
mentioned in publications. Second, the decontamination
efficiency of various plasma sources is assessed on the basis
of the treatment time required to obtain a 6-log reduction of
endospores, which are commonly used as bio-indicators (BI) to
validate the efficiency of sterilizers. These results are classified
according to the gas pressure and to the working distance
between the plasma and the treated sample because the
biocidal effects of plasmas are reduced as the working
distance increases. In addition, the working distance is an
important parameter for certain applications, particularly the
decontamination of long tubes, where sensitive surfaces cannot
be treated directly by the plasma. The observed trends are
discussed and compared with inactivation results obtained
against the same microorganisms using standard low-
temperature sterilizers.

The paper is organized as follows. The first part introduces the
definitions of the microbiological quantities used in the article,
namely log-reduction, D-value, and bio-indicators. The second
part shows the influence of various environmental factors on the
inactivation of microorganisms treated by plasma sources or by
chemicals. The third part compares and discusses literature
results on the basis of the key environmental factors
introduced in part 2.

2 DEFINITIONS OF THE PARAMETERS
USED TO ASSESS DECONTAMINATION
METHODS
The efficiency of decontamination methods is usually assessed by
direct cell-counting methods that are based on the following
procedure. First, a suspension of microorganisms is prepared,
generally in sterile water. The concentration of the suspension is
adjusted by subsequent dilution. Second, a fraction of the
suspension is deposited onto two carriers and dried. In
general, about ∼106 microorganisms are deposited on the
carriers so as to follow ISO 11138 series and ISO 14161
standards. Third, one of the carriers is treated while the other
is used as a control. Fourth, the microorganisms are extracted
from the carriers and counted using a plate count method. To this
end, the suspension of recovered microorganisms is diluted,
spread on plates, and incubated. The number of Colony

Forming Units (CFU) on the plate is finally counted. If N is
the number of CFU after the decontamination treatment, and N0

the number of CFU on the control sample, the log-reduction
factor (RF) is defined as follows:

RF � log
N0

N

For an initial load of 106 microorganisms on a surface, the
maximum reduction factor measurable by direct cell counting is
6-log. On the basis of a statistical analysis, a reduction factor as
low as 8-log can be determined by a fraction negative
method [16].

The ISO 11138 series and ISO 14161 standards define sterility
as a Sterility Assurance Level (SAL) of 10-6. The SAL denotes the
probability that only one viable microorganism survives the
treatment. Sterility cannot be verified in practice but can be
extrapolated from the kinetics of inactivation of the most
resistant microorganism, named the bio-indicator (BI).
Table 1 lists some of the commonly used bio-indicators. It
should also be noted that other standards, e.g. EN 13697, are
used in industrial applications for disinfection purposes.

Figure 1 shows the inactivation kinetics on a semi-logarithmic
scale, and the methods used to analyze it. Direct cell counting
methods are based on measurings the number of surviving
microorganisms. Fraction negative methods, e.g. Stumbo-
Murphy-Cochran method and Spearman-Karber method, are
statistical techniques applied in the region of the inactivation
curve where only a fraction of the treated items have no viable
microorganisms after the treatment, i.e. the so-called quantal
zone. The technique allows to demonstrate SAL up to 10–2 and to
determine the D-value from a reduced range of the inactivation
curve. Demonstrating lower SAL (SAL < 10–2) is difficult because
of the large number of tests required, so extrapolation of the
inactivation curve is necessary.

TABLE 1 | Standard sterilization methods and microorganisms commonly used
as bio-indicators for these methods, modified from [6].

Method Microorganism Form Standard

Wet heat G. Stearothermophilus Spore ISO 11138-3
Dry heat B. Atrophaeus Spore ISO 11138-4
Radiation (γ,X,e-beam) B. Pumilus Spore ISO 11137
O3 G. Stearothermophilus Spore
C2H4O B. Atrophaeus Spore ISO 11138-2
CH2O G. Stearothermophilus Spore ISO 11138-5
H2O2 B. Atrophaeus Spore ISO 11138-6

O3: ozone, C2H4O: ethylene oxide; CH2O: formaldehyde; H2O2: hydrogen peroxide

FIGURE 1 | Ideal inactivation kinetics of microorganisms analyzed by
different methods (after(16)).
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For sterilization methods such as steam heat, the inactivation
kinetics follow an ideal exponential decay, and the inactivation
curve can be easily extrapolated to determine the conditions for
which sterility can be guaranteed. The slope of the semi-
logarithmic line is termed the D-value and is widely used to
assess the efficiency of a sterilization process. It corresponds to
the time required to reduce the population of one type of
microorganism by one order of magnitude.

In the case of non-thermal decontamination, a multi-step
decay of microorganisms is regularly reported, e.g. [17–20].
The multi-step decay is generally attributed to a clumping of
microorganisms that reduces the number of microorganisms
attainable by the antimicrobial agents [5, 21] or to space-
varying mechanisms of inactivation [16, 22] possibly related to
an inhomogeneous distribution of the plasma agents across the
test sample. Such multiphase decay prevents the determination of
accurate D-values and thus does not allow plasma
decontamination methods to reach the SAL of 10-6 required
for sterilization. However, appropriate preparation and
deposition of bioindicators may allow to observe a
monophasic inactivation curve.

3 ENVIRONMENTAL FACTORS

In this section, we review preparation methods and operating
conditions that can significantly modify the inactivation results of
plasma decontamination processes.

Effect of the preparation method
The initial suspension of microorganisms is generally prepared in
sterile water. However, in realistic conditions, the bioburden is
surrounded by organic and inorganic matter (soil). The soil can
be well-removed by a preliminary cleaning using water (lowest
bio-decontamination level) according to the guidelines of Rutala
et al. [23]. However inorganic residues may still persist after
cleaning. These residues can be simulated in microbiological
treatments by adding salt or serum to the initial suspension of
microorganisms. Such additives are known to strongly reduce the
efficiency of most decontamination methods [24]. In particular, it
has been shown that a high concentration of crystalline-type
materials provides a greater protection to spores than serum with
high protein content [23]. Using a surface microdischarge (SMD),
Klämpfl et al. [25] observed by scanning electron microscopy
(SEM) that Clostridium Difficile (NCTC 13366) endospores
prepared with 0.03% BSA (bovine serum albumine), deposited
and dried on stainless steel substrates, form clusters with
surrounding saline structures. This barrier decreases the
number of spores attainable by plasma species. As a result, the
inactivation rate was lowered by 3-log when BSAwas added to the
suspension. Thus the inactivation results are highly sensitive to
the method of preparation, which must be specified to make
useful comparisons between decontamination systems.

Effect of the deposition method
Two main techniques are commonly used to deposit
microorganisms on substrates : the spot and spray methods.

The spot technique is more common and consists in placing a
droplet of the prepared suspension of microbes on the
inoculation surface. This method does not allow an accurate
control of the local concentration of microorganisms, which
readily form clusters and multilayered structures. In contrast,
the spray method allows to deposit a monolayer of
microorganisms onto the surface, thus ensuring a
homogeneous and controlable surface concentration of
microorganisms [26–28]. For this reason, the spray deposition
method is interesting for standardized inoculation on
substrates(29). Raguse et al. [29] compared the reduction
factor for 5×107 B. Subtilis spores deposited by spray and
liquid spot methods on a glass substrate exposed to a low-
pressure argon plasma. After 90 s of exposure, a 0.8-log
reduction was measured on the substrate inoculated using the
spot method while a 4.8-log-reduction was achieved using the
spray method. The slower inactivation observed using the spot
method can be attributed to the slower diffusion of germicidal
agents inside the multi-layered cell structures. According to
Shintani et al. [21], [30], the characteristic penetration depth
of plasma species is about ∼10 nm, and ∼1 µm for hydrogen
peroxide. Since, the dimension of a microbe is typically ∼1 µm,
chemical sterilants readily diffuse deeply through multiple layers
of cells while plasma species only access the first layer.

As a result, the method of microorganism deposition strongly
influences the decontamination efficiency of non-penetrating
surface agents such as plasma species, but also UV radiation
[31]. However, Raguse et al. [29] showed that highly-penetrating
agents such as X-rays were not influenced by the deposition
technique.

Effect of surface concentration
The surface concentration of microorganisms is defined as the
ratio of the initial microorganisms load to the inoculation area.
Increasing the surface concentration of microorganisms enhances
the formation of multi-layered structures preventing the diffusion
of plasma species in the case of microorganisms deposited by a
spot method [32]. Thus, decreasing the initial load of
microorganisms or increasing the inoculation area may lead to
higher inactivation rates. In Ref. [33], different dilutions of E. Coli
on Agar were treated by surface microdischarges (SMD). A
difference of 4-log in the initial load caused a difference of
about 1 log in the inactivation rate after 10 s of treatment. A
similar behaviour was observed in Ref. [34] with a corona
discharge.

Effect of the type strain
Variations in the strains of a single microorganism species are
referenced in collections –e.g. American Type Culture Collection
(ATCC), National Collection of Type Culture (NCTC). The
susceptibility of different strains of E. Coli (ATCC 25922 and
NCTC 12900) to air DBD exposure was studied in Ref. [35]. After
30 sec of air plasma treatment, it was shown that the strain ATCC
25922 was reduced by 3.4 log whereas the strain NCTC 12900
(corresponding to collection n° ATCC 700728) was only reduced
by 1.8 log. The different efficiencies are due to intrinsinc DNA
variations within the same type of microorganism. It is important
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to note also that the name of microorganisms is subject to
adjustments. Table 2 gives the correspondance of DSM
(German Collection of Microorganisms and Cell Cultures)
collection numbers with other collection numbers of some
bacillus strains of bacteria, as well as previous designations
that may also be encountered. It should also be noted that
microorganisms available from culture collections are typically
less resistant than their real-world counterparts, because the latter
have been subjected to environmental stresses and have evolved
to adapt over countless generations.

Effect of the relative humidity
High relative humidity (RH) is known to cause the swelling of
endospores [36], which enhances the efficiency of many
decontamination methods –e.g. EtO and formaldehyde [37] –
because of the higher water content in the spore core allowing the
formation of aggressive chemicals, such as OH, inside the spore.
In Ref. [37], the moisture content (hydration) of B. Subtilis was
measured for different RH. It was shown that the moisture
content slightly increases from 0 to 20% when the RH is
varied from 0 to 75%, and strongly increases at higher RH
(from 20 to 70% between 75 and 95% RH). At RH > 75 %,
the strong increase of the water content causes spore swelling.

The relative humidity (RH) also affects the gas-phase plasma
chemistry [36]. Figure 2 shows the influence of the RH on the

spore moisture content and the log-reduction of spores treated by
atmospheric cold plasma (ACP) [38] and dielectric barrier
discharge (DBD) [39]. The results indicate that a higher RH is
always correlated with higher sporicidal activity, probably
because of the formation of water-related biocides, such as
OH, H2O2, HNO2, HNO3. Similar conclusions were obtained
in Ref. [26]

Effect of the surface material
The effect of the material and the structure of the treated surface
on the antimicrobial agent efficacy is complex. Sigwarth et al. [40]
studied the reduction of G. Stearothermophilus (ATCC 7953)
endospores deposited on various surface materials after exposure
to hydrogen peroxide. Up to a 3-log difference in the reduction
was measured on different materials, but the authors saw no clear
correlation between the material properties and the shift in the
resistance of endospores.

Figure 3 shows the inactivation of endospores B. Anthracis, B.
Subtilis and G. Stearothermophilus on different substrates
exposed to formaldehyde and hydrogen peroxide [41, 42].
With formaldehyde, the inactivation results are fairly similar
for all materials. In contrast, for hydrogen peroxide exposure,
the inactivation results strongly depend on the substrate material
as shown in Ref. [40]. These results suggest that endospores are
less likely inactivated by H2O2 when they are deposited on porous

TABLE 2 | Different names of some bacillus strains of bacteria (after [63])

Microorganism DSM collection References
number

Previous names References number in
other collections

B. Atrophaeus DSM 675 Bacillus Globigii ‘red strain’ ATCC 9372,
NCIB 8058,

→ Bacillus Subtilis var. Niger CIP 77.17,
NRS 121A

→ Bacillus Subtilis IFO 13721,
NCDO 738

B. Atrophaeus DSM 2277 Bacillus Globigii ATCC 51189,
NCTC 10073,
NCIB 8649,
CIP 103406→ Bacillus Subtilis

B. Atrophaeus DSM 7264T Bacillus Subtilis var. Niger ATCC 49337 T

NRRL-NRS 213T,
B. Subtilis DSM 10T ATCC 6051T,

CCM 2216T,
NCIB 3610T,
NCTC 3610T,
IFO 12210T,
NBRC 13719T

B. Subtilis DSM 402 NCIB 10106,
NBRC 111470

B. Pumilus DSM 492 ATCC 27142,
CIP 77.25,
NCTC 10327,
NCIB 10692

G. Stearothermophilus DSM 22 ATCC 12980,
NBRC 12950,
CCM 2062

G. Stearothermophilus DSM 5934 ATCC 7953

CCM: Czech Collection of Microorganisms; CIP: Collection de l’Institut Pasteur; DSM, DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkulturen; IFO: Institute for Fermentation,
Osaka; NCDO: National Collection of Dairy Organisms; NCIB: National Collection of Industrial Bacteria; NCTC: National Collection of Type Cultures; NRRL: Northern Regional Research
Laboratory; NRS: Nathan R. Smith, NBRC: Biological Resource Center NITE. T superscript refers to the type strain.
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materials. According to the authors, a possible penetration of
spores inside porous substrates precludes interaction of H2O2

with a significant fraction of spores because of the comparatively
small penetration depth of H2O2 [23].

