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ABSTRACT: The aqueous environment plays an important role in the transmission of cold plas-
ma effects to both prokaryotic and eukaryotic cells. The exposure of liquids to cold atmospheric
plasma discharges results in the generation of secondary reactive species; specifically, hydrogen
peroxide (H,O,) seems to be one of the most important amongst the reactive species contained
in plasma activated liquids (PALs) in causing cytotoxicity. Detailed understanding of the effects
of PALs on cells is essential to harness this new technology. Liquids acting as models for non-
complex solutions were generated using a dielectric barrier discharge atmospheric cold plasma
(DBD-ACP) system. The chemical characterization of the PAL included its pH and concentra-
tions of hydrogen peroxide, nitrite, and nitrate. The antimicrobial effects of PALs on Gram-pos-
itive and Gram-negative bacteria were examined, and cytotoxicity assays were used to elucidate
the cytotoxic properties of PALs. The research outcomes showed acidification of plasma activated
nonbuffered solutions and differences in concentrations of hydrogen peroxide, nitrite, and ni-
trate. PALs with different compositions varied in their antibacterial activity and cytotoxic effects,
indicating that different reactive species may be responsible for these inactivation processes. Our
results suggest that antimicrobial and cytotoxic effects are distinct from each other, which may
offer promising approaches for future targeted applications in medicine.

KEY WORDS: atmospheric cold plasma, ROS, RNS, microbial inactivation, cytotoxicity

I. INTRODUCTION

Cold atmospheric plasma has emerged as a new technology for biomedical applications
such as microbial decontamination, anticancer therapy, and dermatological applications.!™
Plasma activated liquids (PALs), prepared by cold atmospheric plasma treatment of liquids,
are of increasing interest because they offer advantages over direct exposure to plasma.
Retention of plasma reactive species to liquids is a promising new technology, an alterna-
tive to conventional sterilization techniques. This technique is useful for applications in
numerous settings (food industry, agriculture, medicine)* ! and also as a new eco-friendly
disinfection product. New technologies like this are urgently needed in the biomedical
field and agri-food sectors, especially now that there is a trend in eliminating chlorine from
disinfection processes, due to health risks associated with chlorine-based byproducts.'
Liquid phase processes are the main key to understanding detailed mechanisms of the
effects of atmospheric pressure plasma on living systems.'? Building an understanding of a
PAL’s mechanisms responsible for inactivation processes, such as microbial inactivation and
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cytotoxicity, is essential, but it still remains a field of intensive work due to the complex com-
position of plasma. Atmospheric cold plasmas contain electrons, positively charged ions,
neutral particles, and numerous biologically relevant reactive oxygen species (ROS) and
reactive nitrogen species (RNS) such as ozone, atomic oxygen, superoxide anion, hydroxyl
radical, hydrogen peroxide, nitric oxide, and peroxynitrite.'*'> Depending on the plasma
system, voltage, working gas, and the chemical composition of the enclosing environment,
different chemical reactions can be triggered by plasma exposure, leading to primary and
secondary chemical species penetrating or dissolving into the aqueous environment.

Noncomplex liquids such as water have antimicrobial and cytotoxic properties after
exposure to plasma. These effects are reported to be caused by a pH reduction, from neu-
tral to an acidic range and the generation of long-lived secondary chemical species such
as hydrogen peroxide, nitrite, and nitrate'® and other short-lived species. ROS, such as
hydrogen peroxide, play an important role in the toxic effects of PAL as well and can cause
oxidizing reactions in biological cells, including the peroxidation of lipids and induction
of DNA damage.!” The different RNS, such as nitric oxide and its derivatives, including
nitrite, nitrate, and peroxynitrite, have been reported to be necessary for antibacterial ef-
fects observe in PAL.'3!° Synergistic effects of some or all of the reactive species are also
possibly involved in these inactivation processes. Among them, H,O,, NO, and NO; are
the central players in the cytotoxic activities of cold atmospheric plasma applications
on mammalian cell lines, both normal and cancer cell lines.!*!5 Recently some groups
have shown that the concentration of nitrate in plasma activated water or phosphate buff-
ered saline (PBS) does not seem to contribute to cell death induced by PAL, indicating that
the long-lived chemical species hydrogen peroxide and nitrites in PAL may act synergisti-
cally to induce cell death.2*2! It is important to note that it is difficult to compare concentra-
tions and biological effects of these long-lived species in different experiments because of
the variation in discharge parameters and biological models used in each study.

