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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).

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 6130463

Heslin et al. Safety of Plasma Treated Biomolecules

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


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.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

Conceptualization, CH, DB, and PB; methodology, CH, DB, BG, JM,
and PB; formal analysis, CH and DB; resources, BG, PC, and PB; data
curation, PB; writing—original draft preparation, CH; writing—review
and editing, CH, DB, BG, JM, TF, NH, and PB; visualization, CH, DB,
and NH; supervision, DB and PB; project administration, PB; funding
acquisition, DB, BG, TF, NH, PC, and PB. All authors have read and
agreed to the published version of the manuscript.

FUNDING

This work was conducted with the financial support of Science
Foundation Ireland (SFI) under Grant Number 14/IA/2626 and
15/SIRG/3466 and by the Irish Research Council New Foundations
Strand 3a–PLasmaAPPS grant. Research reported in this
publication was also supported by a NIH/SFI/HRC tripartite
consortium grant through NIAMS of the National Institutes of
Health under award number RO1AR076941. The content is solely
the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

ACKNOWLEDGMENTS

We thank Catherine Gurr for her assistance in data presentation
and Prof. Mohamed Al-Rubeai (UCD) for provision of the CHO-
K1 cell line used in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphy.2020.613046/
full#supplementary-material.

REFERENCES

1. Hasse S, Duong Tran T, Hahn O, Kindler S, Metelmann HR, von Woedtke T,
et al. Induction of proliferation of basal epidermal keratinocytes by cold
atmospheric-pressure plasma. Clin Exp Dermatol (2016) 41(2):202–9. doi:10.
1111/ced.12735

2. Dobrynin D, Wasko KA, Friedman G, Fridman A, Fridman G. Fast blood
coagulation of capillary vessels by cold plasma: a rat ear bleeding model. Plasma
Med (2011) 1(3–4):241–7. doi:10.1615/PLASMAMED.2012005167

3. Conway GE, Casey A, Milosavljevic V, Liu Y, Howe O, Cullen PJ, et al. Non-
thermal atmospheric plasma induces ROS-independent cell death in U373MG
glioma cells and augments the cytotoxicity of temozolomide. Br. J. Cancer
(2016) 114(4):435–43. doi:10.1038/bjc.2016.12

4. Volotskova O, Hawley TS, Stepp MA, Keidar M. Targeting the cancer cell cycle
by cold atmospheric plasma. Sci Rep (2012) 2, 636. doi:10.1038/srep00636

5. Arndt S, Wacker E, Li YF, Shimizu T, Thomas HM, Morfill GE, et al. Cold
atmospheric plasma, a new strategy to induce senescence inmelanoma cells. Exp
Dermatol (2013) 22(4):284–9. doi:10.1111/exd.12127

6. Nicol MJ, Brubaker TR, Honish BJ, Simmons AN, Kazemi A, Geissel MA, et al.
Antibacterial effects of low-temperature plasma generated by atmospheric-
pressure plasma jet are mediated by reactive oxygen species. Sci Rep (2020)
10(1):3066. doi:10.1038/s41598-020-59652-6

7. Matthes R, Assadian O, Kramer A. Repeated applications of cold atmospheric
pressure plasma does not induce resistance in Staphylococcus aureus embedded in
biofilms. GMS Hyg Infect Control (2014) 9(3):Doc17. doi:10.3205/dgkh000237

8. Zimmermann JL, Shimizu T, Schmidt H-U, Li Y-F, Morfill GE, and Isbary G
Test for bacterial resistance build-up against plasma treatment. New J Phys
(2012) 14(7):073037. doi:10.1088/1367-2630/14/7/073037/meta

9. Ziuzina D, Patil S, Cullen PJ, Keener KM, Bourke P. Atmospheric cold plasma
inactivation of Escherichia coli, Salmonella enterica serovar Typhimurium and
Listeria monocytogenes inoculated on fresh produce. Food Microbiol (2014) 42:
109–16. doi:10.1016/j.fm.2014.02.007

10. Weltmann KD, von Woedtke T, Ehlbeck J, Foest R, Stieber M, and Kindel E.
Antimicrobial treatment of heat sensitive products by miniaturized
atmospheric pressure plasma jets (APPJs). J Phys D Appl Phys (2008)
41(19):194008. doi:10.1088/0022-3727/41/19/194008