The effect of material permeability can be further understood
from the work of Mahfoudh et al. [36] who studied the effect of
dry gaseous ozone on the inactivation of endospores deposited on
different polymeric surfaces. Figure 4 shows the results obtained
by exposing the samples contaminated by B. Atrophaeus to 4000
ppm of dry ozone for 1 hour. The log-reductions are shown

together with the permeability coefficients of the materials
studied (values taken from GoodFellow). The results show a
correlation between the permeability of the surface material and
the achieved inactivation rate with a maximum 4.6-log reduction
obtained on a highly permeable silicone surface. Similar results
were obtained in decontamination using ethylene oxide (EtO) in
Ref. [37].

In direct plasma decontamination, additional interactions
between the plasma and the surfaces increase the influence of
the surface material. Interactions between the surface material

FIGURE 2 | Effect of air relative humidity on (A) the moisture content ofB. Subtilis in contact with air at 25°C estimated from water desorption of wet cells and water
adsorption of dessicated cells [37], and (B) the inactivation of B. Atrophaeus endospore by direct (Δ) and post-discharge (□) DBD treatment [38], and surface DBD
(SDBD) after exposures of 150 s (□) and 450 s (Δ), [39].

FIGURE 3 | Inactivation of B. Anthracis (black), B. Subtilis (red) and G.
Stearothermophilus (blue) endospores dried on various surface materials and
exposed to hydrogen peroxide H2O2 (top graph) and gaseous formaldehyde
CH2O (bottom), adapted from [41, 42].

FIGURE 4 | Effect of exposure to dry gaseous ozone (4000 ppm, 60min,
RH < 2 %) on the inactivation of B. Atrophaeus endospores dried on pyrex
glass and polymeric surfaces (top, modified from [36]), and permeability
coefficients (units: 10-13 cm3.cm.cm-2.s-1.Pa-1) of treated materials
(bottom, data taken from GoodFellow).
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and the gas phase species were observed by Levif et al. [43].
Operating at reduced pressure, the authors demonstrated that B.
Atrophaeus spores deposited on polystyrene petri dishes were
more resistant than on a glass surface, because of the interaction
between the plasma and the surface material. As a result, treating
microorganisms on porous surfaces significantly increases the
inactivation rate. A possible reason for this is the penetration of
spores inside the material, thus preventing clumping and
shielding of microorganisms at the surface. In the case of
direct plasma treatment, interaction of the plasma with the
surface material influences the gas phase chemistry and thus
the inactivation mechanisms.

4 OVERVIEW OF ENDOSPORE
DECONTAMINATION RESULTS ON DRIED
SURFACES
In several demonstrations of plasma treatments of spores, the
D-values could not be determined. In these cases, the inactivation
curve cannot be extrapolated and the sterility cannot be
guaranteed according to the sterility assurance level criteria
(SAL of 10–6). Rather than speaking of “sterilization”, von
Woedtke et al. [16] proposed the microbiological safety
qualification “proof of antimicrobial efficiency on the highest
experimentally accessible level” as the highest possible
qualification for plasma decontamination. Here we report the
experimental results for which a 6-log reduction of bacterial
spores (most common BIs) dried on surfaces was
demonstrated according to the von Woedtke definition. The
time required to ensure a 6-log reduction of BIs is noted T6log.

Figure 5 shows an overview of spore inactivation results on
dried surfaces by atmospheric and reduced pressure plasmas, as a
function of the distance between the plasma source and the
sample. Figure 5 also shows typical T6log values for standard
decontamination methods. We only plot the experimental results

for which a 6-log reduction of spores was measured or
extrapolated from a single D-value. The experimental
conditions of the reported results are detailed in
Supplementary material (Supplementary table S1, S2) and in
the cited references. An additional table (Supplementary table
S3) provides a review of the experimental results that could not be
included in Figure 5.

Figure 5A. shows that two types of plasma sources
demonstrated a 6-log reduction of endospores on dried
surfaces in the plasma phase: microwave (MW) sources
operating at reduced pressure, and dielectric barrier
discharges (DBD) operating at atmospheric pressure. The
lowest T6-log value was reported by Muranyi et al. on B.
Pumilis, B. Atrophaeus and A. Niger spores using a cascaded-
DBD (CDBD) in atmospheric pressure air. The reported T6-log is
about 10 seconds whereas other DBDs required about 100
seconds [38, 44, 45]. This difference can be partially
explained by the fact that Muranyi et al. sprayed the initial
microbial load of 106 CFU on a dried polyethylene terephthalate
(PET) sample of 16 cm2, so that a homogeneous concentration
of spores of about 6×104 spores/cm2 was obtained. In the other
reports, the concentration was typically 106 spores/cm2, thus
increasing the risk of formation of multiple layers of spores, and
preventing the contact of plasma agents with the spores. This
example shows that standardized microbiological test
procedures are needed to better compare the efficiencies of
different plasma sources.

In the post-discharge (see Figure 5B), surface micro-
discharges (SMD), radiofrequency atmospheric pressure
plasma jets (RF-APPJ) and reduced pressure MW plasma
sources were also able to reach 6-log reduction. The T6-log

values range from about 20 seconds at a few millimeters
from the discharge using RF-APPJ to several thousands of
seconds at 1 meter using MW plasmas. As expected,
increasing the distance from the plasma source lowers the
dose of biocidal agents, but provides lower material

FIGURE 5 | Exposure time T6log required to achieve at least a 6-log reduction of various types of spores on dried surface using different methods. (A) direct plasma
exposure with DBD (Mur. [26, 49], Ven. [44], Aki. [45], Pat [38]) microwave plasma (Half. [27], Sta. [50], Nag [51]) (B) post-discharge exposure as a function of the
distance between the plasma and the treated sample using SMD (□, Klä. [25, 52], Shim [53]), RF-APPJ (Δ, Lim [54], Herr [55]) and microwave plasma (○, Sch. [56], Moi
[57]). (C) standard decontamination methods including ethylene oxide (EtO, Shin [58]), Sterrad systems (Rut. [59], Alf [24]), hydrogen peroxide (H2O2, Klä. [25], Rog
[41]), dry heat (Kem [60]) and formaldehyde (Rog [42]). The colors of the bars and symbols refer to the type of spores treated. Experimental conditions are detailed in
Supplementary material and in the mentioned references. The asterisk indicates that the technique requires an additional aeration time (typically 15 h) in order to remove
toxic residuals.
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degradation and higher treatment area. This configuration is
promising for the decontamination of long, small diameter tubes
such as the lumens of endoscopes [19, 46], for which the
diffusion of the sterilant along the whole length of the lumen
is still a major concern [24], particularly in the presence of
residual inorganic and organic soil [47, 48].

All reported results showed that a 6-log reduction can be
achieved in less than a few thousands of seconds, which is
comparable with the typical performances of standard low
temperature sterilizers (see Figure 5C).

5 CONCLUSIONS

Plasma decontamination has various advantages compared to
other methods including:

i/ compatibility with heat-sensitive devices,
ii/ ability to penetrate into narrow devices (e.g. endoscopes),
iii/ absence of toxic waste,
iv/ no shelf life of the sterilization products
v/ onsite operational characteristic.

To date, however, the role of plasma is minor in commercial
sterilizing processes. For instance, the efficiency of hydrogen
peroxide plasma(e.g. Sterrad sterilization system from Johnson
& Johnson) is mainly due to hydrogen peroxide exposure, while
the plasma phase is employed to eliminate toxic residues[61].
Nonetheless one application of low-pressure plasma has been
clearly identified recently for packaging sterilization in the
pharmaceutical industry [62]. Its efficiency against
endospores typically used as bio-indicators shows that plasma
is a promising candidate as a sterilization method. Yet,
multiphase inactivation curves indicate that the biocidal
agents are not distributed uniformly (low penetration depth
and inhomogeneous plasma) thus preventing efficient contact
with the microorganisms and making it difficult to compare
with literature results. In order to avoid this, standardized
microbiological test procedures are needed, and the following
recommendation can be made. First a monolayer of spores
should be used to obtain reproducible results. To this end, the
concentration of spores should be low and the spray deposition
method should be employed in order to prevent the formation of
clusters. Second, a small inoculation area should be used to
ensure that the distribution of plasma agents is homogeneous
across the test sample. Third, non-porous and inert substrate
material (e.g. glass holder) should be used, except if a specific
application is considered (e.g. decontamination of polymer
surfaces). In particular, we expect that a high permeability of
the substrate allows diffusion of spores inside the material, thus
preventing homogeneous exposure of the spores to the plasma,
and increasing the risk of incomplete collection of the spores
before counting.

The literature review indicates that the relative humidity (RH)
increases the sporicidal activity of the plasma phase through the
swelling of spores. We suggest that RH should be considered as a
parameter to optimize the process, keeping in mind that high RH
may be detrimental for the treatment of moisture-sensitive
devices such as electronics.

We gave a summary of plasma inactivation results for which
a 6-log reduction of endospores dried on surfaces was achieved.
We found that several types of plasma sources operating in
various gases and pressures can achieve a 6-log reduction in less
than one minute, which is comparable with the processing time
of standard low-temperature sterilization methods. From the
literature review, we could not identify a single relevant
bioindicator for plasma sterilization, because this depends on
the dominant biocidal mechanism, which is specific to each
plasma source.

In conclusion, plasma sources have demonstrated to be
competitive sterilizing techniques. A number of biocidal plasma
mechanisms are now well-known, but inadequate preparation and
control of the environmental conditions does not allow a fair
comparison of the biocidal efficiencies of different plasma sources.
We recommend that future studies carefully consider the
preparation and deposition of bioindicators in order to
accurately determine the processing time required for sterility,
and thus provide a means to rigorously compare the efficiency of
different plasma devices. In summary, we recommend using:

• monolayer of spores for reproducibility
• spray deposition method to prevent the formation of

clusters
• inoculation area smaller than size of the plasma to ensure

homogeneous treatment
• inert standard deposition material with low permeability to

prevent the diffusion of spores inside the material (good
candidate substrates could be glass holder)
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Viral Infection and Associated Disease
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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.

Keywords: reactive oxygen and nitrogen species, virus inactivation, disinfection, antiviral, immunotherapy, adjuvant,
vaccine, SARS-CoV-2

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 onplastic 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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Plasma-activated liquid (PAL) can effectively and selectively kill various types of cancer cells
both in superficial and deeper tumors. As a promising novel approach to oncotherapy, the
safety of PAL is essential in the clinic but has not been thoroughly assessed. In myeloma
and blood tumors, the pathogenesis is in the bone marrow cavity. We have therefore
evaluated the safety of PAL in New Zealand rabbits by intra-bone marrow injection, and
provide a basis of further clinical research and application of PALs. In this study, both a
plasma jet and plasma surface were used to treat saline solution, phosphate-buffered
solution, and cell culture medium, to produce PAL. Then, oscillograms and optical
emission spectra were evaluated to characterize the plasma discharge. Acute toxicity
tests and safety evaluation studies were conducted by intra-bone marrow injection of PAL
into New Zealand rabbits, while control rabbits received saline only. Body weight, vital
organ coefficient, organ appearance, organ histopathology, blood cell and hemoglobin
parameters, and blood biochemical indicators were tested on the 30th day after injection.
We found that there was no mortality or loss of mobility throughout the experimental
period. Acute toxicity tests showed that there were no PAL-related side effects in rabbits
receiving the maximum dose of 700 μL PAL. PAL treatments did not affect body weight,
organ coefficient, organ appearance, organ histopathology, or blood biochemical
indicators. However, the percentage of lymphocytes decreased while the percentage
of neutrophil granulocytes increased compared with the control group. In summary, our
results indicate that PAL can be safely injected into bone marrow of New Zealand rabbits
without significant toxicity.

Keywords: cold atmospheric plasma, plasma-activated liquid, New Zealand rabbits, safety evaluation, tumor

INTRODUCTION

The number of cancer cases is increasing in both developed and developing countries, and cancer
continues to be amajor health problem that has in recent years placed a heavy burden on families and
society. According to GLOBOCAN2020 statistics, patients in China account for approximately
23.7% of fresh cancer cases and 30% ofmalignant tumor-related deaths worldwide [1]. Accumulating
evidence has confirmed that cancer relapse and drug resistance are problems that urgently need to be
addressed, despite great progress having been made in the field of cancer therapy [2, 3]; thus it is
necessary to introduce new therapeutic strategies for cancer treatment.

In this study, we focused on the emerging technology of cold atmospheric plasma (CAP). Plasma
is defined as a fourth state of matter in addition to solid, liquid, and gas. Thermal and non-thermal
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plasma are ionized gases composed of electrons and ions [4]. CAP
is a typical non-thermal plasma, and since it can be produced at
atmospheric pressure and near room temperature, it has been
used in many medical fields, including wound healing, dentistry,
sterilization, dermatology, and oncology, among others [5–8].
Many studies have shown that CAP can efficiently kill various
types of tumor cells, including melanoma cells, colorectal cancer,
leukemia cancer, multiple myeloma, and others [8–12]. However,
the underlying mechanisms by which tumor cells sustain damage
remain unclear. Many scholars have proposed that reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
generated by CAP might play a significant role in the
induction of cancer cell death [13, 14].