The type of plasma device, the discharge parameters, and also the type of liquid
exposed to plasma define the type and concentration of the chemical species in PALs,
because different chemical processes occur. Liquids such as plasma treated saline solu-
tions have been reported to have effects similar to those of plasma treated water after
exposure to plasma. Oehmigen et al. investigated the bactericidal activity of plasma
treated sodium chloride solution using a surface DBD in atmospheric air and reported
a 7 log reduction of Escherichia coli.?? Biologically relevant liquids, such as phosphate
buffered saline, consist of additional ingredients, which are further sources of radicals.
Jablonowski et al. found that sodium chloride solution contained smaller amounts of
plasma generated oxygen radicals than Dulbecco’s phosphate buffered saline (DPBS)
because simple sodium chloride solution does not contain any additional source of oxy-
gen.” Differences between the chemistry of more complex solutions, such as cell culture
media and other buffered solutions, occur because they contain ingredients (amino acids
and vitamins) that act as scavengers and are able to change the concentrations of plasma
generated chemical species in liquids.

In order to establish PALs as a technology for medical applications, understand-
ing liquid-mediated effects is required to reveal their full potential. The aim of this
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study was to investigate the bactericidal and cytotoxic effects of four different PALs,
plasma activated distilled water (PAW), phosphate buffered saline (PAPBS), saline
(PAS) and phosphate buffer solution (PAPB). The effects of pH, hydrogen peroxide,
and nitrate and nitrite anion concentrations on the inactivation processes and the
stability of bactericidal efficiency of PAL were assessed after plasma activation of
the liquids. Antimicrobial efficacy of PALs against Escherichia coli and Staphylococ-
cus aureus was examined by counting colony-forming units (CFU) for up to 2 days
postcreation, and the Chinese hamster ovary K1 (CHO-K1) cell line was used for the
cytotoxicity assay.

II. MATERIALS AND METHODS

Unless otherwise specified, all reagents were purchased from Sigma-Aldrich (Arklow,
Ireland).

A. Plasma Settings

A high voltage DBD-ACP system (DIT-120) custom built at Dublin Institute of Technol-
ogy was used to generate PALs. Details are described in Moiseev et al.** The DIT-120
has a maximum voltage output of 120 kV_ at 50 Hz in air. DIT-120 consists of two
15-cm diameter aluminium disk electrodes that are separated by a rigid polypropylene
container (310 x 230 x 22 mm), which serves as both a sample holder and a dielectric
barrier with a wall thickness of 1.2 mm. Below the top electrode there is a primary
dielectric barrier, which is a 10-mm Perspex layer. The distance between the two elec-
trodes was equal to the height of the container and the dielectric barrier. The voltage of
the DIT-120 is transformed onto the top electrode, which means that the top electrode is
the main output voltage carrier, and the bottom is the ground electrode.

B. Plasma Treatment of Liquids

Liquid samples containing 10 mL of distilled water, phosphate buffered saline (PBS)
(137 mM NacCl, 2.7 mM KCI, and 10 mM phosphate buffer solution), saline (137 mM
NaCl, 2.7 mM KCl), and 10 mM phosphate buffer (100 mM KH,PO,, 100 mM K HPO,),
were added separately to a sterile petri dish 90 mm in diameter and placed without the
lid at the center of the polypropylene plastic container and then sealed in a high barrier
polypropylene bag (Cryovac, B2630, Charlotte, NC, USA). The plastic containers were
placed at the center between the electrodes of the DIT-120 and treated with plasma for
0, 1, 5, or 10 min at a voltage of 80 kV_ and 50 Hz using atmospheric air as the in-
ducer gas. To assess the retention effect of plasma generated reactive species over time,
samples were stored at room temperature for 24 h posttreatment storage time (PTST)
following each plasma treatment time at room temperature. Liquids with no plasma
treatment were kept as negative controls (0 min) and stored under the same conditions
throughout the study.
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C. Measurement of pH and Hydrogen Peroxide, Nitrite, and Nitrate
Concentrations