11. Ling L, Jiafeng J, Jiangang L, Minchong S, Xin H, Hanliang S, et al. Effects of
cold plasma treatment on seed germination and seedling growth of soybean.
Sci Rep (2014) 4:5859. doi:10.1038/srep05859

12. Mitra A. Inactivation of surface-borne microorganisms and increased
germination of seed specimen by cold atmospheric plasma. Food Bioprocess
Technol (2014) 7(3):645–53. doi:10.1007/s11947-013-1126-4

13. Sarangapani C, Patange A, Bourke P, Keener K, Cullen PJ. Recent advances in
the application of cold plasma technology in foods. Annu Rev Food Sci Technol
(2018) 9(1):609–29. doi:10.1146/annurev-food-030117-012517

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 6130469

Heslin et al. Safety of Plasma Treated Biomolecules

https://www.frontiersin.org/articles/10.3389/fphy.2020.613046/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphy.2020.613046/full#supplementary-material
https://doi.org/10.1111/ced.12735
https://doi.org/10.1111/ced.12735
https://doi.org/10.1615/PLASMAMED.2012005167
https://doi.org/10.1038/bjc.2016.12
https://doi.org/10.1038/srep00636
https://doi.org/10.1111/exd.12127
https://doi.org/10.1038/s41598-020-59652-6
https://doi.org/10.3205/dgkh000237
https://doi.org/10.1088/1367-2630/14/7/073037/meta
https://doi.org/10.1016/j.fm.2014.02.007
https://doi.org/10.1088/0022-3727/41/19/194008
https://doi.org/10.1038/srep05859
https://doi.org/10.1007/s11947-013-1126-4
https://doi.org/10.1146/annurev-food-030117-012517
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


14. Ranieri P. Plasma agriculture: review from the perspective of the plant and its
ecosystem. Plasma Process Polym (2020):e2000162. 10.1002/ppap.202000162

15. Ranieri P. GSH modification as a marker for plasma source and biological
response comparison to plasma treatment. Appl Sci (2020) 10:2025. doi:10.
3390/app10062025

16. Khlyustova A, Labay C, Machala Z, Ginebra MP, Canal P. 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

17. Labay C, Roldán M, Tampieri F, Stancampiano A, Bocanegra PE, Ginebra MP,
et al. 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

18. Chauvin J, Judée F, Yousfi M, Vicendo P, Merbahi N. Analysis of reactive
oxygen and nitrogen species generated in three liquid media by low temperature
helium plasma jet. Sci Rep (2017) 7:4562. doi:10.1038/s41598-017-04650-4

19. Krewing M, Schubert B, Bandow JE. A dielectric barrier discharge plasma
degrades proteins to peptides by cleaving the peptide bond. Plasma Chem
Plasma Process (2020) 40(3):685–96. doi:10.1093/mnras/staa497

20. Lackmann JW, Schneider S, Edengeiser E, Jarzina F, Brinckmann S, Steinborn
E, et al. Photons and particles emitted from cold atmospheric-pressure plasma
inactivate bacteria and biomolecules independently and synergistically. J R Soc
Interface (2013) 10(89):20130591. doi:10.1098/rsif.2013.0591

21. Hammer MU, Forbrig E, Weltmann KD. Influence of plasma treatment on the
structure and function of lipids. Plasma Med (2013) 3(1-2):97–114. doi:10.
1615/PlasmaMed.2014009708

22. Attri P, Kumar N, Park JH, Yadav DK, Choi S, Uhm HS, et al. Influence of
reactive species on the modification of biomolecules generated from the soft
plasma. Sci Rep (2015) 5, 8221. doi:10.1038/srep08221

23. Takai E. Chemical modification of amino acids by atmospheric-pressure cold
plasma in aqueous solution. J Phys Appl Phys (2014) 47(28):285403. doi:10.
1088/0022-3727/47/28/285403/meta

24. Sakudo A, Higa M, Maeda K, Shimizu N, Imanishi Y, Shintani H. Sterilization
mechanism of nitrogen gas plasma: induction of secondary structural change
in protein. Microbiol Immunol (2013) 57(7):536–42. doi:10.1111/1348-0421.
12061

25. Yusupov M, Edengeiser E, Jarzina F. Impact of plasma oxidation on structural
features of human epidermal growth factor. Plasma Process Polym (2018)
15(8):1800022. doi:10.1002/ppap.201800022