Depending on its application to biological tissues, CAP can be
classified as direct or indirect plasma. Direct plasma, which
employs direct application of the CAP device, is more suitable
for treating surface diseases like cutaneous carcinoma and wound
healing [5, 8]. Nevertheless, penetration of direct plasma into
tissue is limited, and results from simulations showed that the
active substances produced by plasma only extend into skin or
tissues by 1–3 mm [15], which limits its use in clinical
applications. Development of indirect plasma addressed this
limitation. Indirect plasma, or plasma-activated liquid (PAL),
involves treating a liquid with CAP, and the liquid is then applied
to cells. Notably, PAL maintains its biological activity for at least
7 days when stored at −80°C or 4°C [16, 17], allowing it to be
prepared in advance and later applied to cancer cells and tissues
without a CAP device. Moreover, PAL can be used in solid and
blood tumors that are not near the surface of the body by injecting
it into tumor sites deep in tissue. Previous investigations showed
that PAL could inhibit the growth of leukemia, bone cancer,
pancreatic adenocarcinoma cells, glioblastoma cells, and other
cancer cells in vitro [13, 18, 19]. Canal et al. [19] also found that
the cytotoxicity of PAL indirect treatment of tumor cells was
comparable to that of CAP direct treatment. Consequently, PAL
greatly expands the potential application and development of
CAP in medicine.

However, the biosafety of PAL in animals has not been
systematically studied. Biscop et al. [20] reported that various
components of plasma-treated liquid greatly affect cellular
cytotoxicity of PAL. Thus, we selected three kinds of liquid in
this study–saline, phosphate buffer solution (PBS), and cell
culture medium–to evaluate the safety of different PALs in
New Zealand rabbits by intra-bone marrow injection, and to
provide further support for the safe application of PALs in the
clinic.

EXPERIMENTAL SETUP AND METHODS

Plasma Generation Systems
The plasma jet system consisted of a gas flow controller, high-
voltage power, oscilloscope, and plasma device. The plasma jet
with a gas flow of two slm He (standard liters per minute with
helium as the carrier gas) and an additional 0.01 slm of O2 was
excited by a power supply generating a peak-to-peak sinusoidal
voltage of 8 kV at a frequency of 10 kHz to generate He + O2

plasma. The jet length can be up to 1.5–2 cm. Figures 1A,B shows
a diagram of the plasma jet device and a photograph of the jet
itself. The plasma jet source adopted a needle-to-ring electrode
structure. And a stainless-steel needle with an inside diameter of
1 mm was used as a high voltage electrode, which was enclosed in
a 6 cm long quartz tube and about 15 mm above the top of the
quartz tube. Quartz glass tubes with outer diameter of 6 mm and
inner diameter of 4 mm were used as the insulating medium. A
10 mm copper ring was placed around the wall of the quartz tube
as the ground electrode, 10 mm away from the tube at the bottom.

The plasma surface was generated from ambient air using the
same power as that applied to the plasma jet device. Figures 1C,D
shows a diagram of the device and image of the discharge. The air
surface discharge device is a sandwich structure formed by a
dielectric layer and two electrodes. The dielectric layer is
sandwiched between a high-voltage electrode and a mesh
ground electrode. Each mesh element has a hexagonal shape.

The images were captured by a digital camera (Nikon D7200)
using an exposure time of 0.5 s. We used an oscilloscope (Tektronix,
DPO3000) to record the waveform of the discharge voltage and
current detected by a high-voltage probe (Tektronix, P6015A) and a
current probe (Tektronix, P6021), respectively (Figures 2A,B). It can
be seen that for both devices, the positive and negative half-cycle
current waveforms were asymmetrical. When the same voltage was
applied at 8 kV, the jet device current generated by a positive half
period voltage consisting of a series of small pulses typical of glow
discharge. For the surface device, the peak current appeared at the
rising and falling edges of the voltage waveform, which was composed
of a series of small pulses. This is typical of filamentous discharge.
Power waveforms of the jet and surface devices are plotted in Figures
2C,D, respectively. Average power was calculated by integrating
voltage and current across multiple discharge cycles. The average
discharge power of the jet device was 1.2W, while that of the surface
device was 4.62W.

Measurements of Physicochemical
Properties of PALs
Plasma discharge was used to treat three types of liquid: stroke-
physiological saline solution (0.9% NaCl; SMARBO, Ningbo Yinuo
Medical Equipment Co., Ltd., China), 1×PBS (Thermo Fisher
Scientific, MA, United States; Cat No. 10010002), and RPMI
(Roswell Park Memorial Institute) 1,640 complete medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin
solution (Corning, NY, United States; Cat No.10-040-CVRC). For
plasma jet treatment, 300 μL of liquid were placed in a 24-well plate
and treated for 3min, with a 10mm distance between the end of
plasma jet plume and the liquid surface. The three solutions treated by
plasma jet dischargewere 0.9%NaCl, 1,640medium, and 1× PBS, and
these treatment groups were abbreviated J-N, J-M, and J-P,
respectively. For plasma surface treatment, 3.5ml of liquid were
placed in a 60mm diameter dish 10mm away from the plasma
surface device and treated for 3min. The same three solutions were
treated by plasma-surface discharge, and the groups were abbreviated
S-N, S-M, and S-P.

The pH and oxidation-reduction potential (ORP) of the liquids
were measured with a pHmeter (METTLER-TOLEDO, FE20) and a
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benchtop ORP meter (METTLER-TOLEDO, S210-K), respectively.
The concentration of aqueous long-lived reactive oxygen and nitrogen
species (RONS) of PALs induced by the plasma jet and surface devices
was measured as follows. H2O2 was detected using a hydrogen
peroxide assay kit (Beyotime, Shanghai, China; Cat No. S0038),
NO2

− was detected using a nitric oxide assay kit (Beyotime,
Shanghai, China; Cat No. S0024), and absorbance was measured
using a microplate analyzer (Thermo Science, MA, United States).

Optical Emission Spectroscopy
Optical emission spectroscopy (OES) of plasma jets and surfaces was
performed using an Andor SR-750i grating monochromator (grating
grooving 1,200 lines mm−1) in the presence of liquid. Wavelength
ranged from 200 to 800 nm. The locations of the optical probe in the
two devices are shown in Figures 1A,C. Light emitted by the plasma
jet was collected at the nozzle of the quartz tube by an optical fiber
perpendicular to the center of a quartz tube, which was focused on the
jet plume at a distance of 1 cm from the discharge area. For the surface
device, the optical probe was 30° from the horizontal at a distance of
1 cm from the discharge area. When measuring the spectra of
different liquids treated by the two devices, OES detected a
discharge area of about 2mm2.

Animals and PAL Treatment
Healthy New Zealand Rabbits, weighing 2.35 ± 0.35 kg (p > 0.05),
were raised in the Experimental Animal Center of Xi’an Jiaotong
University under an experimental animal production license [SCXK
(shaan) 2008-008] and animal use certificate [SYXK (shaan) 2008-

002] issued by the Science and Technology department of Shaanxi
province. Theywere housed individually in clean cages andwere given
water and a diet of pellets ad libitum. The animal house was
maintained at a room temperature of about 20°C and 60% relative
humidity. Twenty-one rabbits were randomly divided into seven
groups of three rabbits each. Before treatment, all rabbits were
anesthetized with sodium pentobarbital by slow injection via an
ear side vein. Then, the surgical area was sterilized with iodine
after gently removing hair. The puncture needles were used to
inject the preparations at 0.3–0.5 cm below the tip of the third
trochanter of the femur. Each of the rabbits was given 0.4ml of
prepared PAL and an equal volume of physiological solution was
given to the control rabbits. After surgery, cefuroxime sodium was
injected to reduce inflammation. Acute toxicity experiments in
response to injection of PAL into bone marrow were performed at
a dose of 700 µL saline using the above surgical procedures. During
the experimental period (30 days post-injection), the rabbits were
observed daily for any adverse effects such as illness or death,
including changes in mental, dietary, and diarrhea status. After
fasting overnight, all animals were sacrificed to collect blood and
organ samples.

Analysis of Blood Biochemical Index and
Blood Cell
At 8–9 am 30 days after surgery, blood from each rabbit was
drawn from an ear vein. Then 1.5 ml of blood was injected into a
vacuum anticoagulant tube containing EDTA that was gently

FIGURE 1 | Low temperature plasma jet/surface at atmospheric pressure. (A) Structure and (B) photograph of the plasma jet device; (C) structure and (D)
photograph of the plasma surface device.
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inverted several times to mix the anticoagulant and blood. Whole
blood was used for routine blood testing, which was performed by
an automatic blood cell analyzer (Mindray veterinary automatic
blood cell analyzer; model: BC-2800vet). The remaining 3.5 ml of
blood was injected into a 15 ml EP tube, which was placed on a
table at a tilt of 30° for 30 min. Serum, used to test liver and kidney
function and other biochemical indicators, was obtained by
centrifugation of the whole blood at 3,000 rpm for 10 min. All
biochemical indexes were tested by an automatic biochemical
analyzer (Shenzhen Rayto life science co. Ltd.; model:
Chemray 240).

Coefficients of Vital Organs
The rabbits were weighed on day 30 and sacrificed after blood was
taken and the abdomen and chest were opened with a scalpel to
assess the organs. The connective tissue around the heart, liver,
spleen, kidney, and lung was cut away and these organs were
excised and weighed. The coefficient of an organ is expressed as
organ index � weight of the organ (g)/weight of the rabbit
(g) × 100%.

Histopathological Examination
After photographing each organ, small pieces of tissues from the
same part of the same organ (heart, liver, lung, and kidney) were
put into 4% paraformaldehyde, which was prepared in advance,
and fixed at 4°C for 12 h. Subsequently, they were dehydrated in

30% sucrose and then embedded in OCT (optimal cutting
temperature) compound. The tissue specimens were sliced into
5 µm sections with a freezing microtome (Leica CM1950, Leica
Biosystems Nussloch GmbH, Germany) and then stained with
hematoxylin and eosin (HE), according to standard protocols.
After that, tissue slides were processed for histopathological
examination under an optical microscope (BX53 and DP73,
Olympus, Tokyo, Japan).

Statistical Analysis
In this study, SPSS 23 statistics software was used for statistical
analysis. All data are expressed as mean ± standard error of the
mean (SEM) for three independent experiments and analyzed by
an independent sample t-test and one-way analysis of variance
(ANOVA), followed by post-hoc multiple comparisons tests such
as LSD and Duncan’s test. Differences were considered
statistically significant when the p value was less than or equal
to 0.05 (p ≤ 0.05) with a confidence interval of 95%.

RESULTS

Physicochemical Properties and
Long-Lived RONS of PALs
As shown in Figures 3A,B, there were only small differences in
the pH and ORP of the 0.9% NaCl solution, PBS and cell culture

FIGURE 2 | Waveforms of voltage and current (A, B) and power (C, D) for the jet (A, C) and surface (B, D) devices.
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medium for the control group (no plasma treatment), mainly due
to different liquid components. When comparing the control and
plasma jet groups, we found that pH and ORP in PBS was little
affected by jet treatment, however, the pH of the 0.9% NaCl
solution and culture medium increased slightly while ORP
exhibited a downward trend after jet treatment. In the case of
the plasma surface device, the pH of all three solutions decreased
when compared with the control and plasma jet groups. In
contrast, we found that plasma surface treatment reduced the
pH of the 0.9% NaCl solution much more than PBS and culture
medium. ORP in PALs exposed to plasma surface treatment was
negatively correlated with pH. Figures 4A,B shows the
concentration of H2O2 and NO2

− in the PALs. We found that
the H2O2 concentration produced by the jet device was more than
twice as high as that produced by the surface device, while there
was less difference in the generation of NO2

− in the liquids
exposed to these two devices.

Spectra Characteristics
OES was used to determine the excited products of plasma treatment.
Emission spectra were measured for treatment of PBS, 0.9% NaCl

solution and RPMI 1640 medium by the He+0.5% O2 plasma jet
(Figures 5A–C, respectively) and the plasma surface device (Figures
5D–F, respectively). For both the plasma jet and surface devices, the
spectral bands were the same regardless of the solution being treated,
but the intensity of each band varied slightly. However, the plasma jet
and surface devices had quite different emission spectra. The spectrum
of the plasma surface device wasmainly composed of the first negative
band of N2

+(B2Σu+→X2Σg+), the second positive band of
N2(C3Πu→B3Πg), and the second order diffraction of
N2(C3Πu→B3Πg). In addition to the first negative band of
N2

+(B2Σu+→X2Σg+) and the second positive band of
N2(C3Πu→B3Πg), the spectrum of the plasma jet device also
contained the band of OH radicals and some excited states of He.

Acute Toxicity Test by Different PAL
Injections
Acute toxicity experiments were conducted by injecting PAL into
the bone marrow of rabbits. As shown in Table 1, no rabbit died
after injection of 700 µL plasma jet- or plasma surface-treated
PAL. We continuously observed the rabbits for one month after

FIGURE 3 | Values of pH (A) and ORP (B) in control, plasma jet- and surface-treated 0.9% NaCl solution, PBS, and 1,640 medium. Solutions were treated by the
plasma jet or surface devices for 3 min.

FIGURE 4 | Concentration of (A) NO2
− and (B) H2O2 in the three types of PALs. All solutions are treated by the plasma jet or surface device for 3 min.
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PAL injection. For either plasma jet- or plasma surface-treated
PALs, body weight of the rabbits after PAL injection was similar
to that of the control group (p > 0.05). The rabbits showed no
abnormal behavior, such as mental state, excretion, food intake,
etc. Therefore, the maximum tolerated dose (MTD) of PAL
injection in the bone marrow of rabbits is greater than 700 µL.

Changes of Body Weight and Vital Organs
After PAL Injection
Throughout the experimental period, no abnormal behavior or
symptoms were observed in the rabbits. To evaluate the effect of
different PALs, body weight and several vital organs were assessed
30 days after injection. There was no significant change in body
weight between groups (p > 0.05; Figure 6A). After sacrificing the
rabbits, organ coefficients were calculated and are shown in
Figure 6B. No obvious differences in cardiac index, liver
index, spleen index, lung index, or kidney index were found
among the groups (p > 0.05).