The chemical characterization of PAL was determined with regard to H,O,, nitrites and
nitrates. The pH of PAL was measured by an Orion pH meter (model 420A, Thermo
Electron Corporation, USA). Hydrogen peroxide concentrations in PAL were determined
using oxidation of potassium iodide to iodine, which has been described in detail.*
Concentration of NO; was detected using the Griess reagent based method, and NO; con-
centrations were determined photometrically with 2,6-dimethylphenol (DMP).* Standard
curves of known hydrogen peroxide, nitrite, and nitrate concentrations were included
on each plate and used to convert absorbance into concentrations. All measurements of
H,0,, NO, and NO; concentrations and pH changes were measured immediately after the
PTST. The error bars show the standard deviation of the measurements.

D. Bacterial Strains and Culture Conditions

Escherichia coli NCTC 12900 and Staphylococcus aureus ATCC 1803 were used to
investigate the antimicrobial efficacy of PALs. Microbial stock cultures were main-
tained at —80°C in the form of protective beads (Technical Services Consultants Ltd,
UK). One bead of each culture was streaked onto separate tryptic soy agar plates
(TSA; Biokar, France). The plates were incubated at 37°C for 24 h and further main-
tained at 4°C. A single isolated colony of each culture was inoculated in tryptic soy
broth (TSB; Biokar, France) and incubated at 37°C for 18 h. The bacterial cells were
harvested by centrifugation, and the cells were washed three times with PBS (Sigma,
Aldrich, Ireland). Finally, 30 uL of bacterial suspension was diluted in 970 uL of PBS,
and this was the bacterial working solution.

For the determination of each plasma activated solution’s antimicrobial effect, 10%
bacterial suspension was added to 90% PAL and incubated at room temperature for 15,
30, or 60 min (PAL contact time). After each contact time, a concentrated PBS solution
(4.5 x PBS concentration) was added to the bacterial solution to neutralize the pH, and
cells were diluted in Maximum Recovery Diluent (MRD; Merck, Ireland) and drop-
plated on TSA plates. The plates were incubated aerobically at 37°C for 24 h, after
which colonies were counted to determine the number of viable cells. To detect any sub-
sequent increase in visible colonies, the plates were incubated for another 48 h. Results
are represented as surviving bacterial population in log,; CFU/mL units with error bars
representing standard deviation. Antimicrobial testing was performed on days 1 and 2 to
determine the stability of the PAL over short storage time.

E. Cytotoxicity Assay

The cytotoxicity of PALs was examined using the CHO-K1 cell line as a biological
model. CHO-K1 cells were grown in Dulbecco’s modified Eagle’s medium/Ham’s F12
Nutrient Mixture (DMEM/F12) supplemented with 2mM L-glutamine and 10% (v/v)
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fetal bovine serum (FBS), supplemented with 20% PAL (v/v). Cells were grown at 37°C
and 5% carbon dioxide (CO,) in a humidified incubator. Cell growth was assessed by
crystal violet staining of trypsinized cells seeded at 2.5 x 10%cells/mL after 3 days of
culture. For the crystal violet staining, the culture supernatant was aspirated and at-
tached cells were fixed with 70% methanol for 1 min. Then, cells were stained with 0.2%
crystal violet solution for 10 min. Excess stain was rinsed off with tap water, plates were
air-dried, and the dye bound to the adherent cells was resolubilized with 10% acetic
acid. The absorbance was measured at a wavelength of 560 nm on a spectrophotometric
microplate reader (BioTek, Winooski, VT, USA). Cell growth was expressed as percent-
age of control cells.

F. Data Analysis

Results are presented as means with standard deviations using GraphPad Prism (Graph-
Pad Software Inc., La Jolla, USA). The microbiological, cytotoxic, and chemical analy-
ses were performed in three independent experiments.