26. Krewing M. Dielectric barrier discharge plasma treatment affects stability,
metal ion coordination, and enzyme activity of bacterial superoxide
dismutases. Plasma Process Polym (2020) 17(10):2000019. doi:10.1002/ppap.
202000019

27. Tero R, Yamashita R, Hashizume H, Suda Y, Takikawa H, Hori M, et al.
Nanopore formation process in artificial cell membrane induced by plasma-
generated reactive oxygen species. Arch Biochem Biophys (2016) 605:26–33.
doi:10.1016/j.abb.2016.05.014

28. Yusupov M, Wende K, Kupsch S, Neyts EC, Reuter S, Bogaerts A. Effect of
head group and lipid tail oxidation in the cell membrane revealed through
integrated simulations and experiments. Sci Rep (2017) 7(1):5761. doi:10.1038/
s41598-017-06412-8

29. Wende K, Bekeschus S, Schmidt A, Jatsch L, Hasse S, Weltmann KD, et al.
Risk assessment of a cold argon plasma jet in respect to its mutagenicity.Mutat
Res Genet Toxicol Environ Mutagen (2016) 798–799:48–54. doi:10.1016/j.
mrgentox.2016.02.003

30. Boxhammer V, Li YF, Köritzer J, Shimizu T, Maisch T, Thomas HM, et al.
Investigation of the mutagenic potential of cold atmospheric plasma at
bactericidal dosages. Mutat Res (2013) 753(1):23–8. doi:10.1016/j.mrgentox.
2012.12.015

31. Kluge S, Bekeschus S, Bender C, Benkhai H, Sckell A, Below H, et al.
Investigating the mutagenicity of a cold argon-plasma jet in an HET-MN
model. PloS One (2016) 11(9):e0160667. doi:10.1371/journal.pone.0160667

32. Boehm D, Bourke P. Safety implications of plasma-induced effects in living
cells - a review of in vitro and in vivo findings. Biol Chem (2018) 400(1):3–17.
doi:10.1515/hsz-2018-0222

33. Metelmann H-R. Scar formation of laser skin lesions after cold atmospheric
pressure plasma (CAP) treatment: a clinical long term observation. Clin
Plasma Med (2013) 1(1):30–5. doi:10.1016/j.cpme.2012.12.001

34. Schmidt A, Woedtke TV, Stenzel J, Lindner T, Polei S, Vollmar B, et al.
One year follow-up risk assessment in SKH-1 mice and wounds treated
with an argon plasma jet. Int J Mol Sci (2017) 18(4):868. doi:10.3390/
ijms18040868

35. Zhang X, Zhang XF, Li HP, Wang LY, Zhang C, Xing XH, et al. Atmospheric
and room temperature plasma (ARTP) as a new powerful mutagenesis tool.
Appl Microbiol Biotechnol (2014) 98(12):5387–96. doi:10.1007/s00253-014-
5755-y

36. Zhang X, Zhang C, Zhou Q-Q, Zhang X-F, Wang L-Y, Chang H-B, et al.
Quantitative evaluation of DNA damage and mutation rate by atmospheric
and room-temperature plasma (ARTP) and conventional mutagenesis. Appl
Microbiol Biotechnol (2015) 99(13):5639–46. doi:10.1007/s00253-015-6678-y

37. Boehm D, Heslin C, Cullen PJ, Bourke P. Cytotoxic and mutagenic potential of
solutions exposed to cold atmospheric plasma. Sci Rep (2016) 6, 21464. doi:10.
1038/srep21464

38. Pompéia C, Lopes LR,Miyasaka CK, Procópio J, Sannomiya P, Curi R. Effect of
fatty acids on leukocyte function. Braz J Med Biol Res (2000) 33(11):1255–68.
doi:10.1590/s0100-879x2000001100001

39. Pompéia C, Cury-Boaventura MF, Curi R. Arachidonic acid triggers an
oxidative burst in leukocytes. Braz J Med Biol Res (2003) 36(11):1549–60.
doi:10.1590/s0100-879x2003001100013

40. Valenzuela A, Sanhueza J, Nieto S. Cholesterol oxidation: health hazard and
the role of antioxidants in prevention. Biol Res (2003) 36(3-4):291–302. doi:10.
4067/s0716-97602003000300002