Furthermore, post-mortem observations revealed that the
heart, liver, spleen, lung, and kidneys of the rabbits in each
treatment group had a shiny surface, uniform color, and a

compact and flexible texture, as shown in Figure 6C,
indicating that no abnormal organ morphology and no
obvious macroscopic lesions emerged after different PAL
treatments. Additionally, it can be seen in the images of
Figure 6C that there were no visible differences in size, color,
appearance, or morphology of each organ between the control
group and the different PAL treatment groups.

Histopathological Changes in Vital Organs
After PAL Injection
To assess the effect of the different PALs on microscopic tissue
structure, frozen sections of the heart, liver, lung, and kidneys
were processed for HE staining and visualization by light
microscopy. Figure 7shows that there were no unusual
pathological changes in the heart, liver, lung, and kidney tissue
sections of the rabbits in each treatment group.

The images of heart tissue from each group showed that heart
structure was intact and myocardial cells were cylindrical. The
myocardial fibers were neatly arranged with clear horizontal lines,
and no obvious atrophy, degeneration, hypertrophy, or necrosis
was observed. In addition, no abnormalities, such as hemorrhage,

FIGURE 5 | Emission spectra of the two plasma discharge devices in the presence of the three types of solution: (A) J-P, (B) J-N, (C) J-M, (D) S-P, (E) S-N and (F)
S-M. The six treatment groups are described in Experimental setup and methods.

TABLE 1 | Acute toxicity tests of PAL treatments of New Zealand rabbits.

Treatment Plasma dose
(µL)

Rabbit numbers Initial body
weight (kg)

Final body
weight (kg)

Deaths MTD (µL)

Jet 700 6 2.5 ± 0.2 3.0 ± 0.3 0 >700
Surface 700 6 2.5 ± 0.3 3.0 ± 0.3 0 >700
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were observed in the myocardial interstitium. This illustrated that
there was no damage to the heart tissue after different PAL
treatments and there were no significant differences when
compared with the control group (Figure 7).

Liver structure appeared normal, with the central vein, hepatic
sinus, hepatic lobule, and portal area clearly visible. Moreover,
hepatocytes were arranged tightly and tidily, with the
intermediate nucleus and the morphology being clear. No
abnormalities, such as necrosis and degeneration, were seen in
the liver cells. The liver sections showed no hyperplasia of
collagen fibers in the central vein or perisinusoidal space, as
well as no infiltration of the inflammatory cells or proliferation of
connective tissue in the manifold area after different PAL
treatments and no visible difference when compared to the
control group (Figure 7).

The lung tissue structure was complete and clear, and the lung cells
were regularly arranged without inflammatory cell infiltration. The
alveoli were uniform in size, and no inflammatory exudates or
thrombus were seen in the alveolar cavity or the capillaries of the
alveolar wall, respectively. The epithelium of all the levels of
bronchioles was intact, and no deformation or dilatation of each

bronchiole, as well as no necrosis or degeneration of each bronchiole
epithelium, was observed. No pulmonary interstitial inflammation,
fibrosis, pulmonary edema, alveolar hemorrhage, emphysema, hyaline
membrane formation, alveolar epithelial hyperplasia, etc., occurred
after different PAL treatments and there was no difference when
compared to the control group.

The structure of the renal tissue was complete and the epithelial
cells of the renal tubules were arranged regularly, and the renal cortex,
medulla, and nephrons were visible and had normal structure. There
was no abnormal change in the shape of the glomerulus and there
were no obvious pathological changes in the proximal and distal renal
convoluted tubules. Additionally, we observed no infiltration of
inflammatory cells in the renal interstitium nor any infiltration of
inflammatory cells, fibrinoid necrosis, or thrombosis into the blood
vessels of the kidneys. Therefore, we observed no kidney injury in
response to the different PAL treatments, and no apparent difference
was seen between the PAL treatment and control groups.

Changes of Blood Index After PAL Injection
To check for toxic side effects of the different PAL injections, we
assessed several blood parameters in the rabbits, including

FIGURE 6 | Effects of different PALs at 30 days after injection on (A) bodyweight; (B) organ coefficient, including cardiac index, liver index, spleen index, lung index,
and kidney index; (C) photographs of vital organs (heart, liver, spleen, lungs, and kidneys) in New Zealand rabbits (n � 3 rabbits/group, mean ± SEM). The control and six
treatment groups (Con, J-N, J-M, J-P, S-N, S-M, and S-P) are as described in Experimental setup and methods.
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biochemical indicators of liver and kidney function, electrolyte
levels, myocardial enzymes, antioxidant levels, glucose
metabolism, and lipid metabolism.

Table 2 shows changes in blood cell and hemoglobin parameters
after the injection of different PALs into the bone marrow. We
observed that the number of white blood cells (WBC),
lymphocytes (Lymph), monocytes (Mon), red blood cells (RBC),
the percentage of mononuclear cells (Mon%), hemoglobin (HGB),

hematocritg (HCT), mean red blood cell volume (MCV), mean
erythrocyte hemoglobin content (MCH), mean erythrocyte
hemoglobin concentration (MCHC), erythrocyte distribution width
variation coefficient (RDW), mean platelet volume (MPV), platelet
distribution width (PDW), and platelet backlog (PCT) were not
affected by the different PAL treatments.

There were significant differences in the number of neutrophil
granulocytes (Gran) among the groups; however, the values for

FIGURE 7 | The histomorphological features of New Zealand rabbits after different PAL treatments. HE-stained images showed no pathological changes in heart,
liver, lung, or kidney tissue when compared with the control group.

TABLE 2 | Effect of different PALs on blood cell and hemoglobin parameters.

Parameter Con J-N J-M J-P S-N S-M S-P p Value

WBC (109/L) 9.2 ± 0.6 10 ± 1 10 ± 1 11 ± 2 9.0 ± 0.6 10 ± 1 10 ± 3 0.985
Lymph (109/L) 6.4 ± 0.7 7.5 ± 0.7 5 ± 1 5 ± 1 4.6 ± 0.5 4.3 ± 0.9 4 ± 2 0.215
Mon (109/L) 0.30 ± 0.06 0.3 ± 0.1 0.23 ± 0.09 0.33 ± 0.09 0.27 ± 0.03 0.30 ± 0.06 0.23 ± 0.09 0.954
Gran (109/L) 2.6 ± 0.2b 2.2 ± 0.5b 4.2 ± 0.6ab 5.9 ± 0.7a 4.2 ± 0.2ab 5.2 ± 0.3a 6 ± 1a 0.008
Lymph (%) 81.0 ± 0.9a 70 ± 10ab 60 ± 20abc 42 ± 5c 51 ± 2bc 43 ± 5c 38 ± 5c 0.011
Mon (%) 3.9 ± 0.5 6 ± 3 2.4 ± 0.6 3.3 ± 0.7 3.3 ± 0.3 2.8 ± 0.3 2.8 ± 0.2 0.497
Gran (%) 15 ± 1b 22 ± 7b 30 ± 20ab 55 ± 5a 46 ± 2a 54 ± 5a 59 ± 5a 0.005
RBC (1012/L) 5.5 ± 0.1 5.0 ± 0.1 5.5 ± 0.7 5.7 ± 0.1 6.4 ± 0.2 6.0 ± 0.4 5.8 ± 0.5 0.275
HGB (g/L) 103 ± 2 91 ± 4 100 ± 10 109.3 ± 0.3 118 ± 7 119 ± 5 108 ± 5 0.120
HCT (%) 40.7 ± 0.4 39 ± 1 40 ± 4 38.50 ± 0.06 42 ± 2 45 ± 2 40 ± 2 0.447
MCV (fL) 74 ± 1 78.3 ± 0.3 73 ± 3 68 ± 1 69 ± 3 70 ± 2 69 ± 5 0.158
MCH (pg) 18.7 ± 0.5 18.2 ± 0.3 19.0 ± 0.9 19.2 ± 0.3 18.3 ± 0.5 18.7 ± 0.5 19 ± 1 0.948
MCHC (g/L) 276 ± 5 287 ± 7 281 ± 5 283 ± 6 280 ± 5 279 ± 4 277 ± 5 0.836
RDW (%) 15.5 ± 0.7 15.7 ± 0.7 15.8 ± 0.1 16.1 ± 0.5 16.1 ± 0.3 16.2 ± 0.3 16.5 ± 0.5 0.804
PLT (109/L) 360 ± 40 520 ± 20 530 ± 20 520 ± 40 510 ± 50 510 ± 40 500 ± 30 0.086
MPV (fL) 7.4 ± 0.2 7.6 ± 0.4 8.2 ± 0.7 7.1 ± 0.4 7.2 ± 0.2 6.6 ± 0.6 7.00 ± 0.06 0.274
PDW (fL) 18.5 ± 0.4 18.0 ± 0.5 18 ± 2 17.8 ± 0.2 18.0 ± 0.4 17.6 ± 0.6 17.9 ± 0.5 0.987
PCT (%) 0.27 ± 0.06 0.33 ± 0.05 0.31 ± 0.09 0.22 ± 0.06 0.21 ± 0.02 0.24 ± 0.02 0.19 ± 0.08 0.640

SeeGlossary, for definitions of the parameters in the first column. The mean values of rows with the different superscript (a, b, c) are significantly different from each other (p < 0.05). Letter
ab indicates that the value is not obviously different from either a or b. Letter bc indicates that the value is not obviously different from either b or c. Letter abc indicates that the value is not
obviously different from either a, b, or c.
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each group were within the normal range (2.0–7.5). In addition,
the percentage of neutrophil granulocytes (Gran%) and
lymphocytes (Lymph%) were clearly affected by the PAL
treatments. After performing a post-hoc multiple comparisons
or independent sample t-test, we found that the Lymph% in the
control group was significantly higher than in the JP, SN, SM, and
SP groups. The Gran% in the control group was clearly lower than
in the JM, JP, SN, SM, and SP groups. The platelet count (PLT)
tended to be different among the groups (p � 0.086), and it was
found that PLT was most notably elevated in all PALs with
respect to the control group, although they were all within the
normal range (100–712).

Alanine transaminase (ALT), aspartate transaminase (AST),
albumin (ALB), total bilirubin (T-BIL), direct bilirubin (D-BIL),
and alkaline phosphatase (ALP), which are indicators of liver
health, did not differ between the different PAL treatments and
control group at day 30, indicating that injection of PALs into
bone marrow did not cause liver damage (Table 3).

Table 4 shows that different PAL treatments did not modify
the concentration of nephrotoxicity markers [blood urea nitrogen
(BUN), uric acid (UA), creatinine (CR)] and electrolytes (Zn, Fe,
Mg, Cl, P, and Ca) when compared to the control group.
Therefore, the different PAL injections were not harmful to
kidney function and did not interfere with electrolyte balance.

Furthermore, we analyzed myocardial enzyme levels and
antioxidant index after different PAL treatments. The analysis
showed that different types of PAL did not affect the myocardial
enzymes lactate dehydrogenase (LDH) and creatine kinase (CK),
nor the antioxidant indexes superoxide dismutase (SOD),
malondialdehyde (MAD), and glutathione peroxidase (GPX)

(Table 5, all p values >0.05). These results indicate that
different PAL treatments do not cause myocardial damage or
systemic oxidative stress.

Finally, we investigated serum lipid and glucose metabolism
after the different PAL injections into the rabbits. The results did
not reveal any significant changes in the levels of triglyceride
(TG), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), glycated serum protein (GSP) or
glucose (GLU) between the control group and different PAL
treatments (Table 6). It can be inferred therefore that the PAL
treatments did not cause lipid or glucose metabolism disorders.

DISCUSSION

PALs containing various active substances are an area of intense
research in the biomedical field, especially in cancer therapy. It
has been shown that atmospheric-pressure cold plasma
selectively inhibits the growth of cancer cells and causes
relatively less or no cytotoxicity in normal cells [10]. As a
promising novel approach to cure certain cancers, studies of
PAL safety, in assessing the potential side effects, are a basic
premise, and it could be classified into three stages: pre-clinical
trials, clinical trials in vivo, and detection trials of adverse
reactions after approval [21]; the present experiments
represent a non-clinical study of PALs. A review of PAL safety
studies concluded that up to 25% of toxic reactions observed in
animal experiments may occur in humans [22]. Therefore, we
initiated the current study to test the safety of PALs and to
provide a basis for clinical research and applications.

TABLE 3 | Analysis of liver function after different PAL treatments.

Parameter Con J-N J-M J-P S-N S-M S-P p Value

ALT (U/L) 60 ± 10 45 ± 9 46 ± 3 61 ± 6 53 ± 5 54 ± 4 58 ± 8 0.661
AST (U/L) 50 ± 10 48 ± 8 47 ± 7 51 ± 8 54 ± 4 50 ± 4 52 ± 1 0.988
ALB (g/L) 25 ± 2 24.2 ± 0.4 24 ± 1 23.8 ± 0.8 24.0 ± 0.5 24.5 ± 0.5 24 ± 1 0.933
T-BIL (μM/L) 10.1 ± 0.6 10 ± 2 9.3 ± 0.6 9.3 ± 0.4 9.9 ± 0.3 8 ± 1 8.5 ± 0.2 0.606
D-BIL (μM/L) 10 ± 2 10 ± 2 10 ± 1 10.1 ± 0.1 9.7 ± 0.2 10 ± 2 8.8 ± 0.5 0.997
ALP (U/L) 60 ± 10 67 ± 9 67 ± 9 70 ± 10 70 ± 10 68 ± 3 65 ± 8 0.949

See Glossary, for definitions of the parameters in the first column.

TABLE 4 | Kidney function and electrolytes after different PAL treatments.