[1l. RESULTS AND DISCUSSION
A. Chemical Properties of PAL
1. pH Measurements of PAL

Figure 1 shows the pH decrease in PAL as plasma treatment time of the liquids is in-
creased up to 10 min. The pH of the buffered solutions decreased linearly with treatment
time, whereas the nonbuffered solutions showed a sharp drop in pH after a 1-min expo-
sure to plasma and were stable thereafter. PAW and PAS, which were the nonbuffered
solutions, had lower pH values than the buffered solutions. Specifically, the pH value of
the PAW and PAS decreased exponentially from 3.75 = 0.6 and 4.35 £ 0.1 t0 2.73 £ 0.3

10
e PAW
8 u PAPBS
v a ~ A PAS
6 ¥ v PAPB
3 .
4
! é [
2
0+ T T 1
0 5 10 15

Plasma Treatment Time (min)
FIG. 1: Dependence of pH on time of activation for PAL (n = 3)
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and 2.8 £ 0.13, respectively, after 10 min of plasma activation time. The decrease of pH
may be due to the nitrogen oxides produced in the plasma interacting with liquids and
producing nitric and nitrous acids.

2. Chemical Composition

Measurement of the ROS and RNS concentrations and an understanding of their role in
antimicrobial and cytotoxic activity of PALs are important for any possible application.
Slopes of the graphs show a time-dependent H,O, concentration increase as plasma
treatment time increases (Fig. 2A). H,O, concentration increased up to 925 uM for PAW
after 10 min treatment and 524 uM for PAPBS. The highest concentrations of peroxide
were obtained for PAS and PAPB, which were 1300 uM and 2300 puM, after 10 min
plasma exposure, respectively. Of note, although concentrations generally ranged from
500 to 1500 uM in all samples after 10 min of treatment, up to 5500 uM were reproduc-
ibly measured in set 3 of PAPB, resulting in the much higher average concentration.
Formation of nitrite in PAL was investigated using a colorimetric assay. As shown in
Fig. 2B, the concentration of nitrite in PAPBS and PAPB increased with treatment time to
around 38 uM and 27 uM, respectively, whereas there was no detectable NO, concentration
for PAW and PAS after 10 min of plasma treatment. An increase of nitrate concentration
with treatment time was also detected in all PALs after plasma exposure, reaching 0.5 to
1 mM after 10 min. High concentrations of up to 3.7 mM were observed in PAPB treated
for 10 min in data set 3, resulting in an average concentration of about 2 mM (see Fig. 2C).

B. Effects of PALs on Prokaryotic Cells
1. Bacterial Inactivation of PALs

Pure microbial strains were incubated with PAL for periods of 15, 30, or 60 min. Com-
pared to the control group sample (0 min PAL treatment time), considerable inactivation
was observed for both bacteria. Figure 3 and Tables 1-3 present the microbial inacti-
vation of PAW, PAPBS, PAS, and PAPB obtained on day 1, expressed in log,, CFU/mL.
Generally speaking the bactericidal activity of all PALs increased with increasing contact
time between bacteria suspension and liquids, with 60 > 30 >15 min obtained in descend-
ing order for bacterial inhibition. Specifically, PAW treated for 1, 5, or 10 min caused
at least a 5 log reduction to both bacteria after 30 min of contact time (see Fig. 3A,B).
A 1-min treated PAS reduced the E. coli population to undetectable levels after 15 min
contact time (see Fig. 3E). However, for inactivation of S. aureus, 10 min of plasma
treatment time was needed (see Fig. 3F). A 5 log,, reduction of microbial load is usually
required, in order to report that an antiseptic can inactivate microbes,*’ therefore the 6 log
reduction caused by PAW and PAS with reasonable contact time is a promising result.
With regards to PAPBS, 1 min of plasma treatment of liquid was not sufficient to cause
any significant log reduction at any of the contact times for E. coli, but 10 min of plasma
treatment combined with 30 or 60 min PAL contact time with the target reduced E. coli
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FIG. 2: (A) Generation of hydrogen peroxide, (B) nitrite, and (C) nitrate concentrations in PAL
after 1, 5, or 10 min DBD plasma activation time at 80 kV (n = 3). Graphs represent averages
of 3 independent plasma treatments (circles + lines), with the individual data sets represented as
symbols only.

below the detection limit (see Fig. 3C). Decreasing PAPBS contact time to 15 min was
sufficient for inactivation of S. aureus (see Fig. 3D). However, PAPB treated with plasma
for 10 min was able to reduce S. aureus below the detection limit only after 60 min con-
tact time (see Fig. 3H), with no inactivation obtained for E. coli (see Fig. 3G). Of note,
PAPB set 3, which had displayed exceptionally high concentrations of H,O, and nitrate,
only showed slightly higher antimicrobial activity than sets 1 and 2 (Table 4).