41. Van der Paal J, Verheyen C, Neyts EC, Bogaerts A. Hampering effect of
cholesterol on the permeation of reactive oxygen species through
phospholipids bilayer: possible explanation for plasma cancer selectivity. Sci
Rep (2017) 7:39526. doi:10.1038/srep39526

42. Xu D, Liu D, Wang B, Chen C, Chen Z, Li D, et al. In Situ OH generation from
O2- and H2O2 plays a critical role in plasma-induced cell death. PloS One
(2015) 10(6):e0128205. doi:10.1371/journal.pone.0128205

43. Slater AF, Nobel CS, Orrenius S. The role of intracellular oxidants in apoptosis.
Biochim Biophys Acta (1995) 1271(1):59–62. doi:10.1016/0925-4439(95)
00010-2

44. Sevanian A, Peterson AR. The cytotoxic and mutagenic properties of
cholesterol oxidation products. Food Chem Toxicol (1986) 24(10–11):
1103–10. doi:10.1016/0278-6915(86)90295-4

45. Sevanian A, Peterson AR. Cholesterol epoxide is a direct-acting mutagen. Proc
Natl Acad Sci USA (1984) 81(13):4198–202. doi:10.1073/pnas.81.13.4198

46. Chen Q, Galleano M, Cederbaum AI. Cytotoxicity and apoptosis produced by
arachidonic acid in hep G2 cells overexpressing human cytochrome P4502E1.
J Biol Chem (1997) 272(23):14532–41. doi:10.1074/jbc.272.23.14532

47. Brash AR. Arachidonic acid as a bioactive molecule. J Clin Invest (2001)
107(11):1339–45. doi:10.1172/JCI13210

48. Biswas NK, Das S, Maitra A, Sarin R, Majumder PP. Somatic mutations in
arachidonic acid metabolism pathway genes enhance oral cancer post-
treatment disease-free survival. Nat Commun (2014) 5, 5835. doi:10.1038/
ncomms6835

49. Takai E, Jarzina F, Brinckmann S, Steinborn E. Protein inactivation by low-
temperature atmospheric pressure plasma in aqueous solution. Plasma Process
Polym (2012) 9(1):77–82. doi:10.1002/ppap.201100063

50. Topala I, Nagatsu M. Capillary plasma jet: a low volume plasma source for life
science applications. Appl Phys Lett (2015) 106(5).

51. Lackmann J-W. Effects of the effluent of a microscale Atmospheric pressure
plasma-jet operated with He/O2 gas on bovine serum albumin. Plasma Med
(2013) 3:115–24. doi:10.1038/s41598-018-25937-0

52. Kogelheide F, Kartaschew K, Strack M, Baldus S, Metzler-Nolte N, Havenith
M, et al. FTIR spectroscopy of cysteine as a ready-to-use method for the
investigation of plasma-induced chemical modifications of macromolecules.
J Phys Appl Phys (2016) 49(8):084004. doi:10.1088/0022-3727/49/8/084004/
meta

53. Lackmann JW, Baldus S, Steinborn E, Edengeiser E, Kogelheide F, Langklotz S,
et al. A dielectric barrier discharge terminally inactivates RNase A by oxidizing
sulfur-containing amino acids and breaking structural disulfide bonds. J Phys
Appl Phys (2015) 48(49):494003. doi:10.1088/0022-3727/48/49/494003

54. Li Y. Decomposition of sugars under non-thermal dielectric barrier discharge
plasma. Clinical Plasma Medicine (2014) 2(2):56–63. doi:10.3892/ijmm.2015.
2405