Parameter Con J-N J-M J-P S-N S-M S-P p Value

BUN (mg/dl) 15.4 ± 0.1 16 ± 1 16.7 ± 0.6 15.5 ± 0.9 16 ± 2 15.5 ± 0.5 17 ± 3 0.968
UA (μM/L) 160 ± 20 140 ± 30 140 ± 30 119 ± 4 140 ± 20 140 ± 30 140 ± 20 0.962
CR (μM/L) 90 ± 10 91 ± 5 92 ± 2 87 ± 9 91 ± 5 94 ± 2 90 ± 5 0.976
Zn (μM/L) 13.9 ± 0.7 14.1 ± 0.2 14.4 ± 0.4 13.7 ± 0.5 14.1 ± 0.5 13.4 ± 0.5 14.7 ± 0.6 0.599
Fe (μM/L) 41 ± 5 42 ± 1 40.3 ± 0.7 41 ± 4 40 ± 4 41 ± 6 41 ± 3 1.000
Mg (mM/L) 1.05 ± 0.04 1.11 ± 0.01 1.12 ± 0.07 1.03 ± 0.02 1.06 ± 0.02 1.08 ± 0.05 1.08 ± 0.01 0.605
Cl (mM/L) 101 ± 2 100 ± 2 105 ± 3 98 ± 4 99 ± 2 105 ± 4 101 ± 3 0.561
p (mM/L) 2.0 ± 0.2 2.00 ± 0.08 2.0 ± 0.3 2.04 ± 0.05 2.0 ± 0.2 2.1 ± 0.2 1.99 ± 0.02 0.999
Ca (mM/L) 2.6 ± 0.1 2.5 ± 0.2 2.4 ± 0.4 2.5 ± 0.2 2.52 ± 0.09 2.6 ± 0.1 2.4 ± 0.1 0.959

See Glossary, for definitions of the parameters in the first column.
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As mentioned in the literature, saline, cell culture medium,
and PBS have been widely used in plasma-activated fluids since
culture medium is suited to the study of cancer cells while
buffers like saline and PBS have a relatively simple composition
[23–26]. Hence, we chose them as plasma-activated liquids in
the present work. We analyzed changes in the physicochemical
properties of the different solutions after plasma jet/surface
treatment and found that different PALs had different pH and
ORP values. The PBS used in this study contained a large
amount of potassium hydrogen phosphate (weak acid,
KH2PO4, pH 4.4–4.9) and sodium hydrogen phosphate (weak
base, Na2HPO4, pH 9.5) that makes it a strong buffer, so the pH
and ORP of PBS did not change after the jet treatment when
compared with the control group (Figures 3A,B). Jirasek et al.
[27] reported that 85% hypochlorite in a physiological NaCl
solution treated by a plasma jet existed in the form of NaOCl,
and as a consequent had a high pH, consistent with our results
(Figure 3A). As RPMI 1640 medium includes polysaccharides,
amino acids, vitamins, and many other compounds, the
increased pH of the jet-treated culture medium might be due
to reaction of these organic compounds with plasma-generated
chemicals (particularly ROS and RNS). Moreover, because of
the disparate discharge gases of these two plasma devices and
the greater variety of gases in the plasma surface discharge, the
rapid decrease of pH in the three kinds of surface-treated
solutions might be caused by reaction of the vapor-phase
NOx species with H2O molecules to produce HNO3, resulting
in the generation of a large number of H+ ions [28, 29]. The pH
of 1,640 medium and PBS after plasma surface treatment did not
decrease as significantly as that of saline solution, which was due
to the buffering ability of 1,640 medium and PBS. ORP, a
concentration-dependent indicator of solution oxidation
capacity, is commonly used to evaluate the global level of
RONS in PALs. Changes in ORP are often opposite to those

in pH, which may result from PALs having a greater oxidizing
capacity at lower pH [30].

In this study, the plasma jet was used with He+0.5% O2 and
the plasma surface with ambient air, which are considered the
most commonly used methods of applying plasma [10, 31]. Our
previous results showed that 3 min of PAL treatment with either
device could inhibit the growth of cancer cells since they generate
various kinds of ROS and RNS, like hydroxyl radical (OH),
hydrogen peroxide (H2O2), atomic oxygen (O), nitric oxide
(NO), and peroxynitrite anion (ONOO−) (Figure 4) [10, 31].
Figure 5 shows the active particles in the gaseous state, and prior
studies noted that only small amounts of O3, H2O2, OH, and NOx

could pass through the gas-liquid interface [23, 24], while other
ROS/RNS are transferred into liquid via secondary reactions [32].
Unlike H2O2, which can penetrate the cell membrane, most other
radicals cannot and so may play roles in cell-signal transduction
[10]. Furthermore, the addition of 0.5% O2 generated more ROS
and caused more cell death compared with He plasma alone [10].
The generation pathway of H2O2 is mainly due to the
combination reaction of aqueous hydroxide radical (.OH) [33].
As shown in Figure 5, bands of OH radicals were observed in the
spectra of three different liquids treated by the plasma jet device,
but not in the plasma surface device. Therefore, the concentration
of H2O2 produced by the jet was much higher than that produced
by the surface device (Figure 4B). Bands of N excitation were
found in both devices for treating three different liquids
(Figure 5), and they had significant effects on the production
of NO2 and NO3.

PAL is administered via intravenous, intra-arterial,
intramuscular, oral, intra-luminal injection, and other routes
[34, 35]. In the present experiments, we adopted the route of
intramedullary injection. Firstly, intramedullary injection is
suitable for myeloma and blood tumors, especially since
pathogenesis is in the bone marrow cavity, and the drug can

TABLE 5 | Myocardial enzyme and antioxidant index after different PAL treatments.

Parameter Con J-N J-M J-P S-N S-M S-P p Value

LDH (U/L) 600 ± 100 700 ± 100 600 ± 200 700 ± 200 730 ± 30 680 ± 90 700 ± 200 0.999
CK (U/L) 1,600 ± 900 950 ± 30 960 ± 80 1,000 ± 300 1,000 ± 100 1,000 ± 300 1,000 ± 100 0.887
SOD (U/mL) 300 ± 20 320 ± 3 320 ± 40 330 ± 20 330 ± 20 340 ± 30 340 ± 20 0.913
MDA (nM/ml) 5.1 ± 0.6 4 ± 1 4.4 ± 1.0 4.5 ± 0.8 4.6 ± 0.2 4.4 ± 1.0 4.8 ± 0.5 0.995
GPX (U) 220 ± 10 230 ± 20 240 ± 20 226 ± 9 230 ± 10 250 ± 10 250 ± 20 0.857

See Glossary, for definitions of the parameters in the first column.

TABLE 6 | Lipid and glucose metabolism after different PAL treatments.

Parameter Con J-N J-M J-P S-N S-M S-P p Value

TG (mM/L) 1.7 ± 0.2 1.5 ± 0.1 1.49 ± 0.04 1.52 ± 0.04 1.52 ± 0.09 1.54 ± 0.08 1.57 ± 0.08 0.772
HDL-C (mM/L) 0.5 ± 0.1 0.49 ± 0.06 0.48 ± 0.04 0.52 ± 0.01 0.5 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 0.999
LDL-C (mM/L) 3.3 ± 0.1 2.6 ± 0.3 2.7 ± 0.5 2.6 ± 0.8 2.4 ± 0.3 2.6 ± 0.3 2.4 ± 0.3 0.857
GSP(mM/L) 2.1 ± 0.2 2.2 ± 0.3 2.2 ± 0.2 1.8 ± 0.1 2.1 ± 0.1 2.2 ± 0.3 2.2 ± 0.4 0.903
GLU (mM/L) 6.7 ± 0.8 7.1 ± 0.1 8 ± 1 8 ± 2 8.7 ± 0.9 11 ± 3 7.4 ± 0.2 0.530

See Glossary, for definitions of the parameters in the first column.
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directly act on the tumor site without being affected by the bone
marrow-blood barrier. Likewise, many stem cells exist in bone
marrow, and the current study provides a basis for further
treatment of tumors by intramedullary injection of PAL to kill
tumor stem cells [36]. Lastly, the advantage of intramedullary
injection is that it can induce both local and systemic effects.
Additionally, Wei Zhang et al. [37] found both intravenous and
paravertebral dexmedetomidine attenuated independent lung
injury.

Generally, we chose a higher dose of material for the acute
toxicity test, and our results showed that rabbits injected with
700 μL of PAL did not exhibit any mortality, loss of mobility, or
visible signs of toxicity when compared to the control group
during the 30-days experimental period.

Changes in body and organ weight are sensitive indicators of
the general health of animals [38]. Studies show that a loss of body
weight of more than 20% should be considered a serious
condition that can also impact organ size and weight [39–41].
Thus, the organ-to-body weight index is regarded as a useful
indicator of the toxicity of new compounds. No morbidity or
mortality was evident throughout the experimental period, and
body weight of the rabbits actually increased similarly in the
control and PAL-treated groups by day 30 (Figure 6A).
Furthermore, in comparison with the control group, PAL
treatment caused no lesions in the heart, liver, spleen, lung, or
kidney (Figure 6C), and there were no significant differences in
organ index (Figure 6B). Thus, we conclude that the different
PALs had no adverse effects on growth of the rabbits.

Changes in histopathology of organs, examined by
microscopy, are also considered a basic test of the safety of the
materials [42]. No abnormality was observed in histopathological
sections of the organs in this study (Figure 7), indicating that the
different PALs did not induce any toxic symptoms in the major
internal organs, including the heart, liver, lung, and kidney.

Hematological analyses are of critical importance in the
evaluation of toxic effects induced by materials [43]. Due to
blood being the main transporter of many xenobiotics in the
body, blood components are exposed to numerous toxic
compounds that induce damage or destruction of blood
cells and harm normal physiological function [44, 45]. Our
analyses of blood biochemistry in the treated rabbits suggested
that the three types of PAL did not alter normal liver/hepatic/
myocardial function, oxidative stress, and lipid or glucose
metabolism. Observations of these blood parameters were
consistent with measurements of body weight, organ index,
organ appearance, and organ histopathology, further
validating the absence of toxicity in response to PALs.
Furthermore, our observations of blood parameters
normally associated with systemic toxic symptoms showed
that most were not affected by PAL treatment. In addition, the
increase in the PLT count after PAL treatment revealed that
PAL might accelerate blood clotting, as PLTs are small pieces
of cytoplasm that detach from the cytoplasm of mature
megakaryocytes of the bone marrow and are essential for
hemostasis [46]. The findings of other studies also suggest
that platelets are important for cold physical plasma-facilitated
blood coagulation [47, 48]. However, Gran% increased and

Lymph% decreased after PAL treatment, suggesting that PAL
treatment might improve the activity of the immune system.
Shi et al. [49] took peripheral blood lymphocytes from 20
healthy adults and found that plasma could induce apoptosis
of lymphocytes as evidenced by leakage of protein, nucleic
acid, and K+ after treatment, consistent with our observations
of lymphocytes. It is worth noting that different immune cells
exhibit distinct sensitivities after plasma treatment [50, 51].
Bundscherer et al. [51] observed that the number of CD4+ T
helper cells, a kind of lymphocyte, decreased significantly in a
time-dependent manner after 60 s of plasma treatment and
there was a marked attenuation in monocyte growth after
exposure to plasma for 360 s. In our study, 3 min of plasma
treatment reduced Lymph% but did not affect Mon%, which
was similar to the results of Bundscherer et al. [51]. Therefore,
we speculate that the different changes in the levels of
lymphocytes and monocytes after plasma treatment may be
due to the duration of plasma treatment and the distinct
sensitivity of immune cells to plasma. Meanwhile, as white
blood cell count was not significantly different among groups,
we suggest the increase of Gran% may be due to the reduction
of Lymph%. Moreover, Lardner A (2001) reported that
extracellular pH affected immune cells and immune
function [52], so we suggested that the different pH values
of PALs (Figure 3) might contribute to the changes of Gran%
and Lymph% (Table 2).

Although the physicochemical properties and the active
substances varied among the three PALs in our study, PAL
injection did not cause toxicity, indicating that PAL
treatment is safe for New Zealand rabbits when injected
into the bone marrow, and therefore has great potential
for development of clinical therapeutics. In the future, we
will evaluate the safety and efficacy of PAL in humans and
principally focus on clinical application of PALs in
hematologic tumors such as leukemia and multiple
myeloma. Specifically, PAL will be used alone or in
association with other conventional chemotherapeutic
agents to kill cancer cells and stem cells within the marrow
cavities of patients during myeloablative treatments prior to
bone marrow transplantation.

CONCLUSION

This work provides a foundation for safety and toxicity studies
of PALs. PAL treatment of New Zealand rabbits by intra-bone
marrow injection was not lethal and did not lead to any acute
toxicity. In addition, PAL treatments did not affect body
weight or the coefficient, appearance, or histopathology of
the major organs. These results were consistent with blood
biochemical indexes showing that PAL treatment had no
observable effects on liver/renal/myocardial function,
oxidative status, electrolyte and glucose levels, or lipid
metabolism. Furthermore, PAL treatment decreased the
percentage of lymphocytes while increasing the percentage
of neutrophil granulocytes. In conclusion, the results of the
present study indicate that PAL treatment can be used safely
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on New Zealand rabbits without significant toxicity when
injected into bone marrow.
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GLOSSARY

ALB albumin

ALP alkaline phosphatase

ALT alanine transaminase

ANOVA analysis of variance

AST aspartate transaminase

BUN blood urea nitrogen

CAP cold atmospheric plasma

CK creatine kinase

CR creatinine

D-BIL direct bilirubin

GLU glucose

GPX glutathione peroxidase

Gran number of neutrophil granulocyte

Gran% percentage of neutrophil granulocyte

GSP glycated serum protein

HCT hematocritg

HDL-C high-density lipoprotein cholesterol

HE hematoxylin and eosin

HGB hemoglobin

H2O2 Hydrogen peroxide

LDH lactate dehydrogenase

LDL-C low-density lipoprotein cholesterol

Lymph number of lymphocytes

Lymph% percentage of lymphocytes

MAD malondialdehyde

MCH mean erythrocyte hemoglobin content

MCHC mean erythrocyte hemoglobin concentration

MCV mean red blood cell volume

Mon number of monocytes

Mon% percentage of mononuclear cells

MPV mean platelet volume

MTD maximum tolerated dose

NO nitric oxide

O atomic oxygen

OCT optimal cutting temperature

OES optical emission spectroscopy

OH hydroxyl radical

ONOO−
peroxynitrite anion.