2. Antibacterial Stability of PAL

The antimicrobial testing experiments were repeated on day 2 after PTST, to investigate
the bactericidal stability of PAL by the same methods (Fig. 4; see Tables 1-4). Over-
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FIG. 3: Surviving bacterial cells in response to PAL after 1, 5, or 10 min plasma treatment. (A)
PAW - E. coli, (B) PAW - S. aureus, (C) PAPBS - E. coli, (D) PAPBS - S. aureus, (E) PAS - E.
coli, (F) PAS - S. aureus, (G) PAPB - E. coli, (H) PAPB - S. aureus (set 2).

all, PAL had lower antimicrobial activity after this 1 day of storage at 4°C, and loss of
bactericidal activity in PAW and PAS was less compared to PAPBS and PAPB, which
retained antimicrobial activity on the first day only. The nonbuffered solutions retained
bactericidal activity against E. coli and S. aureus up to day 2 (see Fig. 4) and day 3 (see
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FIG. 4: Antibacterial stability of PAL after 1, 5, or 10 min plasma treatment on day 2. (A) PAW
- E. coli, (B) PAW - S. aureus, (C) PAPBS - E. coli, (D) PAPBS - S. aureus, (E) PAS - E. coli, (F)
PAS - S. aureus, (G) PAPB - E. coli, (H) PAPB - S. aureus (set 2).

Tables 1-4) after PTST. It is important to note that PAW and PAS treated with plasma for
5 min were still able to cause 6 log reduction for E. coli for all the contact times tested on
day 2 (see Fig. 4A, E). The variations between the different PALs might be explained by
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differences in the physicochemical properties of PALs in the same conditions. Among
all four PALs investigated in this study, the nonbuffered solutions are proposed as the
ideal candidates for antimicrobial agents, as they can retain their antimicrobial proper-
ties for days. In addition, the best conditions for generating antimicrobial solutions with
the DBD-ACP system employed are longer plasma treatment times in conjunction with
extended contact times (30 min and 60 min).

A number of studies have reported that Gram-positive bacteria are more resistant
than Gram-negative bacteria®®* to direct treatment by plasma discharge. Han et. al re-
ported two mechanisms of microbial inactivation between Gram-negative and Gram-
positive bacteria. Specifically, the same strain of E. coli studied in these experiments
was inactivated mainly by cell leakage and low-level DNA damage, whereas S. aureus
was inactivated by intracellular damage.* In this study, PALs were effective against both
E. coli and S. aureus, on the first day of the experiment, but on the second day some of the
liquids were less effective against S. aureus. This could be explained through oxidative
stress exerted by ROS and RNS generated in the liquids by plasma, on bacterial compo-
nents, attacking the membrane’s macromolecules, such as lipopolysaccharides, and thus
making Gram-negative bacteria more vulnerable to plasma reactive species overall.

3. Effects of Chemical Composition on Antimicrobial Effects

As antibacterial efficacy is influenced by chemical characteristics of PAL, the influence
of the buffering solutions needs to be taken into consideration. A number of studies have
shown that microbial inactivation of PAL is related to the pH of the solutions, but the
mechanism is still not fully understood.’!'** Moreover, it is possible that the pH governs
the generation of other active compounds. In acidic conditions, nitrites can be converted
into nitrous acid. Nitrous acid is an unstable, monobasic acid and disassociates to ni-
trates and nitric oxide, which exerts broad-spectrum antimicrobial activity.*

The antimicrobial effects of hydrogen peroxide have been reported.*® Hydrogen per-
oxide in acidic environments can react with nitrites to form peroxynitrite and further by-
products.?**” Therefore, higher concentrations of hydrogen peroxide relative to nitrites
could enhance the production of peroxynitrite. Hansch et al. showed that plasma treated
saline had strong antibacterial effects against E. coli (NCTC 10538) and it was largely
due to the interaction between nitrite, nitrate, and hydrogen peroxide generated in lig-
uids.* Therefore, the effects on biological systems are more likely caused by different
agents with different targets, which possibly lead to synergistic effects.