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 61304610

Heslin et al. Safety of Plasma Treated Biomolecules

https://doi.org/10.1002/ppap.202000162
https://doi.org/10.3390/app10062025
https://doi.org/10.3390/app10062025
https://doi.org/10.1007/s11705-019-1801-8
https://doi.org/10.1021/acsami.0c12930
https://doi.org/10.1038/s41598-017-04650-4
https://doi.org/10.1093/mnras/staa497
https://doi.org/10.1098/rsif.2013.0591
https://doi.org/10.1615/PlasmaMed.2014009708
https://doi.org/10.1615/PlasmaMed.2014009708
https://doi.org/10.1038/srep08221
https://doi.org/10.1088/0022-3727/47/28/285403/meta
https://doi.org/10.1088/0022-3727/47/28/285403/meta
https://doi.org/10.1111/1348-0421.12061
https://doi.org/10.1111/1348-0421.12061
https://doi.org/10.1002/ppap.201800022
https://doi.org/10.1002/ppap.202000019
https://doi.org/10.1002/ppap.202000019
https://doi.org/10.1016/j.abb.2016.05.014
https://doi.org/10.1038/s41598-017-06412-8
https://doi.org/10.1038/s41598-017-06412-8
https://doi.org/10.1016/j.mrgentox.2016.02.003
https://doi.org/10.1016/j.mrgentox.2016.02.003
https://doi.org/10.1016/j.mrgentox.2012.12.015
https://doi.org/10.1016/j.mrgentox.2012.12.015
https://doi.org/10.1371/journal.pone.0160667
https://doi.org/10.1515/hsz-2018-0222
https://doi.org/10.1016/j.cpme.2012.12.001
https://doi.org/10.3390/ijms18040868
https://doi.org/10.3390/ijms18040868
https://doi.org/10.1007/s00253-014-5755-y
https://doi.org/10.1007/s00253-014-5755-y
https://doi.org/10.1007/s00253-015-6678-y
https://doi.org/10.1038/srep21464
https://doi.org/10.1038/srep21464
https://doi.org/10.1590/s0100-879x2000001100001
https://doi.org/10.1590/s0100-879x2003001100013
https://doi.org/10.4067/s0716-97602003000300002
https://doi.org/10.4067/s0716-97602003000300002
https://doi.org/10.1038/srep39526
https://doi.org/10.1371/journal.pone.0128205
https://doi.org/10.1016/0925-4439(95)00010-2
https://doi.org/10.1016/0925-4439(95)00010-2
https://doi.org/10.1016/0278-6915(86)90295-4
https://doi.org/10.1073/pnas.81.13.4198
https://doi.org/10.1074/jbc.272.23.14532
https://doi.org/10.1172/JCI13210
https://doi.org/10.1038/ncomms6835
https://doi.org/10.1038/ncomms6835
https://doi.org/10.1002/ppap.201100063
https://doi.org/10.1038/s41598-018-25937-0
https://doi.org/10.1088/0022-3727/49/8/084004/meta
https://doi.org/10.1088/0022-3727/49/8/084004/meta
https://doi.org/10.1088/0022-3727/48/49/494003
https://doi.org/10.3892/ijmm.2015.2405
https://doi.org/10.3892/ijmm.2015.2405
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


55. Heslin C, Stenzel J, Lindner T, Polei S, Vollmar B. Safety evaluation of plasma-
treated lettuce broth using in vitro and in vivo toxicity models. J Phys Appl Phys
(2020) 53:274 doi:10.1088/1361-6463/ab7ac8/pdf

56. Schubert J. Mutagenicity and cytotoxicity of irradiated foods and food
components. Bull World Health Organ (1969) 41(6):873–904. doi:10.1590/
S1516-89132009000500026

57. Ziuzina D, Patil S, Cullen PJ, Keener KM, Bourke P. Atmospheric cold plasma
inactivation of Escherichia coli in liquid media inside a sealed package. J Appl
Microbiol (2013) 114(3):778–87. doi:10.1111/jam.12087

58. Moiseev T, Nobel CS, Orrenius S. Post-discharge gas composition of a large-
gap DBD in humid air by UV–Vis absorption spectroscopy. Plasma Sources Sci
Technol (2014) 23(6):065033. doi:10.1088/0963-0252/23/6/065033

59. Megaw J, Thompson TP, Lafferty RA, Gilmore BF. Galleria mellonella as a
novel in vivo model for assessment of the toxicity of 1-alkyl-3-

methylimidazolium chloride ionic liquids. Chemosphere (2015) 139:
197–201. doi:10.1016/j.chemosphere.2015.06.026

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Heslin, Boehm, Gilmore, Megaw, Freeman, Hickok, Cullen and
Bourke. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org January 2021 | Volume 8 | Article 61304611

Heslin et al. Safety of Plasma Treated Biomolecules

https://doi.org/10.1088/1361-6463/ab7ac8/pdf
https://doi.org/10.1590/S1516-89132009000500026
https://doi.org/10.1590/S1516-89132009000500026
https://doi.org/10.1111/jam.12087
https://doi.org/10.1088/0963-0252/23/6/065033
https://doi.org/10.1016/j.chemosphere.2015.06.026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