ORP oxidation-reduction potential

PAL plasma-activated liquid

PBS phosphate buffer solution

PCT platelet backlog

PDW platelet distribution width

PLT platelet count

RBC number of red blood cells

RDW erythrocyte distribution width variation coefficient

RNS nitrogen-based reactive species

RONS reactive oxygen and nitrogen species

ROS oxygen-based reactive species

RPMI Roswell Park Memorial Institute

SEM standard error of the mean

SOD superoxide dismutase

T-BIL total bilirubin

TG triglyceride

UA uric acid

WBC white blood cells
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Radiation Driven Chemistry in
Biomolecules—is (V)UV Involved in the
Bioactivity of Argon Jet Plasmas?
G. Bruno1,2, S. Wenske1, H. Mahdikia3, T. Gerling1, T. von Woedtke3,4 and K. Wende1*

1ZIK Plasmatis, Leibniz Institute for Plasma Science and Technology (INP), Greifswald, Germany, 2Metabolomics Facility, Berlin
Institute of Health (BIH) at Max Delbrück Center for Molecular Medicine, Berlin, Germany, 3Leibniz Institute for Plasma Science and
Technology (INP), Greifswald, Germany, 4Institute for Hygiene and Environmental Medicine, University Medicine Greifswald,
Greifswald, Germany

Cold physical plasmas, especially noble gas driven plasma jets, emit considerable
amounts of ultraviolet radiation (UV). Given that a noble gas channel is present, even
the energetic vacuum UV can reach the treated target. The relevance of UV radiation for
antimicrobial effects is generally accepted. It remains to be clarified if this radiation is
relevant for other biomedical application of plasmas, e.g., in wound care or cancer
remediation. In this work, the role of (vacuum) ultraviolet radiation generated by the
argon plasma jet kINPen for cysteine modifications was investigated in aqueous
solutions and porcine skin. To differentiate the effects of photons of different
wavelength and complete plasma discharge, a micro chamber equipped with a MgF2,
Suprasil, or Borosilicate glass window was used. In liquid phase, plasma-derived VUV
radiation was effective and led to the formation of cysteine oxidation products and
molecule breakdown products, yielding sulfite, sulfate, and hydrogen sulfide. At the
boundary layer, the impact of VUV photons led to water molecule photolysis and
formation of hydroxyl radicals and hydrogen peroxide. In addition, photolytic cleavage
of the weak carbon-sulfur bond initiated the formation of sulfur oxy ions. In the intact skin
model, protein thiol modification was rare even if a VUV transparent MgF2 window was
used. Presumably, the plasma-derived VUV radiation played a limited role since reactions
at the boundary layer are less frequent and the dense biomolecules layers block it
effectively, inhibiting significant penetration. This result further emphasizes the safety of
physical plasmas in biomedical applications.

Keywords: cold physical plasma, redox signaling, porcine skin model, VUV radiation, tape stripping model, kINpen

1 INTRODUCTION

Emerging therapies for the treatment of chronic wounds and cancerous lesions involve the
administration of exogenous reactive species directly delivered on the target (e.g., cold physical
plasmas) [1–4]; or produced in situ by administration of specific drugs (e.g., nanoprodrugs) [5,6]. For
example, the formation of singlet oxygen by irradiation (600–800 nm) of a photosensitizer, is the
molecular mechanism behind the effectiveness of the photodynamic therapy in use for cancer
regression [7]. Among the emerging therapies, cold physical plasmas are multi-function tools
comprising of reactive species, ions, metastables, electrons, magnetic fields, and photons [8,9]. These,
synergistically acting on the target, are effective in cancer regression [10–12]; and wound healing
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[13–15]. Furthermore, the use of plasmas is considered in other
fields, such as sterilization [16–18]; and dentistry [19–21].

While downstream effects have been detected [11,22], many
are the open questions regarding the working mechanism of
plasmas on biological target. Therefore, the variable production
of plasma elements has been studied, with focus on reactive
species, at date considered the predominant responsible of plasma
effectiveness [23]. In particular, their amounts on the target can
be regulated by tuning the plasma parameters (e.g., treatment
duration, distance, working gases) [2,24], achieving bivalent aims
such as promoting cell proliferation and migration in would
healing, or inducing cell death and apoptosis for cancer treatment
and biological decontamination. Cold plasmas can be generated
by a multitude of different designs, yielding differences in species
output and biomedical impact [25]; [26].

One plasma source is the kINPen, an argon-driven jet which
gas phase has been already well characterized. The production of
primary reactive species such as excited states of argon (e.g.,
metastables, excimers) were observed in the effluent area (or gas
phase). Those reactive species react with others gases (e.g., N2, O2,
H2) present in the surrounding atmosphere or in the core gas to
generate secondary species, such as atomic oxygen (·O), singlet
oxygen (1O2), ozone (O3), hydroxyl radicals (_OH), superoxide
anions radicals (O2

−), hydrogen peroxide (H2O2), nitric oxide
radicals (_NOx), acids containing nitrogen (HNOx). Finally, a
tertiary chemistry is stimulated directly in the target. Using
biochemical models, covalent modification of biomolecules
were predicted and observed, especially in amino acids and
proteins [27–30]; and lipids [31–33].

In the cellular environment, plasma-induced biomolecules
modifications could be the responsible event for the
deregulation of redox signaling pathways. Indeed, it was
shown that kINPen plasmas led to an abnormal production/
functioning of e.g., transcription factors (e.g., Nrf2 and p53),
which modulates differentially gene expressions, cellular
organization and apoptosis processes [15,34–36]. Together
with reactive species, radiation generated by cold plasmas
could cover important synergistic effects in stimulating these
processes.

In kINPen plasmas, their relevance in inducing oxidative stress
must be considered, since the emission region goes from the
vacuum UV region (105 nm) (emitted by argon excimers) to the
near infrared (1,000 nm) [9,37]. The ultraviolet radiation
(100–400 nm) emitted by kinpen plasmas could have a
synergistic role in their effectiveness, e.g., for antibacterial
purposes as shown also for other plasma sources [38–41].

Radiation can be generally classified in ionizing (10–125 nm),
which have short wavelength, high frequency and energy, and
non-ionizing (>125 nm), which oppositely are longer
wavelengths with lower frequency and energy. Therefore, even
if measured in low levels [42,43], vacuum UV radiation
(100–200 nm) emitted by argon metastable produced by
kINPen plasmas could have enough energy to impact strongly
on the biological matter, leading to DNA damage, protein
denaturation and cell death. Indeed, it is well known that high
levels of ionizing radiation can be harmful for the living matter,
generally disrupting and damaging molecular structures (e.g.,

lipids, proteins, nucleic acids, carbohydrates) [44–48]. However,
in relation to the quantity and time of exposure, UV radiation
(mostly UV-C and UV-B, 200–315 nm) can also increase the
general oxidative stress, induce indirectly or directly structural
changes in biomolecules, and consequentially modulate redox
signaling pathways [49,50]. The mechanism of action of radiation
is still under clarification in biology, but generally they can
generate biomolecules modifications by being directly absorbed
(e.g., amino acids cysteine, tyrosine, tryptophan), or by
stimulating sensitizing compounds (e.g., exogenous or
endogenous). In both cases, excited forms will be generated,
which starts photo-oxidation reactions. Indeed, radicals can be
formed by hydrogen abstraction or one electron oxidation (Type I
mechanism) and reactive species can be formed by energy
transfer to molecular oxygen, which forms singlet oxygen
(Type II mechanism) [50,51]. Generally, an increased release
of reactive species from mitochondria was measured after
radiation exposure, as well as the activation of a calcium
dependent NOS-1 with increase of peroxynitrite levels. The
chain reaction induced by photo-oxidation can be harmful in
long and intense exposure, but for short and not severe exposure a
transitory effect was observed, leading to a cytoprotective
response mediated by MAPK1/2 activation [51]. The UV and
vacuum UV light produced by different plasma sources has been
considered as essential elements for the antimicrobial activity
[38–41,52,53].

In this work, the role of ultraviolet radiation generated by the
argon plasma jet kINPen for cysteine modifications was
investigated. Cysteine is easily oxidized, and served to
investigate plasma chemistry in liquids before [24,54–56].
Modifications occurring on cysteine in aqueous solutions or
porcine epithelium were identified via mass spectrometry and
major derivatives were quantified using it coupled to high-
pressure liquid chromatography. To isolate the effects of
photons from complete plasma discharge, a micro chamber
equipped with VUV, UV-C, and UV-A windows was used.
Alongside, optical emission spectrometry and aqueous
chemistry was applied to characterize reactive species
formation in the gas and liquid phase. A significant
contribution of plasma derived UV radiation on cysteine
chemistry was observed if water molecules were present.

2 MATERIALS AND METHODS

2.1 Sample Preparation
Crystalline cysteine (Sigma Aldrich) was solubilized in double
distilled water (ddH2O) to a final concentration of 2 mM on a
daily basis. For short-term storage, blue ice was used to avoid pH
value distortions during freeze-thawing cycles [57]. After
respective plasma or irradiation treatments, solutions were
immediately subjected to high-resolution mass spectrometry,
multiple reaction monitoring mass spectrometry, or ion
chromatography. Fresh porcine ears were received from
Landmetzgerei Urich (Bad Koenig, Germany) on blue ice,
serving as a well-accepted replacement model for human skin
[58]. The ears were washed carefully, shaved, and the superficial
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corneocyte layer was removed with a single CorneoFix strip
(Courage and Khazaka electronic GmbH, Cologne, Germany) to
increase homogenicity. Plasma treatment was performed in
selected clean and homogenous areas of a 2 cm × 2 cm
dimension.

2.2 Plasma Treatments
The kINPen, an argon-driven (99.999%, Air Liquide) dielectric
barrier plasma jet with a flow rate of 3 standard liters per minute
(slm) served as plasma source. If desired, the working gas was
modified by 1% admixture of molecular oxygen (99.998, Air
Liquide). Its central electrode is powered by an alternating
current with a sinusoidal waveform, 2–6 kV peak–peak
voltage, and a frequency of around 1 MHz. The outer
electrode is insulated by a ceramic tube. The dissipated
electrical power is around 1.1 W. For most experiments, a gas
curtain created by a nozzle and 5 slm nitrogen (99.999%, Air
Liquide) shielded the effluent from the ambient air. For details
about the design and working principle of the jet, refer to Reuter
and colleagues [9] and citations therein. To investigate the
plasma-derived products and emitted radiation by optical
emission spectroscopy, the plasma jet was positioned on axis
at a distance of 9 mm to the front of a spectrometer (AvaSpec-
2048; Avantes, Germany) allowing the observation of both UV
and VIS/NIR range (195–980 nm) with a spectral resolution of
0.7 nm. For the VUV spectral measurements, a single grating
monochromator (Acton VM-502, grating 1200 g/ mm) was used.
This system was set to a spectral resolution of 0.2 nm and the
spectral range of 100–200 nm was observed. Furthermore, the
system was under low pressure (2.2*10−6 mbar) and connected
via an MgF2 window for VUV transmissions down to 100 nm.
The kINPen was placed at 9 mm distance in front of the MgF2
window.

The distance between the nozzle and the target was kept at
9 mm. Targets were either 750 µL aqueous solution in a 24 well-
plate, fresh porcine skin prepared as described in 2.1, or a 25 mm
diameter radiation chamber. The chamber could be equipped
with windows that transmit different parts of the VUV/UV
radiation and was filled with 80 µL solution forming a 500 µm
thick layer or sections of porcine skin (Figure 1A,B). After
treatments (20 s–180 s) samples were submitted to reactive
species analysis (Section 2.3). Liquids containing the tracer
molecule cysteine were also analyzed via liquid
chromatography coupled to mass spectrometry for the
detection of oxidative modifications (Section 2.4). The first 3
layers of treated porcine skin tissues were sampled using three
consecutive CorneoFix strips that were immediately deposited in
a protein solubilization buffer and subjected to shotgun
proteomics (as described in Section 2.5). Each experiment was
performed in triplicate.

2.3 OH and H2O2 Quantification via
Colorimetric Assays in Liquids
For the quantification of plasma-generated, short-lived ROS
(hydroxyl radicals, atomic oxygen) solution of 5 mM
terephthalic acid in 25 mM phosphate buffer, pH 7.4 was
used despite the limited selectivity [59]. The reaction yield to
the fluorescent compound 2-hydroxyterephthalic acid
(HTPA) that could be quantified at 318 nm excitation and
426 nm emission using an external calibration curve.
Hydrogen peroxide deposited in treated liquids was
determined using the ferrous oxidation–xylenol orange
(FOX) assay according to the manufacturer’s protocol
(Thermo Scientific, Dreieich, Germany). The reaction yield
to a purple product, which absorbance at 595 nm was

FIGURE 1 |Micro-chamber used to apply UV radiation emitted kINPen plasmas (A, B). Cysteine solutions (A) or porcine skin sections (B)were introduced into the
chamber. The light transmission of the three windows is indicated in (C).
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measured in a spectrophotometer (Tecan M200 multi-plate
reader, Männedorf, Switzerland).