C. Cytotoxic Evaluation of PALs

In this study, we used the CHO-K1 cells as a well-established mammalian epithelial
cell model. Cells cultured in 20% PAL, generated through plasma treatment for 1, 5, or
10 min, demonstrated a treatment time—dependent reduction in cell growth compared to
the controls, indicating that PALs have cytotoxic effects. Figure 5 presents the percent-
ages of the cell growth as plasma treatment time of liquids increased. When liquids were
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FIG. 5: Growth inhibition of PAL on CHO-K1 cells (n = 3)

prepared with a 10-min plasma treatment, PAW, PAPBS, and PAPB had stronger effects
on the cells than PAS, with minimum cell growth of 61% + 16%.

Air plasma results in a variety of ROS and RNS and both induce oxidative or
nitrosative stress in mammalian cells.!® When the concentration of hydrogen peroxide
increased due to plasma treatment, higher cytotoxicity was obtained, which is in accor-
dance with other publications.”? Thus, hydrogen peroxide plays one of the major roles
in cell cytotoxicity. It is yet unclear why PAS, which had high concentration of hy-
drogen peroxide and similar chemical composition as PAW, had the lowest cytotoxic
activity. The generation of hypochlorite (OCIl~) might be possible in plasma activated
saline solution, but it has not been investigated in this study. Of note, exceptionally high
concentrations of H,O, in PAPB set 3 of 5500 uM did not show cytotoxic effects beyond
those observed in the other samples.

Nitrites were not generated in detectable concentrations for nonbuffered solutions
in contrast to buffered solutions similar to other PALs generated using jet-based sys-
tems.*** Boehm et al. previously reported that cell cultures supplemented with high
concentrations of nitrite, did not show cytotoxic effects on the CHO-K1 cell line under
the same conditions.' Concentrations of nitrate were generated in all PALs; however, no
cytotoxic effects of nitrate were found in tenfold higher concentrations in the mamma-
lian cells tested according to the same study. In agreement with numerous studies, these
results confirm that mammalian cytotoxicity correlates with hydrogen peroxide content
in PALs, but that this does not, however, constitute the only cytotoxic factor. Moreover,
hydrogen peroxide in liquids can react with oxygen to form hydrogen peroxide radi-
cals (HOOe), which then can form protons and superoxide anion (O,*). Other ROS
may then be generated, which should not be excluded from plasma cytotoxicity.

IV. CONCLUDING REMARKS

The concentrations of some representative long-lived chemical species in PAL increased
along with plasma treatment time. Large differences in cytotoxicity and antimicrobial
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activity trends were found among the different PALs. We demonstrated that nonbuf-
fered PALs exert strong bactericidal activity that persisted up to 2 days after PAL gen-
eration. Of the studied PALs, the antimicrobial activity of PAW and PAS was stable
up to the second day, in contrast to PAPBS and PAPB, which lost their antimicrobial
activity over the same time frame and storage conditions. Cytotoxicity experiments
showed that PAW, PAPBS, and PAPB generated by plasma treatment for 10 min caused
cell death in more than 50% of cells. However, PAS was less cytotoxic and showed
significant antimicrobial effects on both microbes, so it is potentially a suitable novel
candidate for microbial decontamination in vivo. These results highlight the complex-
ity of PAL solutions where multiple chemical components exert varying biological
effects. As a broad measure of adverse biological responses, cytotoxicity is a useful
metric to gauge the health impacts of disinfectant agents. Our results documented that
different PALs may carry different concentrations of chemical species, maintain diverse
antimicrobial properties and cytotoxic effects, and may offer approaches for future tar-
geted applications in medicine.
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