2.4 Characterization of Plasma-Induced
Sulfur Chemistry in Liquids
2.4.1 Cysteine Derivatives.
Cysteine, cystine, cysteine sulfonic acid, cysteine sulfinic acid,
alanine, cysteine-S-sulfonate were quantified by coupling a
chromatographic separation (Agilent 1,290 Infinity II,
Waldbronn, Germany) to targeted mass spectrometry (Q-Trap
5500, Sciex, Darmstadt, Germany). Analytes were separated on a
2.1 mm × 100 mm Acquity Amide Column with 130 Å pore size
and 1.7 µm particle size and a corresponding VanGuard
precolumn (Waters, Manchester, England) at a column
temperature of 35°C. Mobile phase A consisted of 10 mM
ammonium formate in water plus 0.15% formic acid while B
consisted of 10 mM ammonium formate in acetonitrile plus
0.15% formic acid. The flow rate was 0.8 ml/min. A linear
gradient was applied (0.0 min–99% B; 4.0 min–85% B;
7.0 min–30% B; 7.1 min–99% B; 9.0 min–99% B). Prior to
injection, samples were diluted 1:5 in mobile phase B.
Compounds were determined via multiple reaction
monitoring in positive mode. The electrospray (ESI) source
parameters were the following: curtain gas 35 psi, gas 1 20 psi,
gas 2 25 psi, temperature 150°C, 5.5 kV probe voltage, 50 V
declustering potential. The transitions and the correspondent
collisional energies (CE) used for each compounds were for
cysteine 122 → 76 m/z, CE 20; cystine 241 → 152 m/z, CE 10;
cysteine sulfinic acid 154 → 74 m/z, CE 20; cysteine sulfonic
acid 170 → 124 m/z, CE 10; cysteine-S-sulfonate 202 →
120 m/z, CE 10; alanine 90.1 → 44.1 m/z, CE 8.
External calibration curves allowed the absolute
quantification of the listed compounds in plasma-treated or
irradiated samples.

2.4.2 Hydrogen Sulfide.
To quantify the formation of hydrogen sulfide (H2S) from
cysteine, the monobromobimane (mBB) assay was optimized
[60]. A solution of 100 mM MBB in acetonitrile was freshly
prepared. First, 25 µL of analyte solutions was mixed with 2 µL
MBB and 65 µL of 100 mM phosphate buffer at pH 7.8. After
vigorous mixing, samples were incubated at 37°C for 10, 30, or
60 min using a thermomixer, yielding sulfodibimane (SDB) in the
presence of H2S. The reaction was stopped by adding 5 µL formic
acid 50% and cleared by centrifugation. SDB was quantified by
targeted mass spectrometry. Analytes were separated on a 2.1 ×
50 mm Zorbax RRHD Eclipse Plus C18 column (Waters, 95 Å
pore size, 1.8 µm particle size) and corresponding guard column.
Mobile phases were water (A; Th. Geyer, Renningen, Germany)
and acetonitrile (B; ibid). A linear gradient was applied
(0 min–5% B; 2.1 min–40% B; 5 min–40% B; 5.1 min–98% B;
6 min–98% B; 6.1 min–5% B; 8 min–5% B). The flow rate was of
0.8 ml/min. Atmospheric pressure chemical ionization (APCI)
was applied with the following source parameters: curtain gas 20
psi, gas 1 50 psi, temperature 500°C, 3 kV needle current, 100 V
declustering potential, 32 V collision energy. The transitions used

for the analyzed compounds were for MBB 272→ 193 m/z; SDB
415.1 → 193.3 m/z.

2.4.3 Sulfite and Sulfate.
Ion chromatography (ICS-5000, Dionex Corp., Sunnyvale,
United States) was used for the quantification of sulfite
(SO3

−) and sulfate (SO4
−) anions. These were separated on

a IonPac® AS23 pre-column (2 × 50 mm) coupled to an
IonPac® AS23 anion exchange column (2 × 250 mm,
Thermo Fisher Scientific Inc., Waltham, United States).
Isocratic separation was achieved using a carbonate buffer
(4.5 mM Na2CO3/0.8 mM NaHCO3) and the flow rate of
0.25 ml/ min.

2.5 Investigation of Protein Modifications in
Tissues
2.5.1 Protein sample preparation.
After sampling via tape stripping controls and plasma treated
porcine skin layers, proteins were solubilized by introducing the
tape strip in 500 µL of SDS-based lysis buffer (5% SDS, 50 mM
TEAB pH 7.55) and by vortexing the vials for 2 min at room
temperature. A S-Trap midi spin column digestion protocol from
ProtiFi was applied according to the manufacturers protocol. The
solutions were sonicated to disrupt cells, dissolve proteins, and
shear DNA and clarified by centrifugation at 4000g for 10 min at
4°C. The supernatant was transferred to a clean vial. The
reduction and alkylation of sulfhydryl groups was performed
by incubating respectively with 5 mM tris(2-carboxyethyl)
phosphine (TCEP, 55°C, 15 min) and subsequently with
20 mM methyl methanethiosulfonate (MMTS) at RT for
10 min. The reaction was stopped by adding 12% phosphoric
acid. Next, 300 µL S-Trap buffer (90% methanol, 100 mM TEAB,
pH 7.1) was added, and samples were transferred to the spin
column. After centrifugation (2 min × 4000 g), the column was
washed with 300 µL S-Trap buffer three times. Protein digestion
was achieved in column by adding 1:25 wt:wt sequencing grade
trypsin (Promega, Madison, United States) in 50 mM TEAB and
incubating for 1 hour at 47°C. In this case, the columns were
sealed with a lid to avoid solution evaporation. Finally, peptides
were eluted with 500 µL of acetonitrile containing 0.2% formic
acid. The solutions were dried using a SpeedVac and resuspended
in 10 µL of water containing 0.1% formic acid before nanoLC-MS
analysis.

2.5.2 LC-MS analysis.
The proteomes and the oxidative modifications occurring in
porcine skin layers after treatments were analyzed by nanoflow
liquid chromatography, using an UltiMate 300 RSLCnano
coupled to a QExactive Hybrid-Quadrupol-Orbitrap from
Thermo Fisher Scientific, Dreieich/Germany. The technical
details of the separation and detection are described in
Wenske et al., 2021. Raw data were analyzed with the
Proteome Discoverer 2.4 (Thermo Fischer Scientific) and the
Byonic 3.6.0 node (Protein Metrics) for searching protein
modifications. A list of 15 modifications previously identified
for gas plasma treatments of thiol moieties was used to reduce
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TABLE 1 | Analyzed thiols oxidative modifications occurring in the proteome of plasma treated porcine skin samples.

Mass shift (Da) Composition Modification Acronym Label

−2.02 −2H Dehydrogenation Didehydro A
+15.99 +O Oxidation Oxidation B1

+21.98 +2O Dioxidation Dioxidation B2

+47.98 +3O Trioxidation Trioxidation B3

+28.99 +N + O -H Nitrosylation Nitrosyl C1
+44.98 +N +2O -H Nitration Nitro + O C2
−15.01 −N −H Deamination −NH D1

−17.03 −N −3H Deamination + Dehydrogenation −NH3 D2

−31.97 −S Sulphur loss −S (alanine) E1
+31.97 +S Sulphur addition +S E2
+79.96 +S +3O Sulfonylation +SO3 E3
+119.00 +S +3C +5H + N +2O Cysteine addition +S2R F1
+150.99 +S +3C +5H + N +4O Cysteine addition + Dioxidation +S2O4R F2

FIGURE 2 | Cysteine oxidation and cleavage products (see Tables 1, 2). When incorporated into a protein, the carboxyl and amino group are incorporated in the
peptide bond.
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calculation times (Table 1) [24,55]. A maximum of three
modifications per peptide was set, and to ensure result
validity, only peptides with a Byonic score >250 and a Delta
Mod score of >5 were accepted for downstream data analysis. A
normalization on the total peptides containing cysteine was
performed, yielding a percentage of modified thiols on the

total proteome. Furthermore, the oxidative modifications
found in controls were subtracted as background from all
other samples and data are shown as difference from the
control. One-way ANOVA statistical test was performed in
order to detect significant modifications, allowing a
comparison between different conditions.

FIGURE 3 |OES spectra registered at 9 mm distance from jet nozzle in the range 195–465 nm (UV range, (A and C) and 430–980 nm (VIS/NIR range, (B and D).
(A and B): kINPen09, 3 slm Ar, (C and D): kINPen09/3slm Ar + 0.5% oxygen. Free plasma jet, and radiation filtered through MgF2 (transparent >125 nm), Suprasil
(quartz based, > 195 nm), and Borofloat glass (>300 nm) were compared (see legend in spectra). Due to limitations in setup (no measurements <195 nm), only slight
changes between 200 and 300 nm were observed. The VIS/NIR region remained unchanged by the different windows except for a minor reduction in intensity.
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FIGURE 5 | Formation of hydroxyl radicals (A), and hydrogen peroxide (B) after plasma treatments using 3 slm Ar ±O2 and 5 slm shielding gas (N2). Solutions were
treated in either 24 well plates or radiation chamber (see Figure 1) with different volumes due to technical constraints (see text). Quantification performed via colorimetric
assays [

•
OH according to [72]]; experiment performed in triplicates. Error bars (range) are in some cases smaller than data points and not visible.

FIGURE 4 |OES spectra registered at 9 mmdistance from kINPen09 jet nozzle in the range 100–200 nm. Argon excimer lines were observed around 120–130 nm
and 180–200 nm. A significant reduction of these emissions lines was observed for 0.5% oxygen admixture to the argon working gas (A). The VUV rangewas blocked for
some experiments using borosilicate or suprasil windows (B), or allowed to access the target (MgF2 window).
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3 RESULTS AND DISCUSSION

3.1 Fingerprinting the kINPen Plasma
Radiation
The kINPen spectra of emission goes from the vacuum UV
(100 nm) to the near infrared (1,000 nm) [61]. The intensity of
the UV irradiation was determined to be around 100 μJ cm−2.

Optical emission spectroscopy was performed in order to
characterize the emission spectra of the applied plasma
treatment conditions (Figure 1). In this case, the emission
spectra were measured applying the three different windows
filtering various radiation ranges (Figure 2). Additionally, the
vacuum UV range was recorded using a vacuum setup (Figure 3)
[9,37]. In pure argon, emission lines from impurities of •OH and

TABLE 2 | Analyzed cysteine derivatives, acronyms, formulas, quantification method and responsible plasma element.

Name Acronym Hill notation Analysis Plasma element

Cysteine RSH C3H6NO2S HILIC-MRM None
Cystine RSSR C6H12N2O4S2 HILIC-MRM Radicals
Alanine RH C3H7NO2 HILIC-MRM (V)UV
Sulfonic acid RSO3H C3H7NO5S HILIC-MRM _OH, 1O2, _O
Sulfinic acid RSO2H C3H7NO4S HILIC-MRM _OH, 1O2, _O
S-sulfonate RSSO3H C3H7NO5S2 HILIC-MRM _OH, _O (indirect)
Sulfite SO3

− O3S IC (V)UV, _OH, 1O2, _O
Sulfate SO4

− O4S IC (V)UV, _OH, 1O2, _O
Hydrogen sulfide H2S H2S MBB, RP-MRM (V)UV

FIGURE 6 | Plasma-induced formation of cysteine derivatives (1 min treatments), using a 3 slm Ar ± O2 and 5 slm N2 shielding gas. Solutions treated in 24 well
plates (750 μL, free plasma, (A) or radiationmicro-chamber (80 μL, see Figure 1, (B–D)). Quantification performed using derivatization with monobromobimane and RP-
SRM for H2S (according to [60]), using IC for SO4

2- and SO3
2- and HILIC-MRM for the other compounds; experiment performed in triplicates.
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N2 were measured between 300 and 350 nm, and small atomic
oxygen lines at 777 and 844 nm. The infrared region was
dominated by argon emission lines, while between the range
400–700 nm no emission was observed. In the vacuumUV region
(<195 nm), a dominant continuum centered at 126 nm can be
measured for argon excimer (Ar2*), which includes also small
absorption lines from ozone and O2. The modulation of working
or shielding gases, induced changes in the emission spectra, e.g.,
the addition of molecular oxygen in the working gas leads to a
reduction of Ar2* emission lines and increase those oxygen-based
[9,37]; (Figure 2). The presence of molecular O2 in the working
gas interfered with the gas phase chemistry and UV emission of
various species, such as •OH, N, •NO, and Ar2*. Suprasil and
Borofloat-33 scavenged the emission of argon excimers, while in
the range between 195 and 465 more subtle changes were
observed, reflecting the characteristics of normal glass
(Figure 2). Particularly in conditions with pure argon, which
are certified for medical applications with kINPen MED, the role
of vacuum UV radiation was dominant (Figure 3). As discussed
previously, this event could be due to the lower formation of
gaseous reactive species and therefore less reactions of argon
metastable and excimers with surrounding gases to form further
species, e.g., ozone, atomic oxygen, singlet oxygen, etc. [9,37];
(Figures 2, 4).

3.2 Vacuum UV as Source of Water-Derived
•OH and H2O2 Production
The formation of •OH and H2O2 in water was compared using
full plasma treatments (3 slm Ar and Ar + 1% O2) and treatments
using windows filtering different radiation ranges (Figure 5). The
dissociation of water yielding OH radicals was favored in full
argon plasma treatments and when VUV radiation was admitted
(MgF2-window). For short treatments only small differences in
•OHproduction was observed, but enlarging with treatment time.
Full argon plasma produced around 30 µmol of •OH more than
Ar plasma/MgF2-window. It may be argued that either OH
radicals from the gas phase contributed here or atomic oxygen
generated from impurities. A recent report showed the sensitivity
of terephatalic acid to this reactive short-lived species. Also liquid
dynamic effects increasing the contact area between emitted
radiation and target in contrast to the static treatments
performed in the micro-chamber can contribute. Upon
addition of molecular oxygen to the working gas, a decrease in
•OH and H2O2 production was observed, especially when the
MgF2-window was used, blocking interphase chemistry. In the
near-complete absence of VUV radiation from the argon
excimers, water dissociation did not occur. Corroborating this
observation, almost no OH/H2O2 formation was sparked by the
longer UV ranges (UV-C and B and UV-A, respectively Suprasil-
1 and Borofloat 33). Therefore, oxygen-base emission lines
(atomic oxygen in NIR, ozone and O2 in VUV), which
increases in presence of molecular oxygen in the working gas,
did not led to water dissociation. However, their potential direct
impact on cysteine structures was investigated [55]. Overall, being
highly energetic, VUV radiation emitted by Ar2* were able to
induce water ionization, in contrast to the other UV ranges.

Therefore, the direct and indirect (e.g., water-derived species
production) impact of VUV radiation resulted as predominant
responsible of the effects induced on the liquid target. In the
presence of oxygen in the gas phase, species derived from
interphase chemistry and/or chemistry in liquid bulk are
dominant, while VUV radiation is eliminated (Figure 3A).

3.2 Direct and Liquid-Mediated Effects of
Radiation on Cysteine Solutions
The impact of full plasma treatments and plasma-generated UV/
VIS/NIR light on cysteine molecules is shown in Figure 6.
Table 2 shows the structures, the quantification methods, and
the major plasma components involved in the generation of each
cysteine derivative. As discussed, argon plasma conditions
stimulated predominantly pathways in liquid via impact of
VUV radiation emitted by argon excimers, leading to •OH
and H2O2 production. The same experiments were performed
with cysteine containing solutions. The formation of products
that derive from the loss of the thiol group in cysteine (alanine,
cysteine-S-sulfonate, sulfite ions, sulfate ions, and hydrogen
sulfide) was almost identical in treatments with full argon
plasmas and filtered VUV radiation of argon plasmas (MgF2).
In contrast, these products almost disappeared when VUV-
impermeable oxygen was introduced to the working gas and
gas–liquid phase chemistry was blocked by an MgF2-window.
This confirmed the key role of VUV radiation, leading to a
cleavage of the carbon-sulfur bond [63], that was not observed
by using other windows/radiation ranges. The energy of this bond
is 272 kJ mol−1, weaker than other bonds in cysteine or water
(H-O 465 kJ mol−1, C-C 347 kJ mol−1, S-H 347 kJ mol−1). The
energy of the impinging UV photons of the argon excimer lines is
much higher, 949 kJ mol−1 (126 nm), allowing the cleavage of all
bonds present in the target, including the oxygen-hydrogen bond
in water molecules. Accordingly, it might be argued that OH
radical formation is the first step ultimately yielding in thiol
moiety abstraction. However, the presence of hydrogen sulfide
(H2S) clearly indicates that a direct cleavage of the C-S bond
contributes significantly or is even dominant considering the
weaker bond energy compared to the H-O bond. Interestingly, no
indications of a C-C bond breakage in cysteine, leading e.g. to the
formation formic acid, was observed. Summarizing, conditions
with pure argon showed a significant contribution of the VUV
radiation, stimulating i) the production of OH radicals, and ii)
C-S bond breakages. Under VUV radiation, derivatives such as
cystine and cysteine acids were also produced in consistent
amounts in relation to full argon plasmas. The origin of the
oxygen incorporated in structures such as sulfite, sulfate, cysteine
acids and S-sulfonate, in this case, are water-derived species [55].

As previously discussed, due to the controlled pH (7.2), only
low amounts of thiolate were available to react with H2O2 since
the pKa of the cysteine thiol group is 8.18—allowing less than 5%
deprotonation. Therefore, a minimal role in thiol oxidation could
be attributed to hydrogen peroxide. Furthermore, a two-step
reaction would be needed to form cystine: a first reaction of
H2O2 with thiolate, with formation of cysteine sulfenic acid, and a
second reaction of RSOH with another thiolate [63]; [64]. More
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likely, the reaction of •OH with cysteine generates cystine by first
formation of thiyl radicals (RS•), which rapidly recombine to
form cystine. The formation of cysteinyl radicals was detected
using BMPO/EPR spectroscopy earlier [54].

The reaction of RS• with •OH would lead to cysteine sulfenic
acid, which immediately is oxidized into sulfinic and further to
sulfonic acid by •OH or H2O2 [65–67]. The production of
S-sulfonate (RSSO3H), in absence of atomic oxygen, could be
promoted by first cystine oxidation by two •OH, with following
C-S breakage promoted by VUV and final incorporation of
another oxygen. Sulfite can be generated by cut of the C-S
bond in cysteine sulfonic acids, or most likely, cysteine
S-sulfonate (S-S bond dissociation energy 414.6 kJ mol−1) [68].
Supplementary experiments have been performed by treating
cysteine sulfonic acid in the radiation chamber, as shown in the
supplementary material (Supplementary Figure S1). Despite the
high concentration of the reference compound cysteine sulfonic
acid, only small amounts of sulfite and sulfate ions are formed,
indicating that the majority of C-S bond cleavages takes place at
the cysteine or cystine level. With that, most sulfite and sulfate
ions were generated by the oxidation of H2S. This pathway is
favored in the presence of reactive oxygen species produced by
the cleavage water molecules (e.g. H2O2,

•OH). Clearly, a number

of chemical pathways were active in liquids under the influence of
vacuum UV radiation, in contrast to radiation >195 nm (UV-C).

The cysteine products generated by UV-C (Suprasil) or UVB/
UVA (Borofloat) were clearly different. In these cases, almost no
production of the water-derived species OH/H2O2 (Figure 5) and
cysteine derivatives generated by C-S bond cleavage (SO4

2-, SO3
2-,

alanine/RH; Figure 6) were observed.
The formation of cystine via hydrogen abstraction in

cysteine (type I photo-oxidation mechanisms) and RS•

recombination [50,51]; was observed independent from the
window, but with lower extent when vacuum UV is blocked
(Borofloat/Suprasil). The production of sulfonic acid (RSO3H,
Figure 6) was measured in conditions with oxygen in the
working gas, suggesting the potential role of radiation emitted
in the near infrared and depending by the presence of O2. The
origin of oxygen incorporated by sulfonic acid, in this case,
could be due to the reaction of thiyl radical with water,
generating •OH by hydrogen abstraction. Even though the
radiation emitted in these ranges are not ionizing, due to the
lower energy, it was shown that also the UV radiation >200 nm
can induce oxidative stress in cellular compartments in
relation to the exposure time, with increase in the cellular
production of reactive species [49,50].

TABLE 3 | Cysteine focused protein modifications observed in porcine epidermis model (ANOVA and Post-hoc analysis Fisher’s LSD, p-value and FDR ≤0.05).

p < 0.05 (n) Type of modification

Overall 5 sulphur loss (-S), Trioxidation, Sulfonylation (+SO3), Cysteine addition (+S2R), Didehydrogenation (didehydro)
Layer I 5 Sulphur loss (-S), Trioxidation, Sulfonylation (+SO3), Cysteine addition (+2SR), Didehydrogenation (didehydro)
Layer II 3 Cysteine addition (+S2R), Nitrosylation (nitrosyl), Sulphur loss (-S)
Layer III 3 Sulphur loss (-S), Cysteine addition (+S2R), Trioxidation
Ar/O2 plasma 5 Nitrosylation (nitrosyl), Sulphur loss (-S), Sulfonylation (+SO3), Trioxidation, Didehydrogenation (didehydro)
Ar plasma 4 Cysteine addition (+S2R), Sulfonylation (+SO3), Didehydrogenation (didehydro), Sulphur loss (-S)
Ar MgF2 window 1 Nitrosylation (nitrosyl)
Ar Borofloat window 1 Cysteine addition (+S2R)

FIGURE 7 | Comparison of major modifications observed in epidermis model (layer I/A and III/B). Conditions with free plasma or trough borofloat (Bor)/MgF2
window treatments for 1 min cm−2 are compared. Layer III is clearly less affected than layer I and direct plasma is more effective than (UV) light irradiation. VUV treatment
(MgF) is more effective than UVB (Bor). Further, see text and Table 3. Relative changes in modified cysteine moieties shown via two-color gradient. Roman numbers
indicate the layer with layer I the outer and laver III the inner layer investigated. Experiment performed in triplicates.
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3.3 Plasma Radiation Impact on Epidermal
Protein Structures

The analysis of the oxidative modifications of cysteine belonging
to the porcine epidermal proteome was performed via tape
stripping assay in combination with high-resolution mass
spectrometry. The oxidation was monitored in the first three
stratum corneum layers of the porcine epidermis, reflecting a
penetration depth of 5–7 µm. Table 3 and Figure 7 give an
overview of the detected modifications, while Figure 8 shows a
quantitative comparison of the most relevant oxidative
modifications. Unstable oxidative modifications, such as
S-nitrosylation, may have been underestimated. According to
proteomics standard procedures, thiols were reduced and
alkylated during sample workup. Some losses to the plasma
chemistry on protein thiols (e.g., sulfenic acids,

S-nitrosylation) cannot be excluded although stable
modifications (e.g., cysteine sulfonic acid, cysteine-S-sulfonate)
were retained. Overall, five types of modifications were found to
be introduced into the epidermal proteins with a statistical
significance. These are the apparent replacement of cysteine by
alanine (sulphur loss), the formation of cysteine sulfonic acid
(trioxidation), the formation of cysteine-S-sulfonate
(sulfonylation), the formation of a disulfide with other cysteine
moieties (+S2R), and the loss of two hydrogen atoms forming an
unsaturated cysteine molecule (didehydrogenation) (Table 3).
Alongside depth in the epidermis, the intensity and number of
detected modifications decrease (Figure 7). The impact of
plasma-derived UV or VUV light was lower than expected
from the in vitro experiments (Table 3). Only nitrosylation
was found to be significantly elevated by MgF2 filtered kINPen
irradiation, pointing at a limited role of (V)UV photons in vivo.

FIGURE 8 | Major oxidative modifications induced in cysteine residues of porcine epidermis proteins. While overall introduction of modifications remain low, free
plasma treatment is more effective than VUV treatment (MgF2 window) or UVB (borofloat window, Bor). Layer I is more affected than layers II/III, indicating a limited
penetration of reactive species/VUV radiation. See text. Plasma treatments for 1 min cm−2, using a 3 slm Ar ± O2 and 5 slm N2 shielding gas. Experiment performed in
triplicates. Percentage of modified cysteines shown. Modification selected by ANOVA, p-value < 0.05.
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The conversion of cysteine in cysteine S-sulfonate (+SO3) and
dehydrogenated cysteine (-2H) (Figure 8), was promoted
especially in the third skin epidermis layer, regardless of the
applied treatment condition. The results indicate that protein
modifications result from complex dynamics and are not
corresponding to the action of only one plasma components
produced in specific conditions.

Some modifications appear in special conditions only. For
example, the conversion of cysteine into cystine was observed in
treatment with Ar/O2 full plasmas, with a maximum in the first
layer and a progressive decrease in the second and third. In this
condition, the effluent contains significant amounts of singlet
oxygen and atomic oxygen, especially at short distances from the
nozzle. Atomic oxygen is able to form thyil radicals by hydrogen
abstraction to the protein cysteines, which rapidly may
recombine forming a disulfide bond. This event causes
conformational changes of the protein, alongside a potential
gain or loss of function. The oxidation of cysteine into
sulfonic acid by the incorporation of three oxygen atoms, and
the breakage of the C-S bond with conversion of cysteine to
alanine were events observed predominantly in treatments with
full argon plasma in the first layer of the skin. When using
windows, even in case of the VUV-transmitting MgF2 and more
prominent in suprasil and Borofloat-33 windows, only few such
modifications were detected. This indicates that the VUV
radiation, although most prominent in Ar plasma, does in soft
targets not contribute in the same manner to biomolecule
modification than in liquid targets. In this case, the direct
impact of argon metastables and other gas phase species
and the subsequent formation of secondary reactive species
is more prominent. This is in line with a report investigating
the oxidation of human skin lipids that showed a limited
impact of the argon plasma on lipid side chain oxidation in the
absence of water [33]. Obviously, the highly energetic VUV
radiation is unable to penetrate deeper into layers of
biomolecules such as the model described here or the
sebum lipids, limiting its ability to contribute significantly
to the plasma chemistry in situ.

4 CONCLUSION

In aqueous targets (Sections 3.2, 3.3), plasma-derived VUV
radiation is an effective component in plasma-liquid
chemistry. The liquid phase acts as compartment
amplifying the plasma chemistry by the de novo formation
of secondary water-derived reactive species (e.g., hydroxyl
radicals, hydrogen peroxide) at the gas-liquid interphase, that
subsequently allow the modification of sensitive targets such
as thiol moieties. In contrast, in complex targets like the intact
skin the plasma-derived VUV radiation is blocked effectively
by the dense biomolecules layers and plays a limited role only.
While this might be disappointing from the scientific

viewpoint it emphasizes the safety of physical plasmas
which has been a significant concern for years.
Corroborating a number of reports proofing the safety [69];
[70]; [71], our results further support the safe application of
physical plasmas. Even in humid wounds where resident
water molecules allow the formation of secondary species
by the UV radiation increasing the effectiveness of plasma
while the protein layer in the wound bed protects the local
tissue.

Proteomics Data
The proteomics data connected to this paper have been uploaded
to the ProteomeXchange servers under the project name “Gas
plasma and (V)UV impact on porcine epidermis using a tape
strip assay approach” (Project accession: PXD028915, username:
reviewer_pxd028915@ebi.ac.uk/Password: OPKS8hii).
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